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Abstract

Full-waveform inversion (FWI) is an inversion technique thatgenerates high-resolution

physical property models of the subsurface. The NZ3D datasetwas acquired to perform

FWI and generate P-wave velocity models of the Hikurangi margin. In this project, I

develop a reliable work
ow to apply FWI on this dataset. I perform a 2D FWI that images

the accretionary wedge as well as the d�ecollement and a 3D inversion which focusses on

a near-surface area within the accretionary wedge. This area is characterized by a thrust

ridge with a relatively strong bottom-simulating re
ector (BSR). In order to investigate

this BSR, I apply a newly developed method that allows the useof acoustic FWI to

analyse the amplitude-versus-o�set (AVO) e�ect in the seismic data and, thereby, resolve

the elastic parameters and investigate the 
uid distribution along the BSR. While the

applicability of this method has been proven for synthetic data, this study is the �rst

to apply it to �eld data. Additionally, I perform rock-physic s modelling for the study

area which allows me to relate the P-wave velocities in the FWI model to rock properties

providing gas hydrate and free gas saturation estimates forthe BSR and a quality control

for the application of the FWI AVO method.

I jointly interpret the results from the FWI, the FWI AVO analysis and the rock-physics

modelling to identify the cause of the investigated BSR. TheBSR is characterised by a

higher gas saturation within the basin which decreases towards the ridge and vice-versa for

the gas hydrate saturation. The gas hydrate was probably generated during the process

of hydrate recycling and sourced by free gas 
ow from below the BSR into the gas hydrate

stability zone along permeable structures.
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1 Introduction

1.1 Preamble

Geophysics covers a wide range of topics from geohazards like earthquakes, volcanic erup-

tions and tsunamis to the formation of continents via plate tectonics and climate-related

disciplines like glaciology and palaeoclimatology to the localisation of fossil fuels and the

use of geothermal energy. Overall, it is the science that aims to understand the interior

processes of the Earth and other planets. The most common method of looking into

the Earth is probing it with seismic waves. These seismic waves can either be passively

generated by earthquakes or actively generated by human-induced sources, e.g. seismic

vibrators and airguns. The use of seismic waves to resolve a medium's, e.g. the Earth's,

interior is called seismic imaging. It extracts information about the structure and physical

properties of the subsurface from the travel times, phases and amplitudes of the seismic

data. While a �rst estimate of the subsurface structure can beobtained by relatively sim-

ple seismic processing, i.e. stacking (Yilmaz, 2001), retrieving more accurate information

about the subsurface structure as well as the physical properties usually requires inversion

methods (Russell, 1988). Di�erent inversion methods for physical properties exist, e.g.

travel time tomography (Rawlinson et al., 2010), but currently the most advanced one is

full-waveform inversion (FWI). By taking into account the whole seismic trace, i.e. the

full waveform, it is able to produce highly resolved physical property models (Virieux and

Operto, 2009; Tarantola, 1984; Warner et al., 2013).

While FWI can theoretically also be used for the investigation of elastic parameters

(Guasch et al., 2012), the method that is usually applied forthis is an Amplitude-versus-

o�set (AVO) analysis (Castagna and Backus, 1993). AVO analysis makes use of the seismic

amplitude dependence on the incident angle and the subsurface's elastic properties, i.e.

P-wave velocity, S-wave velocity and density, across a re
ector. In order to extract this

information from the seismic data, elaborate and time-consuming processing is necessary

(Yilmaz, 2001). A newly developed work
ow for the extractionof AVO information from

seismic data is combining acoustic FWI with AVO theory (Warneret al., 2022). This

method allows for a more straight-forward and simpli�ed work
ow as FWI accounts for

most of the perturbing e�ects that usually have to be mitigated for the AVO method. So

far it has only been shown on synthetic data (Warner et al., 2022).

Gaining information about the physical properties, e.g. P-wave velocity, is a �rst step in

the seismic interpretation process. However, usually one wants to use these properties to

draw conclusions about the geological properties like rockmatrix, 
uid saturation, poros-

ity. This geological information is important in various areas of application, e.g. in the

gas and oil industry. The transformation from physical properties to geological properties

is performed by means of rock-physics modelling (Mavko et al., 1998).
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In this thesis, I apply FWI on a 3D multi-channel seismic dataset that was acquired across

the Hikurangi subduction zone at the east coast of the North Island of New Zealand. This

dataset was mainly acquired for the subsurface investigation in the context of slow slip

events (SSE), i.e. silent earthquakes which are caused by slow and long ruptures. These

slow slip events have been connected to episodic stress changes and 
uid pressure cycling

as well as drainage of 
uids from the plate interface and 
uidmigration within the upper

plate (Warren-Smith et al., 2019; Nakajima and Uchida, 2018).Here, I use the dataset to

focus on the investigation of bottom-simulating re
ectors/re
ections (BSRs). A BSR is a

re
ection that is caused by gas hydrate overlying free gas inthe subsurface and, therefore,

is as an indication for 
uids and 
uid 
ow in the subsurface (Pecher et al., 2010; Crutchley

et al., 2011). Furthermore, the investigation of gas hydrates is an important research topic

as their dissociation can contribute to ocean acidi�cation(Biastoch et al., 2011), global

warming (Ruppel and Kessler, 2017) and slope failure (Maslin et al., 2004).

I run a 3D FWI which allows me to generate a high-resolution P-wave velocity model of

the BSR. This model together with information from drilling data in the vicinity of the

study area is the base for rock-physics modelling I perform in order to gain information

about the gas hydrate and gas saturation causing the BSR. Furthermore, I apply the

newly developed FWI AVO method on the BSR to gain information about the elastic

properties. The rock-physics modelling is also performed to verify the FWI AVO results.

Overall, the results display the distribution of free gas and gas hydrates in the subsurface

and contribute to the understanding of the 
uid distribution at the Hikurangi subduction

zone.

This is the �rst time the FWI AVO method has been applied on �eld data. Therefore,

in this thesis I also show that FWI AVO can be a valuable tool for identifying geological

properties.

1.2 Aims and motivations

Application of FWI on 3D dataset

The 3D seismic multi-channel dataset I work with in this thesis was acquired in 2018. The

acquisition setting was chosen with the objective of using it for FWI (Gray, 2019). The

aim was to resolve a high-resolution P-wave velocity model of the Hikurangi subduction

zone and gain insights into the conditions and processes causing SSEs. Prior to my PhD

project, no research had been done based on this dataset. It was a part of my PhD project

to develop a functioning work
ow for the application of FWI to this dataset.

Application of newly developed FWI AVO method

For the investigation of elastic properties in the subsurface, the method of choice to

this date has been AVO analysis. In order to only extract and investigate the amplitude
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changes based on the elastic parameters in the subsurface and remove other superimposed

e�ects, e.g. amplitude changes due to spherical divergence, overlapping of re
ections with

multiples and noise, a processing-heavy work
ow is required. FWI resolves the physical

properties in the subsurface with relatively raw seismic data, i.e. only minor processing

steps like band-pass �ltering or muting. It has the advantage that it, in a data-driven way,

already accounts for most of the disturbing e�ects that usually have to be removed indi-

vidually and manually often based on the decisions by the processor, e.g. in the context

of normal-moveout (NMO) velocity picking. A newly developedmethod based on acous-

tic FWI should theoretically be able to resolve the AVO e�ect and has has been shown

to work in simple synthetic scenarios (Warner et al., 2022).In this thesis, I attempt to

demonstrate its applicability for the �rst time on a �eld dat aset.

Investigation of a BSR

A BSR in the seismic data is caused by changes in the elastic properties in the subsurface

induced by varying pore-�lling 
uids, i.e. gas hydrate in a top layer and free gas in a

bottom layer. Therefore, AVO analysis is often the method ofchoice for the investigation

of BSRs (Ecker et al., 1998; Arun et al., 2018; Bo et al., 2011).The Hikurangi subduction

margin is known for being 
uid-rich (Gase et al., 2023; Watson et al., 2020) and the

linked occurrence of BSRs (Katz, 1982; Pecher et al., 2005; Crutchley et al., 2011). The

3D multi-channel dataset used in this thesis also contains large areas characterised by

BSRs (Han et al., 2021) with a relatively strong BSR located onthe land-ward dipping

side of a thrust ridge within the accretionary wedge. Thus, Ichose this BSR for the

application of the FWI AVO method. In order to explore whether the FWI AVO results

are sensible, I also perform rock-physics modelling for theBSR to estimate possible gas

hydrate and free gas saturations. Furthermore, by combining the FWI velocity model

with rock-physics modelling I develop a work
ow that results in a detailed understanding

of the BSR, including absolute, laterally varying saturation estimations of gas hydrate

and free gas in the subsurface.
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1.3 Gas Hydrates

Gas Hydrates, also known as clathrate hydrates, are a crystalline structure composed of

water and various gases (Collett, 2002). In nature, the maingas is methane but other

gases such as nitrogen (N2), carbon dioxide (CO2), hydrogen sul�de (H2S) and propane

(C3H8) can also be involved (Boswell and Collett, 2011). When methane is the only gas,

the construct is called methane hydrate or methane clathrate. The crystalline structure

and physical properties of clathrate are similar to ice which is why it is also sometimes

referred to informally as 
ammable ice.

Gas hydrate structures are stable in high pressure and low temperature conditions (Koh

et al., 2011)(Fig. 1.1). However, the stability boundary of the hydrate structure is also

dependent on the exact gas and pore water composition and themethane saturation

(Tr�ehu et al., 2006; Xu and Ruppel, 1999)(Fig. 1.1A). The latter needs to be seen in

respect to the methane in the pore water. If the methane saturation in the pore water

exceeds the solubility, gas hydrate forms (above the BSR) orfree gas forms (below BSR)

(Davie and Bu�ett, 2003b). The depth of the gas hydrate stability zone (GHSZ) is limited

by the increase in temperature with depth (Fig. 1.1B). Fig. 1.2shows the worldwide

distribution of gas hydrates (Waite et al., 2020). They are found near the sea
oor in

marine settings of high water depth (> 350 - 600 m) and within and beneath permafrost

(De La Fuente et al., 2022). Often they accumulate at active continental margins as the

subduction of water-bearing sediments and a deformed accretionary wedge support the

migration of 
uids and gas towards the surface (Berndt et al.,2019).

The amount of methane trapped in hydrates on Earth is highly uncertain. Estimated

gas hydrate volume decreased over time with 1017m3 { 1018m3 in the 1970s to 1980s,

1016m3 in the late 1980s to early 1990s and current estimations of 1 {5 � 1015m3 (You

Figure 1.1: Gas hydrate stability, Fig. 1 from Tr�ehu et al. (2006) (under the
https://creativecommons.org/licenses/by/4.0/). A) Methane hydrate stabil ity boundary in regard to
the temperature and depth and compared to ice stability boundary for freshwater. The stability bound-
ary moves when other gases or salt are added. B) Gas hydrate stability in the marine environment.
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Figure 1.2: Worldwide gas hydrate distribution taken from the preliminary U.S. Geological Survey
database (Waite et al., 2020).

et al., 2019). However, they still embed a large amount of natural gases and are argued

to play a role in energy production (Collett, 2002; Fujii et al., 2015), climate change

(Ruppel and Kessler, 2017), slope stability (Maslin et al.,2004; Mienert et al., 2005), ocean

acidi�cation (Biastoch et al., 2011; Boudreau et al., 2015), gas venting and biodiversity

(Wellsbury et al., 2000) and, therefore, in the Earth's natural balance and human welfare

(Kvenvolden, 1999).

In seismic data a BSR is associated with the occurrence of gashydrate in the subsurface

(Holbrook et al., 1996; Shipley et al., 1979). A BSR is a re
ector running sub-parallel to

the sea
oor re
ector while cross-cutting other re
ectors (Sheri� and Geldart, 1995). It is

of opposite polarity to the sea
oor re
ector indicating that it is caused by a decrease in

the acoustic impedance which is dependent on the density andvelocity in the subsurface

(Yilmaz, 2001). Therefore, it is assumed to be generated by gas hydrate-bearing sedi-

ments overlying gas-bearing sediments and is broadly interpreted as the base of the gas

hydrate stability zone (BGHSZ).

Most gas hydrate deposits are sourced from gas of biogenic origin which means it is di-

rectly formed by bacterial activity usually within the near surface, i.e. a few ten's of

meters below the subsurface (Schoell, 1988). However, Parkes et al. (1990) also discov-

ered such bacterial activity several hundred meters beneath the sea
oor. Additionally, the

gas can be of thermogenic origin which means that the gas is generated in deeply buried

sediments from organic matter (Schoell, 1988). This kind ofgas is found in continental

settings in Alaska, Russia, Canada (You et al., 2019)) and in deep marine settings in the

Gulf of Mexico, Caspian Sea, Black Sea, South China Sea (Collett, 2002; Kvenvolden,

1995; Milkov and Sassen, 2002). Di�erent models for the gas migration and hydrate for-

mation exist. You et al. (2019) specify six di�erent processes for hydrate formation - 1)
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local biogenesis, 2) local di�usion of dissolved methane, 3) advective 
ow and/or di�usion

of dissolved methane, 4) methane recycling, 5) long-range,advective free gas 
ow and 6)

solidi�cation of a gas reservoir (Fig. 1.3).

The �rst process of local biogenesis (1) describes the biodegradation of local organic car-

bon during the burial of deposited sediment. The generated methane dissolves into the

pore water and, when the generated amount exceeds the methane hydrate solubility, gas

hydrate forms. For this process no migration mechanism is needed. However, this also

means that the total amount of gas hydrates formed is dependent on the existing or-

ganic carbon. As organic carbon is usually of lower concentration, the process cannot

form higher accumulations of gas hydrate. Gas hydrates generated by this type are usu-

ally found a few tens of meters beneath the sea
oor as regionally disseminated deposits

or fracture-�llings in muddy, �ne-grained sediments (Wallmann et al., 2012; Malinverno,

2010; Malinverno et al., 2018; Davie and Bu�ett, 2001, 2003b,a). Higher gas hydrate con-

centrations are often observed in coarse-grained sandy layers. It is assumed that methane

hydrate forms within �ne-grained muddy sediment surrounding these layers and is driven

by local, i.e. short-range, di�usion (2) into the higher-porosity intervals (Nole et al.,

2017; Malinverno, 2010; Malinverno and Goldberg, 2015; Rempel, 2011; VanderBeek and

Rempel, 2018; Wei et al., 2019; You and Flemings, 2018a). Thisprocess was proposed by

Malinverno (2010) arguing that a pore-size dependent methane solubility (higher solubil-

ity in the smaller pores) causes a dissolved methane concentration gradient that causes the

di�usion of the methane into the coarse-grained layers. This model can generate hydrate

saturations of up to 80 % in thin layers (cm-scale) but may notbe able to explain elevated

gas hydrate concentrations in thicker layers (meter-scale) (Nole et al., 2017). Process 1

and 2 combine the formation processes where gas hydrate is sourced from within the

GHSZ. For the other processes the gas is transported from below the GHSZ which means

it can either be of microbial or thermogenic origin. In the third process the methane

from below the BGHSZ is transported into the gas hydrate stability zone (GHSZ) by an

upward advective water 
ow or di�usion within water (3) (Hynd man and Davis, 1992).

The solubility of the methane decreases upwards which is whythe dissolved methane

turns into gas hydrate within the GHSZ. However as the methane solubility is generally

low in water, a large upward 
ux or a long time is needed in order to produce large con-

centrations of gas hydrate with this process. Areas characterised by rapid deposition and

accretionary wedges in subduction zones, where deeply buried sediments are dewatering,

might provide the necessary setting. Nevertheless, for manyobserved gas hydrate accu-

mulations at continental margins, e.g. Blake Ridge (Davie and Bu�ett, 2001, 2003b,a),

Northern Cascadia Margin (Malinverno et al., 2018; Davie andBu�ett, 2003b) and o�-

shore Costa Rica (Ruppel and Kinoshita, 2000; Hensen and Wallmann, 2005) another

formation mechanism would need to be added (You et al., 2019). The process of methane

recycling (4) is used to explain high accumulations of gas hydrate at the BGHSZ and
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free gas beneath it. During this process prevailing pressure and temperature conditions

change (due to e.g. uplift, erosion, sedimentation, climate change) causing sediments that

were previously within the GHSZ to pass through the BGHSZ and cause gas hydrates to

dissociate into free gas and water. This free gas 
ows upwards and reforms gas hydrate

at the BGHSZ (Nole et al., 2018; Crutchley et al., 2019). Sometimes a remnant of gas

hydrate stays at its previous location and causes a weak secondary BSR in the seismic

data (Han et al., 2021). This phenomenon is called a double BSR. The �fth process de-

scribes hydrate formation by long-range, advective gas 
ow(5) from beneath the BGHSZ

into and through the GHSZ. In this case permeable pathways with low capillary entry

pressure and high permeability, i.e. faults, highly fractures zones, coarse-grained layers,

are used for the gas 
ow. Local hydrate saturation formed from strong free gas 
ow can

be more than 90 % (You and Flemings, 2018b). This process is often seen in connection

with concentrated gas hydrate deposits at vent sites. Along permeable pathways the gas

may penetrate the GHSZ and escape at the sea
oor. It also can explain gas hydrate

concentration in thick (meter-scale) sand layers which cross or are close to a BSR. In

these cases, the gas hydrate often is underlain by free gas beneath the BGHSZ (Haeckel

et al., 2004; You and Flemings, 2018b; Torres et al., 2004; Youet al., 2016). Along-layer

permeability is higher than across-layer permeability which is why gas migration below

the GHSZ is expected to follow the stratigraphy (Chatterjee et al., 2014; Crutchley et al.,

2019). However, already formed gas hydrate at the BGHSZ might reduce the permeabil-

ity and may drive lateral gas migration into anticlinal structures (Berndt et al., 2019;

Kroeger et al., 2022; Chatterjee et al., 2014). The last process of solidi�cation of a gas

reservoir explains hydrate occurrences beneath permafrost soil in Arctic regions (6). For

these reservoirs to form, free gas accumulates somewhere and subsequent global cooling

shifts the BGHSZ downwards beneath the reservoir which turnsthe gas into gas hydrates

(Collett, 1993; Behseresht and Bryant, 2012).
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Figure 1.3: Methane hydrate formation mechanisms taken from You et al. (2019). Six di�erent formation
mechanisms are displayed: Model 1) local biogenesis, model 2) local di�usion of dissolved methane, model
3) advective 
ow and/or di�usion of dissolved methane, model 4) methane recycling, model 5) long-range,
advective free gas 
ow, model 6) solidi�cation of gas reservoir.
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1.4 Hikurangi subduction zone

The Hikurangi subduction margin is an active margin o�shore the North Island of New

Zealand where the Paci�c Plate has been subducting under theAustralian Plate since�

24 - 30 Ma. To the north the subduction of the Paci�c Plate continues beneath the Tonga

and Kermadec arcs resulting in a 3000-km-long subduction system (Tonga-Kermadec-

Hikurangi subduction system) (Davy and Wood, 1994) (see Fig. 1.4). Towards the south,

Figure 1.4: Tectonic setting of the Hikurangi subduction margin taken from Wallace (2020) (Image
reproduced with permission of the rights holder ANNUAL REVIEWS INC., see licence in Appendix
C). a) Detailed bathymetry, topography, and active faulting (black line s) of the onshore and o�shore
subduction margin. Dashed contours (labelled in km) indicate trench-�ll turbidite thickness (spatial
extent shown by blue stipple pattern) on the subducting plate (data from Lewis et al. (1998)). The
bold white dashed line shows the back of the accretionary wedge and the front of a deforming buttress
of Cretaceous and Paleogene rocks covered by Miocene to Recent slope basins (data from Lewis et al.
(1997, 1999); Barnes et al. (2010)). The white arrow shows Paci�c-Australia relative plate motion (in
mm/year) in the region (data from Beavan et al. (2002)). b) Broader-scale New Zealand tectonic setting.
c) regional tectonic framework. Abbreviations: NIDFB, North Island Dextr al Fault Belt; TVZ, Taupo
Volcanic Zone.
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the Hikurangi margin displays an increasing obliquity which develops into the dextral-slip

dominated Alpine fault via the Marlborough Fault System (Wallace et al., 2004). In the

north the Hikurangi margin is characterised by a convergencerate of 50 - 60 mm/year

and this value decreases to� 20 mm/year in the southern North Island (Wallace et al.,

2004). This variation of the convergence rate comes along with increasing upper plate

shortening towards the south and rapid clockwise rotation of the eastern North Island

relative to the bounding Paci�c and Australian Plates (Nicol etal., 2007).

An important feature of the margin is the unusually thick, bathymetrically elevated

oceanic crust (Hikurangi Plateau) which is being subducted at the Hikurangi Trough

and has caused widespread uplift of the eastern North Island (Litch�eld et al., 2007;

Nicol et al., 2007)(see Fig. 1.4). While the thickness of the plateau itself varies from 10

km to 15 km north to south (Davy and Wood, 1994), it also displays a decreasing surface

roughness from north to south. The sedimentary cover of the plateau in the south is about

� 9 km thick (Plaza-Faverola et al., 2012) and reduces to� 1-2 km in the north (Barker

et al., 2009, 2018) where protruding seamounts contribute to the increased heterogeneity

of the sea
oor (Wallace, 2020). This variability of the plateau is theorised to have a large

in
uence on the characteristics of the Hikurangi margin. Theaccretionary wedge formed

by the subduction of the plateau is much narrower in the north(< 20 km wide) than

in the central and southern part (30 km - 70 km). In the latter area, the wedge is well

developed, classically imbricated and rapidly growing (12� 3 mm/year)(see Fig. 1.4)

(Wallace, 2020; Barnes and de L�epinay, 1997). This is in contrast to the north where, due

to the relatively thin sedimentary cover of the plateau as well as seamount subduction

and a high convergence rate, non-erosion and localised tectonic erosion dominate the sub-

duction process (Barnes et al., 2010). Bangs et al. (2023) show that seamount subduction

also has a large in
uence on the internal structure of the wedge. The thrust faults dis-

secting the wedge have a much lower angle (< 10� ) than in typical subduction settings,

and overpressured 
uid-rich sediment lenses are formed in the wake of the seamount.

High-re
ectivity zones (HRZ) in seismic data down-dip of subducted seamounts have also

been interpreted to be high-pressure, 
uid-rich subductedsediments (Bell et al., 2010;

Barker et al., 2009). These are assumed to have been underthrust when the d�ecollement

was forced upwards during seamount subduction (Bell et al.,2010; Bangs et al., 2006).

Modelling supported this interpretation by revealing regions of overpressure landward of

subducted seamounts in the subducted sediments (Ellis et al., 2015). These observations

of high pore-
uid pressure in connection with seamount subduction have been theorised

to play a role in the triggering of slow slip events (SSE) thatoccur in this area (Bell et al.,

2010).

In general, SSEs occur repeatedly at di�erent depths along the whole Hikurangi margin

and play a large role in accommodating the plate motion (Wallace, 2020). In the northern

and central part they occur every 1-2 years and last a few weeks (Wallace and Beavan,
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2010). GPS data constrained their depth to 10 km - 15 km, but pressure gauge measure-

ments have con�rmed slip up to� 2 km beneath the sea
oor (Wallace et al., 2016). In

the southern part, SSEs occur at a depth of about 30 km - 50 km. They are less frequent

(5 years - 10 years) but last much longer (1 years - 1.5 years).This large di�erence in

SSE depth along-strike correlates with a highly bimodal interseismic coupling behaviour.

While the transition from seismic to aseismic behaviour occurs at a depth of � 40 km in

the south, it occurs at a depth of< 15 km in the north. Therefore, the SSEs seem to

occur at the down-dip transition zone from seismic to aseismic behaviour (Wallace, 2020).

Fluid subduction and release play a large role in the dynamicsof subduction zones. Pecher

et al. (2010) estimate that� 57 m3yr � 1m� 1 of 
uid are being input into the Hikurangi

subduction zone system either by accretion or subduction ofsediment. The majority of

these 
uids plus the 
uids generated from clay dehydration are released from the wedge

due to subsequent compaction and tectonic deformation (Ellis et al., 2015; Townend,

1997). Gase et al. (2023) also showed that the volcanic uppercrust (1.5 km thick) of the

Hikurangi Plateau is extensively hydrated and supplies the subduction zone with addi-

tional 
uids (up to 47 vol % H20). Approximately half of the 
uids escape within the �rst

15 km of the subduction zone due to compaction and porosity loss along the megathrust

or splay faults within the wedge but the other half is being transported to deeper sub-

duction depths Gase et al. (2023). Many indications for increased 
uid 
ow through the

accretionary wedge can also be found on the Earth's surface,i.e. on land mud expulsion

sites (Field and Uruski, 1997; Pettinga, 2003) and o�shore cold vent seep sites with asso-

ciated chemosynthetic fauna (Lewis and Marshall, 1996; Faure et al., 2006; Greinert et al.,

2010). Watson et al. (2020) compiled a catalogue of focused 
uid seepage sites along the

Hikurangi margin based on �ndings of 
ares, seep fauna, authigenic carbonate, mounds,

pockmarks, rough texture and high sea
oor backscatter in acoustic datasets (seepage sites

within my study area are shown in Fig. 1.5). They mainly �nd these 
uid seepage in-

dicators above the deforming backstop of the subduction zone and along thrust ridges

within the accretionary prism but also see along-strike changes which they base on the

wedge morphology, the convergence rate, the sea
oor roughness and sediment thickness

of the incoming plate. In the northern area, 
uid seepage sites are found in regions where

microseismicity and tectonic tremor (Todd et al., 2018; Todd and Schwartz, 2016) occur

and above shallow slow slip events (Wallace and Beavan, 2010; Wallace et al., 2016) and

the above described HRZs which have been theorised to be 
uid-rich (Bell et al., 2010;

Barker et al., 2009) moderately over-pressured, and associated with seamount subduction.

Not much 
uid seepage is detected in the central part of the margin which is theorised to

be caused by a more di�use 
uid expulsion that is not resolvedin the acoustic data. In

the south the seepage frequency increases again, and is often correlated to thrust ridges

with high gas hydrate concentrations (Watson et al., 2020).

Gas hydrates inferred by BSRs and amplitude anomalies in seismic data are identi�ed

11



along the whole Hikurangi subduction margin (Katz, 1982; Henrys et al., 2003; Pecher

et al., 2005, 2004), however, especially high concentrations were detected in its south-

ern part (Pecher et al., 2022). The distribution of BSRs reveals a connection between

gas hydrate deposits and subsurface structures that focus 
uid 
ow, i.e. faults, dipping

strata, anticlines (Pecher et al., 2010; Crutchley et al., 2011; Henrys et al., 2009; Crutch-

ley et al., 2019; Fraser et al., 2016). The imbricated Hikurangi accretionary wedge with

its thrust ridges provides, therefore, an ideal setting forgas hydrate accumulation and

subsequent BSR generation. Most gas hydrate deposits alongthe margin seem to be pre-

dominantly charged by microbially generated methane (Kroeger et al., 2019; Faure et al.,

2006) (location of borehole in Fig. 1.5). However, gas samplesof the southern margin

indicate that the gas is sourced by both biogenic and thermogenic processes (Greinert

et al., 2010; Geoservices, 2015) and a borehole (U1520 from IODP Expedition 372/375)

sampling the incoming plate, i.e. the sediments that are being subducted, at the northern

Hikurangi margin has identi�ed sediments rich in organic matter in the Late Cretaceous

interval overlying the Hikurangi Plateau which indicates the presence of potential source

rock (Kroeger et al., 2022; Barnes et al., 2019a). Thrust faults in the accretionary wedge

are theorised to transport biogenic gas from sedimentary troughs (Kroeger et al., 2022)

or from within the accretionary wedge and thermogenic gas from the subducting plate

(Plaza-Faverola et al., 2012) near to the surface and into the GHSZ. Fluid migration

modelling showed that this structural control of deep thermogenic 
uid 
ow might be

necessary to produce high concentrations of gas hydrates (Hillman et al., 2020). Certain

stratigraphies, such as dipping, coarse-grained strata are argued to be responsible for

the lateral 
ow away from the fault zones and distributing the 
uids into the hanging

wall and into the GHSZ (Hillman et al., 2020; Turco et al., 2020;Pecher et al., 2010;

Crutchley et al., 2011). This process seems to gain importance for transporting 
uids at

shallow depths, where the sediments are less compacted and more permeable (Kroeger

et al., 2022). Higher gas hydrate concentrations also seem tocorrelate with an increasing

dip of the strata (at least > 5� ) which correlates with the age of anticlinal structures,

and, therefore, higher gas hydrate concentrations can be found further landward of the

deformation front (Crutchley et al., 2019; Turco et al., 2020). Furthermore, gas hydrate

seems to be more prone to form on the landward-dipping side ofthe anticline structure

due to increased sedimentation on the landward side which causes shifting of the BGHSZ

and subsequent hydrate recycling. Double BSRs evidencing BSR shifting were identi�ed

in seismic data at several locations along the margin (Kroeger et al., 2023; Han et al.,

2021; Pecher et al., 2017; Crutchley et al., 2011). Next to sedimentation, erosion and

tectonic uplift (Kroeger et al., 2023; Pecher et al., 2005) caused by seamount subduction

and pressure cycling induced by 
uid migration during SSEs cycles (Han et al., 2021) are

also argued as potential causes for double BSRs at the Hikurangi margin.
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1.5 This study

Figure 1.5: Map of study area including data used for the study. Inlet: Northern Island of New
Zealand. Red rectangle shows location of the map. Seepage data from Watson etal. (2020) (under the
https://creativecommons.org/licenses/by-nc/4.0/).

1.5.1 Data

In this thesis, I use two di�erent kinds of data - seismic multi-channel data and drilling

data.

1.5.1.1 Seismic data

For my PhD project I work with a 3D seimic multi-channel dataset that was acquired

within the scope of the NZ3D seismic experiment in 2018 (see location in Fig. 1.5). The

multi-channel data were collected over an area of� 60 km� � 15 km. A total of 18 airguns

sorted into two arrays and shooting in 
ip-
op mode were usedfor the data acquisition.

They were towed at a depth of 7 m and �red every 25 m. A total of four streamers

recorded the shots. The streamers were towed 150 m apart fromeach other at a depth of

8 m. Each streamer had a length of 6000 m and contained 148 channels spaced 12.5 m

apart. For the inner streamer the minimum o�set was 150 m and for the outer streamer

it was 225 m. The recording length was 9.5 s (Bangs et al., 2018).

The NZ3D seismic experiment also entailed ocean bottom seismometer (OBS) data ac-

quisition. 99 instruments were deployed in an irregular rectangular grid within the area
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of the 3D seismic streamer volume covering an area of� 6 km � � 48 km (Arai et al.,

2018)(see location in Fig. 1.5). The OBS recorded the seismicshots during the active

data acquisition and continued to record the passive seismicity until they were recovered

in March-April 2018. Arai et al. (2019) used the active seismic, wide-angle OBS data to

perform a travel time tomography. I use the resulting velocity model as a starting model

for the application of FWI (chapter 2).

1.5.1.2 Drilling data

Two International Ocean Discovery Program (IODP) Expeditions (372/375) conducted

in 2017 acquired coring and down-hole geophysical logging data at four sites (U1518,

U1519, U1520, U1526) at the northern Hikurangi subduction margin (see location in Fig.

1.5). The conducted logging-while-drilling (LWD) measurements included compressional

and shear wave velocity, resistivity, neutron porosity, neutron density, nuclear magnetic

resonance (NMR) porosity, NMRT2, bound water, free water and gamma ray. Measure-

ments from sites U1518, U1519 and U1520 provided data that I haveused throughout

this PhD project. Sites U1518 and U1519 are located within thearea of the NZ3D data

acquisition - U1519 is located on top of the accretionary wedge, U1518 drilled through the

P�apaku thrust fault within the accretionary wedge. Site U1520 is located further seaward

approximately 3 km away from the multi-channel acquisitionand samples the sediments

of the incoming plate.

1.5.2 Study area

The seismic multi-channel 3D dataset is imaging an area of the northern Hikurangi mar-

gin seaward of Gisborne. This area is characterised by reoccuring shallow SSEs (every

1-2 years, 10 - 15 km deep) and seamount subduction (Wallace,2020) (Fig. 1.5). Fig.

1.6 A shows a pre-stack depth migration (PSDM) pro�le from the middle of the dataset

(location shown by red line in Fig. 1.5). Fig. 1.6 B and C show thesame section in-

terpreted and overlain by an FWI velocity model, respectively(Bangs et al., 2023). In

the southeast, the incoming plate is imaged with a roughly 1 km thick sediment sequence

overlying the volcanic Hikurangi plateau. The surface of theplateau displays a rough

character with volcanic cones protruding into the sedimentary cover. The d�ecollement

formed by the subduction of the incoming plate can be traced below the accretionary

wedge up to a depth of� 7 km. Around 20 km distance from the beginning of the sub-

duction, the d�ecollement is characterised by a seismically transparent area. Further to

the northern side of the 3D dataset, this area becomes characterised by a distinct upward

arching of the d�ecollement. This warped d�ecollement has been interpreted to be caused

by a subducted seamount (Bell et al., 2010; Barker et al., 2018; Bangs et al., 2023). The

exact extent of this seamount is still under debate. The seamount was �rst interpreted

by Bell et al. (2010) on a seismic section spatially coincident with the section shown in
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Fig. 1.6 A. They interpreted seaward-dipping re
ections in the underlying plate to be

the seaward-dipping 
ank of a seamount. This interpretation correlated with a +280 nT

magnetic anomaly (Barker et al., 2018). An inversion of thesemagnetic data resolves the

geometry of the subducted seamount as a SW-NE striking lozenge shaped� 40 km long

and � 15 km wide ridge with a relief up to 2.5 km (see interpreted seamount in Fig. 1.5).

Bangs et al. (2023) used the NZ3D multi-channel dataset to mapthe seamount and �xed

the extent of the seamount to the southern side of the dataset(see in Fig. 1.5). They

named it P�apaku seamount. Collins (2023) showed that elevated relief is present over the

whole width of the NZ3D dataset approximately coinciding with the seamount shape from

Barker et al. (2018), but that there is a distinct peak where Bangs et al. (2023) interpreted

the seamount. The inner structure of this seamount is still under investigation. A re-

sistivity study of a magnetotelluric (MT) and controlled-source electromagnetic (CSEM)

survey (see in Fig. 1.7) parallel to the seismic pro�le shown in Fig. 1.6 (Chesley et al.,

2021) and a velocity model from an OBS travel time tomography(Arai et al., 2019),

provide various theories for the composition of the seamount. High velocities located

down-dip of the seamount resolved by the seismic data suggest either a smaller seamount

located further down-dip than assumed, or a seamount characterised by relatively low

velocities (Arai et al., 2019). A third interpretation could be a heterogeneous seamount

with a high-resistivity and high-velocity core covered by aconductive matrix of porous

volcaniclastics (Chesley et al., 2021). This interpretation is consistent with observations

of the Turanganui Knoll, a guyot-like feature originated during intra-plate volcanism lo-

cated further seaward on the incoming plate (Chesley et al.,2021). Based on observation

of the Turanganui Knoll, Chesley et al. (2021) assume that the seamount is also capped

by a thin resistive layer which �ts the magnetic anomaly fromBarker et al. (2018) that is

interpreted to be caused by the seamount. The conductive matrix of porous volcaniclas-

tics in the seamount is assumed to be highly 
uid-rich (Chesley et al., 2021) as well as

the high-amplitude re
ection zone (HRZ) landward of the seamount which is interpreted

to be caused by 
uid-rich sediments entrained by the seamount subduction (Bell et al.,

2010) (see Fig. 1.6). The contours of a SSE that occured in September-October 2014 are

displayed in Fig. 1.5 and show the spatial correlation with the subducted seamount (Wal-

lace et al., 2016). The observation that SSEs occur close to this subducted seamount and

the associated HRZ, suggest that a heterogeneous plate interface with rough topography

and regions of high pore-
uid pressure play a role in promoting SSEs (Sa�er and Wallace,

2015; Wallace, 2020; Bell et al., 2010; Chesley et al., 2021). Shaddox and Schwartz (2019)

investigate burst-type repeating earthquakes and microseismicity in connection with the

2014 SSE which they link to the aseismic slip as well as 
uid migration within the wedge.

This interpretation is consistent with observations of increased shear-wave splitting delay

times preceding the aforementioned SSE indicating 
uid overpressure in the subducting

plate (Zal et al., 2020). SSEs are assumed to lead to episodicstress changes and 
uid
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pressure cycling combined with the drainage of 
uids from the plate interface and 
uid mi-

gration within the upper plate (Warren-Smith et al., 2019; Nakajima and Uchida, 2018).

Chesley et al. (2021) also theorise that stress changes in the subduction zone associated

with the SSEs cause rupturing of the resistivity cap of the seamount which allows 
uids

within the conductive matrix to migrate into the overriding plate. Furthermore, they

resolved highly conductive and 
uid-rich areas (Cf1, Cf2, Cf3) within the forearc (Fig.

1.7). Area C2f co-locates with the observed SSE-related microseismicity from Shaddox

and Schwartz (2019). The accretionary wedge is dissected byseveral large thrust faults

splaying from the subduction zone interface to the surface (see Fig. 1.6 B). While C2f

is bounded on the landward side by a large thrust fault that might provide an escape

pathway for 
uids, Chesley et al. (2021) point out that the persistence of C2f suggests

that not all 
uids escape from the upper plate. Another highlyconductive and 
uid-rich

zone, C3f is located at shallower depth and further seaward within the accretionary wedge

(Fig. 1.7). This zone is at its base also bounded by another thrust fault, and Chesley

et al. (2021) allude to narrow conductors that emanate from C3f to ridges on the sea
oor

which could act as pathways for 
uids. One of these ridges, isthe Puke Ridge (Naval-

pakam et al., 2012). This prominent thrust ridge within the frontal accretionary wedge is

located in the foot wall of the thrust fault bypassing the highly 
uid-rich zone Cf2 and is

theorised to be associated with the P�apaku seamount subduction (Bell et al., 2010; Han

et al., 2021).

A BSR can be traced from the top of the accretionary wedge to the toe of it (see Fig.

1.6 B). Interruptions of the BSR in certain areas correlate with thrust faults. Further

indication of 
uid 
ow in the area are pockmark structures at the sea
oor (Watson et al.,

2020) (see Fig. 1.5).

Site U1520 from the IODP expedition 372/375 (section 1.5.1) was drilled into the sedi-

ments above the incoming plate (see Fig. 1.6 B). Fig. 1.8 shows some of the data acquired

at site U1520. The upper� 500 mbsf are Pleistocene in age and comprised of turbidites

and hemipelagic sediments. These units mainly contain mud,mudstones, silty clays and

clayey silts interbedded with silts and sand (see mineral composition in Fig. 1.8). Below

{ from 500 mbsf to 800 mbsf { lies a thick unit of pelagic Neogenesediments mainly

comprised of marl and calcareous mudstone. From 800 mbsf to 850 mbsf, measurements

reveal a distinct change to chalk minerals within Paleogenesediments. In the wireline

logs this unit is characterised by a relatively high velocity of about 3000 m/s (see in Fig.

1.8, highlighted by arrow). Fig. 1.6 C shows a velocity model of the accretionary wedge

(Bangs et al., 2023) which is characterised by several high-velocity streaks, that may rep-

resent chalk minerals underthrusted and incorporated intothe accretionary wedge. Below

the high-velocity unit a change to Cretaceous volcaniclastic facies can be observed. The

top of this unit is characterised by extremely low P-wave velocities (� 1600 m/s)(see in

Fig. 1.8, highlighted by arrow) which is theorised to from thed�ecollement (Gase et al.,
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2023). A low-velocity zone along the d�ecollement is clearly visible for the frontal part of

the wedge (Fig. 1.6 C). The low-velocity zone is theorised to be highly 
uid-rich in
u-

encing SSEs (Gase et al., 2023) as well as to be of ultra-low rigidity in
uencing tsunami

earthquakes happening there (Davy et al., nd; Bell et al., 2014) (see location in Fig. 1.5).

U1518 drilled into the P�apaku fault, a prominent thrust fault within the accretionary

wedge (see Fig. 1.6 B). At around 325 mbsf a major fault plane has been identi�ed fol-

lowed by a subsidiary fault at� 375 mbsf. The borehole is� 500 m deep and only sampled

sediments of Quaternary age. Above and below the fault the sediments are mainly com-

prised of mud/mudstones with silty sand interbeds sourced by turbidites and hemipelagic

settlings (Sa�er et al., 2019). For site U1518 Sa�er et al. (2019) published estimations of

gas hydrate saturations. When gas hydrate is formed, ion exclusion leads to the enrich-

ment of solutes, e.g. chloride in pore water (Paull et al., 1995). When no new gas hydrate

is formed, this excess chloride is gradually removed over time (Pape et al., 2020). When

gas hydrate is dissociated again, for example during core retrival, fresh water is released,

which results in a reduction in chloride. Sa�er et al. (2019)use an empirical approach to

measure these anomalously low chloride values against a background chloride concentra-

tion and estimate gas hydrate saturation values. Between 33mbsf and 359 mbsf they �nd

six locations with anomalous values and calculate gas hydrate saturation ranging between

2 % and 46 %.

U1519 is located on top of the accretionary wedge. The core reaches up to a depth of 640

mbsf. Unfortunately there are a lot of gaps in the cored data, but the sampled Quater-

nary sediments mainly comprise mud, mustones with minor silts. The sediments derived

from hemipelagic settlings, turbidity currents and debris
ows. At � 560 mbsf a very

weak BSR was observed in seismic data (see in Fig. 1.6 B) and drilled at site U1520. In

the logging data highly resistive layers at the depth of the BSR were interpreted as gas

hydrate-�lled coarse-grained sediment layers.
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Figure 1.6: Pre-stack depth migration (PSDM) from Bangs et al. (2023), see location in Fig. 1.5. A)
Pre-stack depth migration image. B) Interpreted image. C) P-wave velocity model of the area from Bangs
et al. (2023) (derived from full-waveform inversion (FWI) including re
ected and transmitted data).
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Figure 1.7: Resistivity model and porosity taken from Chesley et al. (2021) (Image reproduced with
permission of the rights holder Springer Nature, see licence in Appendix C). A) Vertical resistivity model.
B) Porosity model estimated using Archie's law (Archie, 1942). Conductors: C1p, C2p, C3p, C1f, C2f,
C3f and C4f, resistors: R1p, R2p, R2.5p and R1f. The black inverted triangles are receiver locations where
magnetotelluric (MT) and controlled-source electromagnetic (CSEM) data were used in the inversion, the
green circles are receiver locations where only CSEM data were inverted.
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Figure 1.8: Drilling and logging data from site U1520 taken from Barnes et al. (2019a) (under the
https://creativecommons.org/licenses/by/4.0/, Figure F5 and F74 are partly s hown, arrows and dashed
lines are added). Arrow 1 shows sandy, silty layer with mineral composition used in the rock-physics
modelling of this study (chapter 4), arrow 2 highlights chalk minerals with high velocities (3000 m/s)
and arrow 3 displays volcaniclastic facies with low velocities (1600 m/s).
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1.6 Thesis outline

This thesis is organised into six chapters.

The �rst chapter includes the aims of this PhD project as well as the current knowledge

of gas hydrates and the study area.

The second chapter focusses on FWI. It contains the mathematical background and

practical aspects of FWI. Furthermore, it displays the work
ow and results for a 2D and

3D inversion.

The third chapter discusses the FWI AVO approach. It includes a section about general

AVO and FWI AVO theory and shows the application for two synthetic examples and a

�eld data example.

The fourth chapter concentrates on rock-physics modelling. It contains a theory section

and walks through the modelling for a BSR.

The �fth chapter combines the results from the previous three chapters and aims to �nd

an interpretation for the investigated BSR.

The sixth chapter summarises the main �ndings for the research in relation to the

original aims of the project and sketches possible future work.
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2 FWI at the Hikurangi subduction zone

In this chapter, I discuss FWI as a method for producing high-resolution physical property

models (e.g. P-wave velocity, density) of the subsurface. The FWI code used in this thesis

is the FULLWAVE code which was developed at Imperial College London (Warner et al.,

2013). I start by giving a general overview of the underlyingtheory. Next, I discuss

important details about the application of the FWI code. Finally, I describe the work
ow

and illustrate the results of applying FWI in 2D and 3D to a seismic multi-channel dataset

in order to generate a high-resolution P-wave velocity model and image a subduction zone

and a BSR.

2.1 FWI theory

In inverse theory, the forward problem refers to obtaining data for a given model, while

the inverse problem is concerned with estimating a model from given data. FWI is a

leading technology for recovering high-�delity physical property models of the subsurface

from observed seismic data (Virieux et al., 2017). Since FWI isa non-linear problem it

requires non-linear optimisation strategies. These methods usually rely on an iterative

procedure to obtain a �nal solution. FWI starts with an initial model. The respective

seismic data are obtained by forward modelling and then compared with the observed

data. The data mismatch is used to obtain a model update and this procedure is repeated

until no further updates are achieved. Each model update relies on the computation of

gradients. While these gradients would be computationally very expensive to estimate

explicitly, the adjoint-state method enables an e�cient implementation.

2.1.1 Seismic wave equation

The seismic wave equation describes the propagation of energy (kinetic and potential)

through a medium, e.g. the Earth (Shearer, 2019). In the mostgeneral case, the seismic

wave equation involves elasticity, attenuation, anisotropy, dispersion, heterogeneity (Aki

and Richards, 2002; Shearer, 2019). This diversity of physical e�ects leads to a rather

complicated expression for describing seismic wave propagation. Modelling seismic waves

by numerically solving the seismic wave equation (Moczo et al., 2007), is a fundamental

procedure in various geophysical applications, e.g. imaging for resource localisation (Rat-

cli�e et al., 2011) or determining earthquake source parameters (Gajewski and Tessmer,

2005). Owing to the complexity of the full seismic wave equation (involving all previously

described e�ects) it is computationally very expensive. Hence, for many scenarios an

acoustic approximation of the wave equation is used (Morganet al., 2013).
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The acoustic, isotropic wave equation without attenuation(Aki and Richards, 2002) reads

1
V 2

P

� 2p
�t 2

� � r � (
1
�

r p) = s; (2.1)

where VP is the P-wave velocity and a function of space (x; y; z), p is the pressure �eld

and a function of space (x; y; z) and time t, � is density and a function of space, ands

is the source term and a function of space and time. Eq. 2.1 is asecond order partial

di�erential equation in time and space. As this equation is linear in terms of pressurep

and the sources, it can be written as

Ap = s; (2.2)

with the matrix

A =
1

V 2
P

� 2

�t 2
� � r � (

1
�

r ) (2.3)

being the wave operator, the vectorp containing the pressure �eld for all times and loca-

tions and the vectors containing the source function for all times and locations.

2.1.2 The forward and inverse problem

The forward problem is usually described as

G(m) = d: (2.4)

It describes the process of obtaining seismic datad, e.g. measurements of the pressure

�eld, for a given set of model parametersm, e.g. P-wave velocity and density (Virieux and

Operto, 2009). It is important to note that the operatorG is non-linear. Comparing Eqs.

2.2 and 2.4, one can see that calculating the source term given the pressure �eld and the

model parameters involves solving a linear problem whilst calculating the data/pressure

�eld given the model parameters and the source involves solving a non-linear problem. The

forward problem is what is solved in modelling applicationswhen ones aims to estimate

data for a given model.

In many cases, however, one has access to datad that were acquired during a geophysical

experiment and one aims to estimate the model parametersm from these data. This

requires to solve the inverse problem (Tarantola, 2005) which can be described as

m = G � 1(d): (2.5)

Both the forward and the inverse problem are illustrated in Fig. 2.1. The inverse problem

is signi�cantly more di�cult than the forward problem. First of all, one might not �nd a

unique solution, either because the inverse ofG does not exist (meaning that no unique
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solution exists) or because the problem is underdeterminedmeaning that even if a unique

solution existed, one might not have enough measurements ind to �nd it. This is often

a problem in geophysics where the pressure �eld can only be measured on the surface

of the Earth. Furthermore, the inverse problem can be ill-conditioned leading to large

perturbations in the solution for small perturbations in the measurements. Additionally,

noise in seismic data might lead to artefacts in the solution. While the above points are

equally valid for a linear inverse problem, the non-linearity of Eq. 2.5 poses an additional

challenge, i.e. the task of �nding the optimal solution (global minimum) is made more

di�cult by the presence of local minima.

Solving non-linear inverse problems usually requires iterative optimisation strategies which

will be discussed in the section 2.1.3.

Figure 2.1: Forward and inverse problem for the synthetic Marmousi model. On theleft-hand side is a
velocity model and on the right-hand side seismic data. Gaining the data from the model is the forward
problem and gaining the model from the data is the inverse problem.

2.1.3 Non-linear local optimisation

Assuming observed datadobs and a modelm are available, datad can be computed via

Eq. 2.4. In order to �nd a model that accurately describes theactual underlying physics,

one aims to reduce the least-squares mis�t between the observed and the modelled data.

Hence, the objective function

f (m) =
1
2

kd � dobs k2 =
1
2

� dT � d (2.6)

is minimised (Tarantola, 1984), where the data mis�t is� d = d � dobs , T denotes the

transpose and time-domain data, i.e. real-valued data are assumed. The objective func-

tion is the scaled sum of the squared data mis�ts for all sources, receivers and time

samples. Note that many di�erent FWI strategies exist that additionally involve, e.g.

regularisation, pre-conditioning and weighting.

In general there are several ways to �nd the minimum of the objective function. If G in

Eq. 2.4 was a linear operator, the inverse problem would be relatively straightforward to

solve. SinceG is non-linear for FWI the problem can either be solved by local or global

optimisation techniques. Global optimisation, however, tends to be extremely computa-
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tionally expensive for large models. Hence, FWI is based on local optimisation, meaning

that a solution is searched in the local vicinity of a given starting model.

In this context, a second order Taylor series expansion is used to approximate the objective

function in the local vicinity of a given modelm0 (Virieux and Operto, 2009):

f (m) = f (m0 + � m) = f (m0) + � mT @f(m)
@m

�
�
�
�
m = m 0

+
1
2

� mT @2f (m)
@m2

�
�
�
�
m = m 0

� m + O(�m 3):

(2.7)

Taking the derivative of this approximated objective function with respect to the model

parameters and setting it to zero to �nd the minimum, delivers

@f(m)
@m

= 0 =
@f(m)

@m

�
�
�
�
m = m 0

+
@2f (m)

@m2

�
�
�
�
m = m 0

� m: (2.8)

This can be rearranged to obtain the model update� m via

� m = �
�

@2f (m)
@m2

�
�
�
�
m = m 0

� � 1 @f(m)
@m

�
�
�
�
m = m 0

: (2.9)

This model update contains the gradient

r m f (m) =
@f(m)

@m

�
�
�
�
m = m 0

(2.10)

and the Hessian

H =
@2f (m)

@m2

�
�
�
�
m = m 0

: (2.11)

The gradient is related to the direction of the model update and the Hessian can be

considered to be a scaling of the model update, i.e. by how much each point of the

model is supposed to be altered in the direction of the gradient to obtain an optimal

improvement.

Computing a model update� m via Eq. 2.9 is known as Newton's method. IfG was a

linear operator, a single update� m would directly lead to the global minimum. For non-

linear problems several recursive updates are needed to arrive at a minimum. In practice,

Newton's method is inconvenient because the Hessian becomes very large for large models

and computing its inverse becomes intractable. Therefore,many approximations have

been introduced such as Gauss-Newton and quasi-Newton methods (Virieux and Operto,

2009). The simplest strategy is the method of steepest descend which replaces the Hessian

with a single scalar weighting factor. The update is then computed by

� m � � � r m f (m); (2.12)
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with the step length � being a scalar value that weights the gradient. In general,� can

be determined by a line search. When using a linear operator approximation, however, it

can be estimated analytically. I will describe this in the next paragraph.

Starting with a model m0, the gradient r m f (m) can be computed. The updated model

is then given bym1 = m0 � � r m f (m). This results in the following forward-modelled

data:

d0 = G(m0) (2.13)

d0
0 = G(m0 � r m f (m)) (2.14)

d1 = G(m0 � � r m f (m)) � d0 + � (d0
0 � d0); (2.15)

where the last equality follows from a linear approximationof the operatorG (Pratt et al.,

1998). Then the objective function is minimised in order to �nd the step length�

f (� ) =
1
2

kd1 � dobs k2 =
1
2

�
d0 + � (d0

0� d0) � dobs

� T �
d0 + � (d0

0� d0) � dobs

�
: (2.16)

The minimum is obtained by setting the derivative with respect to � to zero:

@f(� )
@�

= 0 = ( d0 � dobs )T (d0
0 � d0) + � (d0

0 � d0)T (d0
0 � d0): (2.17)

Rearranging leads to:

� =
(d0 � dobs )T (d0 � d0

0)
(d0 � d0

0)T (d0 � d0
0)

: (2.18)

Hence, computing� this way requires one additional step of forward modelling to obtain

d0
0.

Independent of the way� is computed, the updated modelm1 is calculated by adding

the model update� m to the initial model m0. This process is iterated until convergence,

i.e. a new model update is computed form1 to get m2 and so on.

In order to apply the steepest descend method for FWI the gradient r m f (m) is required.

In the next section, I will explain the adjoint-state methodwhich allows for an e�cient

computation of the gradient.

2.1.4 Adjoint-state method in FWI

One could explicitly calculate the gradient by perturbing each grid location of the model

individually and then comparing the data generated by the original and the perturbed

model. For large models, however, this becomes unfeasible,and, therefore, the adjoint-

state method is used (Plessix, 2006; Fichtner et al., 2006).

27



Combining Eqs. 2.6 and 2.10, gives

r m f (m) =
@

@m

�
1
2

� dT � d
�

=
�

@d
@m

� T

� d; (2.19)

where the gradients are always evaluated for the current model, similar to Eq. 2.10 being

evaluated for modelm0.

In order to retrieve the gradient, @d=@m needs to be computed. The datad are the

pressure �eldp at the locations sampled by receivers. This can be written as

d = Dp : (2.20)

The matrix D is a simple restriction or sampling operator. It is a diagonal matrix which

is one if the pressure �eld is sampled at the respective location and zero otherwise. Hence,

as a �rst step, one has to compute@p=@m. For this, Eq. 2.2 is di�erentiated:

@A
@m

p + A
@p
@m

=
@s
@m

: (2.21)

The right-hand side of this equation is zero because the source does not depend on the

model parameters. Then the equation can be rearranged to obtain:

@p
@m

= � A � 1 @A
@m

p: (2.22)

Using Eq. 2.20, obtains the following expression:

@d
@m

= D
@p
@m

= � DA � 1 @A
@m

p: (2.23)

Next the equation can be inserted into Eq. 2.19

r m f (m) = � pT

�
@A
@m

� T

(A � 1)T D T � d: (2.24)

The residual wave�eld � p can now be introduced as

(A � 1)T D T � d = � p: (2.25)

Alternatively, this can be written as

A T � p = D T � d; (2.26)

which allows for a comparison with Eq. 2.2:D T � d, the data mismatch � d injected into

the volume at the locations of the receivers by the operatorD T , represents a source term,

A T is the adjoint wave operator and� p is the respective wave�eld. For the acoustic

wave equation,A is self-adjoint which means it stays the same after transposing and
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complex conjugating it. Therefore, the adjoint of the wave operator only delivers a back-

propagation in time. All in all, the gradient can be obtained by the following expression

(by inserting Eq. 2.25 in Eq. 2.24):

r m f (m) = � pT

�
@A
@m

� T

� p: (2.27)

The gradient can, therefore, be computed by the zero-lag cross-correlation between the

forward-propagated wave�eldp and the back-propagated data mismatch� p for a single

source and for all receivers. Additionally, the term@A =@m represents a wave-operator-

dependent weighting. This derivative depends on the choiceof the wave operator, for

instance the acoustic operator in Eq. 2.3, and on the parametrisation of the modelm,

e.g. in terms of P-wave velocity and density.

Owing to the fact that the adjoint-state method only requires two modelling runs and

a cross-correlation to estimate the gradient, this is considerably less expensive than an

explicit gradient calculation (Virieux and Operto, 2009).
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2.2 FWI application

After giving a basic overview of the theory behind FWI, I now address about the appli-

cation and implementation of the FWI code. I discuss possible problems that can arise

during the FWI run and highlight things that need to be considered to run a successful

FWI.

2.2.1 Summary of FWI procedure

In section 2.1, I explain that FWI is based on an iterative inversion scheme where data

d are generated for a modelm and are subsequently used to calculate a mis�t with the

observed datadobs . This mis�t is used for the determination of a model update� m to

calculate a new model (Tarantola, 1984; Virieux and Operto, 2009).

In practice this means in order to start an FWI run, an initial model of the physical

parameter one wants to invert for is needed. Furthermore, the forward modelling requires

a seismic wavelet which is propagated through the initial model to record its response

to the physical property layers in the subsurface. The last input into the FWI are the

observed data which are needed for the mis�t calculation (Fig. 2.2).

The forward modelling of the seismic data is the �rst step in the FWI run. The data

are calculated for all sources and all receivers in the modeland the wave equation used

dictates what physical e�ects, e.g. elasticity, anisotropy are incorporated in the data

(Warner et al., 2013; Debens et al., 2015).

Next, the data mis�t is computed for each source-receiver pair (Tarantola, 1984). Note

that the observed seismic data inherently contain all physical e�ects and, hence, any mis�t

caused by the lack of a physical e�ect in the seismic wave equation is mapped into the

model of the physical properties that are being inverted for.

The residual dataset is then back-propagated from all receivers to the respective source

in order to create the residual wave�eld. The forward-propagated wave�eld and the back-

propagated wave�eld are cross-correlated in time at each point within the model and for

each source which determines the gradient (Plessix, 2006).A second forward modelling

run is used to calculate the step length which determines thescale of the model update

(Pratt et al., 1998). Finally, a new model is generated by subtracting the step length-

scaled gradient from the initial model.

The whole above described process (Fig. 2.2) is started againwith the new model and

repeated until the inversion converges, i.e. the objectivefunction drops below a previously

de�ned threshold, or the speci�ed amount of maximum iterations is reached. This results

in a physical property model that best explains the observedseismic data.
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Figure 2.2: Full-waveform inversion scheme.

2.2.2 Local minima and cycle skipping

A local inversion scheme is used in FWI in order to �nd the model update � m that

leads to the improved model (Fichtner, 2010). In section 2.1,I already discuss that the

non-linearity as well as the size of the problem make it necessary to use a local iterative

inversion rather than �nding the global minimum directly or using a global inversion. The

use of a local inversion scheme means that a solution is only searched for in the vicinity

of the starting model and, hence, it entails the danger that the inversion converges to a

local minimum instead of the desired global minimum (Fig. 2.3A) (Warner et al., 2013).

The main cause for the convergence to an undesired local minimum is cycle-skipping.

When the travel times of the observed data and the forward-modelled data di�er by more

than half a period of the lowest used frequency, cycle-skipping occurs which means that

the wrong phases in the data are matched with each other (Fig. 2.3 B) (Pratt, 1999).

Some methods such as Adaptive Waveform Inversion (AWI) (Warner and Guasch, 2016)

relax the cycle skipping condition in such a way that the initial model can be further away

from the global minimum (e.g. 1.5 rather than 0.5 cycles (Warner and Guasch, 2016)).

However, the non-linearity of FWI might still cause these methods to converge to wrong,

i.e. local, minima.

Several things should be considered to run a successful inversion that converges to the

global minimum. I discuss these in section 2.2.3.
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A B

Figure 2.3: Pitfalls of FWI. A) Convergence into a local minimum. B) Cycle skipp ing. n1 and n2
indicate two di�erent starting models. n1 is a high-quality start ing model converging into the global
minimum. n2 causes cycle-skipping and convergence into the localminimum.

2.2.3 Practical considerations for FWI

2.2.3.1 Data

The input data into the inversion has a great in
uence on the quality of the inversion

result and in an ideal case one would like to include long-o�set, low-frequency content,

wide-azimuth data with a high signal-to-noise ratio (Morgan et al., 2013).

A shotgather in a seismic data acquisition contains di�erent kinds of arrivals - next to

the direct wave which is not used in the FWI, these are subcritical, re
ected waves and

post-critical, horizontally propagating refracted and diving waves (Yilmaz, 2001). While

re
ections have been shown to be more sensitive to vertical velocity changes across re-


ectors, i.e. the impedance, transmitted arrivals are sensitive to the macro-velocity and

horizontal velocity structure (Virieux and Operto, 2009). This is also shown by the sensi-

tivity kernels for transmitted and re
ected waves in Fig. 2.4(Yao et al., 2020). Therefore,

in order to resolve the macro-velocity structure, it is important to be able to include longer

o�sets into the FWI which contain the transmitted arrivals (Br enders and Pratt, 2007).

In 3D, in addition to the long o�set, the azimuths should be aswide as possible to allow

for su�cient transmitted data of more directions than the inline direction and higher folds

(Sirgue et al., 2007; Mothi et al., 2013).

Another important factor is the frequency content of the data. A low starting frequency

reduces the possibility of cycle-skipping for the startingdata (Warner et al., 2013; Sirgue,

2006), and generally 
attens the objective function. The lowest usable frequency is usually

given by the signal-to-noise ratio which worsens for low frequencies (Morgan et al., 2013;

Warner et al., 2013; Baeten et al., 2013).
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A B

Figure 2.4: Sensitivity kernels for seismic waves, Fig. 4 taken from Yao et al. (2020) (under the
https://creativecommons.org/licenses/by/4.0/). A) Transmitted waves. B ) Re
ected waves. The blue
and green crosses display the locations of the sources and receivers,respectively. The dashed blue curves
show the raypaths of the waves. The dashed gray line in B) displaysthe re
ection interface.

2.2.3.2 Model

The quality of the starting model is crucial in order to run a successful inversion (Virieux

and Operto, 2009). The closest minimum of the objective function should be the global

minimum. Otherwise the inversion will run into a local minimum (Warner et al., 2013).

This can be seen in Fig. 2.3 where starting model n2 is closest and converges to the local

minimum and starting model n1 leads to the global minimum. Therefore, the necessary

quality of the starting model depends on the lowest available frequency in the data - the

lower the frequency, the less accuracy is required for the initial model. As FWI can easily

add but struggles to remove structure, it is important to start with a smooth starting

model that does not include any sharp interfaces (except thesea
oor) that would direct

the inversion into a local minimum (Morgan et al., 2013). Often tomography models are

used for starting models in FWI as such models will generate seismic data that matches

the �rst-arrival travel times well.

2.2.3.3 Inversion strategies

There are inversion strategies that can be pursued in order to help steer the model in the

right direction. The �rst is the so-called layer stripping of the model and/or the data.

This means that the shallow part of the model or the early travel times and short o�sets

are �rst input and updated in order to subsequently recover deeper parts of the model

(Virieux and Operto, 2009; Morgan et al., 2013).

Another strategy that can help to in
uence the result is the multi-scale approach which

means that lower frequency data are inverted �rst and the frequency content of the data

is gradually increased as the inversion proceeds (Sirgue and Pratt, 2004).
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Furthermore, advanced FWI algorithms with other data functionals can be used, for

instance the AWI from Warner and Guasch (2016) which is less sensitive to cycle-skipping.

2.2.3.4 Stability conditions

Next to the inversion running into a local minima, the inversion can also go wrong if

certain modelling conditions are not being met leading to numerical instability and grid

dispersion. These stability conditions depend on the accuracy of the �nite-di�erence

operator used for the wave equation and on the dimension (1D,2D, 3D) of the problem

(Fichtner, 2010).

In order to minimise the dispersion of energy, one wants to ensure that the wavelength is

being sampled at least a certain amountw. Therefore, the maximum grid spacing in all

directions (dx = dy = dz) is given by:

dx =
� min

w
=

Vmin

wf max
; (2.28)

whereVmin is the minimum velocity in the model andf max the maximum modelled fre-

quency which results in the minimum seismic wavelength� min . w is dependent on the

accuracy of the �nite-di�erence operator (Crase, 1990).

The Courant-Friedrichs-Lewy (CFL) condition (Courant et al., 1967) de�nes the maxi-

mum time samplingdt in order to assure numerical stability. It is based on the distance

(within a grid cell) � travelled by the wave per time step for the highest velocity in the

model Vmax and is de�ned as (Mufti, 1990):

dt =
�d x

Vmax
; (2.29)

where� is dependent on the accuracy of the �nite-di�erence operator and the dimension

(Lines et al., 1999).

The FWI code used for this thesis, i.e. the FULLWAVE code from Imperial College

(Warner et al., 2013), can be run on two di�erent di�erent modelling kernels - a kernel

with a low accuracy �nite di�erence operator and a kernel with a high accuracy �nite

di�erence operator. The low kernel is able to model wave propagation in 2D and 3D and

can handle acoustic and elastic e�ects, anisotropy (Vertical Transverse Isotropy (VTI),

Tilted Transverse Isotropy (TTI)) and visco-acoustic e�ects. It is fourth-order accurate

in space and second-order in time. For these �nite-di�erence approximations, the code is

accurate at minimum �ve gridpoints per wavelength (Alford etal., 1974; Levander, 1988)

(w = 5), and less than 50 % of each cell must be crossed in a time step (� = 0:5).

The high kernel is able to model acoustic 3D wave propagationand can handle anisotropy

(VTI, TTI). It is tenth-order accurate in space and is fourth-order accurate in time. This

results in an accuracy for the code at 2.61 gridpoints per wavelength and less than 66 %

must be crossed in a time step (Gray, 2019).
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2.2.3.5 Computational cost

The computational cost of an FWI run depends on the number of samples in space (i.e.

amount of grid points) and time (i.e. amount of time steps). These are dependent on

the size of the model and the recording length of the data, respectively, but also, via

the stability conditions (section 2.2.3.4) on the maximum frequency of interest and the

minimum and maximum velocity in the model.

Additionally, the computational cost is dependent on the number of shots in the observed

data as the modelling is performed for each shot individually (Warner et al., 2013).

Hence, using FWI in 3D is signi�cantly more computationally expensive compared to 2D.

A 2D model has a dimension of nx x nz and a 3D model a dimension ofnx x ny x nz,

i.e. it has ny times as many samples as the 2D model. Furthermore, the signi�cantly

larger number of unknowns (i.e. the grid samples in the model) requires a larger number

of sources for a reliable inversion result.

Another aspect in
uencing the computational cost is the physics used for the modelling,

e.g. acoustic modelling is cheaper than elastic modelling (Hobro et al., 2014). For one

thing the di�erence is caused by the higher complexity of elastic versus acoustic modelling

(i.e. P- and S-wave velocities rather than just P-wave velocities are required, the waves

are described by a vector �eld rather than a scalar �eld and the cost for solving the

elastic equation is higher than that for solving the acoustic equation), for another the

lower velocities of S-waves require a smaller spatial sampling in order for the stability

conditions to be ful�lled (Hobro et al., 2014).

2.2.4 A note on normalisation in FWI

The FWI algorithm works with information gained from the travel time, the phase and

the amplitude of the seismic wave (Neves and Singh, 1996). Theknowledge contained

within the amplitude is valuable for gaining an exact velocity model, especially in terms

of elastic inversions. In order to model the correct amplitude, an accurate source wavelet

and modelling of the exact physics is required (Wang et al., 2020). However, as addressed

in section 2.1, the seismic wave equation that is used for FWI modelling which is usually

the acoustic isotropic wave equation is only an approximation of the full physics that

in
uence a seismic wave within the subsurface. Furthermore, environmental noise, source

inaccuracy, receiver site e�ects are also not modelled correctly (Tao et al., 2017) and a

deterministic relationship, i.e. Gardner's Law, is used for the density. Therefore, it is

very di�cult to match the amplitude of the observed data and any di�erence would be

accounted for by a change in the inverted model. Because of this, there is an amplitude

normalisation performed during the FWI. This stabilises the inversion, but comes with

the cost of loosing some resolution (Malinowski et al., 2011; Warner et al., 2012).

Within the FULLWAVE code di�erent amplitude normalisations are performed.
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Trace-by-trace normalisation

The trace-by-trace normalisation removes absolute amplitudes and normalises the am-

plitudes trace-wise in order for the observed and predicteddata to match amplitudes in

the inversion. Thereby, the algorithm balances the horizontal energy distribution of the

seismic data which means that the AVO e�ect is neglected. However, as all samples in

a single trace are normalised by the same factor, the relative amplitude variation within

each trace is preserved. The normalisation factor is determined by the root mean square

(RMS) amplitude of the observed or predicted data.

Source scaling

The source scaling algorithm allows for an automatic scaling of the source wavelet from

within FULLWAVE itself, rather than having to do it manually whe n building the source

wavelet data �le.

The application pre-scales the amplitudes of the source wavelet so that the synthetics

amplitudes of the direct arrival and the sea bottom re
ection matches the one in the

observed data.

Time slice normalisation

This algorithm increases amplitudes in the observed data with increasing time, in order

to prevent sudden changes in the observed data due to attenuation.
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2.3 2D FWI

An aim of this PhD project is to develop a work
ow to successfully run an FWI for

the NZ3D dataset (section 1.2). In a �rst step, I run a 2D FWI for a pro�le (M1220)

located approximately in the middle of the NZ3D dataset (section 1.5.1)(pro�le location

is shown in Fig. 1.5). The selected 2D pro�le is located close to a previously acquired

seismic re
ection pro�le (05CM-04) which revealed interesting subsurface features, e.g. a

subducted seamount (Bell et al., 2010; Barker et al., 2009).The results of this research,

among other things, motivated the acquisition of the NZ3D dataset. Furthermore, in a

previous study the FULLWAVE code was applied to pro�le 05CM-04 to generate a 2D

FWI velocity model (Gray et al., 2019). Thus, by selecting pro�le M1220 for the 2D FWI

inversion, I was able to compare my results to those previously obtained by Gray et al.

(2019). This provided me with some additional quality control for my own inversions.

In the following, I discuss the complete work
ow I applied for a successful 2D FWI run

and examine the resulting velocity model.

2.3.1 Preparations for FWI

In order to run a sensible FWI without cycle skipping, an already quite accurate starting

model and a good wavelet estimate are necessary. Therefore,I generate these inputs with

great care. The exact work
ow is discussed in the following.

2.3.1.1 Generating a starting model

The FWI starting model is composed of water velocities, the sea
oor location and

rock/sediment velocities. I describe how I derive each of these components and assemble

them to the velocity model.

Water velocity

I extract salinity and temperature data provided by a TESAC measurement from the

NOAA National Centers for Environmental Information: Global Temperature-Salinity

Pro�le Programme (Sun et al., 2010) and use it to calculate a 1D velocity model based

on the equation for the speed of an acoustic wave in water by Medwin (1975). The

data were sampled� 5 km away from the acquisition area (for location see Fig. 1.5)

on the 09 January 2018, which is the same date the NZ3D acquisition started. This

spatial and temporal vicinity legitimates the 1D pro�le as an estimation for the water

velocities in the velocity model. In Fig. 2.5 A the extracted pro�le is shown in blue and a

smoothed and linearly depth-extended version which I use inthe model is shown in red.

I linearly extend the velocities based on the assumption that the velocity in these depths

only depends on pressure and salinity which itself increases linearly (Howe et al., 1987).

Furthermore, I determine the speed of the direct wave in the water by the application of a
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linear moveout correction (LMO) in a stacked shotgather of pro�le M1220 of the �rst 50

near-o�set channels (Fig. 2.5 B). A velocity of 1521 m/s produces a moveout-free direct

wave (Fig. 2.5 C). Therefore, I assume this to be the velocity at 8 m depth, which is

the towing depth of the streamer during the NZ3D data acquisition (section 1.5.1). As

this velocity di�ers from the one in the extracted data for this depth, I alter the pro�le

accordingly (inset in Fig. 2.5 A).

To produce a 2D water model for the whole length of the seismicpro�le, I assume laterally

homogeneous velocities and extend the 1D water velocity pro�le across the entire 2D

pro�le.

A

B

C

Figure 2.5: Preparing the water velocity pro�le used for the FWI starting mode l. A) Water velocity
pro�les. The blue line shows the water velocity pro�le from a TESA C measurement on the 09 January
2018 (NOAA National Centers for Environmental Information: Global Temperature -Salinity Pro�le Pro-
gramme, Sun et al. (2010)) (for location see Fig. 1.5). The red line displays the altered water velocity
pro�le used for the starting model. Inset: Zoom on upper 100 m, dotted lines highlight the alteration of
the pro�le to 1521 m/s at 8 m depth. B) Stacked shotgather of near-o�set channels (�rst 50) of pro�le
M1220. C) Stacked shotgather of near-o�set channels (�rst 50) of pro�le M1220 with linear moveout
correction applied (correction velocity: 1521 m/s).

Sea
oor

In order to recover the correct subsurface velocities, it iscrucial that the sea
oor which is

the only sharp interface in the starting velocity model is inthe correct location. There-

fore, I run a reverse time migration (RTM) with the water velocity model and the input

seismic data restricted to the sea bottom re
ection in the �rst 500 m o�set. This results
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in a migrated image of the sea
oor which is consistent with mywater velocity model

(Fig. 2.6). The sea
oor re
ector shows a negative to positiveamplitude and the sea
oor

is picked at the zero crossing in between (Fig. 2.6). The seabed location was clear and

easy to pick at most parts of the pro�le (see zoom in area of upper wedge slope), but was

ambiguous in the areas of steep slopes (see zoom in area of slope). I assume that this is

due to the out-of-plane re
ections in the slope area.

Figure 2.6: Reverse time migration (RTM) image of the sea
oor in pro�le M1220 (see Fig. 1.5 for
location). The red line shows the picking locations for the sea
oor which are being inserted in the FWI
starting model.

Determining the rock velocities

I obtain the rock velocities from a travel time tomography P-wave velocity model gener-

ated by Arai et al. (2019) with the OBS data that were also acquired within the scope of

the NZ3D data acquisition (section 1.5.1). From the large 3D (70 km � 16 km � 18 km)

velocity cube, I extract a velocity pro�le correlating in space with the 2D pro�le I am using

for the inversion. The travel time tomography model is sampled 200 m in x-,y-direction

and 150 m in z-direction. I want to run the 2D FWI on a 25 m-grid, and, therefore, I

interpolate and smooth the extracted pro�le to reduce the risk of cycle-skipping. The

extracted and interpolated pro�le is shown in Fig. 2.7 A.

Constructing the starting model

At this point in the pre-FWI work
ow, I have a water velocity mod el, the right sea
oor

location and a rock velocity model. The next step is to combine these three to create a

starting velocity model. Fig. 2.7 A shows the extracted 2D rock velocity pro�le. As it is

based on a OBS travel time tomography, no sea
oor is included. In a �rst step, I, thus,

take the picked sea
oor location and hang the rock velocities below. In a second step, I
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insert the water velocities above the sea
oor. The �nal starting velocity model is shown

in Fig. 2.7 B.

Since, the rock velocities in the starting model are obtained by a �rst arrival travel time

tomography, I expect them to predict the early arrivals well. However, I test the quality

of my starting model by forward modelling synthetic data andcomparing them with

the observed data. The interlaced shotgathers for di�erentlocations along the pro�le are

shown in Fig. 2.8. Four di�erent locations are examined - location B in the basin, location

C at the slope, location D at the slope of Puke Ridge and location E at the top of the

accretionary wedge. The match between the two datasets is convincing at all locations.

Although a slight mismatch can be seen between the early arrivals of the two datasets at

some locations, especially for the higher o�sets, it is nowhere larger than half the period.

Therefore, the starting model is deemed satisfactory as theobserved and predicted data

are not cycle-skipped.
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A

B

Figure 2.7: P-wave velocity models. A) Ocean-bottom seismometer (OBS) travel-time tomography
model from Arai et al. (2019). B) 2D FWI starting model with the water velo city pro�le from Fig. 2.5
included in the water column and the velocity model for the rock velocities from A) hang below the
sea
oor. The shape of the sea
oor is taken from the reverse time migrationin Fig. 2.6.

41



A

B1

B2

C1

C2

42



D1

D2

E1

E2

Figure 2.8: Interlacing of observed and predicted data for quality control of the 2D full-waveform
inversion (FWI) starting model. A) Location of the shotgathers displayed in B1 - E2. B1/C1/D1/E1
display interlacing with predicted data based on the starting model. B2/C2/D2/E2 display the interlacing
with predicted data based on the �nal FWI velocity model of the thir d inversion run (Fig. 2.11 D). Black
bars indicate the observed data and white bars indicate the predicted data.
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2.3.1.2 Generating a source wavelet

In order to recover a high-quality FWI model, a good wavelet estimation is necessary.

The generation of the wavelet is carried out in several steps(Fig. 2.9). First, I generate a

synthetic wavelet by creating a trace with a spike and applying a bandpass �lter. Second,

I use this synthetic wavelet and the water velocity model to forward model synthetic data.

Third, I create an inverse �lter which I use to, fourth, generate the �nal wavelet (Yilmaz,

2001). For this, the inverse of the direct arrival of the synthetic data is convolved with the

direct arrival of the observed data to �nd the inverse �lter that matches the two datasets.

Afterwards this �lter is convolved with the synthetic wavelet (Davy et al., 2021). To verify

this newly generated source wavelet, I forward model a synthetic dataset and compare its

direct arrival with the one in the observed data.

Figure 2.9: Steps to generate the source wavelet used in the inversion.

2.3.2 Inversion strategy and parameters

Having a good wavelet estimation (Fig. 2.9) and an adequate starting model (Fig. 2.11

A), I can run the 2D FWI. I decide to apply a layer-stripping technique (section 2.1)

by subsequently increasing the o�set and the length of the data that I use for the inver-

sion. By incorporating only the short o�sets with the early arrivals, the FWI recovers the

shallow velocity structure �rst and based upon this resolves the deeper structure much

more accurately when later including larger apertures and recording times. The FULL-

WAVE code from Imperial College that I use for the inversion also allows for a multi-scale

approach (section 2.1), in which the frequency content of the input data is gradually in-
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creased.

Therefore, I use a 2 s-long data window with a maximum o�set of3000 m (1/2 length of

streamer) for the �rst inversion run. The inversion starts with a frequency of 3 Hz and

goes up to 6 Hz within 6 steps. For each frequency twenty iterations were performed. The

result of the �rst inversion run is displayed in Fig. 2.11 B.

After smoothing this velocity model, I use it as an input for aninversion with a 3 s-long

dataset containing a maximum o�set of 4500 m. The frequencies are increased in the

same way as before. The �nal velocity model is shown in Fig. 2.11 C.

The FWI model is smoothed again to serve as a starting model in the next inversion run.

This time I use a 4 s-long data window and include all traces. Itested a longer data

window but it did not improve the result. The �nal velocity mo del is shown in Fig. 2.11

D. Other important parameters of the inversion are displayed in table 2.1.

In a next step, I perform an inversion which includes data up to 17.9 Hz to generate a

higher-resolved velocity model. I use a smoothed version ofthe �nal 6 Hz-inversion run

as a starting model and only data up to a maximum o�set of 3000 mo�set restricted by

a data length of 4 s. Testing showed that I get the best result,i.e. greatest reduction

in mis�t between observed and synthetic data while resolving the simplest most realistic

geological structures, by starting again with a frequency of 3 Hz and increasing to 17.9

Hz in 18 steps each including 20 iterations. Other important parameters of the inversions

are shown in table 2.1. The result is displayed in Fig. 2.11 E.

Comparing the �nal velocity models of the individual runs (Fig. 2.11) shows the change

of the macro-velocity structure after every run, with �ner-scale features being resolved.

A distinct change can be seen from the starting model to the �rst inversion and from the

�rst to the second inversion. The di�erence between the second and the third inversion is

more subtle. As expected, a distinct improvement in resolution can be seen for the fourth

high-frequency inversion (Fig. 2.11 E).

2.3.3 Quality control

One way to determine the quality of an inversion is to look at the gradient of the objective

function. The objective function should be decreasing and converging which means that

its gradient decreases. However, this does not help to evaluate if the inversion su�ers from

cycle-skipping and is, thus, converging into a local ratherthan a global minimum (section

2.2). Therefore, I generate synthetic data for the �nal 6 Hz-model and interlace them

with the observed data in order to test if the inversion converged to the global minimum,

analogous to the testing of the starting model. Fig. 2.8 showsthe interlaced shotgathers

and also allows a direct comparison with the interlacing forthe starting model. Not only

is the �t between the datasets much improved for the interlacing with the �nal model

compared to the interlacing with the starting model, but it is also good for all o�sets.

For the whole shotgather, even the late arrivals and the arrivals at higher o�sets, a good
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correlation with the observed data can be observed.

Another quality control tool is the comparison between the velocity model and wireline

logging velocities. Two boreholes, U1518 and U1519, are located on pro�le M1220 (for

location see Fig. 1.5). In Fig. 2.10 A I plotted the velocities of borehole U1519 (blue line),

which is located on top of the wedge, against velocities fromthe FWI (yellow line) and

the starting model (red line) in the region of the borehole. The FWI and wireline logging

velocities reveal a great similarity, especially in the deeper part at � 550 m depth in the

area of a high-velocity zone. Fig. 2.10 B displays the same butfor borehole U1518, which

was drilled through the P�apaku Fault. For this location the velocities in the upper� 300

m show a good correlation but di�er in the deeper part. The velocity inversion through

the fault is really distinct in the wireline logging velocities decreasing from� 2300 m/s to

� 1800 m/s at a depth of about 300 m (Fig. 2.10 B). The velocity inversion in the FWI

model is located at shallower depth of� 220 m and decreases from� 2200 m/s to � 2100

m/s. There are several possible causes for this mis�t. The �rst one is the location at the

slope which leads to out-of-plane arrivals. Only invertingone pro�le means trying to solve

a 3D problem with a 2D solution which is bound to lead to some mis�t. The RTM results

showed this already as the sea
oor was not resolved clearly in the area of the slope. This

is a problem that might be addressed in a 3D inversion. A second explanation could be

that I did not include anisotropy in the inversion. Arai et al. (2019) show that the area

of the wedge slope with the thrust faults is especially anisotropic. Hence, incorporating

anisotropy in the inversion will potentially lead to an improvement of the velocity model.

A third explanation for the mis�t is that the FWI velocity model is smoothed over a few

10s of metres, so the recovered FWI velocities may di�er from the wireline velocities if

velocity changes locally around the drill hole.

Furthermore, I am able to compare the resulting FWI model with the FWI model from

Gray et al. (2019) (Fig. A.1) that was generated from the 05CM-04 seismic pro�le which

spatially coincides with my 2D pro�le. Both FWI models reveal the same subsurface

features and velocities.

I also apply a vertical di�erentiation on the 2D FWI model (Fig. 2.12) (Davy et al., 2021).

The di�erentiation algorithm calculates the vertical slopes of each trace in the velocity

model and, thereby, points out rapid changes in the velocities. The result imitates a

re
ection image but is entirely based on the obtained velocity model. Therefore, I can

also compare the di�erentiated image with a PSDM image of the05CM-04 pro�le (Barker

et al., 2018). Both images show the same subsurface structures (Davy et al., 2021).
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A B

Figure 2.10: Comparison of wireline logging velocities (blue and green lines) from
drilling site U1519 (Barnes et al., 2019b) and site U1518 (Sa�er et al., 2019) (under the
https://creativecommons.org/licenses/by/4.0/) and the velocities of the inversion (orange lines) at A)
drilling site U1519 and B) drilling site U1518. The red lines show the velocities of the 2D FWI starting
model. See location of the drilling sites in Fig. 1.5.

47



A

B

48



C

D

49



E

Figure 2.11: 2D full-waveform inversion (FWI) velocity models. A) Starting mo del for �rst inversion.
B) FWI result of �rst inversion (3000 m o�set, 2 s data length, 6 Hz max. fre quency). C) FWI result of
second inversion (4500 m o�set, 3 s data length, 6 Hz max. frequency). D) FWI result of third inversion
(full o�set, 4 s data length, 6 Hz max. frequency). E) FWI result of hi gh-frequency inversion (3000 m
o�set, 4 s data length, 17.9 Hz max. frequency).
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Figure 2.12: Di�erentiation of 2D high-frequency full-waveform inversion (FWI ) velocity model (Fig.
2.11 E). The red arrows highlight resolved subsurface features.

parameter low-frequency inversion high-frequency inversion
grid spacing �x 25 m 25 m
model dimension nx/ny/nz 2901/1/280 2901/1/280
time step �t 1 ms 1 ms
max. time 6000 ms 6000 ms
number shots 257 (every 10th) 257 (every 10th)
maximum o�set 3000/4500/6031 3000
number of iteration blocks 6 18
minimum frequency 3 Hz 3 Hz
maximum frequency 6 Hz 17.9 Hz

Table 2.1: Parameters for the 2D full-waveform inversion (FWI). Light blue rows: model de�nition,
light green row: time step, yellow rows: data de�nition, grey rows: iterations/iteration frequencies.

2.3.4 Result

Fig. 2.11 E shows the �nal inversion result with a maximum frequency of 17.9 Hz. In order

for the inversion to correctly resolve the macro-velocity structure, the transmitted wave

�eld is needed (section 2.2). The typical penetration depthof transmitted waves is around

a sixth to a third of the maximum source-receiver o�set (Morgan et al., 2013). With a

maximum o�set of 6000 m for the input data, this means that theFWI velocities below�

2000 m are not reliable anymore and that any re
ection-basedsmall-scale features below

this threshold are probably not imaged at the right depth. The model shows the macro-

velocity structure increasing from� 1600 m/s in the upper layer to� 3000 m/s at � 2000
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m beneath the sea
oor but also displays distinct high-frequency features, e.g. sediment

layers on top of the accretionary wedge and thrust faults within the prism. To emphasize

the high-frequency features included in the velocity model, I apply a vertical di�erentiation

on the velocity model (Davy et al., 2021). Fig. 2.12 shows the di�erentiation result

of the high-frequency FWI model which highlights the �ner features contained within

the velocity model. The image displays a prominent re
ectorstarting in the basin and

continuing downwards beneath the wedge slope. The re
ectorshows some undulations

and disappears between 4500 m and 5000 m depth beneath the sea
oor. As already

discussed, the depth of this re
ector is probably not correct, but a correlation with a

pre-stack depth migration image from seismic pro�le 05-CM04 that spatially correlates

with the pro�le here (Barker et al., 2018) supports the interpretation of the re
ector as

the d�ecollement. The gap within the re
ector correlates with the interpreted seamount

in this area (Bell et al., 2010; Bangs et al., 2023). Furthermore, the image reveals thrust

faults that splay from the d�ecollement and dissect the accretionary wedge. A BSR can

be followed from the upper accretionary wedge down to the toeof the wedge slope. A

correlation with the velocity model shows a low-velocity zone below the BSR in the area

of the Puke Ridge (see Fig. 2.11 E) which might indicate free gas.

In the following part of the thesis, I plan to investigate thevelocity distribution across

the BSR and its cause further. Although the 2D FWI method resultsin a reliable macro-

velocity model, I also pointed out areas where the 2D algorithm shows its limitation. In

order to resolve an even more accurate velocity model acrossthe BSR, I run a 3D FWI

which I describe in the next section.
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2.4 3D FWI

In the 2D FWI model, a BSR was resolved that could be followed from the top of the

accretionary wedge to its toe (Fig. 2.12). The BSR was especially strong along the

landward-dipping 
ank of the Puke Ridge. Therefore, I decide to perform a detailed

analysis of the BSR in this area.

Running a 3D inversion compared to a 2D FWI allows more accuratephysics to be

used, e.g. 3D spherical divergence for inherently 3D seismic data, mapping out-of-plane

re
ections to the correct locations and incorporating dataof a wider azimuthal coverage,

and, therefore, leads to an even more accurate model. The 2D inversion revealed its

limitations in complex areas, e.g. dipping re
ections, and, therefore, I decide to perform

a 3D FWI for the detailed analysis of the BSR at the Puke Ridge.

Note that running a 3D FWI is signi�cantly more expensive compared to the previous 2D

FWI (see section 2.2.3.5), even though the extension of the study area is smaller. For the

3D inversion, the number of grid points is 513� 206� 121� 12:8 million, with 1000 time

steps being calculated for a total of 1108 shots (low-frequency inversion)(see table 2.2).

For the 2D inversion, the number of grid points is 2901� 1� 280� 0:8 million, with 6000

time steps for a total of 257 shots (see table 2.1). This meansthat for the 3D inversion

14:2 � 1012 and for the 2D inversion 1:4 � 1012 individual grid point calculations have to

be performed.

2.4.1 Preparations for FWI

The preparation work
ow for the 3D FWI is similar to the 2D FWI one (section 2.3.1).

I discuss the steps in the following.

2.4.1.1 Generating a starting model

Similar to the 2D starting model, I �rst generate the individual components for the 3D

starting model - water velocities, sea bottom location and rock velocities - and, subse-

quently, assemble them to the velocity model.

Considerations for model size

For the 3D FWI, I plan to use three pro�les each with four streamer lines { M1220 is the

pro�le that was already used for the 2D FWI and M1212 and M1228 are the neighbouring

pro�les to both sides (see Fig. 1.5). The spacing between eachstreamer line within one

pro�le is 150 m, which means that one pro�le spans an area of 450 m. Each pro�le is 300

m apart and this means that the whole area covered by data has awidth of 1050 m. This is

not a very wide 3D inversion and adding more pro�les would increase the azimuthal range

and the subsurface coverage and probably lead to a higher-quality inversion. However,

it would also largely increase the computational costs for the inversion. Therefore, as a
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trade-o� and for a �rst 3D run I decide to use only these three pro�les which will still

account for out-of-plane re
ections and other 3D e�ects, e.g. 3D spherical divergence.

My area of interest has a length of 4.5 km as this is the approximate length of the

landward-dipping 
ank of the Puke Ridge. Within this area, I want the full coverage of

the data (maximum fold). With a streamer of 6 km, it takes 3 km toget the maximum

fold. Therefore, I plan to add this length to both sides of thestudy area which will result

in a model length of� 10.5 km.

As I am using data with a �nite frequency range, the seismic wave does not travel along

in�nite narrow lines in space, i.e. rays, but is extended to a�nite volume in space, a

so-called Fresnel tube. The width of these tubes is given by the �rst Fresnel zone (Sheri�

and Geldart, 1995). For the inversion I want to make sure thatbetween the model edge

and the outmost data, i.e. sources or receivers, is enough space in order to account for

these volumetric ray paths. Therefore, I, �rst, calculate the Fresnel width for the data.

The �rst Fresnel zoneF1 is given by (Yilmaz, 2001):

F1 =
1
2

p
�D =

1
2

s
cD
f

; (2.30)

where� = c=f , the seismic wavelength, andD is the distance between source and receiver.

I am using data with a maximum o�set of � 6 km and the maximum depth I want to

resolve is� 2 km. Based on this values, the maximum travelling distance is 7.2 km and to

be on the safe side I assume a distance of 7.5 km. I want to use the maximum wavelength

as this results in the maximum Fresnel zone. For this, I need the lowest frequency and

the fastest velocity. The lowest frequency used for the inversion is 3 Hz. As I am only

interested in a depth up to 2 km, I do not expect the velocitiesto become very high and,

therefore, assume a velocity of 3000 m/s. This results in a maximum seismic wavelength

of 1000 m. This results in a Fresnel zone width of 2740 m. I wantto leave a border of at

least half the Fresnel width (� 1400 m) from the model edge to the outer streamer. To

leave enough space for dipping re
ections, I add a border of about 1700 m to all sides of

the model.

Towards the sides and bottom absorbing boundaries are beingadded to the model in order

to mitigate re
ections from the borders of the model. Ideally, these boundaries should be

several longest-wavelength thick. With a maximum wavelength of 1000 m, I set these to

be 2000 m on the sides and 2500 m at the bottom. For the top a freesurface boundary

condition, i.e. an interface between a solid or 
uid (water)and a vacuum (air) is used to

simulate marine data.

Water velocity

For the water velocities, I use the same 1D pro�le as for the 2DFWI (section 2.3.1.1) and
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by assuming a laterally homogeneous water velocity I extendthe 1D pro�le over the 3D

volume.

RTM for sea
oor location

Similar to the 2D work
ow (section 2.3.1.1), I perform an RTMto determine the correct

topography and a sea
oor location consistent with the watervelocities used. In order

to include the correct sea
oor over the whole 3D volume, I runa 3D RTM. I include an

accurate sea
oor in the area that is covered by data and for the model borders I continue

the sea
oor in a constant manner towards the edge of the model. For the RTM, I only

use the �rst channels of the data (with a maximum o�set of 500 m). However, as the

streamer is feathering for larger o�sets it is not enough to perform an RTM only with the

data I am using for the inversion. Therefore, I include additional data into the RTM. To

get an an accurate sea
oor location, I run the RTM on a 6.25 m grid up to 40 Hz.

In the resulting RTM image, I pick the sea
oor location analogue to the 2D RTM (section

2.3.1.1). The picking is done every 6.25 in inline direction. For the crossline direction,

I test the necessary picking distance and �nd a distance of 25m to be su�cient as the

interpolated values in between the picks are similar to the sea
oor location determined

by the RTM. The interpolated sea
oor picks are shown in Fig. 2.13 A.

Determining the rock velocities

The last part needed for the starting model are the rock velocities. As for the 2D inver-

sion, I extract them from the OBS travel time tomography model from Arai et al. (2019).

However, for the 3D inversion I extract a 3D cube from the tomography model for the

area covered by data and for which I have an accurate sea
oor location. The extracted

velocity cube is shown in Fig. 2.13 B. The original tomographymodel is sampled 200

m in crossline and inline direction and 150 m in z-direction.I resample it to 25 m in

crossline and inline direction and 1 m in z-direction.

Constructing the starting model

After acquiring the sea
oor location, the rock velocity model and the water velocities, the

starting model can be assembled.

I put the three parts together by hanging the rock velocitiesbelow the sea
oor picks and

stacking the water pro�le above them. For the calculated borders I continue the outer

values towards the edge of the model. To avoid staircasing ofthe sea
oor, I, �rst, generate

a model with a vertical grid spacing of 1 m while setting the grid spacing in x- and y-

direction to 25 m which is the grid size of the �nal model. Then, I turn the velocity into

slowness (1=VP ) in order to maintain the travel times during the vertical smoothing that

I apply next. I try di�erent ways and di�erent levels of smoothing for the sea
oor as I

need the sea
oor contrast not to be too sharp as this will leadto a staircased sea
oor but
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also not to bee too smooth as this will cause the re
ection coe�cient of the sea
oor to

be too small which might a�ect the recovery of deeper re
ectors. Afterwards, I resample

the model to a grid size of 25 m vertically.

The �nal starting model can be seen in Fig. 2.13 C. Fig. 2.14 shows di�erent inlines of

the starting model. The locations of these inlines (A-E) within the model are shown by

the orange lines in Fig. 2.13 C from front to back. They show that the sea
oor as well as

the rock velocities change throughout the model. Fig. 2.14 C shows the slice co-located

with pro�le M1220 and, thus, the 2D FWI as well as seismic pro�le05CM-04.

To check the quality of the starting model, I generate synthetic data and interlace them

with the observed data. Fig. 2.15, 2.16, 2.17 show the resulting interlacing for di�erent

locations in the model for all three pro�les (M1212, M1220, M1228) for one of the four

streamers. The interlacing with the other three streamers for the same locations can be

seen in Fig. A.2 - Fig. A.10. Because the data I am using are acquired with a � 6 km

long streamer, I made my actual model 3 km longer to both sidesin order to be able to

guarantee full fold in the area of interest. As I am showing here the shotgathers and not

common-midpoint (CMP) gathers, they include a di�erent number of traces. The quality

of the �t varies throughout the model. In areas with a roughertopography there is a

slight mismatch between observed and synthetic data, but the �t is not larger than half

a period which is the necessary criterion to avoid cycle-skipping. Furthermore, the data

shown in the �gure are bandpass-�ltered with an upper borderof 5 Hz - 10 Hz. The �rst

inversion frequency will be 3 Hz and this means the �t will be even better.

2.4.1.2 Generating a source wavelet

I generate the wavelet in the same proven way I acquired the 2Dwavelet (section 2.3.1.2).

I cannot use the same wavelet as the amplitude decay in 2D and 3D is di�erent (Yilmaz,

2001).
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Figure 2.13: Assembling the 3D full-waveform inversion (FWI) starting model. A) Sea
oor location
based on interpolated picks from a 3D reverse time migration (RTM). B) Rock velocities extracted from
Ocean-bottom seismometer (OBS) travel-time tomography model from Araiet al. (2019). C) 3D FWI
starting model. Orange lines show locations for slices trough model in Fig. 2.14.
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Figure 2.14: Slices through 3D full-waveform inversion (FWI) starting model. The locations of slices
A - E are shown by the orange lines in Fig. 2.13 C from the front to the back. Cshows the slice through
the middle of the model consistent with pro�le M1220 and 05CM-04.
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Figure 2.15: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location and
the highlighted area marking the coverage along the pro�le. B1/2 show datafrom pro�le M1212, C1/2
show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display inte rlacing with
predicted data based on the starting model. B2/C2/D2 display interlacing with predicted data based on
the �nal FWI velocity model of the third inversion run. Black bars i ndicate the observed data and white
bars indicate the predicted data. The shotgathers include the data from the �rst streamer. The data
from the second/third/fourth streamer for the same location are shown in Fig. A.2,A.5,A.8, respectively.
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Figure 2.16: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. Figures B1/C1/D1 dis play
interlacing with predicted data based on the starting model. Figures B2/C2/D2 display interlacing with
predicted data based on the �nal FWI velocity model of the third inv ersion run. Black bars indicate the
observed data and white bars indicate the predicted data. The shotgathers include the data from the
�rst streamer. The data from the second/third/fourth streamer for the same location are shown in Fig.
A.3,A.6,A.9, respectively.
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Figure 2.17: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. Figures B1/C1/D1 dis play
interlacing with predicted data based on the starting model. Figures B2/C2/D2 display interlacing with
predicted data based on the �nal FWI velocity model of the third inv ersion run. Black bars indicate the
observed data and white bars indicate the predicted data. The shotgathers include the data from the
�rst streamer. The data from the second/third/fourth streamer for the same location are shown in Fig.
A.4,A.7,A.10, respectively.
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2.4.2 Inversion strategy and parameters

Similar to the strategy for the 2D FWI, the inversion strategy for the 3D FWI is based

on the layer-stripping approach (Morgan et al., 2013) as well as the multi-scale method

(Sirgue and Pratt, 2004). After testing many di�erent inversion strategies, I determined

that the best approach, i.e. leading to the greatest reduction in mis�t between observed

and synthetic data while also resolving the simplest most realistic geological structures,

for the 3D FWI was to subsequently increase the o�set and keep the data length constant.

For a �rst inversion, I include data up to half the o�set (3000 m) and within a 2 s-long

data window. For all inversions, I also apply a band-pass �lter on the data (1 Hz - 2 Hz -

7 Hz - 9 Hz). Fig. 2.18 shows an input shotgather. I start the inversion with a frequency

of 3 Hz and increase the frequency up to 6 Hz in six blocks whereateach block consists

of 20 iterations. The middle slice of the �nal velocity modelis shown in Fig. 2.19 A.

The second inversion includes the �nal model of the �rst inversion as the starting model.

It includes data up to 2/3 of the o�set (4500 m) and a 2 s-long data window. The used

frequencies and the amount of iterations is equivalent to the �rst run. The �nal velocity

model of the second run is shown in Fig. 2.19 B.

For the third inversion I repeat the same process as for the �rst two inversions. However,

this time I include data of the full o�set range (6037 m) with a2 s-long data window and

the starting model is the �nal model of the second inversion. The middle slice of the �nal

model is shown in Fig. 2.19 C.

Furthermore, I run a fourth inversion that includes higher frequencies. For this, I take the

�nal model of the third inversion as a starting model and include data of 3000 m o�set

and 6 s length. I start the inversion with a frequency of 3 Hz butincrease up to� 11 Hz

this time. The middle slice of the resulting velocity model is displayed in Fig. 2.19 D.

The inversion parameters are summarised in table 2.2.
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Figure 2.18: Input shotgather for 3D full-waveform inversion (FWI) with a 2 s-data window and a
band-pass �lter (1 Hz - 2 Hz - 7 Hz - 9 Hz) applied. The dashed lines highlight the data inputs for the
di�erent inversion runs (3000 m o�set, 4500 m o�set, full o�set).

parameter low-frequency inversions high-frequency inversion
grid spacing �x 25 m 25 m
model dimension nx/ny/nz 513/206/121 513/206/121
time step �t 2 ms 2 ms
max. time 2000 ms 6000 ms
number shots 1108 (every 3rd) 257 (every 3rd)
maximum o�set 3000/4500/6031 3000
number of iteration blocks 6 10
minimum frequency 3 Hz 3 Hz
maximum frequency 6 Hz 10.9 Hz

Table 2.2: Parameters for the 3D full-waveform inversion (FWI). Light blue rows: model de�nition,
light green row: time step, yellow rows: data de�nition, grey rows: iterations/iteration frequencies.

2.4.3 Quality control

Similar to the quality check of the starting model, I generate synthetic data for the

�nal full-o�set velocity model to produce interlaced shotgathers with the observed data.

These shotgathers are also shown in Fig. 2.15, 2.16, 2.17 and in Fig. A.2 - Fig. A.10 and

allow a direct comparison with the interlaced shotgathers of the starting model. For all

shotgathers a distinct improvement in the match between observed and predicted data,

i.e. a reduction in mis�t, can be seen. Next to the longer o�setarrivals, the deeper

re
ections are also matched nicely.

Similar to the quality control for the 2D inversion, I can also compare the resulting

3D velocity models (Fig. 2.19) and their di�erentiations (Fig. 2.20) with the 2D FWI

velocity model (Gray et al., 2019) and the PSMD image (Barkeret al., 2018) of the

05CM-04 seismic pro�le, respectively. Additionally, I can also compare the results with
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my 2D FWI results (FWI velocity model in Fig. 2.11, di�erentiation in Fig. 2.12) and a

PSDM of the NZ3D dataset (Bangs et al., 2023) (Fig. 1.6 A). I cannot expect the images

to be the same due to the di�erence between 2D and 3D inversionand the use of di�erent

datasets and approaches. However, all images show similar features and velocities which

gives me con�dence in the quality of the inversion.

2.4.4 Result

In Fig. 2.19 the �nal velocity models from all inversion runs are shown. I display the

inline pro�le which is located within the middle of the 3D velocity cube and correlates

with the 2D inversion and, therefore, allows a comparison between the di�erent models.

Comparing these models, it can be seen that the velocity structure changes for each

inversion run caused by the subsequently increased dataset. The �rst model shown in

Fig. 2.19 A. It is based on data up to an o�set of 3000 m and 2 s two-way-travel time

(TWT). This means it is mainly based on small-angle re
ections. As expected, the shallow

part reveals distinct changes to the overall velocity structure of the starting model (Fig.

2.14 C). Furthermore, some small-scale velocity features are visible. The model becomes

more distinct after the second inversion (Fig. 2.19 B) which included data up to 4500 m

o�set and 2 s TWT. As this dataset includes larger o�sets, the FWI was able to update the

velocity in deeper parts. Furthermore, the features that were weakly visible after the �rst

run are much more distinct now. Especially distinct is a low-velocity zone stretching along

the slope of the ridge. Fig. 2.19 C shows the FWI model after the third inversion which

included the full-o�set data up to a length of 2 s. While the resolved features remained

the same which can be seen by the comparison of the di�erentiation of the velocity models

(Fig. 2.20 A and B), a clear change can be seen in the velocities. Especially along the

slope, the velocities are generally higher than the velocities resolved in the second inversion

model. This is a result I repeatedly generated even when testing other inversion strategies,

starting models or inversion parameters and, which I, therefore, assume to be real and

based on the information contained in the seismic data. Between the second inversion and

the third inversion I increase the included data o�set from 4500 m to the full o�set of �

6000 m. In Fig. 2.18 a shotgather of the input data is shown. It shows that in the last �

2000 m o�set data, the refracted waves clearly dominate the shotgather. Therefore, the

third inversion is probably more driven by the transmitted arrivals in the data compared

to the second inversion where the re
ections play a larger part. In section 2.2.3.1 I discuss

that re
ections are much more sensitive to the vertical, small-scale velocity changes across

re
ectors and that transmitted arrivals are more sensitiveto the macro-scale, horizontal

velocity distribution. I think that this might explain the g eneral increase in velocity

from the second to the third model. This resolved anisotropyprobably comes from clay

minerals in the sediments of the Puke Ridge. Clay minerals are known to be transversely

isotropic with the main symmetry axis perpendicular to bedding direction which is the
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fast direction (Sayers, 2005). The di�erence inVP can, thereby, be up to 20% - 30%

(Johnston and Christensen, 1995). Drilling data from sites U1518, U1519 and U1520

sampling the accretionary wedge and the incoming plate (section 1.5.1, for location see

Fig. 1.5) con�rm abundant clay minerals in this area. A rough calculation assuming a

mean low velocity of 2000 m/s in the slope area and a velocity di�erence of about 200

m/s compared to the fast direction, results in a velocity di�erence of about 10 % which

is a reasonable anisotropy value.

A detailed interpretation of the FWI velocity model is conducted in Chapter 5.

A

B
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D

Figure 2.19: 3D full-waveform inversion (FWI) velocity models. The displayed slice is located in the
middle of the 3D cube and correlates with the location of the 2D FWI model. A) FWI model after the
�rst inversion run (3000 m o�set, 2 s data length, 6 Hz). B) FWI model afte r the second inversion run
(4500 m o�set, 3 s data length, 6 Hz). C) FWI model after the third invers ion run (full o�set, 4 s data
length, 6 Hz). D) FWI model after fourth inversion run (3000 m o�set, 6 s data length, 11 Hz).
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B

Figure 2.20: Di�erentiations of 3D full-waveform inversion (FWI) velocity mod els. The displayed slice
is located in the middle of the 3D cube and correlates with the locationof the 2D FWI model. A)
Di�erentiation of second-inversion model (4500 m o�set), shown in Fig. 2.19 B. B) Di�erentiation of
third-inversion model (full o�set), shown in Fig. 2.19 C.
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3 AVO analysis with FWI

The amplitude of a re
ection from a single boundary in the subsurface is dependent

on the elastic parameters across this boundary and the incident angle of the seismic

wave (Yilmaz, 2001). This e�ect is called amplitude-versus-angle (AVA). As seismic data

are often displayed in terms of o�set which correlates with the incident angle, the term

amplitude-versus-o�set (AVO) is often used instead (Simm and Bacon, 2014).

AVO analysis of seismic data is a widely applied technique for identifying rock properties

as pore 
uid, lithology and porosity, especially in the context of hydrocarbon identi�cation

(Yilmaz, 2001). However, extracting the elastic AVO e�ect from the data is a time-

consuming and labour-intensive process requiring elaborate preprocessing of the data. In

this chapter, I propose a method that allows AVO informationto be extracted by the

use of an acoustic FWI algorithm in an automated and direct way.This method has

previously been applied to synthetic data (Warner et al., 2022), but this study is the �rst

application to �eld data.

After a general explanation of the proposed method, I presenta synthetic proof-of-concept

example. Subsequently, I apply the method on 3D seismic �elddata to obtain AVO trends

for a BSR.

3.1 Theory

3.1.1 Concept of AVO

Seismic layers can be de�ned by their acoustic impedance Z according to

Z = � V P ; (3.1)

with � being the density andVP being the P-wave velocity of the layer (Yilmaz, 2001). A

change of the acoustic impedance value de�nes a new layer andthe di�erence in acous-

tic impedance between two neighbouring layers (layer 1 and layer 2) is called acoustic

impedance contrastR? . It is expressed as:

R? =
Z2 � Z1

Z1 + Z2
: (3.2)

When a P-wave travelling through the subsurface hits such a boundary between two lay-

ers, its energy is divided - one part is re
ected (PPR), one part is transmitted (PPT ),

and another part is converted into an S-wave which also has a re
ected (PSR) and a

transmitted (PST ) component (Fig. 3.1 A). The energy distribution between the di�er-

ent waves depends on the elastic parameters of the subsurface (P-wave velocity, S-wave

velocity, density) and the incident angle of the P-wave. Foran angle of incidence of 0�

which is also called normal or vertical incidence, no mode conversion occurs and, there-
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fore, no S-wave is produced. Hence, the re
ection coe�cientRP of a re
ected P-wave is

simply given by the impedance contrastR? between the two layers causing the re
ection

(Shearer, 2019). However, for larger incident angles, the energy division becomes more

complex and has to be calculated by the elastic Zoeppritz equation (Zoeppritz, 1919):

2
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;

(3.3)

with RP , RS, TP and TS being the re
ection and transmission coe�cients of the P- and

S-wave, respectively.� is the angle of the P-wave -� 1 of the incident wave and� 2 of the

transmitted wave. Analogously, the angles� refer to the S-wave (Fig. 3.1 A).

Fig. 3.1 B-E show examples of four AVO curves (re
ection and transmission coe�cients

of P-waves and S-waves) calculated with the Zoeppritz equation for a simple realistic sce-

nario with VP 1 < VP 2. The magnitude and the phase of the coe�cients are displayedas

well as the critical angle (vertical dashed line in Fig. 3.1 B-E). The critical angle is the

angle at which the refracted wave travels along the boundarywhich is usually referred to

as the head wave.

The dependency of the AVO trend on the elastic parameters of the subsurface has turned

the analysis of the AVO e�ect in seismic data into an important tool, especially in the oil

and gas industry, where it is used to identify the type of 
uidin the subsurface, mainly to

discriminate between water and hydrocarbons. In this context, the AVO classes de�ned

by Rutherford and Williams (1989); Castagna and Swan (1997);Castagna et al. (1998)

are widely used to distinguish di�erent kinds of hydrocarbon reservoirs.

The Zoeppritz equation (Eq. 3.3) shows that the AVO trend in the seismic data con-

tains information about the elastic parameters in the subsurface. However, due to its

complexity it does not convey an intuitive understanding ofthe relationship between the

elastic parameters and the re
ection amplitude. Therefore, di�erent approximations of

the Zoeppritz equation were introduced to simplify the equation and relate the re
ection

amplitude more directly to di�erent elastic parameters (Bortfeld, 1961; Aki and Richards,

2002; Shuey, 1985; Wiggins et al., 1984; Spratt et al., 1993).These approximations are

usually limited to the compressional re
ection coe�cientRP as P-waves usually dominate

the seismic recordings, especially in marine settings.

The well established equation by Aki and Richards (2002) expresses the re
ection coe�-
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cient as follows:

RP =

"
1
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�
1 + tan2�

� #
� VP
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�
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(1 � 4
V 2

S

V 2
P

sin2� )

#
� �
�

; (3.4)

with VP = ( VP 1 + VP 2)=2 being the average P-wave velocity and �VP = ( VP 2 � VP 1) the

velocity di�erence. AnalogouslyVS refers to the S-wave velocity, the density is given by�

and � = ( � 1 + � 2)=2 is the average of the incident and transmission angles for the P-wave.

Note that in Eq. 3.3, RP is a function of the angle of incidence� 1 while it is a function

of � in Eq. 3.4. In practice, however, one usually approximates� by � 1 assuming that

changes in elastic properties from layer to layer as well as the considered angles are small

(Booth et al., 2016).

The Aki and Richards (2002) equation is divided into three parts - the fractional change in

P-wave velocity across a layer (�VP =VP ), the fractional change in S-wave velocity across

a layer (� VS=VS) and the fractional change in density across a layer (��=� ). This form

of the equation allows one to see the separate e�ects of changes in densities, P-wave and

S-wave velocities. However, when it comes to analysing AVO e�ects in seismic data, one

requires an expression in terms of o�set (or equivalently angle) rather than the elastic

parameters. Therefore, Shuey (1985) rearranged Aki and Richards (2002) equations to
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(3.5)

Shuey (1985) also introduced a variable transformation from S-wave velocityVS to Pois-

son's ratio � as they argued that the Poisson's ratio was the elastic constant most directly

related to the variation of RP with � :

V 2
S =

1
2

�
1 � 2�
1 � �

�
V 2

P ; (3.6)

where� =( � 1 + � 2)=2. The fractional change across the layer gives

� VS

VS
=

� VP

VP
�

1
2

� �
(1 � � )(1 � 2� )

; (3.7)

with the contrast in Poisson's ratio � � = � 2 � � 1. By using the approximation

R? �
1
2

�
� VP

VP
+

� �
�

�
; (3.8)
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the Shuey (1985) equation can be rewritten as

RP = R? +
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(3.9)

By de�ning the new term

H =
� VP =VP

� VP =VP + � �=�
; (3.10)

the re
ection coe�cient can be expressed as

RP = R? +

"

RpH0 +
� �

(1 � � )2

#

sin2� +

"
1
2

� VP

VP

#

(tan2� � sin2� ); (3.11)

with

H0 = H � 2(1 � H )
1 � 2�
1 � �

: (3.12)

Eq. 3.11 is known as Shuey's three term AVO equation. The �rstterm describes the

re
ection coe�cient at normal incidence, the second term describes the re
ection coe�-

cients at intermediate angles (0< � < 30� ) and the third term describes the re
ection

coe�cients at large angles (� > 30� ).

For intermediate angles, the third term can be dropped whichresults in Shuey's two term

AVO equation:

RP = R? + Gsin2�; (3.13)

with

G = R? H0 +
� �

(1 � � )2
: (3.14)

This equation approximates the re
ection coe�cient for small angles by a linear equation

where R? , the re
ection coe�cient at normal incidence, is the intercept and G is the

gradient. This approximation allows for a relatively simple application to real seismic

data where the amplitudes are picked along move-out corrected CMP gathers and plotted

against sin2(� ). Subsequently, a simple linear regression can be used to determine the

AVO intercept and gradient. As mentioned above, the AVO gradient is directly related

to the change in the Poisson's ratio across the re
ector which is a direct indicator for the


uid saturation. Commonly, a negative gradient is caused bya positive shear velocity

contrast (i.e. lower shear velocity in the upper layer) and apositive gradient is caused by

a negative shear velocity contrast (i.e. higher velocity inthe upper layer) (Simm and Ba-

con, 2014). The AVO interceptR? is indirectly related to the porosity in the subsurface

(Yilmaz, 2001). The determined values for intercept and gradient are usually displayed in

a crossplot which allows for an ideal presentation of di�erences in AVO responses related

to porosity/lithology or 
uid saturation.

AVO intercept and gradient allow to infer information about the 
uid saturation and
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other parameters, but in order to actually gain the elastic parameters in the subsurface

(P-wave velocity, S-wave velocity and density) so-called AVO inversion is usually per-

formed (Avseth et al., 2010).
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A

B C

D E

Figure 3.1: Seismic wave energy splitting when reaching a boundary. A) Splitting of a P-wave at
a boundary into re
ected ( P PR ) and transmitted ( P PT ) P-wave and re
ected (P SR ) and transmitted
(P ST ) S-wave dependent on the incident angle (� 1) and the elastic parameters (VP , VS , � ) of the subsur-
face. B) Magnitude and phase of the re
ected P-wave (P PR ). C) Magnitude and phase of the re
ected
S-wave (P SR ). D) Magnitude and phase of the transmitted P-wave (P PT ). E) Magnitude and phase
of the transmitted S-wave (P ST ). For plots B-E the coloured solid lines displays the magnitude (left
y-axis) and the coloured dashed line displays the phase (right y-axis). The horizontal dotted black line
highlights magnitude zero. The vertical dashed black line displays the critical angle.
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3.1.2 AVO with FWI

There are three main factors that in
uence the amplitude of recorded seismic events:

Earth e�ects, acquisition-related e�ects and noise (Dey-Sarkar et al., 1993). The Earth

e�ects include spherical divergence, absorption, transmission loss, interbed multiples, con-

verted phases, tuning and anisotropy. The acquisition-related e�ects include source and

receiver array e�ects, receiver directivity and irregularsource strength. Types of noises

that can interfere with the data are ambient noise or source-generated noise and random

or coherent noise. For conventional AVO, all the amplitude e�ects described above need

to be removed to gain the real re
ection amplitude variations caused by the elastic prop-

erties in the subsurface. The preprocessing for a conventional AVO analysis is, therefore,

quite extensive and time-consuming. It includes, e.g., binning and CMP ordering, spiking

deconvolution, spherical divergence correction, multiple removal, interval velocity analysis

and pre-stack migration (Yilmaz, 2001; Simm and Bacon, 2014;Avseth et al., 2010).

I propose an FWI-based work
ow for extracting the AVO trend from the seismic data

(Warner et al., 2022). It is much simpler as most of the previously described amplitude

e�ects are automatically accounted for by the FWI algorithm. Furthermore, the FWI

remains accurate even in highly heterogeneous models wheremost pre-stack migration

algorithms fail. The work
ow requires very limited user-interaction, is highly data-driven

and repeatable.

The FWI algorithm builds a model that �ts the seismic data in a least-squares sense (see

section 2.1). The forward modelling to generate the synthetic data is commonly performed

in an acoustic medium which means that only P-wave velocities and densities are taken

into account. This simpli�cation is very common, as incorporating the S-wave velocity

adds signi�cantly to the complexity of the modelling and inversion of seismic data and

is, thus, much more computationally expensive. In particular, S-waves are signi�cantly

slower than P-waves meaning that the grid sampling has to be adjusted for a stable simu-

lation (see section 2.2.3.4) - a lower velocity implies a smaller spatial grid. Hence a larger

number of samples is needed to cover the same volume.

However, seismic �eld data are inherently elastic. When an acoustic FWI code is used to

invert �eld data it cannot accurately recover velocity changes across a re
ector, especially

for boundaries where changes in S-wave velocity produce non-acoustic changes in AVO

(for example, the elastic AVO behaviour shown by the red linein Fig. 3.2). Acoustic

FWI will, instead, generate a P-wave velocity model that produces changes in amplitude

with o�set that best �t the observed re
ection amplitudes, on average. Therefore, even

if the correct P-wave velocities and densities of an elasticsubsurface model were used

as an initial guess for the inversion, the resulting synthetic data would di�er from the

observed data and the FWI algorithm would change the model in order to best match the

elastic amplitudes. For most applications this e�ect is accepted as the additional cost of
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including S-wave velocities is una�ordable. However, this e�ect can also be exploited and

used to extract the elastic AVO information from the seismicdata by an acoustic FWI.

The idea behind the FWI AVO analysis is to use di�erent o�set-restricted datasets for

individual FWI runs (Warner et al., 2022). Each separate inversion is driven only by the

re
ection amplitudes in their respective o�set bins and will result in a model best-�tting

the amplitudes in these bins. Thus, the inverted velocity models for each o�set will con-

tain a boundary that produces re
ection amplitudes that best match the real data in the

respective o�set window. This is illustrated in Fig. 3.2. Thered line shows an example

AVA for seismic data with a strong elastic signature. The blue and green lines show AVA

curves for two velocity models recovered with acoustic FWI using the seismic data with

angle bins of 0� -10� and 40� -50� , respectively. The acoustic inversions will lead to di�erent

P-wave velocity models for each o�set range, that will matchthe re
ection amplitudes of

the elastic example (red line) relatively well at the respective o�set range. The di�erence

in these velocity models relates to the di�erence between the acoustic and elastic AVO

e�ect for di�erent o�set bins. It is important to note that in the case of acoustic input

data, all o�set models would be basically the same as the acoustic AVO trend in the

synthetic data would match the observed data at all angles.

These o�set-dependent velocity models are not the same as the actual AVO e�ect (section

3.1.1) but can be used to retrieve it. A re
ection in the seismic data is caused by a change

in the impedance. Thus, when investigating the AVO e�ect of acertain re
ection, the

velocities causing this re
ection (above and below the interface) can be picked in each of

the di�erent o�set FWI models. In the FWI codes used here, densityis updated after

every iteration using the updated P-wave velocity and Gardner's Law. Hence, I use the

selected velocities above and below the re
ecting interface, and Gardner's Law to calcu-

late the associated densities. Then I use the Zoeppritz equation (Eq. 3.3) to calculate the

acoustic re
ection coe�cients. I call the di�erent acoustic curves of the o�set bins the

apparent AVO. The acoustic re
ection coe�cient at the o�set bin used for the inversion

should be equal to the elastic re
ection coe�cient in the input data at that o�set bin as

indicated in Fig. 3.2. Therefore, by determining the acoustic/elastic re
ection coe�cient

for each model at their respective o�set bin, I can recreate the actual elastic AVO/AVA

curves for the seismic data.

An important point is how to split the data for the FWIs, either into di�erent o�set bins

or di�erent angle bins. Separating the data into angle bins requires ray-tracing which is

known to be complicated in structurally complex areas. On the other hand, angle bins

would mean that the angle range covered in each FWI run is constant which means that

the AVA curve that I am ultimately interested in is evenly probed. Seismic data are

acquired as shotgathers which include information about the o�set of each trace (Yilmaz,

2001). Thus, dividing the data into o�set bins is easy to perform, and allows the o�set

bins to have the same number of traces. This means the fold foreach bin is identical,
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and the signal-to-noise ratio for the separate inversions comparable (the performance of

FWI improves with increasing fold). On the other hand, this means that each FWI run

samples a di�erently large angle range of the AVA curve. However, I consider this to

be signi�cantly less important than the constant fold whichallow stable and comparable

FWI results. For these reasons, the approach used here is to divide the data into di�erent

o�set bins with the same number of traces in each bin.

Another issue that needs to be addressed in marine surveys is that the sea bottom mul-

tiples can interfere with primary re
ections, particularly at longer o�sets. This is worse

in shallow water surveys and, in such cases, the longer-o�set (or wider-angle data) might

need to be excluded from the inversions. Generally, the number of traces in each o�set bin

should include enough data to drive a reliable inversion. The size should, therefore, be de-

pendent on the data quality (e.g. signal-to-noise ratio). Aproblem could occur when the

subsets are of di�erent data quality and, thus, in
uence thequality of the inversions and

impede their comparability. Similarly, comparability canalso su�er in complex settings

where the illumination coverage or other parameters (e.g. attenuation Q) are varying for

di�erent subsets. However, this is also true for conventional AVO analysis.

There are also other limitations. Seismic data used for the inversion have a �nite band-

width which means that interfaces in the FWI models will never be perfectly sharp. In

addition to this smoothing e�ect, the �nite bandwidth also introduces sidelobes to re-


ectors. This makes selecting P-wave velocities above and below the interface in the

recovered FWI models challenging and limits the accuracy of retrievable velocities at in-

terfaces. Furthermore, the frequency content in a shotgather changes slightly towards

lower frequencies for higher o�sets. Thus, even in case of acoustic data being used for

acoustic o�set inversions, the models would not be perfectly identical owing to the slightly

di�erent frequency content of the data in di�erent o�set bin s. However, these e�ects are

also a problem in conventional AVO analysis (Warner et al., 2022).
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Figure 3.2: Concept of full-waveform inversion (FWI) amplitude-versus-angle(AVA) analysis. Red line:
example AVA curve showing elastic behaviour which I want to determine with the FWI AVO approach.
Blue line: acoustic AVA curve that matches the re
ection amplitude s of the elastic curve in the �rst
angle bin (blue rectangle). Green line: acoustic AVA curve that matches the re
ection amplitudes of the
elastic curve in the last angle bin (green rectangle). Grey dashed lines show angle bins.

3.2 Synthetic study

To investigate whether the theory for extracting elastic AVO information from seismic

data explained above by the use of an acoustic FWI code works, I perform a synthetic

study. In this study, I generate two synthetic models for which I calculate synthetic seismic

data. These data are used as an input into the proposed FWI AVO scheme. The models

are purposely designed to resemble the geological scenarioof a BSR in the subsurface. In

the �rst model (gas hydrate) the BSR is mainly caused by gas hydrate in the upper layer

and in the second one (free gas) it is mainly caused by free gasin the lower layer. I have

used realistic elastic parameters for such cases determined from rock-physics modelling

(Chapter 4). These two scenarios represent end-member models for BSR generation and,

in reality, free gas and gas hydrate are probably both present across most BSRs. However,

they generate di�erent AVO trends in the seismic data which Iam able to extract with

the proposed FWI AVO approach.

3.2.1 Work
ow

In a �rst step, I create velocity models for two geological scenarios - a BSR caused by gas

hydrate and a BSR caused by free gas. Therefore, I call the twoscenarios gas hydrate and

free gas scenario, respectively. For both scenarios, I needa P-wave velocity model as well

as an S-wave velocity model. The velocity models are purposely kept simple, horizon-

tally layered (i.e. laterally invariant) 3D P-wave velocity models and the velocities in the

models are based on velocities gained from rock-physics modelling for a BSR (Chapter

4). The models have a grid size of 801� 401� 241 with a grid spacing of 25 m, resulting

in a length of 20 km, width of 10 km, and a depth of 6 km.
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Next, the synthetic elastic seismic data are generated. For the forward modelling, I use

a Ricker wavelet with a peak frequency of 4 Hz to �t the frequency range of the inver-

sion. The synthetic data acquisition geometry is based on the set-up of the NZ3D dataset

(subsection 1.5.1). Thus, the dataset consists of 439 shots�red at a distance of 25 m each

recorded with 468 channels. Due to a channel spacing of 12.5 mand a minimum o�set of

200 m, the maximum o�set results in 6037.5 m.

After generating the elastic seismic data, I extract its AVO information. The generated

synthetic seismic data are prepared for the inversion by adding random noise and applying

a mute above the sea
oor arrival. I generate a starting velocity model for the inversion.

As this is an acoustic inversion, I only need a P-wave velocitymodel. For this I take the

true P-wave velocity model and use smoothing to signi�cantly reduce the sharpness of

the BSR interface (see Fig. 3.3 A and B for the gas hydrate scenario). I keep the water

velocity, the sea
oor depth and the gradient beneath the sea
oor the same as before.

To obtain a reasonably good starting model for the o�set inversions, I run a �rst inversion

where I include the full dataset, i.e. the full-o�set range. The inversion is run up to 6 Hz

and the default normalisation setting is used.

The resulting P-wave velocity model is used as a starting model for individual inversions

with di�erent o�set-restricted datasets. After testing di� erent lengths for the o�set bins,

I decide on 1000 m-long o�set bins as they contain enough datato drive a sensible inver-

sion and recover a suitable FWI velocity model. As I am interested in re
ections from

intermediate angles (section 3.1.1), and I need the AVO curve to be su�ciently sampled, I

generate overlapping o�set bins. This ensures that I am ableto resolve an accurate AVO

curve. I perform seven inversions with data o�sets ranging from 200 m - 1200 m, 450 m

- 1450 m, 700 m - 1700 m, 950 m - 1950 m, 1200 m - 2200 m, 1450 m - 2450m, 1700 m

- 2700 m in order to resolve the AVA. Similar to the 2D and 3D full-o�set inversions, I

subsequently increase the frequency during the o�set-restricted inversions. Starting with

a frequency of 3 Hz, I run the inversions up to a frequency of 9 Hz.I ensure that the

amount of traces in every dataset is the same to allow the comparability of the FWI

models. The normalisation settings (discussed in section 2.2.4) in the code are changed

to run a true amplitude FWI.

3.2.2 Gas hydrate scenario

In the �rst synthetic scenario, I model a BSR mainly caused bygas hydrate in the sub-

surface. I assume that the gas hydrate accumulates as part ofthe sediment frame in the

subsurface and, therefore, causes an increase in P-wave velocity as well as S-wave veloc-

ity (Dvorkin et al., 1999). The exact velocities in the modelare based on rock-physics

modelling discussed in Chapter 4. In Fig. 3.3 the true P-wave velocity model and S-

wave velocity model as well as the starting P-wave velocity model are shown. I model a

BSR caused by an upper P-wave velocity of 2400 m/s and S-wave velocity of 1000 m/s
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A B C

Figure 3.3: Velocity models for gas hydrate scenario in synthetic full-waveform inversion (FWI)
amplitude-versus-o�set (AVO) study. A) True P-wave velocity m odel for forward modelling. B) Starting
P-wave velocity model for acoustic o�set inversions. C) True S-wave velocity model for forward modelling.

followed by a velocity decrease to 2000 m/s of the P-wave velocity and 830 m/s of the

S-wave velocity. These true velocity models are used for forward modelling in order to

generate the synthetic data. The resulting elastic synthetic data are shown in Fig. 3.4

A. The shotgather shows all expected phases - the direct arrival, the primary re
ections

including the sea
oor re
ection as well as the BSR and the seabottom multiples.

Based on the Zoeppritz equation, I calculate the elastic andacoustic re
ection coe�cient

curves for the BSR in this gas hydrate scenario (red and blue line in Fig. 3.4 B, respec-

tively). The comparison shows that the elastic re
ection coe�cient is smaller than the

acoustic one and that this di�erence gets larger with increasing angle within the angle

range I am interested in (< � 30� , intermediate angles for Shuey's two term AVO equation

(Shuey, 1985)). Based on this observation, I expect that theacoustic inversions generate

velocity models which show a decreasing velocity inversionmagnitude with increasing

o�set model in order to match the lower re
ection coe�cients of the elastic data. Fig. 3.4

B also shows the angle bins correlating with the di�erent o�set bins used for the o�set

inversions in the gas hydrate scenario. For the conversion from o�set to angle bins I

generate a simple ray tracer based on Snell's Law. For this synthetic study I use the true
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model to calculate the angles. The �rst o�set bin (200 m - 1200m) corresponds to angles

of 4.5� to 26.7� , the second o�set bin (450 m - 1450 m) corresponds to angles 10.2� to

32.0� , the third o�set bin (700 m - 1700 m) corresponds to angles of 15.8� to 37.2� , the

fourth o�set bin (950 m - 1950 m) corresponds to angles of 21.3� to 42.2� , the �fth o�set

bin (1200 m - 2200 m) corresponds to angles of 26.7� to 47.1� , the sixth o�set bin (1450

m - 2450 m) corresponds to angles of 32.0� to 51.9� and the seventh o�set bin (1700 m -

2700 m) corresponds to angles of 37.2� to 56.4� .

After running the o�set inversions, I am presented with sevendi�erent P-wave velocity

models. For each of these models I take the same velocity-depth trace in the middle of the

model imaging the BSR and display it in Fig. 3.5 A. The coloured lines show the di�erent

o�set model traces. A trace of the true model (black line) as well as the starting model

(grey line) are also shown. I pick the velocities characterising the BSR for every o�set

inversion (locations shown by dots on traces in Fig. 3.5 A) to calculate the magnitude of

the velocity inversion modelled in each FWI run. The result of this is plotted in Fig. 3.5

B. As expected, the magnitude of the velocity inversion decreases with increasing o�set

bin. This is the behaviour I expected to see by the FWI AVO approach for the gas hydrate

scenario.

My aim is to turn the apparent AVO into the conventional AVO in the seismic data.

Therefore, I use the picked velocities as an input into Gardner's Law to calculate their

associated densities. I insert the upper and lower P-wave velocities as well as the upper

and lower densities for each o�set inversion into the Zoeppritz equation to gain an acoustic

BSR AVA curve for every o�set inversion. The di�erent curvesare shown in Fig. 3.5 C.

In section 3.1.2 I explained that the acoustic re
ection coe�cient at the angle correlating

with the angle of the input data is equal to the elastic re
ection coe�cient in the seismic

data at that angle. Therefore, I calculate the mean angle of each angle bin and pick the

re
ection coe�cient at the mean angle of each respective curve. The mean angle for the

�rst inversion is 15.6� , the mean angle for the second inversion is 21.1� , the mean angle

for the third inversion is 26.5� , the mean angle for the fourth inversion is 31.7� , the mean

angle for the �fth inversion is 36.9� , the mean angle for the sixth inversion is 41.9� and

the mean angle for the seventh inversion is 46.8� . The picked re
ection coe�cients for

each angle bin are displayed as dots in Fig. 3.5 C. Combining the seven discrete re
ection

coe�cients results in an elastic AVO curve theoretically equalling the elastic AVA curve

of the seismic input data. In Fig. 3.5 D, we display the seven re
ection coe�cients as

well as the elastic AVA curve and the acoustic AVO curve. The elastic AVA curve and

the determined re
ection coe�cients reveal a good �t while the acoustic AVA curve shows

much higher values. The slight mis�t between the elastic curve and the discrete values

could be caused by several things. First, I only ran the inversion up to 9 Hz - a higher

frequency would improve the resolution of the FWI velocity model and probably also the

�t. Second, as mentioned in section 3.1.2, the sidelobes that form next to re
ectors for
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bandwidth-restricted datasets alter the velocity. When looking at traces in Fig. 3.5 A,

these lobes are visible, especially right above the velocity inversion, where the trace shows

a tiny bend to higher velocities. Third, even within the restricted datasets used for the

inversion, the acoustic curve does probably not �t the elastic amplitudes perfectly but

only in a least-squares sense. Hence, there is a certain averaging of the amplitudes at

di�erent angles within one o�set bin and this average value is ultimately assigned to only

one, i.e. the mean angle.
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Figure 3.4: Synthetic data and associated elastic amplitude-versus-o�set (AVA) trend as well as acoustic
AVA trend for gas hydrate scenario. A) Shotgather displaying syntheticelastic data including the bottom-
simulating re
ection (BSR). B) Red line: elastic AVA curve of BSR displayed in A. Blue line: theoretical
acoustic AVA curve of BSR displayed in A. Coloured bars display the angle/o�set bins of the di�erent
inversions.
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Figure 3.5: Full-waveform inversion (FWI) amplitude-versus-angle (AVA) work 
ow for gas hydrate
scenario. A) Coloured lines display the same traces of di�erent FWI velocity models - true: true velocity
model, start: starting velocity model, numbers stand for the o�set bins used for the respective inversion
(1: 200 m - 1200 m, 2: 450 m - 1450 m, 3: 700 m - 1700 m, 4: 950 m - 1950 m, 5: 1200 m - 2200 m,
6: 1450 m - 2450 m, 7: 1700 m - 2700 m). The dots display the locations of the picked velocities. B)
Magnitude of the picked velocity inversion in A. The colours correlatewith the o�set models in A. C)
Calculated acoustic AVA curves based on the picked velocities in A and the Gardner's density (apparent
AVO). The dots display the re
ection coe�cients at the angles that e qual the input angle bins for the
respective inversions. D) The dots display the picked re
ection coe�cients. Red line shows the actual
elastic AVA curve of the synthetic seismic data. The blue line displays the theoretical acoustic AVA curve
of the dataset.
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3.2.3 Free gas scenario

A B C

Figure 3.6: Velocity models for free gas scenario in synthetic full-waveforminversion (FWI) amplitude-
versus-o�set (AVO) study. A) True P-wave velocity model for forw ard modelling. B) Starting P-wave
velocity model for acoustic o�set inversions. C) True S-wave velocity model for forward modelling.

The second synthetic scenario resembles a BSR that is mainlycaused by free gas in the

subsurface. The free gas is modelled as patchily distributed and causes a decrease in

P-wave velocity from 2000 m/s to 1600 m/s and an increase in S-wave velocity from 830

m/s to 870 m/s. These velocities are based on rock-physics modelling for a BSR (Chapter

4). The free gas model I use for the rock-physics modelling assumes a slight change (i.e.

increase) of the S-wave velocity when adding free gas. This is based on the in
uence

of the free gas on the density which subsequently a�ects the S-wave velocity (see Fig.

4.17). In Fig. 3.6 the true P-wave and S-wave velocity model aswell as the starting

P-wave velocity model are shown. The true P-wave and S-wave velocity model are used

for forward modelling in order to generate the synthetic data. Due to the simplicity of the

model, the generated synthetic data only contains a direct arrival, the sea
oor re
ection,

the BSR and sea bottom multiples (Fig. 3.7 A). Calculating the AVA e�ect for the BSR

in the elastic and the corresponding acoustic setting with the Zoeppritz equation gives

the re
ection coe�cient curves shown in Fig. 3.7 B. The di�erence between the acoustic

and elastic curve is caused by the slight increase of the S-wave velocity which is based on
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the free gas model I use for the rock-physics modelling (Chapter 4). In this setting and

opposed to the hydrate scenario, the elastic curve is displaying higher re
ection coe�cients

than the acoustic curve (compare Fig. 3.4 B of the gas hydrate scenario and Fig. 3.7 B of

the free gas scenario). The curves are closer together than in the previous example but in

the angle range I am interested in their di�erence gets larger with increasing angle. Based

on this, I expect a slight increase of the modelled BSR velocity inversion with increasing

o�set bin. Fig. 3.7 B also displays the o�set-converted anglebins for the inversion. In

subsection 3.2.1 the o�set bins used for the FWI AVO approach are discussed. I generate

a simple ray tracer based on Snell's Law to transform the o�set bins into angles bins. For

the patchy gas model, the �rst o�set bin (200 m - 1200 m) corresponds to angles of 3.9�

to 23.0� , the second o�set bin (450 m - 1450 m) corresponds to angles of8.8� to 27.6� ,

the third o�set bin (700 m - 1700 m) corresponds to angles of 13.7 � to 31.9� , the fourth

o�set bin (950 m - 1950 m) corresponds to angles of 18.4� to 36.1� , the �fth o�set bin

(1200 m - 2200 m) corresponds to angles of 23.0� to 40.1� , the sixth o�set bin (1450 m -

2450 m) corresponds to angles of 27.6� to 43.9� and the seventh o�set bin (1700 m - 2700

m) corresponds to angles of 31.9� to 47.5� .

I run the inversions as discussed in subsection 3.2.1. From the resulting velocity models I

display the same trace in Fig. 3.8 A. I pick the minimum and maximum velocities across

the BSR for the di�erent o�set inversions and display the magnitude of their di�erence

in Fig. 3.8 B. As expected, there is an increase of the magnitudeof the modelled velocity

inversion with increasing o�set bin. However, compared to the hydrate scenario where

the di�erence between acoustic and elastic AVA curve was quite distinct, the e�ect for

the free gas scenario is smaller (compare Fig. 3.4 B of the gas hydrate scenario and

Fig. 3.7 B of the free gas scenario). Using the same work
ow as before, I want to gain

the conventionally known AVO. For this, I use the picked velocities and their associated

Gardner's densities to calculate acoustic AVA curves (Fig. 3.8 C). As the di�erence of the

velocity inversion is not as large as in the previous example, the AVA curves are located

quite closely together (compare Fig. 3.5 B of the gas hydrate scenario and Fig. 3.8 B

of the free gas scenario). The next step is to pick the re
ection coe�cients at the angle

corresponding with the angle bin used for the respective inversion. Therefore, I calculate

the mean angle of each inversion - for the �rst inversion the mean angle is 13.4� , for the

second inversion the mean angle is 18.2� , for the third inversion the mean angle is 22.8� ,

for the fourth inversion the mean angle is 27.2� , for the �fth inversion the mean angle

is 31.5� , for the sixth inversion the mean angle is 35.7� and for the seventh inversion

the mean angle is 39.7� . The picked re
ection coe�cient for each curve are displayed

by coloured dots in Fig. 3.8 C). I argue that connecting these picked values results in

the elastic re
ection curve of the input seismic data (section 3.1.2). In Fig. 3.8 D, the

calculated discrete values for each angle bin are plotted asdots on top of the actual elastic

AVA curve. It is apparent that the �t is quite good with the dis crete values and the curve
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displaying the same trend. However, the re
ection coe�cients seem to be slightly shifted

towards higher values. I also plotted the acoustic AVA curveand the comparison shows

that the trend of the discrete values di�ers from this curve and matches the elastic one

better. In subsection 3.2.2, I discuss the potential reasons for the slight mismatch between

the elastic curve and the discrete values.
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Figure 3.7: Synthetic data and associated elastic amplitude-versus-angle (AVA)trend as well as acoustic
AVA trend for free gas scenario. A) Shothgather displaying synthetic elastic data including the bottom-
simulating re
ection (BSR). B) Red line: elastic AVA curve of BSR displayed in A. Blue line: theoretical
acoustic AVA curve of BSR displayed in A. Coloured bars display the angle/o�set bins of the di�erent
inversions.
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Figure 3.8: Full-waveform inversion (FWI) amplitude-versus-angles (AVA) wor k
ow for free gas sce-
nario. A) Coloured lines display the same traces of di�erent FWI velocity models - true: true velocity
model, start: starting velocity model, numbers stand for the o�set bins used for the respective inversion
(1: 200 m - 1200 m, 2: 450 m - 1450 m, 3: 700 m - 1700 m, 4: 950 m - 1950 m, 5: 1200 m - 2200 m,
6: 1450 m - 2450 m, 7: 1700 m - 2700 m). The dots display the locations of the picked velocities. B)
Magnitude of the picked velocity inversion in A. The colours correlatewith the o�set models in A. C)
Calculated acoustic AVA curves based on the picked velocities in A and the Gardner's density (apparent
AVO). The dots display the re
ection coe�cients at the angles that e qual the input o�set bins for the
respective inversions. D) The dots display the picked re
ection coe�cients. The red line shows the actual
elastic AVA curve of the synthetic seismic data. The blue line displays the theoretical acoustic AVA curve
of the dataset.
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3.3 Application to �eld data

After the successful synthetic study, I apply the FWI AVO methodon �eld data. The 3D

seismic �eld data image a BSR located along the landward-dipping slope of a thrust ridge,

Puke Ridge, within the accretionary prism of the Hikurangi subduction zone. The study

area as well as the data were introduced in section 1.5.2 and section 1.5.1, respectively.

3.3.1 Work
ow

While in the case of synthetic data the forward modelling allows me to determine which

physical e�ects are included in the data, �eld data have inherent physical characteristics

which can add more complexity to the work
ow. For one, seismic �eld data are not only

inherently elastic but also inherently 3D as the waves expand in a 3D space. The geomet-

rical spreading in 3D causes an amplitude decay proportional to 1/r which is di�erent to

the amplitude decay/ 1/
p

r in 2D. For many applications, 2D FWI are preferred to 3D

FWI for it is signi�cantly less expensive. However, for the application of the proposed

FWI AVO method, I do not want any other amplitude e�ects to be mapped into the

di�erence of the o�set inversions - just the mismatch between elastic and acoustic AVO.

Therefore, I run 3D inversions as I have also done in the previous synthetic examples.

Another topic to think about is how to partition the data for th e restricted-data inversions

which might be in
uenced by the noisiness of the data and the complexity of the geologi-

cal setting. In this study, I want to analyse the AVO of a BSR. The BSR is located quite

shallow beneath the sea
oor (< 500 mbsf) but the sea
oor is located at� 1000 mbsl and,

therefore, the BSR re
ection in the shotgather does not interfere with any sea bottom

multiples, especially not in the o�set bins I use for the o�set inversions (see shotgather in

Fig. 3.9). This means I do not have to worry about overlapping primaries and multiples.

Generally, the geology in my study area is more complex than the horizontally layered

models in the synthetic study. The BSR of interest is a dipping re
ector roughly parallel

with the seabed located along a slope (see PSDM image of the study area by Bangs et al.

(2023) in Fig. 3.10 G) which is probably in
uencing the coverage of the subsurface points.

However, the re
ector dip in the PSDM image is slightly exaggerated due to the vertical

exaggeration (VE t 3.2) of the image. The roughly calculated dip of the BSR in my

study area is about 3.5� . Therefore, I argue that I do not need to worry too much about

large di�erences in coverage for di�erent o�set-restricted datasets. The noise level and

quality seems also to be fairly consistent within shotgathers across the study area as seen

in Fig. 3.9 which shows an example of a typical shotgather of the input data.
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Figure 3.9: Typical shotgather of seismic pro�le M1220 used for o�set inversions. Thecoloured bars
display the o�set bins used for the inversions.

3.3.1.1 Generating the o�set models

In order to run the o�set inversions for the FWI AVO scheme, I need a starting velocity

model which already includes the correct large-scale velocity structure to explain the

arrival of all main phases within the dataset. Therefore, asper synthetic example, I use

an FWI P-wave velocity model generated with the full o�set dataset up to 6 Hz (Fig.

3.10 A). The generation of this model and its exact parametersare described in Chapter

2.

Overall, I use the same data for the o�set inversions as I usedas an input for the full

dataset inversion. The data are discussed in detail in section 2. As proven to be a sensible

size by the synthetic study, I restrict the datasets for the o�set inversions to 1 km-long

o�set bins overlapping each other: 200 m - 1200 m, 450 m - 1450 m, 700 m - 1700 m, 950

m - 1950 m, 1200 m - 2200. This set-up ensures that I am able to resolve an accurate AVO

curve, both in terms of the o�set bins containing enough information to drive a sensible

inversion and the AVO curve being su�ciently sampled. I havetrialled the same o�set

bins as for the synthetic tests but found that the FWI performedless well for the o�set

bins with larger o�sets and, therefore, I exclude them. The number of traces is constant

for all o�set bins. I include data up to 6 s.

As already stated, it is essential to turn o� any amplitude normalisation during the o�set

inversion to maintain the information contained within theamplitudes. The normalisation

tools included in the FWI code are discussed in section 2.2.4. For the synthetic study, it

did not make a di�erence to turn o� the source scaling as the wavelet used for the forward

modelling and the inversion where equally scaled. However, this is not the case for �eld

data. In order to be able to turn o� the source scaling and still get a reasonable FWI

result, I need to scale the input wavelet of the inversion so that it �ts the amplitudes of the

recorded data. Therefore, I generate synthetic data and compare the amplitudes of the
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direct wave in the near-o�set traces of the synthetic and theobserved data. This allows

me to determine the scaling factor necessary to apply on the input wavelet to generate

data in the same amplitude range as the observed one. In the interest of computing time,

I run the o�set inversions up to 11 Hz. The resulting velocity models are shown in Fig.

3.10 B-F. The structural similarity between all models as well as the PSDM image from

Bangs et al. (2023) (Fig. 3.10 G) is striking and supports the reliability of the o�set

models (Fig. 3.10 B-F).
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Figure 3.10: 3D full-waveform inversion (FWI) velocity models. The displayed slice is located in the
middle of the 3D cube and correlates with the location of the 2D FWI model. A) Starting model (6 Hz)
for the o�set inversions. B) First o�set model (200 m - 1200 m, 11 Hz). C) Second o�set model (450 m -
1450 m, 11 Hz). D) Third o�set model (700 m - 1700 m, 11 Hz). E) Forth o�set model (950m - 1950 m,
11 Hz). F) Fifth o�set model (1200 m - 2200 m, 11 Hz). G) Pre-stack depth migration (PSDM) imaging
the same area as the FWI models from Bangs et al. (2023).
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3.3.1.2 Extracting the AVO information

A BSR is caused by a velocity inversion characterised by higher velocities above and lower

velocities below. I can identify such a structure in the FWI o�set velocity models (Fig.

3.10 B-F). For the FWI AVO approach I argue that the velocities causing the re
ection and

in
uencing the re
ection coe�cient are di�erent in every FWI o �set model as the inversion

algorithm is trying to match the amplitudes in the di�erent o� set bins. Therefore, I

develop an automated work
ow where the lowest velocity de�ning the BSR is picked

for every grid cell in the velocity models. In a certain rangeabove which I determined

empirically (4 grid cells), the maximum velocity is picked. I pick the minimum and

maximum in every velocity model individually. I also tried adi�erent picking approach

where the picking locations determined for the �rst model were used for the other o�set

models but as this led to very similar results I will only focus on the results of the former

approach. The locations of these individually picked velocities in every o�set model are

shown in Fig. 3.11. There are certain areas in the models wherethe picks were erroneous

as the BSR velocity structure is disturbed by faults, folds or artefacts. I exclude these

areas in the analysis. The picked velocities for each o�set bin are shown in Fig. 3.12

A. The results for each o�set bin are colour-coded: dark red (200 m -1200), blue (450

m - 1450 m), green (700 m - 1700 m), orange (950 m - 1950 m), yellow (1200 m - 2200

m). The velocities above and below the BSR in Fig. 3.12 A are converted to re
ection

coe�cients as described in the synthetic study. In order to convert o�set to angle, I use a

simple straight ray assumption incorporating the variabledepth of the BSR. This allows

me to determine angle values and, subsequently, to determine the mean angle for every

o�set inversion. Then, I pick the re
ection coe�cient at the mean angle of the angle

bin used for the FWI. The result of this can be seen in Fig. 3.12 B where I display the

determined re
ection coe�cient (also colour-coded) of every o�set model for every grid

cell in the pro�le. By looking at the re
ection coe�cients al ong the pro�le, I can clearly

identify two opposite trends. For most of the picks the re
ection coe�cients generally

increase in absolute value with angle. There might be some re
ection coe�cients that fall

out of this trend but the overall trend of this increase is very clear. However, between

picks � 140 and� 170 there is a distinct change to an overall decreasing absolute value

of the re
ection coe�cients with angle. Only the re
ection coe�cients of the �rst angle

model fall out of this trend and their amplitude lies approximately between the third and

fourth angle model re
ection coe�cient. I think that this mi ght be explained by missing

of nearest-o�set data for the outer recordings of the 3D dataset where the minimum o�set

is at least 225 m (section 1.5.1 discusses the input data).

The synthetic data tests indicated that the �ve re
ection coe�cient values for every picked

BSR location in the plot are discrete values of the actual elastic AVA curve of the observed

seismic data. AVO and AVA curves are useful, as they can provide information about the

variation in elastic parameters across the BSR, which couldtell us something about the
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saturation of water, free gas and hydrate in pore spaces.

A commonly-used plot, when investigating pore 
uids in hydrocarbon reservoirs, is the

AVO gradient versus AVO intercept plot. For this, the determined re
ection coe�cients

of each location across the BSR (Fig. 3.13 A) are plotted against sin2 � and the best-

�tting lines in a least-square sense are determined. This results in the AVO intercept and

gradient as described by Shuey's Zoeppritz approximation (Eq. 3.11)(Fig. 3.13 B). The

crossplot of the determined AVO gradients and AVO intercepts in Fig. 3.13 C displays

a trend from low negative AVO intercept and negative AVO gradient in the basin of the

study area to high negative AVO intercept and positive AVO gradient towards the towards

the top of the ridge in the study area.

In order to support the �ndings of the intercept and gradient analysis and to gain a

more in-depth understanding of the elastic parameters across the BSR for the two end-

member trends identi�ed in Fig. 3.12 B, I perform a more extensive study of the two

AVA trends. I take a BSR pick each out of the areas characterised by the two trends

- location 1 for increasing re
ection coe�cient with o�set and location 2 for decreasing

re
ection coe�cient with o�set (locations of the BSR picks are shown by black rectangles

on y-axis in Fig. 3.12) - and perform a grid search for the two locations to determine

the best-�tting elastic parameters (VP , VS, � ) that generate AVA behaviour that best

matches the FWI AVA trends. Fig. 3.14 A and B display the apparentAVA curves

and determined re
ection coe�cients for locations 1 and 2, respectively. For the study,

I calculate the AVA curve for di�erent combinations of upperand lower P-wave velocity,

S-wave velocity and density. For the P-wave velocities I take the picked values from the

�rst o�set velocity model as these are probably quite close to the true velocity and vary

the velocities from - 10% to +10 % of the picked value. I vary the S-wave velocities

from 500 m/s to 1200 m/s and the densities from 1800kg=m3 to 2300 kg=m3. I insert

all possible combinations (total number of 1,777,561) of the parameter values into the

Zoeppritz equation and calculate the re
ection coe�cient (RP ) value for the same angles

I have determined the re
ection coe�cient via the FWI AVA metho d for. I compare the

resulting AVA values with the FWI AVA values and calculate their �t. The best-�t AVA

curves for the two locations are displayed by the dashed black lines in Fig. 3.14 A and B.

With this method, I am not able to resolve the actual parameters of the subsurface but

their contrasts across the re
ector as this contrast is impacting the AVA in the seismic

data. I am able to calculate the change of any parameter dependent on VP , VS and �

across the BSR and display its �t for the FWI AVA re
ection coe�c ients. In Fig. 3.14

C and D I display the �t for di�erent values of the impedance contrast and the Poisson's

ratio contrast. Included are only the combinations whereVP 2 < VP 1. The dark areas on

the plot show where the best-�tting elastic parameter ratios are concentrated. The �gure

gives a clear overview of the uncertainty of the evaluated best-�t parameters. Here, the

in
uence of the Poisson's ratio contrast becomes apparent.A negative Poisson's ratio
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contrast leads to a negative gradient and a positive Poisson's ratio contrast leads to a

positive gradient.

A B

C D

E

Figure 3.11: 3D full-waveform inversion (FWI) o�set velocity models and locati ons of velocity picks.
The displayed slice is located in the middle of the 3D cube and correlates with the location of the 2D
FWI model. The points show the location of the upper (grey) and lower(black) velocity picks across the
bottom-simulating re
ector (BSR). White points show excluded er roneous picks due to the picking being
disturbed by faults or artefacts. A) First o�set model (200 m - 1200 m, 11 Hz). B) Second o�set model
(450 m - 1450 m, 11 Hz). C) Third o�set model (700 m -1700 m, 11 Hz). D) Fourth o�set model (950 m
- 1950 m, 11 Hz). E) Fifth o�set model (1200 m - 2200 m, 11 Hz).
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A

B

Figure 3.12: Picked velocities and resulting re
ection coe�cients for pick ing approach 1). A) Picked
upper/lower velocities in the full-waveform inversion (FWI) o� set models. B) Determined elastic/acoustic
re
ection coe�cients along the pro�le. The black triangles on the x-ax is show locations 1 and 2 in Fig.
3.14. The colour coding in the �gure displays the di�erent o�set runs : Dark red: �rst (200 m - 1200 m),
blue: second (450 m - 1450 m), green: third (700 m - 1700 m), orange: fourth (950 m - 1950 m), yellow:
�fth (1200 - 2200 m). Grey points show excluded erroneous picks.
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3.3.2 AVO results

By applying the FWI AVA method on 3D �eld data, I am able to extract AVA information

along the BSR at the Puke Ridge. I resolve varying AVA trends along the BSR which can

easily be identi�ed in Fig. 3.13 C. The �gure reveals a clear trend from lower negative

intercept values (� -0.05) and negative gradients (� -0.2) in the basin area to higher

negative intercept values (� -0.1) and positive gradients (� 0.16) at the upper slope/top

of the ridge. Towards the southeast side of the ridge, the results do not show a clear

trend but are generally characterised by negative gradients and high negative intercept

values. The regions of negative and positive gradient correlate with the two trends of

increasing and decreasing re
ection coe�cient with o�set determined by the FWI AVO

method, respectively (Fig. 3.12). The �t of the Poisson's ratio change across the BSR for

the two trends (Fig. 3.14 C and B) implies that the AVO trends are caused by di�erences

in the Poisson's ratio change. Location 1 is characterised by an increase in absolute value

of the re
ection coe�cient is best-�t by negative Poisson's ratio contrasts (-0.1 - -0.21)

and location 2 is characterised by a decrease in absolute value of the re
ection coe�cient

is best-�t by slightly positive Poisson's ratio contrasts (0 - 0.05). As the Poisson's ratio

is mainly dependent on theVP VS ratio, these values seem to be di�erent for the two

resolved AVO trends. The �t for the impedance contrast supports the result from the

Shuey analysis. Best-�t values of -0.02 - -0.04 for location1 agree with the AVO intercept

values for the basin area (Fig. 3.13 C) and best-�t values of -0.06 - -0.08 for location 2

agree with the AVO intercept values for the upper slope.

Overall, the extracted AVA trends look sensible and within the range of expected AVA

values which gives me con�dence in the results and the proposed FWI AVO method.

However, there are also things that should be regarded when interpreting the results and

could be done to improve their quality and reliability. My study area at the Puke Ridge is

geologically complex which might in
uence the illumination coverage leading to irregular

subsurface fold. To exclude any interference of this e�ect into the FWI AVO result, ray

tracing could be done to display the ray paths and investigate the actual illumination. Ray

tracing would also improve the results because it would allow to correlate more accurate

angles with the o�set values. The straight ray approach I useat the moment only gives a

rough approximation. Furthermore, while Fig. 3.12 B displays generally distinct trends,

the �rst angle inversion often falls out of these. I think that this might be explained by

missing nearest-o�set data for the outer recordings of the 3D dataset. For future studies,

it should be ensured that the used o�set ranges are fully covered by all streamer datasets.

To further evaluate the FWI AVO method, I compare its results with AVO values based

on rock-physics modelling. A detailed discussion about this can be found in Chapter 5.
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A

B

C

Figure 3.13: Amplitude-versus-o�set (AVO) intercept and AVO gradient from ful l-waveform inversion
(FWI) AVO analysis. A) Rough sketch of study area underlain by grey FWI m odel. Coloured points
show the horizontal location of the FWI AVO results displayed in B and C along the BSR. The black
triangles on the y-axis show the location 1 and 2 in Fig. 3.14. B) Points showthe determined re
ection
coe�cients by the FWI AVO approach. The lines are least-square �tte d through the discrete values. The
colouring correlates with the indicated locations in A. C) Crossplot of the AVO intercept and gradient
based on Shuey (1985). The colouring correlates with the indicated locations in A.
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A B

C D

Figure 3.14: Grid search for elastic parameters of amplitude-versus-angle (AVA) trends for two locations
along bottom-simulating re
ector (BSR) (see Fig. 3.12 and 3.13 for locations). A) AVA trend for location
1. B) AVA trend for location 2. For A) and B) coloured lines display acoustic AVA curves determined from
o�set models (apparent AVO). Coloured points display determined elastic re
ection coe�cients. Black
dashed lines display best-�t Zoeppritz AVA curves determined by grid search for elastic parameters. C)
Fit for tested values of impedance contrast and Poisson's contrast for location 1. D) Fit for tested values
of impedance contrast for location 2. For C) and D) black dashed lines display a Poisson's contrast of
zero.
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4 Rock-physics modelling of a BSR

Rock-physics modelling is a tool to relate elastic rock properties (elastic moduli, density,

P-wave and S-wave velocity, impedance, Poisson's ratio) tothe porosity, lithology and

pore 
uid of a rock (Dvorkin et al., 2014). Here, I apply rock-physics modelling to extract

saturations of gas hydrate and free gas across a BSR at a thrust ridge, Puke Ridge, within

the Hikurangi accretionary prism. I use P-wave velocities from FWI models as reference

velocities for the modelled gas hydrate and gas saturation.

In section 4.1 I describe the methods used perform rock-physics modelling and in section

4.2 I apply them to data acquired in my study area.

4.1 Rock-physics modelling theory

The aim of rock-physics modelling is to model relationshipsbetween di�erent types of rock

properties. In geophysical measurements, the travel-times, amplitudes and phases of seis-

mic waves are recorded and used to obtain seismic properties, i.e. velocities, impedance,

etc. However, the purpose of these measurements is often to gain knowledge about the

underlying physical properties of the rock, i.e. the lithology, the porosity, the pore 
uid

(Mavko et al., 1998).

For this, an earth model is created based on the geological information available for the

region of interest and, subsequently, the belonging elastic, seismic parameters can be

calculated (Mavko et al., 1998; Sch•on, 2015; Carmichael, 1989). Rock-physics modelling

allows to alter the earth model (e.g. change of pore 
uid, mineralogy, porosity, ...) and

adjust it in order to �t the recorded seismic properties. This is achieved in a two-step

approach. First, the parameters for a background medium, i.e. fully brine-saturated, are

calculated. In a second step rock properties can be changed and the in
uence on the

elastic parameters can be determined, e.g. the brine can be subsequently replaced by

another pore 
uid (see sketch in Fig. 4.1).

In the �rst step of the modelling, the background earth modelis assembled out of di�erent

components { the minerals, the 
uid, the dry rock frame and the porosity (Fig. 4.1). At

the most fundamental level, the rock itself is composed of minerals and pore 
uid. As

the rock does not consist of a singular mineral and rather is aconglomerate of multiple

minerals, the e�ective mineral elastic moduli need to be calculated (section 4.1.1.1). The

bulk modulus and density of 
uids depend on their composition and setting. In section

4.1.1.1, I discuss the calculation of these parameters for brine and methane gas. After-

wards, the parameters of the rock, i.e. the dry rock frame, need to be derived. However,

there are di�erent ways to do this (Fig. 4.1). As I do not have direct measurements from

humidity-dried core samples, there exist two other approaches, both of which I use in

this thesis. I refer to method 1 as the inverse Gassmann approach (Dvorkin et al., 2014;

Carcione et al., 2011; Carcione and Gei, 2004; Grana, 2016; Rubino et al., 2011)(section
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4.1.1.2) and to method 2 as the rock model approach (Santos etal., 2011; Hossain et al.,

2011; Andersen and Johansen, 2010; Dutta et al., 2010) (section 4.1.1.2). The work
ow

for the inverse Gassmann approach is shown by the red arrows in Fig. 4.1. In this study

logging data provide information about seismic parametersin the subsurface which are

used to calculate the elastic parameters of the 
uid-saturated medium. These values can,

subsequently, be used to calculate the parameters of the dryrock frame. If no borehole

data are available, the rock model approach is usually performed. The work
ow for the

rock model approach is shown by the blue arrows in Fig. 4.1. In this approach, a rock

model approximates the dry rock frame. There are di�erent model types that can be used

for this (Reine, 2017; Mavko et al., 1998). Based on the geometrical idealisation of the

model (Sch•on, 2015) they can be divided into simple layer models which deliver upper and

lower bounds for a given composition (Voigt, 1889; Reuss, 1929; Hashin and Shtrikman,

1962, 1963), sphere pack models, also known as contact models, which approximate the

rock by solid grains (Dvorkin and Nur, 1996; Hertz, 1882; Mindlin, 1949; Gassmann, 1951;

Digby, 1981) or inclusion models which model inclusions into a solid matrix (Kuster and

Toks•oz, 1974; Hudson, 1980; Budiansky and O'connell, 1976). The disadvantage of this

method is that a model is always based on assumptions in orderto simplify the com-

plex internal structure of a natural heterogeneous rock. Inthis study, I use a sphere pack

model based on the Hertz-Mindlin contact theory (Mindlin, 1949; Dvorkin and Nur, 1996;

Helgerud et al., 1999; Ecker et al., 2000) which models the rock as a dense random pack

of identical spheres. At the topmost level, the dry rock frame needs to be saturated with

pore 
uid. For the background model usually a fully brine-saturated medium is modelled

(Fig. 4.1)(see section 4.1.1.3).

The parameters of the background medium, i.e. elastic moduli and � of the dry rock

frame, the 
uid-saturated medium and the mineral frame as well as the bulk modulus

and � of the pore 
uid as well as the porosity,VP and VS are used as an input for the

second step of the modelling (Fig. 4.1).

In the second part of the modelling, the brine is substitutedby another 
uid (Fig. 4.1).

The application of rock-physics modelling for a BSR requires the replacement of brine

with either gas hydrate or free gas. There are di�erent ways to model the �lling of the

pore space by these two 
uids. For the gas hydrate, I use two di�erent models - one

where the gas hydrate is added as another mineral (see section 4.1.2.1) and another one

where gas hydrate is added as another 
uid (see section 4.1.2.2) (Helgerud et al., 1999;

Ecker et al., 2000; Turco et al., 2020; Navalpakam et al., 2012). For the free gas, I model

one scenario where the free gas is homogeneously distributed (see section 4.1.2.2) and one

where it is patchily distributed (see section 4.1.2.3) (Dvorkin and Nur, 1998; Navalpakam

et al., 2012; Dvorkin et al., 2014).
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Figure 4.1: Rock-physics modelling steps. The work
ow is divided into two main parts: step I)
calculating the background, brine-saturated medium, step II) substituting the brine with either gas
hydrate or gas. For step I, I use two di�erent approaches in this thesis. Method 1 is the inverse
Gassmann approach which is highlighted by the red arrows. Method 2 is the rock model approach which
is highlighted by the blue arrows.

4.1.1 Step I: Elastic moduli of background model

4.1.1.1 Mineral frame and pore 
uid

Minerals

In general a rock is composed of multiple minerals with each having its own bulk and shear

modulus. To calculate the e�ective mineral bulk and shear modulus of the multi-mineral

rock, bounds or averages are used.

Reuss (1929) formulated an expression for the e�ective elastic moduli based on the as-

sumption that stresses through a heterogeneous rock would be uniform (isostress model):

K � 1
Reuss =

NX

i =1

f i

M i
; (4.1)

with f i being the volume fraction of thei th component of the rock (minerals) andM i

being the belonging elastic modulus andK being the bulk modulus.

Voigt (1889) assumed that the volumetric strains are uniform through a heterogeneous

body (isostrain model):

K V oigt =
NX

i =1

f i M i : (4.2)

Hill (1952) showed that the Voigt and Reuss estimates are rigorous upper and lower

bounds of the true value of the e�ective bulk modulus. When all constituents are 
uids

with zero shear modulus, the Reuss average describes the e�ective moduli exactly. In

contrast, real isotropic mixtures can never be as sti� as theVoigt bound, except for a

single-phase end member (Mavko et al., 1998). More narrow boundaries for the e�ective
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mineral moduli are described by the Hashin-Shtrikman bounds(Hashin and Shtrikman,

1962, 1963). Hill (1952) proposed that the average of the Voigt and Reuss bounds can

be used to �nd a best estimate for the e�ective mineral moduliwhich is useful when an

actual value and not just an allowable range is needed. The result is strictly heuristic,

but is has been shown to give relatively accurate estimations for minerals of similar bulk

and shear modulus (Mavko et al., 1998). The e�ective mineralbulk K min and shearGmin

modulus thus result as:

K min =
1
2

"
NX

i =1

f i K i +

 
NX

i =1

f i

K i

! � 1#

; (4.3)

Gmin =
1
2

"
NX

i =1

f i Gi +

 
NX

i =1

f i

Gi

! � 1#

: (4.4)

The bulk modulus, shear modulus and density of the individual mineral are usually taken

from the literature where they are obtained from laboratorymeasurements (e.g. Mavko

et al. (1998)).

Fluids

For a mixture of di�erent 
uids the individual properties ar e averaged based on the Reuss

average (Eq. 4.1) as this gives the exact e�ective moduli fora 
uid mixture with zero

shear modulus (Hill, 1952). However, the elastic moduli for a speci�c 
uid can vary de-

pendent on their setting and composition. Therefore, usually empirical relationships are

used to calculate these. In the following, I show how I calculate the elastic properties for

brine and gas based on the equations from Batzle and Wang (1992).

Brine

The bulk modulus, density and the velocity for brine are in
uenced by the tempera-

ture, the pressure and the salinity concentration. Batzle and Wang (1992) published the

following equation:

� w = 1:0 + 10� 6(� 80T � 3:3T2 + 0:00175T3 + 489P � 2TP+

0:016T2P � 1:3 � 10� 5T3P � 0:333P2 � 0:002TP2);
(4.5)

with � w being the bulk density of pure water, T being the temperaturein ‰ and P being

the pressure in MPa.

Based on this the bulk density for brine� b can be expressed as:
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� b = � w + 0:668S + 0:44S2 + 10� 6S[300P � 2400PS + T

(80 + 3T � 3300S � 13P + 47PS)];
(4.6)

whereS is salinity in weight fraction [ppm/1000000].

The P-wave velocity of pure waterVw is given by the following expression:

Vw =
4X

i =0

3X

j =0

wij T i P j ; (4.7)

with the coe�cients wij being

w00 = 1402:85 w02 = 3:437x 10� 3

w10 = 4:871 w12 = 1:739x 10� 4

w20 = � 0:04783 w22 = � 2:135x 10� 6

w30 = 1:487x 10� 4 w32 = � 1:455x 10� 8

w40 = � 2:197x 10� 7 w42 = 5:230x 10� 11

w01 = 1:524 w03 = � 1:197x 10� 5

w11 = � 0:0111 w13 = � 1:628x 10� 6

w21 = 2:747x 10� 4 w23 = 1:237x 10� 8

w31 = � 6:503x 10� 7 w33 = 1:327x 10� 10

w41 = 7:987x 10� 10 w43 = � 4:614x 10� 13:

This can be used to calculate the velocity for brine:

Vb = Vw + S(1170� 9:6T + 0:055T2 � 8:5 � 10� 5T3+

2:6P � 0:0029TP � 0:0476P2) + S1:5(780� 10P+

0:16P2) � 1820S2:

(4.8)

The belonging brine bulk modulus can then be calculated with

K b = � bV 2
b : (4.9)

Gas

The bulk modulus and density of a gas are dependent on the pressure, the temperature

and the type of gas. I use the equation from Batzle and Wang (1992) to calculate the

bulk modulus and density of gas.
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The absolute temperatureTa is given by:

Ta = T + 273:15; (4.10)

with T in ‰.

The pseudo-pressurePr and the pseudo-temperatureTr are calculated with the following

equations:

Pr =
P

4:892� 0:4048G
(4.11)

Tr =
Ta

94:72 + 170:75G
; (4.12)

with P being the pressure in MPa and G being the speci�c gravity of the gas type (or

mixture) which is de�ned by the ratio of the gas density to theair density at 15.6‰ and

the atmospheric pressure.

The density of the gas� g is calculated [g=cm3] by:

� g =
28:8GP
ZRTa

(4.13)

with

Z = aPr + b+ E; (4.14)

E = c � d (4.15)

d = exp
n

�
h
0:45 + 8

�
0:56�

1
Tr

� 2i P1:2
r

Tr

o
; (4.16)

c being

c = 0:109(3:85� Tr )2; (4.17)

b being

b= 0:642Tr � 0:007T4
r � 0:52; (4.18)

a being

a = 0:03 + 0:00527(3:5 � Tr )3 (4.19)

and R, the gas constant being 8.31441 J/(g mol deg).

The adiabatic bulk modulusK G [MPa] calculates as

K G =
P 


1 � ( Pr
Z ) � f

; (4.20)

with


 = 0:85 +
5:6

Pr + 2
+

27:1
(Pr + 3:5)2

� 8:7e� 0:65(Pr +1) ; (4.21)

f = cdm+ a; (4.22)
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m = 1:2
n

�
h
0:45 + 8

�
0:56�

1
Tr

� 2i P0:2
r

Tr

o
(4.23)

4.1.1.2 Dry rock frame

I use two di�erent approaches to determine the parameters ofthe dry rock frame. Method

1 is the inverse Gassmann approach (red arrows in Fig. 4.1) andmethod 2 is the rock

model approach (blue arrows in Fig. 4.1). I will discuss the theory behind both methods

in the following.

Method 1: inverse Gassmann

In method 1 the dry rock frame parameters are obtained using the inverse Gassmann

approach. This approach is usually used when borehole measurements of the elastic

parameters are available.

The shear wave velocityVS and the bulk density � sat of the saturated medium can be

used to calculate its shear modulusGsat :

Gsat = V 2
S � sat : (4.24)

The shear modulus can be used for the calculation of the bulk modulus K sat :

K sat = V 2
P � sat �

4
3

Gsat ; (4.25)

with VP being the P-wave velocity. The elastic moduli can, subsequently, be used as an

input into the inverse Gassmann equation to calculate the elastic moduli of the dry rock

frame (Dvorkin et al., 2014). For the shear modulus applies again

Gdry = Gshear ; (4.26)

and for the bulk modulus follows:

K dry = K min
1 � (1 � � )K sat=Kmin � �K sat=K f

1 + � � �K min =K f � K sat=Kmin
: (4.27)

The determination of the bulk modulus of the mineral parameter and the bulk modulus

of the pore 
uid is carried out as described in section 4.1.1.1.

Method 2: Rock model

In method 2 the dry rock frame parameters are obtained using arock model. Numer-

ous model types for this problem exists (Sch•on, 2015), and Idiscuss here the model I

have used which is a sphere pack model based upon the criticalporosity concept and the

Hertz-Mindlin contact theory (Dvorkin and Nur, 1996; Helgerudet al., 1999; Ecker et al.,

2000).
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The Hertz-Mindlin contact theory (Mindlin, 1949) approximates the rock matrix as a

dense random packing of identical spheres. It describes themechanical interaction be-

tween two smooth, uncemented elastic spheres based on friction and loading by normal

stresses (Mavko et al., 1998). In this model, the rock properties become a function of

porosity, the coordination number and the e�ective pressure. The latter is an important

advantage of such contact models as it allows to account for pressure changes in the sed-

iment.

In the approach adopted here the Hertz-Mindlin model is calculated for the so-called crit-

ical porosity. The concept of critical porosity is based on Nur et al. (1991, 1998) who

demonstrate that most porous materials have a critical porosity � c which breaks their

mechanical and acoustic behaviour into two distinct domains. For porosities lower than

� c, the mineral grains are load-bearing and for porosities greater than � c the rock turns

into a suspension where the 
uid phase is load-bearing (Nur etal., 1998) (Fig. 4.2). In

the load-bearing domain (frame-supported), the moduli decrease from the mineral values

at zero porosity to the suspension value at critical porosity. The geological interpretation

is that the weak suspension state at critical porosity describes the sediment when it was

�rst deposited before compaction and diagenesis. The critical porosity value depends on

the internal structure of the rock. Nur et al. (1998) published critical porosity values for

the most common rocks.

In the adopted approach, I �rst calculate the e�ective elastic moduli at critical porosity

and, subsequently, determine the elastic moduli for the actual porosity by interpolating

between two end-members. In the case where the porosity is lower than the critical poros-

ity, the end-members are the medium with no porosity (i.e. 100% rock) and the medium

at critical porosity. In cases where the porosity is higher than the critical one the two

end-members are the medium at critical porosity and the medium with a hundred percent

porosity (i.e. 100 % 
uid).

Figure 4.2: Concept of critical porosity. Modi�ed from Nur et al. (1998).
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The Hertz-Mindlin e�ective moduli at critical porosity are given by:

K HM = 3

s
C2(1 � � c)2G2

min

18� 2(1 � � )2
P; (4.28)

GHM =
5 � 4�

5(2 � � )
3

s
3C2(1 � � c)2G2

min

2� 2(1 � � )2
P; (4.29)

with C being the coordination number and the e�ective pressureP = ( � s � � f )gh. � m

being the mineral bulk density (mineral density) and� w being the water density. g is the

acceleration due to gravity and h is the depth below the sea 
oor.

The coordination number de�nes the average number of contacts each grain has with

the surrounding grains (Mavko et al., 1998). Coordination numbers for random packings

of spheres have been experimentally determined by countingthe contacts in prepared

samples (Smith et al., 1929; Bernal and Mason, 1960). In general, random packings have

coordination numbers ranging from 6.9 (loose packing) to 9.1 (tight packing) (Mavko

et al., 1998). Thus, the coordination number increases withdecreasing porosity.

The Poisson's ratio of the mineral phase can be calculated by

� = 0:5
K min � 2

3Gmin

K min + 1
3Gmin

(4.30)

Porosity lower than critical porosity:

Figure 4.3: Di�erent models for interpolation between zero porosity and critical porosity. On the left-
hand side porosity is displayed in dependence of P-wave velocityand on the right-hand side porosity
is displayed in dependence of S-wave velocity. Modi�ed from Fig. 15 of Dvorkin (2020) (under the
http://creativecommons.org/licenses/by/3.0).

There are several ways to interpolate between a model with zero porosity and with critical
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porosity (Fig. 4.3). The interpolation is strictly heuristic and the type of interpolation is

matched with the mechanism for reduction in porosity. Dvorkin and Nur (1996) presented

the soft sand model or friable sand model which assumes that the porosity decreases due

to smaller particles that are deposited away from grain contacts. This is also described as

deterioration of the sorting. For this model the modi�ed Hashin-Shtrikman lower bounds

(Eq. 4.31) are used to interpolate between the two end-members. This lower bounds de-

scribe the softest way to mix two phases, i.e. resulting in the lowest e�ective moduli, and

the adding of small grains passively in the pore space is the softest way to add minerals

to well-sorted sand (Sch•on, 2015).

The modi�ed lower Hashin-Shtrikman bound:

K dry =

"
�
� c

K HM + 4
3GHM

+
1 � �

� c

K min + 4
3GHM

#� 1

�
4
3

GHM (4.31)

Gdry = [
�
� c

GHM + Z
+

1 � �
� c

Gmin + Z
]� 1 � Z; (4.32)

where

Z =
GHM

6

 
9K HM + 8GHM

K HM + 2GHM

!

(4.33)

The counterpart to the soft sand model is the sti� sand model which uses exactly the same

end-members but connects them with the modi�ed Hashin-Shtrikman upper bounds (Ruiz

and Dvorkin, 2009). It is commonly used for porosity changes due to diagenesis (com-

paction or larger cement volumes).

The modi�ed upper Hashin-Shtrikman bound:

K dry =

"
�
� c

K HM + 4
3Gmin

+
1 � �

� c

K min + 4
3Gmin

#� 1

�
4
3

Gmin (4.34)

Gdry = [
�
� c

GHM + Z2
+

1 � �
� c

Gmin + Z2
]� 1 � Z2; (4.35)

where

Z2 =
Gmin

6

 
9K min + 8Gmin

K min + 2Gmin

!

(4.36)

Dvorkin and Nur (1996) also o�ered a model for granular sediments where the porosity

reduction happens due to diagenetic cement accumulating around the grains. This model

is called the contact cement model. Cementation has a more rigid sti�ening e�ect be-

cause the grain contacts are 'glued' together (Sch•on, 2015). The contact-cement model

represents the initial stage of the 'diagnetic trend' and was found to be applicable to
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high-porosity sands. When the cementation is progressing and the diagnetic cement is

�lling up the pore space, the contact theory brakes down and the sti� sand model should

be used (Sch•on, 2015) (see Fig. 4.3).

Another model is the constant cement model which was introduced by Avseth et al.

(2000). For this model it is assumed that the granular material experienced some inital

cementation but any further porosity reduction is due to non-cementing material being

added to the pore space. For this the high-porosity endmember can be selected on the

contact cement or sti� sand curve or determined by the Hertz-Mindlin equation (Eq. 4.28

and 4.29) with an unrealistically high coordination numbern (e.g. n=15). The inter-

polation with two end member is then performed with the soft connection of the lower

modi�ed Hashin-Shtrikman equation (Eq. 4.31).

Porosity larger than critical porosity:

For the case of the porosity being larger than the critical porosity, the matrix becomes

a suspension. Dvorkin et al. (1999) o�ered a model for the elastic moduli between the

two endpoints from the Hertz-Mindlin moduli at critical porosity to full porosity (100 %).

Unlike the Reuss suspension model (Eq. 4.1) Dvorkin et al. (1999)'s model assigns non-

zero elastic constants to the dry-sediment frame and can predict the shear wave velocity.

To connect between these two endpoints they use the upper modi�ed Hashin-Shtrikman

equation:

K Dry =

"
1� �
1� � c

K HM + 4
3GHM

+
� � � c
1� � c

4
3GHM

#� 1

�
4
3

GHM (4.37)

Gdry = [
1� �
1� � c

GHM + Z
+

� � � c
1� � c

Z
]� 1 � Z; (4.38)

where

Z =
GHM

6

 
9K HM + 8GHM

K HM + 2GHM

!

(4.39)

4.1.1.3 Fluid-saturated medium

In the previous section I described the rock model approach used for obtaining e�ective

elastic moduli for the dry rock frame. In the next step, I �ll the voids with brine and

calculate the elastic moduli and the bulk density for a 
uid-saturated medium (blue arrows

in Fig. 4.1). For the inverse Gassmann approach the elastic moduli of the saturated

medium are already known.

Since the pore 
uid has zero shear modulus, I assume that it does not contribute to the

shear modulus of the 
uid-saturated rock. Thus, it follows:

Gsat = Gdry : (4.40)
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Gassmann (1951) derived an equation for the e�ective bulk modulus of the 
uid-saturated

rock. For this, the bulk modulus of the mineral phaseK min , the bulk modulus of the dry

porous rockK dry , the bulk modulus of the pore 
uid K f l , and the porosity � must be

known.

K sat = K min

�K dry � (1+ � )K f l K dry

K min
+ K f l

(1 � � )K f l + �K min � K f l K dry

K min

(4.41)

For this relationship to be valid, certain assumptions haveto be made (Sch•on, 2015;

Dvorkin et al., 2014):

ˆ The rock is macroscopically homogeneous, i.e. can be described by a single bulk

modulus and density, and isotropic (wavelength> grain and pore size).

ˆ The pressure in the pore 
uid is locally uniform which usually requires a high per-

meability of the rock and a low wave frequency (< 100 Hz).

ˆ Pores are �lled with a homogeneous, i.e. can be described by asingle bulk modulus

and density, non-viscous, frictionless 
uids.

ˆ The rock-
uid system is closed, i.e. no 
uids escape from therock.

ˆ The pore 
uid does not cause any changes in the minerals or dryrock frame.

The e�ective density of the 
uid-saturated rock is the volumetrically-weighted average of

the mineral and 
uid densities:

� sat = �� f l + (1 � � )� min (4.42)

With the elastic moduli known, the elastic wave velocities are calculated from the following

equation:

Vp =

s
K sat + 4

3Gsat

� sat
(4.43)

Vs =

s
Gsat

� sat
; (4.44)

4.1.2 Step II: Fluid substitution

The following section will discuss di�erent ways to replacethe pore 
uid with another


uid or mineral. I am interested in the e�ects of gas hydrate and gas on the elastic mod-

uli, and, therefore, I will discuss the usually applied models for these cases. For a pore


uid replacement by gas hydrate a di�erentiation is generally made between modelling

the added hydrate as a mineral or as a 
uid (Helgerud et al., 1999; Ecker et al., 2000;
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Turco et al., 2020; Navalpakam et al., 2012). For a pore 
uid replacement by gas a dif-

ferentiation is usually made between a uniform distribution of gas in the pore space or

a patchy distribution (Dvorkin and Nur, 1998; Navalpakam et al., 2012; Dvorkin et al.,

2014).

4.1.2.1 Adding a mineral (gas hydrate)

The replacement of the pore 
uid by gas hydrate treated as a mineral, will lead to

two e�ects: �rst, the porosity of the rock will be reduced andsecond, the bulk and shear

modulus of the dry rock frame will change (Ecker et al., 2000).

I will calculate the e�ect of the volumetric gas hydrate saturation in the pore spaceSh on

the elastic moduli as well as on velocities and density. Afteradding a certain amount of

gas hydrate in the pore space, the remaining volumetric 
uidsaturation Sf l in the pore

space is de�ned by:

Sf l = 1 � Sh (4.45)

Based on this the reduced e�ective porosity�� can be expressed as:

�� = � (1 � Sh) = �S f l ; (4.46)

with � being the initial porosity.

When hydrate is treated as a mineral, the volumetric fractionwithin the solid phasef h

is given by:

f h =
�S h

1 � � (1 � Sh)
(4.47)

As I am adding another mineral component, the e�ective bulk and shear modulus of the

mixed minerals need to be newly calculated with Reuss-Voigt-Hill's average (Eq. 4.3 and

4.4). Adjusted to this case, it leads to the following expression:

K min =
1
2

(f hK h + (1 � f h)K minOr ) + (
f h

K h
+

1 � f h

K minOr
)� 1 (4.48)

Gmin =
1
2

(f hGh + (1 � f h)GminOr ) + (
f h

Gh
+

1 � f h

GminOr
)� 1; (4.49)

with K minOr being the e�ective bulk modulus of the original mixed mineral components

without hydrate, GminOr being the e�ective shear modulus of the original mixed mineral
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component without hydrate.

If gas hydrate is part of the rock frame, then the density of the solid phase� s is changed

to:

� s = f h � h + (1 � f h)� min (4.50)

These results are used as an input for the Mindlin-Hertz equations at critical porosity

(Eq. 4.28 and 4.29). The whole calculation is started again with the new bulk and shear

modulus of the mineral phase, porosity and density.

4.1.2.2 Adding another 
uid (gas hydrate or homogeneously distributed gas)

In the case of a purely 
uid-by-
uid replacement, the elastic moduli of the dry part

stay the same, and, therefore, I only adjust the calculationfor the elastic moduli of the

saturated sediment which is calculated with the Gassmann'sequation (Eq. 4.41, 4.40).

The shear modulus remains the same as 
uid is set to have no shear modulus. Therefore:

Gsat = Gdry (4.51)

When adding another 
uid to the pore space-�lling 
uid, this changes the e�ective bulk

modulus of the pore 
uid mixture. For this, I can use the Reussaverage (Eq. 4.1) to

calculate the e�ective bulk modulus of the pore 
uid mixture.

K f l =

"
S1

K 1
+

(1 � S1)
K 2

#� 1

; (4.52)

with K 1=bulk modulus of original pore 
uid, S1=original pore 
uid saturation, K 2=bulk

modulus of added 
uid. This value is then used in equation 4.41 where the bulk modulus

of the saturated sediment is calculated.

If another 
uid is added to the pore 
uid, then the e�ective density of the 
uid � f l changes

to:

� f l = S2� 2 + (1 � S2)� 1 (4.53)

4.1.2.3 Patches of 
uid (gas)

In this model, it is assumed that gas in the sediment is collected in patches which

are much larger than the scale of individual pores and that these 100% gas saturated

patches are surrounded by 100% non-gas saturated sediment.Again, as I just change

the 
uid components of the model, I do not have to change the calculation of the dry
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parameters or the e�ective shear modulus for the fully-saturated sediment. In a �rst step

I calculate the e�ective 
uid-saturated bulk modulus for a fully gas-saturated model and

a fully non-gas saturated model. This is done with the Gassmann equation (4.41).

K satW = K min

�K dry � (1+ � )K w K dry

K min
+ K w

(1 � � )K w + �K min � K w K dry

K min

(4.54)

K satG = K min

�K dry � (1+ � )K g K dry

K min
+ K g

(1 � � )K g + �K min � K g K dry

K min

(4.55)

For the e�ective bulk modulus of this model, I use the equationfrom Hill (1952):

K sat =

"
Sw

K satW + 4
3Gdry

+
1 � Sw

K satG + 4
3Gdry

#� 1

�
4
3

Gdry (4.56)

The e�ective density of the pore 
uid is calculated analogueto the e�ective density of the

homogeneous gas distribution (Eq. 4.53).
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4.2 Rock-physics modelling for a BSR at Puke Ridge

In this section, I take the rock property information provided by three IODP boreholes

(section 1.5.1) as well as velocity models obtained by FWI (chapter 2) and travel time

tomography (Arai et al., 2019) (section 1.5.1) and apply the rock-physics modelling work-


ow based on the two approaches for the dry rock frame, i.e. rock model and inverse

Gassmann approach, described in section 4.1. I apply this work
ow and use di�erent

data and approaches to explore the range of plausible elastic properties for the rocks in

my study area as well as saturations of gas hydrate and free gas across the BSR. Finally,

I use the obtained elastic properties to calculate AVO curves for the BSR, with the in-

tention of comparing these results with the AVO analysis I obtained using the FWI AVO

method in chapter 3.

For the rock model approach, I start by building an earth model of my study area. The

IODP boreholes provide data on the minerals, salinity and ambient temperatures, which

can be utilised when constructing an earth model. The largest unknown, however, is

the porosity, which varies considerably in the IODP boreholes (Sa�er et al., 2019; Barnes

et al., 2019b,a) and is an important parameter in modelling the elastic properties of rocks.

Fortunately, the well data show that porosity correlates well with P-wave velocity (Sa�er

et al., 2019; Barnes et al., 2019b,a), which suggests that I can use the velocity models to

provide reasonable estimates of porosity across the study area.

Here, I introduce the concept of a background velocity model -a velocity model for sed-

iments in the study area that are saturated with brine. Sediments above and below the

BSR are likely to be predominantly brine-�lled while sediments across the BSR are af-

fected by gas hydrate and gas in the pore spaces. Therefore, Iam using a large-scale

velocity model which is either based on strongly smoothed FWI models or a �rst-arrival

travel-time tomography to approximate the background velocities in my study area.

For the second, inverse Gassmann approach, I also need a background velocity model.

The logging data allow me to �nd relationships between the P-wave velocity and the

S-wave velocity as well as the porosity. By use of the background velocity model, I can,

subsequently, �nd the S-wave velocities and porosities forthe study area.

In section 4.1 I explain that rock-physics modelling allowsfor altering the earth model to

�t recorded seismic properties. I perform this modelling inorder to identify the cause for

a BSR along the Puke Ridge. A BSR is caused by gas hydrate overlying free gas in the

subsurface. These changes in pore 
uid compared to a brine �lling in
uence the P-wave

velocities. Therefore, in order to estimate the gas hydrateand gas content, I take the

di�erence between the FWI velocity model and the background velocity model, and make

the assumption that the velocity di�erence is caused by either gas or hydrate occupying

the pore spaces. I calculate the amount of gas hydrate and gasneeded to account for the

velocity di�erence in the FWI and the background velocity model.
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In total, I estimate the gas hydrate and gas saturations for 144 di�erent scenarios (see

table 4.1). I start by calculating the 
uid-saturated medium (step I in Fig. 4.1) using the

two di�erent methods - inverse Gassmann approach and the rock model. For the inverse

Gassmann approach I use �ve di�erent relationships determined by the borehole data and

the literature. Thus, I have six di�erent ways to calculate the 
uid-saturated medium and

I have two di�erent background velocity models (a smoothed FWImodel and the travel-

time tomography model) I use for the calculation. Step II in the modelling (Fig. 4.1)

describes the 
uid substitution. I start by �nding the velocity di�erence between three

FWI models and two di�erent background velocity models which are the background ve-

locities for twelve di�erent 
uid-saturated media. For each of these 36 combinations, I

use four di�erent methods of 
uid substitution: gas hydrateas pore 
uid, gas hydrate as

sediment, free gas homogeneously distributed, free gas patchily distributed (Table 4.1).

In section 4.2.1 I discuss which smooth background velocitymodel and FWI velocity

models I am using for my work
ow.
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Table 4.1: Modelled rock-physics combinations to determine gas hydrate and gas saturations for the two
approaches (inverse Gassmann, rock model), the di�erent full-waveform inversion (FWI) models (A/B/C)
and the two background models (smooth FWI model A/B/C, travel time (TT ) tomography model).

118



4.2.1 Background and FWI velocity models

P-wave velocity is assumed to be dominantly controlled by lithology, pressure, porosity

and pore 
uid. Away from the BSR the pore space will principally be full of brine, whereas,

across the BSR, the velocity increases with increasing concentrations of hydrate and de-

creases with increasing saturation of gas. The applicationof long-wavelength smoothing

on the FWI models helps to minimise the smaller-scale velocitychanges associated with

the presence of gas and hydrate and, I, therefore, argue thatthe main di�erence between

the smoothed velocity model and the FWI model is caused by changes in the pore 
uid,

i.e. gas hydrate or gas. Thus, I use a smoothed large-scale velocity model which I assume

to be una�ected (or minimally a�ected) by changes in pore 
uidas a proxy for background

velocities and use the �nal unsmoothed FWI velocity model (chapter 2) to estimate the

gas hydrate and gas saturations

As discussed in Chapter 2, the FWI velocity models generated with data included up to

4500 m o�set and the full o�set resolve the same structures but are di�erent in terms of

absolute velocity due to anisotropy and elastic e�ects coming into play for the longer-o�set

data. In order to show the full range of possible scenarios for our modelling and satura-

tion estimations, I use both velocity models (4500 m o�set, full o�set) for the modelling.

Furthermore, I also use a third velocity model where the full-o�set model was the starting

velocity model and data up to 3000 m o�set was included to go upto a frequency of 11 Hz.

In terms of velocities it lies somewhere between the two previously mentioned models but

goes to higher frequencies. For simplicity, I call the modelgenerated with data including

4500 m o�set model A, the model generated with the full data model B and the model

going up to 11 Hz and data including 3000 m o�set model C. Fig. 4.4A, 4.5 A and 4.6

A show model A, B and C, respectively. The FWI models show velocity undulations due

to the pore 
uid variations and clearly display higher velocities overlying lower velocities,

that generate the BSR in the seismic re
ection data. From allthree FWI models, I also

generate a smooth P-wave velocity model to be used as a background velocity model. I

argue that by heavily smoothing over the positive and negative velocity anomalies caused

by gas hydrate and free gas, respectively, the resulting velocity model should be only

weakly a�ected by changes in pore 
uid. Fig. 4.4 B, 4.5 B, 4.6 B contain the smoothed

versions of the respective models. The smoothed models do not reveal any small scale

velocity variations but a general depth increasing trend. For the FWI runs, I used the

travel time tomography model from Arai et al. (2019) as a starting model (Fig. 4.4 C).

The model only contains large-scale velocity changes in accordance with the resolution of

travel time tomography and the experimental geometry of theOBS used to acquire the

data. In Chapter 2, I showed that this model generated synthetics that matched the ob-

served �rst-arrival travel times well. The �rst-arrival tr avel time tomography model does

not include an obvious velocity inversion in the region of the BSR but shows an expected
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increase of velocity with depth. Therefore, I use the traveltime tomography model as

another background model. However, I understand that deposits of gas hydrate and free

gas in
uence the travel times of seismic waves in the subsurface and, consequently, are

likely to in
uence the velocities in the travel time tomography model.

A B

C

Figure 4.4: 3D full-waveform inversion (FWI) velocity models. The displayed slice is located in the
middle of the 3D cube and correlates with the location of the 2D FWI model(see section 2.4). A) FWI
model A. B) smoothed FWI model A. C) travel-time (TT) tomography mode l from Arai et al. (2019).

A B

Figure 4.5: 3D full-waveform inversion (FWI) velocity models. The displayed slice is located in the
middle of the 3D cube and correlates with the location of the 2D FWI model(see section 2.4). A) FWI
model B. B) smoothed FWI model B.
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A B

Figure 4.6: 3D full-waveform inversion (FWI) velocity models. The displayed slice is located in the
middle of the 3D cube and correlates with the location of the 2D FWI model(see section 2.4). A) FWI
model C. B) smoothed FWI model C.

4.2.2 Step I: Elastic moduli of background model

In this �rst part of the modelling, I determine the elastic parameters of the fully brine-

saturated background medium. The results will, subsequently, be used in the second part

of the modelling - the 
uid substitution in section 4.2.3.

4.2.2.1 Mineral frame and pore 
uid from borehole data

In this section, I discuss the mineralogy and the 
uid parameters determined by well

data and used for the rock-physics model of the study area.

In section 1.5.2, I discussed that gas hydrate at site U1519 was mainly found in 'silt layers'

or 'coarse-grained sediment layers' (Barnes et al., 2019b)which is a typical type of gas

hydrate deposit as explained in section 1.3. Therefore, formy modelling I assume that the

gas hydrate at the Puke Ridge is accumulating in sandy/siltylayers between mudstones.

Fig. 1.8 shows the determined lithology of the incoming plateat site U1520. In the upper

part interbeds of silt and sand are cored and their mineral composition is determined (�

13.9 % clay,� 54.8 % quartz, � 25.9 % feldspar� 5.4 % calcite)(see arrow 1 in Fig.

1.8). I use this mineral composition in the modelling. I assume a uniform lithology given

the observation of a consistent BSR that is likely to be hosted within sand. I also do not

have the data to constrain a more complex model. The deeper sediments at site U1520

contain a thick sequence of chalks that is characterised by high velocities (see arrow 2

in Fig. 1.8). In Fig. 1.6 C a velocity model of the area reveals high velocities streaks

in the upper plate probably originating from these chalk layers of the incoming sequence

that have been underthrusted in the subduction process. However, as I do not see these

high-velocity layers continuing up to the Puke Ridge, and ingeneral, not see velocities

that high in the study area, I assume that chalk is unlikely tobe present at the Puke

Ridge.

The bulk and shear moduli as well as density of the individualminerals are taken from the

literature where they are typically based on laboratory experiments (Table 4.2). A special
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case is clay for which the bulk and shear modulus di�ers largely dependent on the com-

position of the clay. From the drilling data I only know that it is composed of smectites,

ilite, chlorite and kaolinite (Sa�er et al., 2019) but not the individual fractions. Therefore,

I use a value for clay which was also used by Navalpakam et al. (2012) for rock-physics

modelling in this area. The feldspar is composed of Plagioclase and K-feldspar (Sa�er

et al., 2019), but further information about the composition is not provided. Therefore,

I take an average of the bulk modulus of the two minerals. The used values are shown in

Table 4.2.

As discussed in section 4.1, the parameters of 
uids vary dependent on their setting. In

order to calculate these, the salinity, the temperature andthe pressure is needed. I deter-

mine the salinity from core samples at site U1518 (Fig. B.2 A). The salinity stays quite

constant over the whole depth of the sampling. Therefore, I use an average value of 34.47

ppt. I calculate the temperature at BSR depth from the temperature gradients deter-

mined by �tting downhole estimated equilibrium temperatures (Fig. B.3). For this, the

temperature at di�erent depths of the borehole was measuredas well as the temperature

decay after the insertion of the drilling tool which allows to extrapolate the equilibrium

temperatures. The bottom water temperature which results out of �tting the tempera-

ture measurements will be more similar to the study area at the U1519 location than at

the U1518 location which lies over 1 km deeper and at the location of U1520 which lies

even deeper. Therefore, I take the U1519 borehole measurements. For these a gradient

of 0.024‰/m was chosen as the best �t (Barnes et al., 2019b). This gradient results in

a sea bottom water temperature of 5.7‰ . The temperature at the BSR depends on its

depth below the sea
oor which I calculate and adjust during the modelling. During the

drilling of U1518, pore pressure measurements were attempted using a StethoScope tool

but all three attempts failed because of poor sealing of the tool against the borehole wall

(Sa�er et al., 2019). However, as the BSR depth is quite shallow (< 500 mbsf), the normal

hydrostatic pressure and the pore pressure will not di�er much and I, therefore, assume

hydrostatic pressure for the calculations. However, the hydrostatic pressure, apart from

the depth of the BSR and the acceleration due to gravity, is also dependent on the water

density which itself is dependent on the pressure (see equation 6.3 in Chapter 4.1). The

water density is also dependent on the temperature as well asthe salinity. The literature

shows that in our temperature range the in
uence of the pressure on the water density

is very minimal (Batzle and Wang, 1992). I, therefore, take avalue for the brine density

from a temperature-salinity diagram (Suckow et al., 1995) -� 1025.5kg=m3 and use it

to calculate the hydrostatic pressure. I use the calculation from Batzle and Wang (1992)

(described in section 4.1) to determine the bulk modulus anddensity of the brine for each

grid point in the model individually.

I also calculate the bulk modulus and the density for the freegas for every grid point

within the model based on the work
ow from Batzle and Wang (1992) (described in
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Chapter 4.1). For this I need the speci�c gravity (G) of methane gas which I take from

Mavko et al. (1998) and the temperature T and the pore pressure for which I use the

same values as for the calculation of the brine parameters. The gas hydrate parameters I

take from Helgerud et al. (1999) (Table 4.2).

4.2.2.2 Dry rock frame

Here I describe the methods used - rock model and inverse Gassmann approach - to

determine the elastic parameters of the dry rock frame (see Fig. 4.1).

Rock model

In section 4.1.1.2, I discussed the use of a rock model as a wayto determine the elastic

parameters of the dry rock frame. Here, I explain its application to the study area.

The background velocity models (section 4.2.1) do not only show a vertical velocity trend

but also a horizontal one with increasing velocities towards the top of the ridge (Fig.

4.4, 4.5 and 4.6). This is likely to be caused by varying levels of consolidation due to a

di�erential burial history. These changes are incorporated in the modelling by making

porosity a free parameter, and adjusting porosity values sothat the calculated P-wave

velocity model closely matches the velocity in the selectedbackground model. I do this

by performing these calculations for every grid point in themodel individually. This also

allows me to adjust the depth below the sea
oor and subsequently the pressure in the

modelling for every grid point. Further �xed parameters needed for the modelling are

shown in Table 4.2.

Applicability of rock models in study area

In section 4.1 I outlined four common models used for the modelling of the rock matrix

- soft sand, sti� sand, contact cement and constant cement. The soft sand and the sti�

sand models are the two end-members with the �rst one describing porosity reduction in

sediment by particle deposition away from grain contacts and the latter one explaining

it with ongoing diagenesis. To investigate which rock matrix model might be the most

appropriate for the study area, I perform rock-physics modelling with the soft sand and

the sti� sand model for the location of site U1518. This allowsme to compare the

modelled P-wave velocity results with the wireline (LWD) measurements of the P-wave

velocity for borehole U1518. For the modelling, I use mineraland density data obtained

from the boreholes which include depth-dependent mineral concentrations from the bulk

powder X-ray di�raction (XRD) analysis (Fig. B.1) as well as depth-dependent grain

density data determined from discrete samples of boreholesU1518E/F (Fig. B.2 C). I

calculate the depth-varying temperature based on the sea
oor temperature (1.64‰), and

the temperature gradient of 0.035‰/m determined for site U1518 (Fig. B.2 B). As the

salinity stays very constant over the depth of the measurement, I use the average value
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Components K G � reference
Clay 56.5 GPa 20.3 GPa 2580kg=m3 Mavko et al. (1998)
Quartz 37 GPa 44 GPa 2650kg=m3 Carmichael (1989)
Feldspar (Plagioclase) 37.5 GPa 15 GPa 2630kg=m3 Carmichael (1989)
Feldspar (K-feldspar) 75.6 GPa 25.6 GPa 2620kg=m3 Mavko et al. (1998)
Calcite 76.8 GPa 32 GPa 2710kg=m3 Simmons (1965)
Gas Hydrate 7.9 GPa 3.3 GPa 900kg=m3 Helgerud et al. (1999)
Coordinate number 9
Critical porosity 40 %

Table 4.2: Parameters used for the rock-physics modelling. K is the bulk modulus, Gis the shear
modulus and rho is the density.

stated above, i.e. 34.47 ppt (Fig. B.2 A). Together with the temperature, these values

allow to calculate the depth-dependent hydrostatic pressure. I use the wireline logged

NMR porosities (Fig. B.2 D) and take the values in table 4.2 for the bulk and shear

modulus of the individual minerals and the coordinate number. Fig. 4.7 A shows a

comparison between the recorded LWD data (blue line) at site U1518 and the velocities

calculated using the soft sand (red rectangles) and sti� sand model (yellow dots). The

sti� sand velocities are much higher than the LWD velocities,whereas the soft sand model

velocities match the LWD values quite well, even across and close to the fault. The P-

wave velocities at site U1518 cover the range of velocities inthe smoothed FWI velocity

models (see velocities in Fig. 4.4 B, 4.5 B, 4.6) B across the location of the BSR at the

Puke Ridge (� 2000 m/s - � 2400 m/s ). Assuming a similar mineral composition as

well as a similar pore 
uids and pressure in my study area, this indicates a similar level

of consolidation at the two locations and supports the use ofthe soft sand model for my

study area. I also modelled the P-wave velocity for di�erentporosities at shallow (solid

lines) and large depth (dashed lines) for the sti� sand (yellow lines) and the soft sand

model (red lines) and compared it with the measured values (see in Fig. 4.7 B). Similar to

plot A, the measured data follow the curves of the soft sand model and roughly lies within

the depth range de�ned by the two curves. I think this analysis supports the choice of

the soft sand model in the near surface (< 500 mbsf). The sti� sand model for diagnetic

sediments is probably more �tting for deeper layers and is not applicable to the rocks

above and across the BSR in the study area.
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Figure 4.7: Comparison between di�erent rock-physics models (soft sand, sti� sand) (section 4.1) and
data from site U1518 (Sa�er et al., 2019) (under the https://creativecommons.org/licenses/by/4.0/). A)
P-wave velocity versus depth. Blue line: measured logging-while-drilling (LWD) P-wave velocity. Red
rectangles: calculated P-wave velocities with soft sand model. Yellow circles: calculated P-wave velocities
with sti� sand model. The interpretation of the fault zones and the loggi ng units are taken from Sa�er
et al. (2019). B) Porosity versus P-wave velocity. The blue circles show the measured values of nuclear
magnetic resonance (NMR) porosity versus LWD P-wave velocity. The size of the circles indicate the
depth of the measurement increasing from shallow to large depth. The lines show the porosity-velocity
relationship for the di�erent rock models. Solid lines show the results for a shallow depth (1.39 mbsf)
and dashes lines show the results for a large depth (491.64 mbsf). The red lines below a porosity of 0.4
(critical porosity) are based on the soft sand model. The yellow linesbelow a porosity of 0.4 are based
on the sti� sand model. For a porosity above 0.4, i.e. larger than critical porosity, the applicable model
discussed in section 4.1 was used.

Determined porosity models

Fig. 4.8 shows four porosity models that are calculated, as described above, from the

four background velocity models (smoothed FWI velocity models A,B,C and travel time

tomography model from Arai et al. (2019)) described in section 4.2.1. The �gure shows

that the range of porosities for all models is very similar spanning porosities between

0.5 to 0.3 in the vicinity of the BSR location. In general, these porosities appear to

be reasonable as they are similar to NMR porosities measured at the three logging sites

(Sa�er et al., 2019; Barnes et al., 2019b,a) (the measured porosities for the logging sites

U1518, U1519, U1520 are shown in the next section 4.2.2.2 in Fig. 4.9A, 4.10A, 4.11A).

Furthermore, the porosity trends in all models are very similar. The porosity is very

high in all models in the basin and along the slope at the near surface with the region

of high porosity decreasing in thickness towards the top of the ridge. This shape of very
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high porosities correlates well with sedimentary layers that seem to be deposited after the

upthrusting of the ridge (Fig. 1.6 B). I expect these kind of high porosities in shallow

unconsolidated marine sediments. The shape of the high porosity zone is very similar for

the tomography model and model A as well as in model B and C. In the �rst two models

the high porosities further reach towards the top of the ridge. With depth all models

display the same trend of decreasing porosity reaching values of about 0.2 - 0.25 in the

deepest part below the sea
oor.

A B

C D

Figure 4.8: Porosity models generated with the rock-physics modelling approach and based on the
di�erent background FWI velocity models used. Dashed grey lines display the location of the BSR. A)
Travel-time tomography model from Arai et al. (2019). B) smoothed FWI model A. C) smoothed FWI
model B. D) smoothed FWI model C.

Inverse Gassmann

As discussed in section 4.1, I also use an alternative way to determine the elastic param-

eters of the dry rock and saturated frame. In section 4.1.1.2, I show that this approach

is based on knowing the P-wave velocity, the S-wave velocityas well as the density. I

have measurements of the P-wave velocity as well as the S-wave velocity. There are no

measurements of the bulk density available, however, thereare porosity measurements.

The porosity together with the elastic parameters for the mineral frame and the brine

determined in section 4.2.2.1, allow me to calculate the bulk density. Thus, I use the

borehole data to determine aVP { VS relationship and aVP { porosity relationship. The

determined relationships as well as the FWI model allow me to generate an S-wave veloc-

ity model and a porosity model for the area. These models are used to calculate the elastic

moduli of the saturated medium which are inserted into the inverse Gassmann equation

(Eq. 4.27) to determine the elastic parameters of the dry rock frame. As none of the

existing boreholes are located within my study area, i.e. the Puke Ridge, I do not know
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which one of the P-wave velocity { S-wave velocity trends andP-wave velocity { porosity

trends observed in boreholes U1518, U1519, U1520 best represents the lithology within

the study area. To explore the parameter space and obtain a wide range of plausible

results, I use several trends from these boreholes.

Borehole measurements

Fig. 4.9 shows the measured NMR porosity, compressional velocity as well as the shear

velocity for site U1518. The exact measurements as well as a smoothed version is shown.

The data display a decreasing porosity (from� 0.38 to � 0.2) in the upper 300 mbsf.

This is followed by a distinct increase with the porosity reaching its maximum (0.45) at a

depth of 380 mbsf. Below, the porosity is decreasing again - arelatively strong decrease

in the next 100 m to a porosity values of 0.3 is followed by a change to a slowly decreasing

porosity for the rest of the borehole (max. depth of 560 mbsf). The interpretation from

Sa�er et al. (2019) correlates the upper decreasing porosity with the hanging wall above

the fault and the fault zone itself. The strong change to an increase in porosity is corre-

lated with the very top of the footwall. The maximum porosityvalue correlates with an

interpreted subsidiary fault. The P-wave velocity revealsthe same trends in the down-hole

log but is reversed, as expected. For the �rst 300 m the P-wavevelocity increases with

depth (from � 1800 m/s to � 2300 m/s) which is followed by a distinct decrease over the

next 80 m dropping from� 2200 m/s to � 1900 m/s. Below this inversion, the velocity

is increasing again. The S-wave velocity measurements are unfortunately discontinuous

with gaps (Fig. 4.9 C)). The existing data, however, reveal the same trends as the P-wave

velocity. The velocity inversion in the area of the fault shows a decrease from� 700 m/s

to � 600 m/s. Fig. 4.9 D and E show crossplots of porosity and P-wavevelocity as well

as of P-wave velocity and S-wave velocity, respectively. The plots show both the raw and

smoothed data - the smoothed data are used for determining P-wave velocity-porosity

and P-wave velocity-S-wave velocity trends. I also show thetrend of the hanging and foot

wall above and below the fault (green lines in Fig. 4.9). The trend for above and below

the fault is very similar suggesting it existed before the fault rupture. I assume that this

is the trend of higher consolidated material (Dutilleul et al., 2021; Fagereng et al., 2019).

Fig. 4.10 displays the measurements for the same parameters at site U1519. While the

porosity stays quite constant over the whole depth of 600 m and only exhibits a slight

decrease from 0.4 to 0.3, the P-wave and S-wave velocity showa linear increase between

0 m to � 570 m from� 1700 m/s to 2300 m/s and from 450 m/s (230 m) to 850 m/s,

respectively. Below this depth, both curve display a nearlyconstant trend for the last

100 m of the measurements. Analogue to the U1518 plots, Fig. 4.10D, E show crossplots

of porosity and P-wave velocity as well as of P-wave velocityand S-wave velocity for the

raw and smoothed data, respectively.

As discussed in section 1.5.2, the measurements at site U1520 reveal a distinct change
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from silty, sandy and muddy sediments to marl and chalk sediments at around 500 mbsf.

I am expecting that mainly silts/sands and mud is present at the Puke Ridge and, there-

fore, I am only interested in the relationships determined from the �rst � 500 mbsf. The

data for borehole U1520 are shown in Fig. 4.11. The porosity measurements reveal an

overall decrease over the whole depth of the borehole (from� 0.8 to � 0.5) with a slight

gradient change at� 150 mbsf towards a slower decrease. The P-wave velocity reveals a

nearly constant increase from 1600 m/s to 2000 m/s. The S-wave velocities measurements

have a lot of gaps and there are only� 100 m of measurements (� 350 mbsf -� 400

mbsf) available in the range of interest showing a relative constant velocity of � 540 m/s.

Fig. 4.11 D, E display crossplots of the raw and smoothed data.

Based on these observations, I determine the porosity - P-wave velocity relationship and

the S-wave velocity - P-wave velocity relationship from theU1518 data, the U1519 data,

and the clastics data in U1520. Furthermore, I also extract relationships for the highly

consolidated hanging wall and foot wall of U1518 to account for the possibility of the

study area being highly consolidated as well. I call these relationships U1518, U1519,

U1520, consolidated U1518.
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Figure 4.9: Drilling data from site U1518 (Sa�er et al., 2019) (under the
https://creativecommons.org/licenses/by/4.0/). A) Nuclear magnetic resonanc e (NMR) porosity.
Blue solid line: full data, red solid line: smoothed data, bright greendashed line: smoothed data in
hanging wall and foot wall of fault. B) P-wave velocity. Dark green line: full data, red line: smoothed
data, bright green dashed line: smoothed data in hanging wall and foot wall offault. C) S-wave velocity.
Purple line: full data, red line: smoothed data, bright green dashed line: smoothed data in hanging
wall of fault. D) Porosity versus P-wave velocity. Blue circles: full data, red circles: smoothed data,
bright green points: smoothed data in hanging wall and foot wall of fault. E) P-wave velocity versus
S-wave velocity. Blue circles: full data, red circles: smoothed data, bright green points: smoothed data
in hanging wall of fault.
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Figure 4.10: Drilling data from site U1519 (Barnes et al., 2019b) (under the
https://creativecommons.org/licenses/by/4.0/). A) Nuclear magnetic resonanc e (NMR) porosity.
Blue solid line: full data, red solid line: smoothed data, bright blue dashed line: excluded measurements
due to probable borehole washout. B) P-wave velocity. Dark green line: full data, red line: smoothed
data. C) S-wave velocity. Purple line: full data, red line: smoothed data. D) Porosity versus P-wave
velocity. Blue circles: full data, red circles: smoothed data. E)P-wave velocity versus S-wave velocity.
Blue circles: full data, red circles: smoothed data.
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Figure 4.11: Drilling data from site U1520 (Barnes et al., 2019a) (under the
https://creativecommons.org/licenses/by/4.0/). A) Nuclear magnetic resonanc e (NMR) porosity.
Blue solid line: full data, red solid line: smoothed data, bright blue dashed line: excluded measurements
due to probable borehole washout. B) P-wave velocity. Dark green line: full data, red line: smoothed
data. C) S-wave velocity. Purple line: full data, red line: smoothed data. D) Porosity versus P-wave
velocity. Blue circles: full data, red circles: smoothed data. E)P-wave velocity versus S-wave velocity.
Blue circles: full data, red circles: smoothed data.
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Porosity - P-wave velocity relationship

In Fig. 4.12 A, I crossplotted the data points from all boreholesfor the porosity and

P-wave velocity measurements as well as their smoothed values. All data points lie in

approximately the same area. The U1520 measurements reveal aslightly higher porosity

than the U1519 and U1518 measurements which mainly overlap each other. The plot also

displays the exponentially �tted curves through the smoothed data points. I �nd an expo-

nential correlation to best �t the relationship between porosity and P-wave velocity. The

curves plus their 95 % con�dence interval are also shown in 4.12 B. Furthermore, this plot

also displays a classic porosity - P-wave velocity relationship for clastics from Ho�man

and Tobin (2004) as well as the results for porosity and velocity from the rock-physics

modelling for di�erent depth from a grid point in the middle of the model. Comparing

the curve shows that the U1519 measurements determined the most 
at trend with the

highest porosity value (0.4) for low velocities (1400 m/s) decreasing to the lowest porosity

value (0.2) for high velocities (3000 m/s) (red line in Fig. 4.12 B). Furthermore, the con-

�dence interval is very narrow revealing a clear, easily-�tted trend. In contrast to that,

the consolidated U1518 (blue line in Fig. 4.12 B) trend shows the strongest decrease by

revealing a porosity value of 1.1 at 1400 m/s which is, of course, geologically not possible

and a lowest porosity value of 0.05 at high velocities (3000 m/s). The con�dence interval

is also relatively thin. The other curves roughly lie withinthe range spanned by these

two extreme curves. For the medium velocities (around 2000 m/s) where the U1519 curve

and the consolidated U1518 curve cross each other, the trend determined from site U1520

displays the highest porosities (green line in Fig. 4.12 B). The con�dence interval for

this curve is slightly wider spanning a porosity range of about 0.1. Overall, it becomes

apparent that, �rst, the curves mostly di�er in the lower-velocity area and draw nearer

around a velocity of 2000 m/s. For the higher velocities the curves are quite close to each

other. The velocities around the BSR in the FWI models range between 2000 m/s to

2400 m/s (see background models in Fig. 4.4 B and C, 4.5 B, 4.6 B)which coincides with

the area where the curves are most similar. Second, I see thatthe curve from Ho�man

and Tobin (2004) seems to be located roughly in the middle of the borehole curves. Thus,

I argue that by trying all the di�erent borehole curves, I cover a wide range of possible

clastics relationships. It is also encouraging to see that the modelling results (grey lines

in Fig. 4.12 B) fall into the spanned spectrum as well.

S-wave velocity - P-wave velocity relationship

In Fig. 4.13 I display the analogous results for the shear wavevelocities. I use a linear �t

to determine the relationship between S-wave and P-wave velocities. In Fig. 4.13 A the

actual data points as well as their smoothed trends are shown. For the shear wave veloc-

ities, the measurements of sites U1518 and U1520 seem to be closer and display a similar

trend while U1519 is deviating from it. In Fig. 4.13 B all trendsare shown with their 95%

132



uncertainty interval. I also show a typical clastics S-waveand P-wave velocity relationship

from Greenberg and Castagna (1992) as well as the results of the rock-physics modelling

for di�erent depths for a grid point in the middle of the model. The �tted curve for site

U1519 shows the steepest gradient (red line in Fig. 4.13). It shows a shear velocity of -

100 m/s, which is physically not possible, at a P-wave velocity of 1500 m/s and increases

to 1800 m/s at a P-wave velocity of 3000 m/s. On the other end ofthe spectrum lies

the �t for the consolidated U1518 data. It shows a very 
at gradient and only increases

from 400 m/s to 800 m/s over the same P-wave velocity span. It also shows a very large

con�dence interval (� 700 m/s shear wave velocity). The other trends roughly lie within

these two extreme trends. All trends di�er the most for largervelocities where they range

from 700 m/s to 1800 m/s and converge for P-wave velocities around 2300 m/s. For

lower P-wave velocities they start to diverge again. However, this means that the trends

lie quite closely together for the P-wave velocities in our study area (2000 m/s - 2400

m/s)(see background models in Fig. 4.4 B and C, 4.5 B, 4.6 B). Similar to the results for

the porosity, the literature trend is lying in between the borehole trends suggesting again

that I span a wide spectrum of the possible S- and P-wave relationships. Furthermore,

the plot shows that the modelled results also seem to producerealistic S-wave velocity

values (grey lines in Fig. 4.13 B).
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Figure 4.12: P-wave velocity and porosity relationships determined from borehole data (Sa�er et al.,
2019; Barnes et al., 2019b,a) (under the https://creativecommons.org/licenses/by/4.0/). A) P-wave
velocity versus porosity. Dots are the borehole measurements. Thick coloured lines show the smoothed
data. Black lines show exponential �ts of the smoothed data. B) P-wave velocity versus porosity.
Determined �ts together with their 95% con�dent interval. Dashed li ne shows Ho�man and Tobin (2004)
P-wave and porosity relationship. The grey to black lines show the results of the rock-physics modelling
for di�erent depth from shallow (grey) to deep (black). See legendsfor classi�cations.
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Figure 4.13: P-wave and S-wave velocity relationships determined from borehole data (Sa�er et al., 2019;
Barnes et al., 2019b,a) (under the https://creativecommons.org/licenses/by/4.0/). A) P-wave velocity
versus S-wave velocity. Dots are the borehole measurements. Thick coloured lines show the smoothed
data. Black lines show linear �ts of the smoothed data. B) P-wave velocity versus S-wave velocity.
Determined �ts together with their 95% con�dent interval. Dashed li ne shows Greenberg and Castagna
(1992) P-wave and S-wave relationship. The grey to black lines show theresults of the rock-physics
modelling for di�erent depth from shallow (grey) to deep (black). See legends for classi�cations.
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Determined porosity and S-wave velocity models

I use these relationships combined with the background P-wave velocity models to calcu-

late S-wave velocity and porosity models for the study area.I show the S-wave velocities

generated by the di�erent trends combined with the di�erentbackground velocity models

in Fig. 4.14 (background models: smoothed model A, tomographymodel) and in Fig. B.4

(background models: smoothed model B and C). Comparing the results, it is apparent

that the di�erent background velocities do not play a large role in the range of the results

but the di�erent trends do. The range of velocities in theVS models is already indicated in

Fig. 4.13 - the model based on site U1519 shows wide-ranging velocities while the model

based on U1518 only contains slight velocity changes. The other models lie somewhere

in these two extremes. However, the velocities in all of the models around the location

of the BSR seem to be quite similar. I show the same for the porosity models in Fig.

4.15 (background models: smoothed model A, tomography model) and B.5 (background

model: smoothed model B, C). Again, the porosity ranges in themodels are equal to those

expected from Fig. 4.12 - the U1519-based model reveals relatively constant porosity val-

ues while the model based on the overconsolidated U1518 trendshows the widest range

of porosity. However, for the porosity as well I can see that inthe area of the BSR the

porosities are relatively close together and they vary the most within the shallow layered

sediment and the deeper regions.

Having a P-wave velocity model, an S-wave velocity model and aporosity model as well

as the mineral parameters and brine parameters, I can calculate the parameters of the

saturated rock and, subsequently, insert these into the inverse Gassmann's equation (Eq.

4.27) to calculate the dry rock frame properties.
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Figure 4.14: Shear wave velocity models from relationships between P-wave andS-wave velocities
determined from borehole data (shown in Fig. 4.13). Dashed grey lines: location of bottom-simulating
re
ector (BSR). A, C, E, G, I) Smooth full-waveform inversion (FWI ) background model A. B, D, F,
H, J) Travel-time tomography background model. P-wave and S-wave relationship: A,B) U1518. C,D)
Consolidated U1518. E,F) U1519. G,H) 1520. I,J) Literature (Greenberg and Castagna, 1992).
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Figure 4.15: Porosity models from relationships between P-wave velocity and porosity determined from
borehole data (shown in Fig. 4.12). Dashed grey lines: location of bottom-simulating re
ector (BSR).
A, C, E, G, I) Smooth full-waveform inversion (FWI) background model A. B, D, F, H, J) Travel-time
tomography background model. P-wave and porosity relationship: A,B) U1518. C,D) Consolidated
U1518. E,F) U1519. G,H) U1520. I,J) Literature (Ho�man and Tobin, 2004).
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4.2.3 Step II: Fluid Substitution

For all the models listed in table 4.1, I replace the brine in the pore space with either

gas hydrate or free gas. In order to know where and how much of the brine needs to

be replaced, I calculate the di�erence between the FWI and the background velocity

model (see Fig. 4.16). As discussed, I assume that the di�erence between the two models

is predominantly caused by a change in pore 
uid and, therefore, that locations with a

positive velocity anomaly are characterised by a gas hydrate-pore �lling and that locations

with a negative velocity anomaly are characterised by a freegas-pore �lling. Thus, at the

locations of the anomalies, I insert so much gas hydrate or gas into the pore space as

needed to reproduce the anomaly. Depending on the model usedfor the gas hydrate or

free gas this will be a di�erent amount (section 4.1) but alsodependent on the amplitude

of the velocity anomaly which is determined by the background and FWI velocity model

used for the modelling. As discussed I use three di�erent FWI models (model A,B,C) as

well as two di�erent background velocity model approaches -the tomography model and

a smoothed version of the respective FWI model (see all combinations in table 4.1). In

Fig. 4.16 A and B it can be seen that FWI model A produces a kind of textbook BSR

velocity anomaly with positive anomalies above and negative anomalies below. There is

no large di�erence when using the two di�erent background models. When using model B

this is di�erent - in the case of the travel time tomography model, I see stronger positive

anomalies above but only very weak negative anomalies in thebasin and at the top of

the ridge. Along the slope, I actually see some weaker positive anomalies (Fig. 4.16 C).

When using the smoothed FWI version as the background model, these positive anomalies

become weaker and are at some locations replaced by very weaknegative anomalies (Fig.

4.16 D). For model C, the results are similar to model B. However, the positive anomalies

below seem to be located a little bit deeper and allow for a thin negative anomaly strip

above (Fig. 4.16 E) and F)). Overall, the smoothed FWI backgroundvelocity models

lead to a better de�ned anomaly, in the sense of what might be expected across a BSR.

However, I also want to emphasize that the smoothing of the velocity model also has an

in
uence on the result. In Fig. B.6 A, C, E I show a smoothed version of the FWI model

A, B, C, respectively, but with less smoothing applied. The resulting di�erence plots are

shown in Fig. B.6 B, D, F. The di�erence plots for the various models look more similar

than the ones shown in Fig. 4.16 B, D, F with all of them displaying a clear positive

anomaly zone above a clear negative anomaly stretching along the whole slope. However,

the smoothed velocity models (Fig. B.6 A, C, E) still seem to be in
uenced by the pore


uid with higher velocities in the region above the BSR and potentially lower velocities in

the region below the BSR. This is especially apparent for thesmoothed versions of model

B and C (Fig. B.6 C, E) and in comparison with the larger-smoothed models in Fig. 4.4

B, 4.5 B and 4.6 B. However, further smoothing to remove these higher velocities also
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causes the generally very weak low-velocity zone in models B, C to be smoothed away.

Therefore, a trade-o� had to be found between maintaining the lower low-velocity zone

while also accounting for the upper high-velocity zone. As already discussed in section

4.2.1, I cannot exclude that the tomography model is not in
uenced by any pore-
uid

�llings which in
uence the determined velocity anomalies.Furthermore, the FWI is not

only adjusting the velocities in
uenced by the pore 
uid changes but also improves the

quite large-scale tomography starting model. I, therefore, think that more accurate results

are probably obtained using the smoothed FWI models as the background model.

A B

C D

E F

Figure 4.16: Di�erence between full-waveform inversion (FWI) model and the background velocity
model. A, C, E) Travel time tomography background model. B, D, F) Smoothed FWI background
model. A,B) FWI model A. C,D) FWI model B. E-F) FWI model C.
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Figure 4.17: In
uence of gas hydrate and free gas saturation on elastic parameters for di�erent satura-
tion models. Orange lines: density. Blue solid lines: P-wave velocity. Blue dashed lines: S-wave velocity.
A) Gas hydrate is modelled as part of the pore 
uid. B) Gas hydrate is modelled as part of the sediment
frame. C) Gas is homogeneously distributed. D) Gas is patchily distributed.
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In
uences of gas hydrate and free gas on elastic parameters

I replace the brine as pore 
uid in those places where there isa velocity anomaly (Fig.

4.16). Dependent on the models used for the 
uid substitution, I have to insert di�erent

amounts of hydrate or gas to account for the velocity anomaly. For gas hydrate I model

two di�erent scenarios - gas hydrate as part of the pore 
uid and gas hydrate as part of the

sediment (Helgerud et al., 1999; Ecker et al., 2000; Turco et al., 2020; Navalpakam et al.,

2012). How these scenarios in
uence the elastic parameters is shown in Fig. 4.17. In the

case of the pore 
uid scenario, the P-wave velocity is increasing with increasing saturation.

The S-wave velocity is mainly constant and only shows a nearly unrecognisable increase

due to the slightly slower density of the gas hydrate compared to the brine. The density

itself displays a linear, 
at decrease with increasing gas hydrate saturations (Fig. 4.17

A)). In case of gas hydrate being part of the sediment frame, the density decrease is equal

to the former case but the in
uence on the velocities changes. While the P-wave velocity

displays an even stronger increase, the S-wave velocity also exhibits a strong increase now

(Fig. 4.17 B)). For the free gas replacement, I model the two scenarios of homogeneous

and patchy distribution (Dvorkin and Nur, 1998; Navalpakam etal., 2012; Dvorkin et al.,

2014). In the former scenario, the P-wave velocity displaysa strong decrease even for mi-

nor concentrations of free gas. After reaching a certain minimum at a saturation of about

10 %, the velocities starts to slightly increase again. For the S-wave velocity I observe a

slight increase for increasing saturation which is caused by a quite strong linear decrease

of density with increasing saturations (Fig. 4.17 C)). For the patchy distribution, the

density trend and the S-wave velocity trend are the same as for the homogeneous ones.

However, the P-wave velocity shows a more steady decrease with increasing saturation

(Fig. 4.17 D)).

Fluid-substitution models

In the following, I discuss the di�erent saturation models that were generated using the

di�erent models for the 
uid substitution, the di�erent FWI an d background models

as well as the di�erent elastic parameters based on the two rock-physics modelling ap-

proaches, i.e. rock model and inverse Gassmann with its various relationships (see all

combinations in table 4.1).

Fig. 4.18 shows the saturation models based on FWI model A, the smoothed FWI back-

ground model and the rock model method for the four possible combinations of the 
uid

substitution models. The �gure shows that the homogeneous gas model results in only

very minor saturations of free gas (Fig. 4.18 A and C). This is to be expected knowing

that a strong change in velocity is already caused by minor saturations of free gas in the

homogeneous gas model. However, for the patchy gas model the values range between 14

% to 30 % (Fig. 4.18 B, D). The 
uid hydrate model produces valuesbetween 9 % and 30

% (Fig. 4.18 A, B), and the sediment hydrate model between 4 % and20 % (Fig. 4.18 C,
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D). The values for the sediment hydrate model are expectedlya little lower as the impact

of the gas hydrate saturation on the P-wave velocity is stronger in this model. In Fig.

4.19 the same results for the rock-physics approach and the FWImodel B are shown. The

saturation values for homogeneous gas are still negligible(Fig. 4.19 A, C). The values for

the patchy model range between 5% to 20 % and reach values of even 46 % in an area

below the top of the ridge at around 6 km distance and 600 m depth (Fig. 4.19 B, D).

For the sediment gas hydrate model, saturations values range between 15 % to 50 %, even

reach values of 63 % in the same aforementioned area (Fig. 4.19C, D), and for the 
uid

hydrate model values range between 10 % to 30 % and again reachmaximum values of

50 % in the same area as before (Fig. 4.19 A, B). In Fig. 4.20, the saturations models are

based on the rock-physics modelling and the FWI model C. The homogeneous gas model

still results in negligible gas saturation values (Fig. 4.20A, C). The saturations based on

the patchy gas model are higher and range from 10 % to 25 % - 30 % (Fig. 4.20 B and

D). When gas hydrate is modelled as 
uid, the saturation values range between 11 % and

35 %, even reaching values of 45 % at one location beneath the top of the ridge (600 m

depth, 6 km distance) (Fig. 4.20 A, B). The values for the sediment hydrate model range

between 7 % and 25 % reaching values of 30 % at the aforementioned location beneath

the top of the ridge (Fig. 4.20 C, D). Altogether, I observe thatfor model B and C the

calculated gas hydrate saturations are higher and for modelA the free gas saturations are

higher. The saturations for the gas hydrate are higher in model B. Therefore, I suggest

that model A and B span a possible range of gas hydrate and freegas saturations. Figures

B.7, B.8 and B.9 show the results for the FWI model A, B C in combination with the

background tomography model for the rock-physics modelling approach.

I generated the same models for the parameters acquired withthe inverse Gassmann ap-

proach and they are shown in Fig. B.10 - B.39. These models shows the results for the

di�erent FWI models, the di�erent background models and the di�erent relationships (see

all combinations in table 4.1).
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A B

C D

Figure 4.18: Saturation models based on FWI model A, smoothed FWI background model andthe
rock-physics modelling approach. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as
sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black points
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.

A B

C D

Figure 4.19: Saturation models based on full-waveform inversion (FWI) model B, smoothed FWI
background model and the rock-physics modelling approach. A,B) Gas hydrate modelled as 
uid. C,D)
Gas hydrate modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed.
Grey and black points show location of picked gas hydrate and free gas saturation values for Fig. 4.21
and 4.22, respectively.
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A B

C D

Figure 4.20: Saturation models based on full-waveform inversion (FWI) model C, smoothed FWI
background model and the rock-physics modelling approach. A,B) Gas hydrate modelled as 
uid. C,D)
Gas hydrate modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed.
Grey and black points show location of picked gas hydrate and free gas saturation values for Fig. 4.21
and 4.22, respectively.

Overview of determined saturations

Fig. 4.21 and 4.22 provide a comparison of the results from thevarious model runs.

For these plots, I pick the gas hydrate and free gas saturation along the BSR in every

saturation model generated. I do this by �nding the maximum (top) and minimum

(bottom) velocity that de�ne the BSR in the FWI model and use these locations to

pick the saturations in the saturation models. In all �guresof the saturation models

the picking locations for the saturation values are shown bygrey (above BSR) and black

(below BSR) points. There are a few locations where the picking has been disturbed by

either artefacts, faults or folds and I, therefore, do not interpret the saturation in these

areas. In the �gures those areas are shown by gaps in the data.Fig. 4.21 shows the

calculated gas hydrate saturations for hydrate modelled aspore 
uid (A) and as sediment

(B). The relative saturation values along the BSR for the twomodels are nearly the

same but the pore 
uid model results in higher saturations asthe sediment model. This

to be expected as the in
uence of the gas hydrate saturation on the P-wave velocity is

much stronger for the sediment model than for the pore 
uid model. Therefore, smaller

saturations can explain the same velocity increase. Looking at the general distribution,

I can see that the gas hydrate saturation at the northwest endof the pro�le is relatively

high (0.1 - 0.4 in the sediment model, 0.2 - 0.6 in the pore 
uidmodel) but quickly

decreases towards the southeast. The models that calculatelower values of gas hydrate

saturation reach a level of zero saturation around trace 30 and the models that calculate
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higher values reach their minimum around trace 60 (0.15 in sediment model, 0.1 pore 
uid

model). Further down the pro�le the values increase again until they reach a maximum

around trace 140 (0.1 - 0.45 in sediment model, 0.2 - 0.65 in pore 
uid model). Further

to the south-east of this maximum, the saturations stay relatively constant and high

with some smaller scale undulations. Another maximum with similar values as before

can be found around trace 190. A �rst-order di�erentiation can be made between the

upper and lower values spanning the saturation spectrum. Nearly along the whole pro�le

the lower values belong to FWI model A independent of the background velocity model

used or the relationship used. Results based on model A calculate zero (tomography

background model) or a very low (smoothed background model)gas hydrate saturation

from trace 30 until trace 110 and de�ne the lower end of the saturation spectrum which

is quite far away from the results of all other models in the area from traces 60 - 140 (Fig.

4.21). However, for all other locations the spanned saturation spectrum is relatively well

sampled over its whole width. The upper boundary of the spectrum is nearly for the whole

length of the pro�le generated by the results based on model B. The saturation values

in combination with tomography background model are slightly higher than the ones

with the smoothed background model. The results for the other models lie somewhere

in between the spanned spectrum. Noticeable is that the main di�erences in saturation

levels are caused by di�erent FWI models and background models. The in
uence of the

dry rock frame and borehole relationships is smaller, with the results being clustered for

each FWI and background model combination.

In Fig. 4.22, I display the results for the free gas saturationof the patchy and homogeneous

model. Here again, the results are very similar for the relative saturation levels along the

BSR, but in absolute numbers the saturation values of the homogeneous model are much

lower. I already discussed that these low saturations are expected for the homogeneous

gas model as it is very sensitive to small saturations of gas.Describing the general trend,

I can say that the saturation for the area at the northwesternend is relatively high

(0.005 - 0.02 for the homogeneous model, 0.1 - 05 for the patchy model). Towards the

southeast the saturations level decreases slightly but stays relatively constant until trace

60 (0.005 - 01 for the homogeneous model, 0.1 - 0.3 for the patchy model). From 60

onwards I can identify two diverging trends. The values forming the upper end of the

saturation spectrum increase slightly and reach a local maximum at around trace 100

(0.015 for the homogeneous model, 0.4 for the patchy model).Afterwards they decrease

again towards a minimum at around trace 160 (0.007 for the homogeneous model, 0.3 for

the patchy model). The saturation values that form the lowerend of the spectrum show

a relatively abrupt decrease to very small saturation values and decrease even further

until they reach zero saturation level around trace 120. They stay like this until trace

160. For the southeast end, all models show the same trend again of increasing saturation

levels. A global maximum is reached around trace 170 (0.005 -0.8 for the homogeneous
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model, 0.1 - 1 for the patchy model). The range of saturation levels for this maxima is

quite large as the in
uence of the di�erent 
uid models becomes larger the higher the

saturation level. The upper end of the spectrum is continuously formed by the results

based on FWI model A. Independent of the background model and theused relationship,

the results show the highest level of saturation. However, combinations of model A with

the tomography background model and the U1518 relationship or the rock model lead to

slightly higher values than the rest of the possible combinations with the FWI model A.

Results based on FWI model B and C result in saturation levels which form the lower end

of the spectrum. Independently from their background model and used relationship, the

saturations all lie very close together. Here again, I can seethe clustering of the results

with the same FWI and background model.
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A

B

Figure 4.21: Calculated gas hydrate saturations along the bottom-simulating re
ector (BSR). A) Gas
hydrate as part of the pore 
uid. B) Gas hydrate as part of the sediment frame. Be aware of the di�erent
y-axis. Green area spans the maximum and minimum gas hydrate saturationscalculated with di�erent
models. See legend for classi�cation.
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Figure 4.22: Calculated free gas saturations along the bottom-simulating re
ector (BSR). A) Free gas
homogeneosly distributed. Inlet: Unzoomed plot. B) Free gas patchily distributed. Be aware of the
di�erent y-axis. Purple area spans the maximum and minimum free gas saturations calculated with
di�erent models. See legend for classi�cation.
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4.2.4 Calculating AVO curves

Here, I use the modelling results from the previous section toconstruct a suite of AVO/AVA

curves for the BSR in my study area. To do this, I, �rst, determine the P-wave velocity,

S-wave velocity and density at the same locations as the gas hydrate and free gas satura-

tions were determined for Figs. 4.21 and 4.22. This gives me the upper and lowerVP , VS

and � value characterising the BSR along the Puke Ridge. In chapter 3, I discuss the use

of AVO analysis to investigate the pore 
uid in the subsurface as well as the dependency

of the AVO response onVP , VS, density as well as the incident angle. In order to further

explore the properties of the BSR in my study area I use my rock-physics modelling results

to calculate the expected AVO response that would be recorded in seismic data of this

region. I insert the picked upper and lower elastic parameters values into the Zoeppritz

equation (Eq. 3.3), calculate the AVA curve up to 30� and use the method described in

section 3.1.1 to calculate the AVO gradient and AVO intercept (Shuey, 1985). The results

for all my rock-physics models are plotted in Fig. 4.23. PlotsB-E show the calculated

AVO gradient and AVO intercept for the di�erent combinations of the 
uid substitution

models. From these plots it is apparent that the choice of thehydrate model (pore 
uid

or sediment) has the largest in
uence on the results. In Fig. 4.23 B, C which show the

hydrate sediment model in combination with the two gas models, a general trend can be

observed - from values of low negative intercept and higher negative gradient in the basin

over slightly higher negative intercept values and slightly positive gradient values closer

to the top of the ridge towards high negative intercept values and gradient values around

zero at the top. In Fig. 4.23 D, E where the results of the hydrate 
uid model combined

with the two gas models are shown, the results look quite di�erent. They are all plotted

close together but the green dots (ridge region) are still generally above and to the left

of the blue ones (basin region), particularly in plot D (patchy gas model), which is the

same for the results of the hydrate sediment model in Fig. 4.23B, C. All results lie in the

same area and are characterised by negative intercept values ranging between� 0 and �

-0.15 and negative gradient values ranging between� -0.2 and� 0. I explain this largely

di�ering behaviour by the varying in
uence on the S-wave velocity of the two hydrate

models. In section 3.1.1 the S-wave velocity and the Poisson's ratio are discussed as the

main in
uence on the AVO gradient. In the gas hydrate sediment model, the gas hydrate

is added as part of the mineral frame and, therefore, the S-wave velocity is a�ected, i.e.

increased by this change (see Fig. 4.17). In the gas hydrate 
uid model, the gas hydrate

is added as 
uid which does not or has only very minor in
uences on the S-wave velocity

(see Fig. 4.17). The plots in Fig. 4.23 include the results of all model combinations. In

order to better investigate the in
uences of the individualFWI models on the results,

I separate them. In Fig. 4.24 A,B,C the results for the gas hydrate sediment and gas

homogeneous model based on the FWI model A, B and C are shown, respectively. While
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they all roughly reveal the same trend as described above, the trend is much more distinct

for models B and C. The results for model A follow this trend aswell, however, the results

for the top of the ridge, although revealing an decreasing negative gradient, do not reach

into the positive gradient sector. The same can be observed in Fig. 4.25 where the same

results are shown for the gas hydrate sediment and gas patchymodel combination. These

di�erences can again be explained by varying S-wave velocities. The saturations plots for

the gas hydrate and free gas (Fig. 4.21, 4.22) already showed that models B and C result

in a higher gas hydrate concentration and model A in a higher free gas concentration.

These higher gas hydrate concentrations lead to increased S-wave velocities that in
uence

the AVO gradient.
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A

B C

D E

Figure 4.23: Amplitude-versus-o�set (AVO) intercept and AVO gradient determ ined from rock-physics
modelling for all locations along the BSR with all modelled combinations (see Table 4.1). A) Rough
sketch of study area underlain by grey full-waveform inversion (FWI) model. Coloured points show the
horizontal location of the FWI AVO results displayed in B,C,D and E alon g the BSR. B-E) Crossplots
of the AVO intercept and gradient based on Shuey (1985). The colouring correlates with the indicated
locations in A. B) Hydrate sediment model, gas homogeneous model. C) Hydrate sediment model, gas
patchy model. D) Hydrate 
uid model, gas homogeneous model. E) Hydrate 
uid model, gas patchy
model.
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Figure 4.24: Amplitude-versus-o�set (AVO) intercept and AVO gradient determ ined from rock-physics
modelling with hydrate modelled as sediment and a homogeneous gas distribution for the di�erent full-
waveform inversion (FWI) models. The colouring correlates with the indicated locations in Fig. 4.23 A.
A) FWI model A and both background models (smoothed FWI model A, travel-time (TT) tomography
model). B) FWI model B and both background models (smoothed FWI model B, TT tomography model).
C) FWI model C and both background models (smoothed FWI model C, TT tomography model).
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Figure 4.25: AVO intercept and AVO gradient determined from rock-physics modelling with hydrate
modelled as sediment and a patchy gas distribution for the di�erent full-waveform inversion (FWI mod-
els). The colouring correlates with the indicated locations in Fig. 4.23 A. A) FWI model A and both
background models (smoothed FWI model A, travel-time (TT) tomography model). B) FWI model B
and both background models (smoothed FWI model B, TT tomography model). C) FWI model C and
both background models (smoothed FWI model C, TT tomography model).
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5 Interpretation of a BSR using FWI-based methods

In this thesis, I use acoustic FWI-based methods to investigate elastic parameters in

relation to 
uids in the subsurface. These methods are applied on a BSR at the Puke

Ridge, a thrust ridge at the Hikurangi subduction margin. In this chapter, I discuss

the application of referred methods on the BSR and combine the results to �nd a joint

interpretation for the origin of the investigated BSR.

I perform a 3D acoustic FWI in order to resolve a detailed P-wavevelocity model (chapter

2). This model works as a base for the application of rock-physics modelling which I use

for the calculation of saturation values (chapter 4). A newly developed FWI AVO method

is performed to discriminate the 
uids in the subsurface (chapter 3).

5.1 Tectonic setting of the Puke Ridge

The Puke Ridge is a thrust ridge of the accretionary wedge at the Hikurangi subduction

margin. The ridge is located within the foot wall of a major thrust fault that is dissecting

the accretionary wedge (Figs. 1.6 B, fault F1 in Fig. 5.1 B). On the northwestern side, the

thrust ridge is bounded by another major thrust fault (Figs. 1.6 B, fault F2 in Fig. 5.1 B).

In the PSDM image (Fig. 1.6 B), F1 can be traced down to the megathrust fault of the

subduction zone splaying from the subducted P�apaku seamount (Bell et al., 2010; Barker

et al., 2018; Bangs et al., 2023) or the HRZ area interpreted tobe related to underthrusted


uid-rich sediments landwards of a subducted seamount (Bell et al., 2010). This seamount

is theorised to consists of a high-resistivity, high-velocity core blanketed by a conductive

matrix of porous-
uid-rich volcaniclastics (Chesley et al., 2021; Arai et al., 2019) (Fig.

1.7). Based on observations of another seamount, a thin high-resistivity cover of the

seamount is theorised (Chesley et al., 2021). Fluids from theplate interface including

the 
uid-rich HRZ as well as the conductive volcaniclastics are argued to be released

episodically in connection with shallow SSEs occurring every 1-2 years in this region and

to migrate into the overriding plate along a network of faults (Chesley et al., 2021; Warren-

Smith et al., 2019; Nakajima and Uchida, 2018). Burst-type repeating earthquakes and

microseismicity were detected after the September-October SSE 2014 (location in Fig. 1.5)

within a highly conductive area in the upper plate and are interpreted as an indication

for the aseismic slip as well as the 
uid migration (Shaddox and Schwartz, 2019; Chesley

et al., 2021) (Fig. 1.7). F1 passes along this conductive area within the accretionary

wedge. Towards the sea
oor, minor splay faults appear to branch o� from F1 into the

basin of the study area where they cut through a BSR (Fig. 5.1).This BSR can be traced

from the basin along the landward-dipping slope to the top ofthe ridge and along the

seaward-dipping side of the slope (Fig. 5.1). Along the landward-dipping slope, a very

weak secondary BSR can be seen below and sub-parallel to the primary strong one in

the seismic image (Fig. 5.1). Han et al. (2021) theorise that this double BSR might be
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the result of a tectonic uplift due to the seamount subduction or caused by the episodic

SSE-related 
uid release. In the latter case, they assume that the lower BSR is caused

by the increased pore 
uid pressure during the dewatering episode. Crutchley et al.

(2019) provide an additional potential explanation for thedouble BSR - newly deposited

sediments on the landward 
ank of the ridge could have causedchanging pressure and

temperature conditions and, therefore, an upward shift in the BSR depth. The sediments

on the landward 
ank can be divided into two units - unit I that is deposited along

the slope with an increasing thickness towards the basin (dark green area in Fig. 5.1

B) and with internal, slightly divergent re
ections and a second unit with no distinct

internal re
ections but a horizontal sea
oor re
ection potentially onlapping onto unit I.

Next to the BSR, another indication for 
uid 
ow in the area are pockmark structures

observed on the sea
oor (Watson et al., 2020) (Fig. 1.5). One of these pockmarks is

located on the neighbouring ridge to the landward side of thePuke Ridge (Fig. 5.1

B). Below the sediments of unit I and II and except from the BSR, the ridge is largely

acoustically transparent similar to other BSR locations atthe Hikurangi margin (Pecher

et al., 2010) including the Rock Garden ridge (Pecher et al.,2005) (Fig. 5.1). Pecher

et al. (2010) argue that the low re
ectivity is due to the absence of continuous layers

caused by deformation, i.e. small-scale folding and faulting. The seismic image does show

some very weak re
ectors potentially indicating folded strata within the ridge (Fig. 5.1

B). The structure of these anticlines suggest the existenceof faults in between to generate

this fault-bend fold-like appearance (Fossen, 2016).
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B

Figure 5.1: Pre-stack depth migration (PSDM) image of the study area from Bangs et al. (2023). A)
PSDM image. B) My interpretation of the study area. Blue lines indicate faults. Yellow lines indicate
folded strata. Red line shows the location of the bottom-simulating re
ector (BSR).
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5.2 Joint interpretation of FWI-based methods

In this section, I combine the results of chapters 2, 3 and 4 inorder to �nd a joint

interpretation for the BSR at the Puke Ridge.

5.2.1 3D FWI velocity model

In chapter 2, I discuss the generation of a 3D FWI velocity modelof the BSR at the Puke

Ridge. The FWI work
ow developed for the NZ3D dataset included alayer-stripping

approach which means that I subsequently used larger o�set-data as an input for the

inversion. Thereby, subsequent inversions with data up to 3000 m, 4500 m, the full o�-

set, and again 3000 m going to higher frequencies were performed. In Chapter 4, I label

the 4500 m o�set model as model A, the full-o�set model as modelB and the 3000 m,

high frequency model as model C. Although the resolved structures for all inversions were

similar (see di�erentiation of the 4500 m-o�set model and the full-o�set model in Fig.

2.20), there is a distinct di�erence between the second and third inversion with overall

higher resolved velocities in the latter, full-o�set FWI. Given the structural similarity of

the models, and the �t between observed and synthetic data, Iconsider both models to

be reasonable. I explain the di�erence between the models bythe di�erence of the data

input. While the 4500 m-inversion was still mainly driven by re
ections in the shotgather,

transmitted arrivals became dominant in the last 2000 m o�set that mainly steered the

full-o�set inversion. Therefore, I assume that model A (4500 m) better resolves the verti-

cal velocity structure including the impedance contrast across re
ectors and that the full

o�set-model better resolves the macro- and horizontal velocity structure. The di�erence

between both of these structures is probably caused by the anisotropy of the clay minerals

in the sediment.

The generated 3D velocity models allow to analyse the P-wavevelocity distribution char-

acterising the BSR. Independent of the velocity model (model A in Fig. 5.2 A, model

B in Fig. 5.3 A), the BSR is easily identi�able by along-the-slope variable but higher

velocities underlain by lower velocities that stretch fromthe basin towards the top of the

ridge. While these low velocities range between� 1600 m/s and� 1900 m/s for model

A, they lie between � 1800 m/s and � 2100 m/s for model B. For the higher velocities

above, the same can be observed with higher values between� 1900 m/s and� 2600 m/s

for model B compared to values between� 1600 m/s and� 2300 m/s for model A.

However, both velocity models are similar in that they have lower velocities in the basin

and higher velocities towards the top of the ridge. In order to not interpret the back-

ground trend of the velocities caused by varying levels of consolidation but only the

velocity changes due to pore 
uids, I create velocity anomaly models (Fig. 5.2 C and

Fig. 5.3 C). These models were generated by subtracting a smoothed version of the FWI

model from the non-smoothed one. I assume that the smoothed version only contains the
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background trend without any small-scale changes caused bychanging pore-
uids. By

subtracting it from the non-smoothed FWI model which includesvelocities in
uenced by

both the background trend and small-scale variations, onlythe latter one will remain.

These velocity changes due to the 
uid are the ones I want to investigate. Even in the

velocity anomaly model in Fig. 5.2 C, the BSR displays a trend of decreasing negative

anomaly towards the top of the ridge and increasing positiveanomaly towards the top of

the ridge which suggests generally higher velocities towards the top of the ridge. There-

fore, I hypothesise these to be a trend also caused by 
uid saturation.

Based on its velocity characteristics the BSR can be subdivided into �ve areas -B2, basin,

lower slope, upper slope/top of the ridge, T2(Fig. 5.2, 5.3).B2 lies at the northwestern

end of the study area and is characterised by a distinct low-velocity zone below the BSR

that is bounded to the northwest by a high-velocity streak aswell as by a less distinct high-

velocity streak to the southeast. It is also characterised by high velocities above. Thebasin

can be described by distinct low velocities and only minor higher velocities above (Fig.

5.2 A, Fig. 5.3 A). To the southeast, the area is bounded by another high-velocity streak

which dissects the BSR-de�ning low-velocity zone. Next to this high-velocity streaks,

a distinctly low-velocity streaks seems to cut through the BSR. In the lower slope, the

lower velocities are slightly higher than in thebasin - similar to the velocities above that

also increase. At theupper slope/top of the ridgethe trend of increasing velocities below

and above the BSR continues. Below the upper high-velocity zone and within the lower

low-velocity zone that de�ne the BSR, another narrower high-velocity zone can be seen

running sub-parallel to the stronger one above from thelower slope. Towards the upper

slope/top of the ridge, the BSR-de�ning low-velocity zone seems to be interruptedby thin

and weak higher-velocity streaks and some thin and weak streaks of lower velocities can

be seen dissecting the high velocities above.T2 at the southeastern end of the study area

is a spatially localised area characterised by distinct lowvelocities below distinct high

velocities. These low velocities continue deeper into the ridge. Even outside of the study

area further to the southeast another low velocity zone can be observed extending from

below the BGHSZ into the GHSZ where it correlates with streaks of high velocities.

Comparing the velocities and the resolved structures in thePSDM image (Fig. 5.1) shows

some correlations, as expected (Fig. 5.2 B, Fig. 5.3 B). While the upper high- and lower

low-velocity zone coincide with the main BSR in the study area, the thin, lower high-

velocity streaks correlate with the secondary BSR observedin the PSDM (Fig. 5.1 B).

The high velocity streaks that I identi�ed towards both sides of B2 and the southeastern

border of thebasin agree with interpreted faults dissecting the BSR. Furthermore, T2 is

in accordance with some weakly visible, interpreted foldedlayers.

Based on the velocity and the geological setting, i.e. a BSR with faults and folded strata

as well as the general knowledge about the in
uence of gas hydrate on P-wave velocity, i.e.

increase of P-wave velocity, and the in
uence of free gas on P-wave velocity, i.e. decrease
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on P-wave velocity (chapter 4), I can make a �rst-order interpretation about the BSR.

The velocities suggest that thebasin contains a higher amount of gas which decreases

over the lower slopetowards the top of the ridge. The velocities suggest the opposite for

the gas hydrate saturation which seems to be lower in thebasin and increases over the

lower slopetowards the top of the ridge. Area B2 and T2 both seem to be characterised

by higher saturations of gas hydrate as well as gas. Faults and folded strata might play

a role in transporting gas towards the BSR and into the GHSZ.

However, a more detailed, quantitative analysis is not possible by only knowing the P-

wave velocities. Furthermore, I do not know which one of the velocity models describes

the velocity structure around the BSR more accurately. To answer these questions, I use

further methods including rock-physics modelling (chapter 4) and FWI AVO (chapter 3).

The former one allows a more quantitative analysis of the BSRand the latter one allows

for the discrimination of 
uids in the subsurface and helps to answer the question of the

cause of the BSR.
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Figure 5.2: 3D full-waveform inversion (FWI) velocity model (model A) of stud y area. The displayed
slice is located in the middle of the 3D cube. The study area is subdivided into �ve areas - B2, basin,
lower slope, upper slope/top of ridge, T2. A) 3D FWI velocity model A. B) I nterpreted 3D FWI velocity
model A from this study underlain by PSDM image of the study area from Bangs et al. (2023). C)
Di�erence between 3D FWI velocity model A in A) and a smoothed version of it.
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Figure 5.3: 3D velocity model (model B) of study area. The displayed slice is located in the middle
of the 3D cube. The study area is subdivided into �ve areas - B2, basin,lower slope, upper slope/top
of ridge, T2. A) 3D FWI velocity model. B) Interpreted 3D FWI velocit y model B from this study
underlain by PSDM image of the study area from Bangs et al. (2023). C) Di�erence between 3D FWI
velocity model B in A) and a smoothed version of it.
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5.2.2 Rock-physics modelling to investigate 
uid saturation

In Fig. 4.21 and 4.22, I show the calculated gas hydrate and free gas saturations for all

velocity models, background models and the two modelling approaches, i.e. rock model,

inverse Gassmann with all borehole relationships (see Table 4.1).

Three di�erent FWI velocity models (model A, B, C) were used for the rock-physics mod-

elling. The results for models A and B span the spectrum of possible results with model

A de�ning the lower bound of the gas hydrate saturation and the upper bound of the free

gas saturation and model B de�ning the upper bound of the gas hydrate saturation and

the lower bound of the free gas saturation. Model C lies in between these two extremes

which was to be expected as model B was the starting model for the inversion and only

short-o�set data were input to obtain model C. The higher frequencies included into the

FWI for model C did not reveal any �ner-scale features in the saturation results (Fig.

4.21 and 4.22).

Two di�erent kinds of background models were used for the rock-physics modelling. A

smoothed version of the respectively used FWI model and the OBStravel time tomogra-

phy model from Arai et al. (2019). For the smoothed version I adjusted the smoothing

myself and tried to ensure that any pore-
uid in
uence in thevelocity model was not

included in the background model. However, the smoothing de�nitely has an in
uence

on the resulted saturation values as already discussed in section 4.2.1. In the case of the

tomography model, I cannot exclude any in
uence of the pore 
uids on the large-scale

model. Furthermore, especially for the free gas saturationthe modelling with the travel

time tomography-based background model, led to distinctlyhigher values in thelower

slope and upper slope/top of the ridgethan for the rest of the used model combinations

(Fig. 4.21 and 4.22). Therefore, I decide to focus on the results with the smoothed FWI

background model rather than the ones obtained with the travel time tomography-based

background model. Excluding the results from model C and thebackground tomography

model, leaves the results for the di�erent saturation models used, i.e. gas hydrate as

sediment or pore 
uid and gas in a patchy distribution or homogeneous distribution, the

FWI models A and B and the two approaches, i.e. rock model and inverse Gassmann

with the di�erent borehole relationships.

The saturation values for these combinations are shown in Fig. 5.4 (gas hydrate as

sediment, patchy gas distribution) and 5.5 (gas hydrate as pore 
uid, homogeneous gas

distribution) colour-coded based on the areas de�ned in Fig.5.2. Although the results

still include a large saturation range, they all display roughly the same relative values.

The range is mainly spanned by the di�erent velocity models used. The range from the

two approaches, i.e. rock model and inverse Gassmann with the di�erent borehole re-

lationships is comparatively small. In the following I namethe average value for each

de�ned area and each FWI model plusminus the overall mean rangespanned by the two
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approaches.

Independent of the model combination used, areaB2 is characterised by relatively high

gas hydrate (sediment model:� 0.2 � 0.035 (model A),� 0.25 � 0.043 (model B), pore-


uid model: � 0.3 � 0.016 (model A), � 0.4 � 0.027 (model B)) and gas saturations

(patchy model: � 0.2 � 0.09 (model A), � 0.15 � 0.058 (model B), homogeneous model:

� 0.01 � 0.0014 (model A),� 0.005� 0.0009 (model B)) (Fig. 5.4, 5.5). In thebasin

these values decrease and display a moderate gas saturation(patchy model: � 0.15� 0.09

(model A),� 0.15 � 0.058 (model B), homogeneous model:� 0.005� 0.0014 (model A),

� 0.005� 0.0009 (model B)) and a low gas hydrate saturation (sedimentmodel: � 0.08

� 0.035 (model A),� 0.1 � 0.043 (model B), pore-
uid model: � 0.2 � 0.016 (model A),

� 0.22 � 0.027 (model B))(Fig. 5.4, 5.5). Along thelower slopethe gas hydrate satu-

ration increases again (sediment model:� 0.08 � 0.035 (model A),� 0.25 � 0.043 (model

B), pore-
uid model: � 0.2 � 0.016 (model A),� 0.4 � 0.027 (model B)) while the free

gas saturation slightly decreases (patchy model:� 0.15 � 0.09 (model A), � 0.05 � 0.05

(model B), homogeneous model:� 0.005� 0.0014 (model A),� 0.002� 0.0009 (model

B))(Fig. 5.4, 5.5). This trend is peaking at theupper slope/top of ridgewhere the free

gas saturation is minor (patchy model:� 0.15 � 0.09 (model A), � 0.01 � 0.058 (model

B), homogeneous model:� 0.005� 0.0014 (model A),� 0.001� 0.0009 (model B)) and

the gas hydrate saturation high (sediment model:� 0.15� 0.035 (model A),� 0.3 � 0.043

(model B), pore-
uid model: � 0.22� 0.016 (model A),� 0.5� 0.027 (model B))(Fig. 5.4,

5.5). Area T2 shows the same characteristics asB2 with a high gas hydrate saturation

(sediment model:� 0.15� 0.035 (model A),� 0.28� 0.043 (model B), pore-
uid model:

� 0.3 � 0.016 (model A),� 0.5 � 0.027 (model B)) as well as a high free gas saturation

(patchy model: � 0.6 � 0.09 (model A), � 0.6 � 0.058 (model B), homogeneous model:

� 0.007� 0.0014 (model A),� 0.02 � 0.0009 (model B))(Fig. 5.4, 5.5).

The largest variance in results is caused by the two FWI velocity models (model A and

B) for the lower slopeand the upper slope/top of the ridge. However, this di�erence is the

largest for the pore-
uid model where the saturations values lie approximately 0.15 apart.

In the sediment model, they lie approximately 0.1 apart. Thein
uence of the di�erent

modelling approaches, i.e. rock model, inverse Gassmann with all borehole relationships

is not very large. However, the rock model results do slightlydi�er from the ones with

the inverse Gassmann approach. Especially for the gas saturations and the patchy model

they lead to constantly higher values (around 0.7). The results consistently suggest that

the BSR in the basin is dominantly produced by elevated gas saturations, whereas in the

ridge area the BSR appears to be produced by elevated hydrate concentrations. The area

of the lower slope in between comprises the transition between these two settings with

decreasing gas saturation values and increasing gas hydrate values. However, it is also

the most ambiguous area as the velocity models have a large in
uence on the gas hydrate

values (Fig. 5.4, 5.5). B2 and T2 are localised areas with high gas hydrate and gas
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values.

While the rock-physics modelling approach allows for a quantitative interpretation of the

BSR by plausible saturation values, it also has limitations. Firstly, it relies on the cor-

rectness of the velocities used and, secondly, it relies on the correctness of the saturation

models used. A method that does not deliver absolute values but still allows for the

discrimination of 
uids across the BSR and is not dependent on any saturation models,

is the AVO method. In the following section, I discuss the results based on the newly

developed FWI AVO method.

Figure 5.4: Calculated gas hydrate and free gas saturation from rock-physics modelling based on the
results from the 3D full-waveform inversion (FWI) models (model A, B), the smoothed FWI background
model and the two rock-physics modelling approaches, i.e. rock model and inverse Gassmann with all
borehole relationships (U1518, consolidated U1518, U1519, U1520, literature). The gas hydrate saturation
values are based on the sediment model and the free gas saturation values are based on the patchy gas
model. The results are colour-coded based on the areas de�ned in Fig. 5.2.
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Figure 5.5: Calculated gas hydrate and free gas saturation from rock-physics modelling based on the
results from the 3D full-waveform inversion (FWI) models (model A, B), the smoothed FWI background
model and the two rock-physics modelling approaches, i.e. rock model and inverse Gassmann with all
borehole relationships (U1518, consolidated U1518, U1519, U1520, literature). The gas hydrate saturation
values are based on the pore-
uid model and the free gas saturation values are based on the homogeneous
gas model. The results are colour-coded based on the areas de�ned in Fig.5.2.

5.2.3 FWI AVO analysis

In Chapter 3 I use the newly developed FWI AVO method (Warner et al., 2022) to

investigate the AVO behaviour along the BSR at the Puke Ridge. The method is based

on running several acoustic inversions with di�erent o�setinput data. These inversions

result in di�erent velocity models as the acoustic code is modelling the elastic response

included in the data. By picking the velocities in the di�erent models above and below the

BSR, using these to calculate acoustic AVO curves and picking the re
ection coe�cient

of the curve correlating with the o�set/angle of the respective inversion, I am able to

construct the elastic AVO response contained in the recorded seismic data. I apply the

method from Shuey (1985), to determine the AVO intercept andAVO gradient of the

calculated elastic AVO curves. The resulting values are displayed in Fig. 5.6 D. These

are the same results already shown in Fig. 3.13, but here they are colour-coded based

on the areas de�ned in section 5.2.1. The results for thebasin, the lower slopeand the

upper slope/top of the ridgearea reveal a trend from lower negative intercept (-0.05) and

relatively high negative gradient (-0.2) to a relatively high negative intercept (-0.1) and

relatively high positive gradient (0.2). Some outliers from this trend, especially from the

basin area, are located within the positive half of the AVO gradient. The results for

areasB2 and T2 do not show distinct trends and are mainly distributed within the space

spanned by the other three areas, while some of the results are located at the upper end

of the negative intercept values with relatively high negative values (up to -0.14).
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This is the �rst time the FWI AVO method has been applied to �eld data. In order

to quality control the results, I also determined AVO curvesfrom the calculated rock-

physics models (Chapter 4). For this, I pick the calculated S-wave velocities and densities

of the gas hydrate- and gas-saturated medium. Together withthe FWI velocities and

based on the Zoeppritz equation, I calculate AVO curves. Themodels I use for the gas

hydrate and free gas substitution, i.e. gas hydrate as sediment, gas hydrate as pore


uid, free gas homogeneously distributed, free gas patchily distributed, are based on

assumptions on how the elastic parameters are in
uenced by the change of the pore 
uid,

and, therefore, have a strong in
uence on the resulting elastic AVO curves. The results

for the scenarios with gas hydrate modelled as the pore 
uid do not reveal any clear trend

but are located within the same area of the crossplot (Fig. 4.23 D, E). For scenarios where

gas hydrate was modelled as part of the sediment a trend can beobserved (Fig. 4.23 B,

C). To highlight this trend and allow a comparison with otherresults, I colour-coded the

crossplot in accordance with the areas de�ned in Fig. 5.2 (Fig.5.6 B-E). Based on the

reasoning in section 5.2.2, I exclude the modelling resultsfor model C and the tomography

background model. Therefore, in Fig. 4.23 B-E I only display the results for model A,

B, the smoothed FWI background model and the two modelling approaches, i.e. rock

model, inverse Gassmann with all borehole relationships. The results based on model B

(Fig. 5.6 C, E) are closer to the FWI AVO results than the ones for model A (Fig. 5.6

B, D). For model A, similar to the FWI AVO results, a decreasing negative gradient can

be seen from thebasin towards the upper slope/top of the ridge. However, in the case of

model A the gradient does not turn positive but only stays around zero. Furthermore,

the AVO intercept only slightly increases in negative direction from the basin to the top

of the ridge. The values forB2 and T2 are widespread for the FWI AVO results, but the

rock modelling-based values correlate roughly with the higher FWI AVO intercept values

for the two areas. The results for model B are more similar to the FWI AVO but also

show di�erences (Fig. 5.6 C, E). Results from areaB2 are characterised by relatively high

negative AVO intercept values (� -0.1) but show AVO gradient values located mainly in

the middle of the spanned range (� -0.5). Results from thebasin area include values

with the lowest negative intercept (� -0.03), some even slightly positive, and the highest

negative gradient (� -0.1). The values from thelower slopeare roughly located within the

middle of the result range (� -0.04 intercept, � -0.05 gradient). Theupper slope/top of

the ridge area includes values with a positive gradient (up to� 0.08) and slightly higher

negative intercept values (� -0.05). The results ofT2 are located within the same area

as the results ofB2, some values go up to even higher negative intercept values (up to � -

0.15). While the results for thelower slopeare roughly at the same gradient value for both

AVO methods, the results for thebasin and the upper slope/top of the ridgeshow higher

negative and positive gradient values in the FWI AVO method, respectively. Regarding

the AVO intercept value, the basin values are roughly characterised by the same value
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and while the AVO intercept values increase slightly in negative direction over the lower

slopetowards theupper slope/top of the ridgefor the FWI AVO, this trend is less distinct

for the rock-physics results. The results forB2 and T2 are widely spread for the FWI

AVO results. However, values that are located towards highernegative AVO intercept

values are distinct for both methods. Despite the di�erences, a general similar trend can

be observed which suggests, �rst, that the actual in
uence of gas hydrate and gas on the

elastic parameters in the subsurface is roughly similar to the models, i.e. gas hydrate as

sediment and gas patchily or homogeneously distributed, used and, second, that a similar

relative saturation of gas hydrate and free gas can be assumed. Therefore, both AVO

and rock-physics method lead to similar conclusions about the 
uid distribution in the

subsurface.

In order to better understand what the observed trends in Fig.5.6 B-D mean, I generated

Fig. 5.7. It shows how changes in saturation of gas (modelled patchily distributed) and

hydrate (modelled as a sediment) a�ect where the AVO value islocated in an AVO

crossplot. A normal scenario with only brine as the pore-�lling 
uid leads to an increase

of VP , VS and � with depth. In this case, the AVO intercept is positive and the gradient

negative. Replacing the brine with either gas hydrate aboveor gas below, will lead to

a P-wave velocity inversion. In the case of free gas, the density will also decrease and,

therefore, the impedance value will decrease and cause a negative intercept value (see

black arrow in Fig. 5.7). In case of gas hydrate, the density� behaves opposite toVP

and decreases, however, much less thanVP is increasing which results also in an overall

decrease in the impedance values, and, thus, results in a negative intercept value (see black

arrow in Fig. 5.7). In the plot there is one point displaying a weak hydrate saturation

with an AVO intercept value close to zero. In this case, the saturation was not high

enough to cause a velocity inversion but caused the velocities to become quite close. The

gradient is dependent on the Poisson's ratio contrast whichis mainly dependent onVP

and VS (section 3), and commonly it can be said that a positive shearvelocity contrast

causes a negative gradient and a negative shear velocity contrast causes a positive gradient

(Simm and Bacon, 2014)(section 3). In the brine-saturated scenario, the shear velocity

contrast is positive (velocity increase) and, therefore, the result lies in the negative half

of the gradient space. When gas is added, the shear wave velocity increases slightly and,

thus, further increase the positive velocity contrast which can be seen by the increasing

gradient in negative direction (see black arrow in Fig. 5.7).When gas hydrate is added

and it is modelled as part of the sediment frame, i.e. it in
uences the S-wave velocity,

the positive shear wave velocity contrast would, �rst, decrease for small amounts of gas

hydrate, but when enough gas hydrate is added the shear wave velocity contrast will

turn negative. Thus for increasing gas hydrate saturations, the negative gradient, �rst,

becomes smaller and then positive (see black arrow in Fig. 5.7). Again, the point with

the weak gas hydrate saturation falls slightly out of this trend as the in
uence on the
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S-wave velocity is only small and in combination with the increasing P-wave velocities,

the Poisson's ratio contrast actually leads to a slightly more negative AVO gradient.

Taking this into account, the results of the FWI-based AVO results (Fig. 5.6 F) suggest an

increasing gas hydrate saturation from thebasinarea over thelower slopearea towards the

upper slope/top of the ridgearea while it is the opposite for the gas saturation. However,

the fact that the AVO intercept slightly increases in the negative direction suggests that

the decrease of the gas saturation is not too strong as in sucha case we would expect the

AVO intercept to decrease as shown in Fig. 5.7. For both areasB2 and T2 the AVO

intercept is relatively high suggesting a large di�erence in the impedance. However, as the

gradient is not highly negative this di�erence is not causedby only gas but by an increase

in gas hydrate and gas. In the presence of a high free gas saturation, an even higher gas

hydrate saturation is needed to turn the gradient positive which is not the case for areas

B2 and T2. These results are consistent with the ones from rock-physics modelling.

The relative gas hydrate and gas saturation based on these results are shown in Fig. 5.8.
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Figure 5.6: Amplitude-versus-o�set (AVO) results based on full-waveform inversion (FWI) analysis and
rock-physics modelling. Results are also displayed in Fig. 3.13 but here they are divided into the �ve
areas de�ned in Fig. 5.2. A) Rough sketch of study area underlain by grey FWImodel. Colour-coded
areas show the location of the FWI AVO results displayed in B, C, D, E and F along the BSR. B,
C) Results based on rock-physics modelling - hydrate sediment model, gas homogeneous model. D, E)
Results based on rock-physics modelling - hydrate sediment model, gas patchy model. B,D) Based on
model A. C, E) Based on model B . F) Results based on FWI AVO method.
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Figure 5.7: Behaviour of amplitude-versus-o�set (AVO) intercept and AVO gradi ent with di�erent
saturations of gas hydrate (modelled as part of the sediment frame) and free gas (modelled as patchy
distribution) based on the rock-physics modelling.
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Figure 5.8: Relative gas hydrate and free gas saturation along the bottom-simulating re
ector (BSR)
indicated by the size of the circles (free gas) and heptagons (gas hydrate) based on the full-waveform
inversion (FWI) amplitude-versus-o�set (AVO) results in Fig. 5. 6 F and underlain by FWI model A. The
circle/heptagon size increases with increasing free gas/gas hydrate saturation.

5.3 Discussion

The 3D FWI velocity model provided a �rst-order interpretation for the BSR at the Puke

Ridge. In order to quantitatively investigate the formation of the BSR, I perform rock-

physics modelling and to further discriminate the 
uids in the subsurface I perform an

FWI AVO approach.

The results of the rock-physics modelling reveal the impactof the velocity model (back-

ground and FWI velocity model) on the output of the result. Thisis especially apparent

because of the di�erence between the velocity models (modelA: 4500 m o�set, model B:

full o�set) used for the modelling. While the models result inthe same relative interpre-

tation, the absolute values, especially along the slope, show a distinct di�erence. While

model A leads to relatively low gas hydrate values and higherfree gas values, model B

(full o�set) leads to relatively high gas hydrate values andlow gas values. In the following,

I will further discuss the applicability of the two di�erent models for this study (section

5.3.1).

Another large in
uence on the calculated saturation values was the use of the saturation

model, i.e. gas hydrate modelled as sediment or pore 
uid, free gas modelled homoge-

neously or patchily distributed. I discuss which of the models seems to be more suitable

in order to quantify the actual saturation values (section 5.3.2).

The FWI AVO approach which was applied for the �rst time on �eld data, is used to
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discriminate between the 
uids causing the BSR. In order to quality control these results,

I also calculate AVO curves from the rock-physics modellingresults. While the overall

trend is similar and leads to the same conclusions about the 
uids in the subsurface, the

match is also in
uenced by the saturation models used and potentially other causes. I

discuss these in the following (section 5.3.3).

I also discuss and compare previous modelling that has been done for a section of the

BSR in this thesis (section 5.3.4).

5.3.1 In
uence of the velocity model in rock-physics modelling

The results from the rock-physics modelling show how large the in
uence of the velocity

is. The largest uncertainty in the saturation results (Fig. 4.21 and 4.22) is caused by

the di�erent velocity models used. The di�erent approaches, i.e. rock model and inverse

Gassmann including all the di�erent borehole relationshipsonly change the results slightly

as shown by the mean ranges provided in section 5.2.2. The largest di�erence is between

model A which is based on 4500 m-o�set input data and model B which included the full

o�set input data.

I already discussed that I think the di�erence in the model isdue to the anisotropy in

the sediment causing a di�erence in the vertical and horizontal velocities. In general, the

re
ected waves are more sensitive to the vertical velocity structure while the refracted

waves are more sensitive to the horizontal and large-scale velocity structure. The inver-

sion for model A only included the data up to 4500 m, and model Bincluded the full o�set

data, which means that the in
uence of the refracted waves onthe inversion was larger

for model B. This was also supported by an image of a shotgather showing the incoming

refracted arrivals for the last 2000 m o�set (Fig. 2.18). Based on this, one could argue

that model A better resolves the impedance contrasts in the study area, while model B

resolves the velocity structure I am interested in.

However, the impact of elastic e�ects, i.e. attenuation which are not accounted for in

the FWI code used here increase for larger o�sets and might interfere with the pore-
uid

based velocities I want to resolve.

Looking at the resolved velocities across the BSR, the BSR inmodel A is more similar

to the velocity distribution expected from the literature. The general opinion is that a

BSR is mainly caused by the low velocities of the gas and not bythe high velocities of

the gas hydrate (Turco et al., 2020; Haacke et al., 2007; Holbrook, 2001; MacKay et al.,

1994) which is not the case for model B where the calculated gas saturations are nearly

zero for the lower slopeand upper slope/top of ridge. Model B leads to relatively high

gas hydrate saturations (up to� 40 % for the sediment model, up to� 60 % for the

pore-
uid model) (Fig. 5.4 and 5.5). As discussed in section 1.5.2, Sa�er et al. (2019) use

an empirical approach based on chloric anomalies to determine the gas hydrate saturation

at site U1518 and �nd saturation values up to 46 %. However thesevalues are resolved for
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cm-scales. The resolution of the FWI is within tens to a few hundred meters and, thus,

small-scale high accumulations like this would be averagedby the FWI and could not

be resolved. Furthermore, in the case of a sudden increase, agas hydrate accumulation

this high can also be expected to cause a top gas-hydrate re
ection Turco et al. (2020).

For a gradual increase in hydrate concentration with depth no top re
ection would be

generated.

Another important argument that supports the use of model B isthat the FWI AVO

results are much closer to the rock physics-based AVO from model B. The results based

on model A show a similar trend and support the relative interpretation, but in actual

values the results for model B are closer. The results from the FWI AVO approach are

independent from the rock-physics modelling and the two methods are based on di�erent

information within the data. Therefore, the similarity of the results of model B and the

FWI AVO approach suggests that model B may lead to more realistic elastic properties

and saturations than model A.

5.3.2 In
uence of 
uid-saturation model in rock-physics modelling

The saturation plots (Fig. 4.21, 4.22) show that the parameters used for the modelling

do not in
uence the result very much which means that slight mismatches in the mineral

composition, porosity and pressure do not cause large variations. The in
uence of the

di�erent parameters is also dictated by the model used for the 
uid substitution. In Fig.

4.21 A, B it becomes clear that the in
uence of the parameters used is larger for the

pore 
uid model than the sediment model as in the latter modelthe results for the same

models but di�erent parameters are close together while they span a wider saturation

range for the pore 
uid model. This is caused by the reduced sensitivity of the P-wave

velocity in the pore 
uid model to the gas hydrate saturationthan in the sediment model.

This means that for the pore 
uid model more gas hydrate needsto be added in order to

explain the P-wave velocity di�erence, and the more gas hydrate is added, the more the

other parameters, e.g. porosity, gain importance.

The rock-physics modelling crossplots in Fig. 4.23 D, E wheregas hydrate is modelled

as part of the pore 
uid do not display any detectable trend orbehaviour in terms of

the AVO gradient of the Puke Ridge's BSR. In this model the gashydrate added as pore


uid only in
uences the P-wave velocity and the density but not the S-wave velocity (Fig.

4.17) which is di�erent to the sediment model where the S-wave velocity increases slightly.

The AVO gradient is dependent on the Poisson's ratio (Chapter 3) which is mainly de-

pendent onVP and VS. Therefore, in the pore 
uid model a change in the Poisson's ratio

is only in
uenced by a change in P-wave velocity and, consequently, the modelling results

do not display a large range of gradients. This shows that thegas hydrate model has

a large in
uence on the rock-physics modelling results. However, there is still a debate
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which model works best to explain the in
uence of gas hydrateon the elastic properties.

Yun et al. (2005) performed experiments with tetrahydrofuran (THF) hydrate to inves-

tigate the hydrate formation in pore space and its in
uence on VP and VS. They show

that for small saturations of THF hydrate (< 40 %) the changes on the velocities are

small, but for higher saturations the impact on the velocities becomes strong, especially

on the S-wave velocity. They compare their results with the pore 
uid, the sediment

model and cementation models. While the latter cementation models do not match the

experimental values and reveal much higher values for any saturations, the pore 
uid and

also the sediment model show a relatively good �t for the lower saturations (< 40 %)

and slightly too low values for higher saturations. Dugarovet al. (2019) show that the

hydrate morphology plays an important role for the in
uenceon the elastic parameters.

They perform laboratory experiments with THF hydrates whichthey argue mimic the

hydrate formation from dissolved methane and with synthetic methane which is assumed

to mimic the hydrate formation from gas and show the di�erentbehaviours of these two

types of hydrates. The behaviour of the synthetic methane could be best explained by

an envelope-cementing model and the sediment model gives the best �t for the THF

hydrate. The authors connect the behaviour of the syntheticmethane to onshore de-

posits of hydrate generated by gas accumulation (e.g. Messoyakha Field in Siberia) and

the behaviour of the THF hydrate to hydrate deposits in marinesediments formed from

dissolved methane (e.g. Eastern Nankai Through). Winters et al. (2004) also suggest

that there must be an unknown factor (e.g. the formation mechanism, mineral phases)

which in
uences the interaction between gas hydrate and sand and, therefore, the elastic

properties. The authors showed that stress-strain andVP measurements from the Mallik

2L-38well, Mackenzie Delta, Northwest Territories could bebest explained by the sedi-

ment model. However, there are also other observations of gashydrate deposits where

no in
uence on the S-wave velocity is observed, but this has only been reported for very

low gas hydrate saturations so far (Andreassen et al., 2003).Comparing the FWI AVO

results with the ones from the modelling, implies that the actual in
uence of the gas

hydrate accumulating at the Puke Ridge on the parameters in the subsurface is closer to

the gas hydrate sediment model than the pore 
uid model as both results show the same

trend.

The in
uence of the gas model on the AVO crossplot is not very high. The di�erence of

the two models - patchy model and homogeneous model - is mainly given by the behaviour

of the P-wave velocity, and the in
uence of the gas on the S-wave velocity is only minor

(Fig. 4.17). Thus, although the P-wave velocity leads to di�erent saturation values, the

S-wave velocity will not di�er largely and the only real di�erence for the AVO curve is

given by the density. Therefore, the di�erence between the models is more distinct when

calculating the saturation values which based on the P-wavevelocity model di�erence

(Fif. 4.22). Here, the patchy model leads to distinctly highersaturation values. Based
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on the high sensitivity of the homogeneous gas model to the gas saturation (Fig. 4.17),

already small amounts of gas lead to high changes in P-wave velocity and, therefore, not

much gas is needed in order to explain the P-wave velocities in the FWI models. Con-

versely, this also means - as the lower low velocities in the FWImodel (Fig. 5.2) are

relatively smooth - that the gas would need to be very homogeneously distributed within

the subsurface without even small changes. It is questionable if this is geologically feasible

and I, therefore, argue that the patchy model might be more accurate to describe the free

gas saturation at the Puke Ridge.

5.3.3 Veri�cation of FWI AVO method

I intentionally use a wide range of parameters for the rock-physics modelling to fully

explore the parameter space which consequently leads to a large range of results. The dis-

cussions above supported the containment of the results to asmaller range. An important

factor in this were the FWI AVO gradient results (Fig. 5.6 F). These results suggested a

better suitability of FWI model B for the modelling as well as the use of the gas hydrate

sediment model. However, the fact that I was able to model a similar AVO response to

the FWI AVO method, also supports the applicability of the method in general and for

seismic �eld data in particular as this is the �rst study to do this. Except for the mod-

elling results based on the pore 
uid-model which does not in
uence the S-wave velocity,

the determined AVO trends are roughly similar and lead to thesame relative saturation

conclusion. The �t between the observed trends is best when model B combined with the

gas hydrate-sediment model is used. However, even in this case, there are still di�erences

as the FWI AVO gradient results extend to higher positive and negative gradients than in

the rock-physics modelling results. One reason for this areprobably the used saturation

models as discussed in section 5.3.2. Although the sediment model apparently assumes

the right dependency for the elastic parameters, the exact relationship is not modelled

correctly and, therefore, causes a di�erence in the results. Assuming that both methods

FWI AVO and rock-physics based AVO are based on the same geological setting, the

di�erence suggests that the in
uence of the gas hydrate on the S-wave velocity should be

higher, meaning that higher saturation values should lead to higher S-wave velocities. The

results from Yun et al. (2005) suggested this but only for saturation values> 40 % which

are slightly higher than the values I calculated. A similar case is probably true for the two

gas models. A higher in
uence on the S-wave velocity with increasing free gas saturation

would also lead to a higher negative gradient as seen in the FWI AVO results. The FWI

AVO results also displayed a trend towards slightly higher negative AVO intercept values

for the lower slopeand the upper slope/top of the ridge. This di�erence could also arise

due to a di�erence in the in
uence of the pore 
uids on the density.

Another cause for the di�erence between the two results couldbe that the density in FWI
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code is calculated by Gardner's Law. Therefore, any di�erence between the Gardner's

Law density and the actual one will be mapped into the velocity. If I assume that gas

hydrate model causes an increase in P-wave velocity and a decrease in density, the FWI

code probably decreases the P-wave velocity value in order to match the actual re
ection

value. Furthermore, another uncertainty regarding the FWI AVO results, are the used

angles which are calculated with a straight-ray assumption.

5.3.4 Comparison with other modelling at the Puke Ridge

The BSR at the Puke Ridge has been the interest of other previous research. Navalpakam

et al. (2012) as well as Bai et al. (2016) performed rock-physics modelling for the area of

the lower slopeof the BSR but based on a di�erent 2D dataset that was acquiredin 2005.

However, they did not have the borehole data I used or an FWI velocity model. Therefore,

they could only make assumptions about necessary parameters of the modelling, i.e. the

mineral composition, the porosity, the temperature, and use only rough estimates of the

P-wave velocities.

Navalpakam et al. (2012) used the same 
uid-saturation models as I did. They based

their modelling on interval velocities acquired by an NMO velocity analysis. Instead

of adjusting the porosity, they adjusted the mineral composition - the clay content in a

quartz-matrix. They assumed two di�erent porosity scenarios - one with constant porosity

and one with decreasing porosity. For the �rst scenario, a constant interval P-wave velocity

was used and for the second scenario a constant gradient. Forthe gradient the sea
oor

P-wave velocity was based on the sea
oor re
ection coe�cient and the gradient was

determined by assuming that the time averagedVP is equal to the constant interval

velocity of the �rst scenario. For the gas hydrate and gas saturation, they used the

re
ection coe�cient of the BSR as the reference point and inserted so much of these


uids as needed to generate the same re
ection coe�cient they picked along the BSR

before. The re
ection coe�cient of their BSR is relatively low with an average re
ection

coe�cient of approximately -0.016 which is why they call it aweak BSR.

For both of their models - constant porosity and variable porosity, low concentrations of

evenly distributed gas (<< 1 % of pore space) already cause such a drastic decrease in

P-wave velocity that these lead to a higher re
ection coe�cient than observed. For a

patchy distribution, gas concentrations of 6 % and 3 % of the pore space for the variable-

porosity model and the constant-porosity model lead to the required re
ection coe�cient,

respectively. In case of a BSR caused only by gas hydrate, a saturation of 12 % to 10 %

of the pore space for the variable-porosity and the constant-porosity model is required,

respectively. Furthermore, they investigate the AVO of theBSR and show a strong

increase in negative direction of the amplitudes for angleshigher than 30� which translates

two a high negative gradient. Therefore, they argue that theBSR is mainly caused by
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low saturated, patchily distributed gas at thelower slopeof the Puke Ridge.

Bai et al. (2016) base their modelling on dredge samples collected at Rock Garden, a

ridge of the accretionary wedge located approximately 100 km further south of Puke

Ridge. Submarine outcrops of potential host rocks for gas hydrates at Rock Garden were

dredged and revealed �ne-grained Cretaceous mudstones with fractures and foraminiferal

chambers of an approximate porosity of 2 %. Arguing that this sample is an example of a

typical host rock along the Hikurangi margin, they model a rock with typical interstitial

sediment pores but also add randomly oriented elongated voids to mimic fractures and

macropores with the Kuster-Toks•oz (K-T) method (Kuster and Toks•oz, 1974). They

create a reference model in which they �ll the interstitial pore space and the macropores

with water. An average of the velocities used by Navalpakam et al. (2012) is set as a

reference for the water-saturated medium and the bulk and shear modulus of the rock

as well as the macroporosity and aspect ratio are adjusted accordingly. In a next step,

they insert gas hydrate and gas into the macropores in order to match the weak BSR

re
ection coe�cient determined by Navalpakam et al. (2012). Modelling only the two

end-members of only gas hydrate or free gas as the cause for the BSR, they �nd that the

sediments contains either 2 % - 4 % of hydrate in the macroscopic pore space or that the

sediment contains 1 % - 2 % of gas in the macropores. These are concentration values,

i.e. percentage values are given relative to the bulk sediment and not saturation values

as calculated in Navalpakam et al. (2012) or in my modelling. Both Navalpakam et al.

(2012) and Bai et al. (2016) discuss the cause for the weak BSRthey observe. Navalpakam

et al. (2012) argue that it is caused by free gas that is distributed patchily in mesoscopic

pores, i.e. larger than pore size but smaller than seismic wavelength. They explain this

behaviour to occur in �ne-grained reservoir rock with low primary permeability. Bai

et al. (2016) base their modelling on the results from Navalpakam et al. (2012). While

the patchy model can explain the weak BSR they argue that it isunclear how a patchy

gas saturation would be achieved geologically, and argue that a model of gas in fractures

could actually realise the modelled patchy distribution.

Comparing the results from Navalpakam et al. (2012) and Bai etal. (2016) for the BSR at

the lower slope at the Puke Ridge, the �rst-order interpretation of a BSR mainly generated

by free gas is the same. However, the saturation values, especially from Navalpakam

et al. (2012) who use the same 
uid-saturation models, are higher for my modelling.

The low saturation/concentration values from Navalpakam etal. (2012) and Bai et al.

(2016) mainly arise from the extremely low re
ection coe�cient value of the BSR (-0.016)

they are using. The re
ection coe�cients in my results for the lower slope determined

by the AVO intercept are located roughly around -0.05, and for the upper slope they

increase towards -0.1. These are still relatively low values as typical values for BSRs lie

around -0.1 { 0.2 (Bai et al., 2016; John et al., 1991). Navalpakam et al. (2012) used

the method from Warner (1990) to determine the re
ection coe�cient of the BSR which
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is based on simple and approximate ray theory. Before this they applied a spherical

divergence correction with a velocity model from a semblance-based root-mean-square

(RMS) velocity analysis. Any errors within the velocity model in
uence the spherical

divergence correction and subsequently the recovered amplitudes. The velocity model

generated with the 3D FWI code which includes the spherical divergence correction is

of much greater detail and reliability and leads to a more accurate result. Additionally,

as the borehole data were not yet acquired, Navalpakam et al. (2012) had to use more

assumptions for parameters like the mineral composition. Furthermore, the use of a

constant porosity or a porosity gradient compared to my FWI-based porosity model,

probably caused deviations. Therefore, I can argue that ourresults are more reliable as

well as give insights into the lateral variations along the BSR. Another factor to consider

causing a di�erence in the result, is that the two studies arebased on di�erent dataset

that have been acquired� 13 years apart. The BSR at the Puke Ridge is still relatively

weak, except in areas B2 and T2, but the gas and gas hydrate saturation is probably

slightly higher than calculated.

5.4 Hydrate formation

After developing a concept for the gas hydrate and free gas distribution along the BSR

at the Puke Ridge (Fig. 5.8), the question of the formation dynamics arises (Fig. 5.9).

In section 1.3, I explain the usually known and discussed formation mechanisms based

on the de�nition from You et al. (2019), i.e. 1) local biogenesis, 2) local di�usion of

dissolved methane, 3) advective 
ow and/or di�usion of dissolved methane, 4) methane

recycling, 5) long-range, advective free gas 
ow and 6) solidi�cation of a gas reservoir,

and in sections 1.5.2 and 5.1 I describe the tectonics of the study area in detail.

The locally restricted areas ofB2 at the northwestern end andT2 at the southeastern

end of the study area are characterised by both a high free gassaturation and a high gas

hydrate saturation (Fig. 5.4). Based on the high free gas saturation, I assume that the gas

hydrate is sourced from free gas beneath the GHSZ. This gas is probably microbial, similar

to most gas hydrate deposits along the margin (Kroeger et al., 2019; Faure et al., 2006).

However, I also cannot exclude a possible contribution of thermogenic origin as also found

at other locations along the margin (Greinert et al., 2010; Geoservices, 2015). Borehole

U1520 that sampled the sediments on the incoming plate in my study area also identi�ed

potential source rock, i.e. rich in organic matter, for methane in the Late Cretaceous

interval overlying the Hikurangi Plateau (Kroeger et al., 2022; Barnes et al., 2019a).

Additionally, SSEs within the study area have been proposed to trigger 
uid migration

from the subduction interface and within the accretionary wedge (Warren-Smith et al.,

2019).

In the seismic image, there are weak re
ections from below the BSR at areaB2 that
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can be traced towards a major thrust fault, F1, which bounds the northwestern side of

the Puke Ridge (Fig. 5.1). These weak re
ections could be caused by a minor splay

fault diverting from F1, or permeable layers. This observation suggest a potential link

between the relatively high saturations of free gas and gas hydrate and the fault zone.

F1 might be acting as a 
uid pathway transporting episodic SSE-
uids from the plate

boundary or 
uids from within the wedge to the near surface asit has been suggested

at other places along the Hikurangi margin (Plaza-Faverola et al., 2012) and as has been

modelled to explain high concentration of gas hydrate at thesouthern Hikurangi margin

(Hillman et al., 2020). This scenario is supported by the observation that F1 is splaying

either from the 
uid-rich HRZ (Bell et al., 2010) or the heterogeneous, partly conductive

and 
uid-rich P�apaku seamount (Chesley et al., 2021)(section 5.1). Furthermore, F1

actually passes along an area within the accretionary wedgethat is characterised by high

conductivity and 
uid content and microseismicity in connection with the September-

October SSE in 2014 (Chesley et al., 2021; Shaddox and Schwartz, 2019) (Fig. 1.7). In

the velocity model in Fig. 1.6, the hanging wall of the thrust fault is characterised by

relatively high velocities which might be due to the compaction of the hanging wall or

the incoming chalk sequence discussed in section 1.5.2. However, within the fault zone

and/or the foot wall a small stripe of lower velocities can beobserved which might be

caused by the sediment properties but might also suggest 
uid 
ow within the fault zone

(Morgan et al., 2013; Alghuraybi et al., 2023). Furthermore,pockmarks on the sea
oor

in the spatial vicinity to F1 support the possibility of 
uid 
 ow along the fault (Watson

et al., 2020) (Fig. 1.5 and Fig. 5.1). Pockmarks are indications of 
uids escaping through

the sea
oor. However, they are not a sign of active 
uid 
ow andmight only present a

past condition. Watson et al. (2020) also included signs of active 
uid 
ow, i.e. acoustic


ares, in their catalogue but did not map any in the study area. However, the pockmarks

show that at least in the past 
uid 
ow occurred at that locati on. The observed episodic

SSE-related 
uid release could explain the presence of such apockmark but the absence

of any sign of active 
uid 
ow. Similar to B2, weak re
ections are visible below area

T2 that can be traced further into the ridge and correlate with alow-velocity zone in

the FWI model (Fig. 5.3). These observations indicate free gas 
ow along a layer of

high permeability, probably a coarse-grained sandy layer or along a fault within weakly

resolved fault-bend fold structures. This layer could be connected with F2, the thrust

fault on the southeastern side of the ridge (Fig. 1.6), which might also act as a pathway

for 
uids. This theory is also supported by the observationsfrom Chesley et al. (2021)

who resolved another conductive, high-
uid zone below the Puke Ridge and with narrow

conductors emanating from it and extending as possible pathways for 
uids towards the

ridge and the sea
oor. One of these conductors correlates with F2 (Fig. 1.7). Overall,

for the locally restricted areasB2 and T2 this suggests some long-range, advective gas


ow along permeable pathways, most probably faults or permeable layers, into the GHSZ.
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As B2 is the only area within the basin characterised with a gas saturation this high as

well as with a high gas hydrate saturation, this suggest thatother minor splay faults

or sedimentary layers that could be interpreted in the seismic image do not act as 
uid

pathways (Fig. 5.1) or are not linked to F1 which might act as themajor source for 
uids.

B2 and T2 with their locally restricted high saturation values are anexemption along

the BSR which is mainly characterised by a relatively smoothtransition from higher gas

values in the basin towards higher gas hydrate values at the top of the ridge which has

been shown by the FWI AVO analysis (Fig. 5.6) as well as the rock-physics modelling

(Fig. 5.4). Furthermore, in the seismic image as well as in thevelocity model, a weak

secondary BSR along the landward-dipping slope can be detected. Han et al. (2021)

argue that this double BSR could have been caused by a tectonic uplift of the Puke

Ridge due to the subduction of the seamount. The shift might also be in
uenced by the

sediment unit I on the 
ank of the ridge (Crutchley et al., 2019). The observation of

slightly divergent re
ectors within the unit, suggest that it could have been deposited

during the tectonic uplift episode, and, therefore, the BSRshift could have been caused

by a combination of both. The deposition of the topmost sedimentary unit II within the

basin (section 5.1) probably caused an additional upwards shift of the BSR in the basin

area. Independent from the exact dynamics behind the BSR shifting, this process might

be able to explain the observed saturation pattern along theBSR. In general, a BSR shift

will cause the gas hydrate that was moved outside the GHSZ to dissociate (Crutchley

et al., 2019). Subsequently, the recycled gas migrates upwards into the GHSZ where it

becomes gas hydrate again. This process has been has been described for increased gas

hydrate saturation above the BGHSZ (You et al., 2019). The upward migration of the

gas is expected to follow along permeable pathways, i.e. faults, coarse-grained layers

(Crutchley et al., 2019). However, already formed gas hydrate at the BGHSZ might

reduce the permeability and may also drive lateral gas migration (Berndt et al., 2019;

Chatterjee et al., 2014; Kroeger et al., 2022). In the PSDM image of the study area

(Fig. 5.1), very weak re
ections were visible that I interpreted as potential folded strata.

This interpretation even suggested faults in between the folded strata to generate this

apparent fault-bend fold like appearance (Fossen, 2016). The folded strata as well as

potential faults might provide pathways for the recycled gas. Furthermore, I assume that

some of the gas, especially those generated in thebasin and lower slopearea migrate

upwards along the BHGSZ with the already generated hydrate acting as a permeability

barrier. This 
uid 
ow pattern might explain the higher gas hydrate saturation at the

upper slope/top of the ridge, similar to other locations along the Hikurangi margin where

high saturations of gas hydrate are found near the core regions of anticlinal ridges (Turco

et al., 2020; Fraser et al., 2016; Kroeger et al., 2022; Crutchley et al., 2011).
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Figure 5.9: Possible hydrate formation processes. The black straight arrows indicate possible 
ow
directions from the free gas towards and at the bottom-simulating re
ector (BSR) at the Puke Ridge.
The round black arrows indicate the process of gas hydrate recycling due to BSR shifting caused by
tectonic uplift and/or sedimentation. The size of the circles (freegas) and heptagons (gas hydrate) along
the BSR indicate the relative gas hydrate and free gas saturation based on the full-waveform inversion
(FWI) amplitude-versus-o�set (AVO) results in Fig. 5.6.

5.5 Conclusion

The application of the newly developed FWI AVO method combinedwith the 3D FWI

and the rock-physics modelling has revealed the heterogeneous nature of the BSR at the

Puke Ridge. Based on the applied methods, I determine the relative distribution of the


uids, i.e. gas hydrate and free gas, but also relatively robust absolute saturation values.

For the analysis, I divided the BSR into �ve areas of similar characteristics -B2, basin,

lower slope, upper slope/top of the ridge, T2. Area B2 describes a spatially restricted

area of high 
uid saturation. I estimate an average gas hydrate saturation of � 20 - 25

% and an average free gas saturation of� 15 - 20 % (Fig. 4.21, 4.22). Thebasin area is

characterised by a moderate average free gas saturation of about � 15 % (Fig. 4.22) and a

low average gas hydrate saturation of about� 8 - 10 % (Fig. 4.21). The same applies for

the lower slope- a minor average gas hydrate saturation (� 8 - 25 %) overlays an average

gas saturation of about� 5 - 15 % (Fig. 4.21, 4.22). The average gas hydrate saturation

at the upper slope/top of the ridgeis signi�cantly higher with � 15 - 30 % (Fig. 4.21)

and the average gas saturation is slightly lower with� 1 - 15 % (Fig. 4.22). AreaT2 is

again characterised by high saturations of gas hydrate and gas. The average gas hydrate

saturation at T2 is � 15 - 28 % (Fig. 4.21) and the average free gas saturation is� 6 %

(Fig. 4.22). BSR upwards shifting due to sedimentation and/or tectonic uplift probably

plays a large role in the dynamics of the BSR leading to gas hydrate dissociation, free gas
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migration and consequently increased gas hydrate saturation towards theupper slope, top

of the ridge. Minor splay faults and coarse-grained, folded strata provide pathways from

below the GHSZ and could be connected to large thrust faults within the wedge. These

thrust faults might provide pathways for 
uids that are assumed to be in connection with


uid 
ow from the subduction interface and accretionary wedge during SSEs.
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6 Conclusions

6.1 Summary

In section 1.2, I discuss the motivation and aims for this thesis - application of FWI on

a 3D dataset, application of the newly developed FWI AVO methodon �eld data and

the investigation of the BSR at the Puke Ridge of the Hikurangisubduction zone. In the

following, I summarise the results of this thesis in regard to these aims. I also sketch pos-

sible future work that could help to further improve the insights gained from this thesis

and to deepen the understanding of the dynamics at the Hikurangi subduction margin,

in particular regarding 
uid migration, seamount subduction and SSEs.

Within the scope of this thesis, I perform an isotropic, acoustic 2D and 3D FWI of a newly

acquired 3D seismic multi-channel dataset. The work
ow forthe 2D and 3D inversion is

very similar. I build a reliable work
ow with repeated quality control that runs successful

FWIs with the dataset. Special care is being exercised for the generation of the starting

model. A 1D water-velocity pro�le measured in spatial and temporal vicinity of the data

acquisition provides accurate water velocities. For the sea
oor, a high-resolution RTM

supplies a su�ciently accurate sea
oor location that is consistent with the water veloci-

ties. The initial rock velocities are contributed by an OBS travel time tomography (Arai

et al., 2019). The composed starting model is tested by forward modelling of synthetic

data which is compared to the observed data to ensure that no cycle-skipping will com-

promise the quality of the FWI. The wavelet is generated by a Wiener inverse �lter. The

quality control for the wavelet is also performed by generating synthetic data and inter-

lacing them with observed data. For the inversion strategy,I �nd that a layer-stripping,

multi-scale approach leads to a good convergence of the inversion and a reliable result.

The 2D inversion is run up to� 18 Hz. In order to highlight vertical, small-scale velocity

changes I also create a di�erentiation of the velocity modelwhich displays features that

are characteristic of subduction zones including an incoming plate with protruding vol-

canic cones, the d�ecollement, thrust faults splaying fromthe d�ecollement and dissecting

the accretionary wedge and a BSR running from the top of the accretionary wedge to its

toe.

For the 3D inversion I concentrate on the area of a relativelystrong BSR on the landward-

dipping side of a thrust ridge within the accretionary wedge. I run the inversion up to �

11 Hz. The resulting velocity images resolve the BSR well and give a detailed impression

of the velocities characterising the BSR. The �nal velocityimages of the second inversion

with only 4500 m-o�set data included and the third inversionwith the full-o�set data

show a change towards higher background velocities within the slope area. For the third

inversion, the in
uence of the refracted arrivals is much larger as these dominate the shot-

gather in the last � 2000 m o�set while the second inversion is probably mostly driven

by the re
ections in the data. As re
ections are known to better resolve small-scale,
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vertical velocity changes and refractions are more prone tothe horizontal, macro-velocity

structure, I assume the change in the velocities to be causedby anisotropy from the clay

minerals within the sediment. However, I have not investigated anisotropy in the thesis,

neither for the FWI nor the rock-physics modelling.

I apply the newly developed FWI AVO method in order to investigate the BSR further

and discriminate between the 
uids that potentially cause the BSR. In order to ensure

that the FWI AVO method can resolve di�erent 
uids as a cause forthe BSR I perform a

synthetic study with a BSR caused primarily by gas hydrate and a BSR caused primarily

by gas. The result shows that the FWI AVO method is able to distinguish between these

two scenarios and, therefore, supports the applicability of the FWI AVO method for this

problem. In a second step, I perform the FWI AVO work
ow for the �eld dataset. I

am able to extract the AVO information from the di�erent FWI run s and turn it into a

conventional AVO curve.

The rock-physics modelling I perform allows for a quantitative analysis of the BSR by

determining saturation values for the gas hydrate and gas. Furthermore, calculated AVO

curves based on the rock-physics modelling act as a quality control for the FWI AVO

method. A comparison between the two di�erently generated AVO results shows an

agreement of the general trends. Di�erences between the results might be caused by the

applied rock models or inaccuracies in the FWI AVO approach, e.g. calculation of the an-

gles. Overall, the rock-physics modelling supports the results of the FWI AVO approach

and its applicability for �eld data.

Therefore, in this thesis I show that FWI AVO is a useful tool foridentifying rock prop-

erties, i.e. pore 
uid, lithology and porosity. I design andverify a work
ow for applying

FWI AVO to �eld data which compared to the conventional AVO analysis requires limited

user-interaction and is highly data-driven and repeatable. Thus, the methods proves to be

valuable and could be interesting for a wide range of applications as the estimation of rock

properties is essential to many geophysical investigations, e.g. hydrocarbon exploration .

Combining the results of the 3D FWI model, the FWI AVO method and the rock-physics

modelling provides a joint interpretation for the BSR at thePuke Ridge. While the BSR

in the basin area is mainly generated by free gas, its saturation decreases towards the

top and instead the gas hydrate saturation increases. An important role in the genera-

tion of the gas hydrate deposits, probably played BSR upwards shifting caused by uplift

through seamount subduction as well as sedimentation on thelandward-dipping 
ank of

the Puke Ridge. The BSR shift led to gas hydrate dissociationand the associated free

gas migrated upwards into the GHSZ and caused the increased gashydrate saturation

towards theupper slope/top of the ridge. The migration of the gas is assumed to be along

the BGHSZ as well as faults and permeable layers. These pathways might be connected

to large thrust faults dissecting the accretionary wedge that potentially provide a passage

for 
uid 
ow from the subduction interface and accretionary wedge in connection with
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episodically occurring SSEs.

6.2 Future work

One of the largest uncertainties in this work, was the di�erence in velocities for the �rst

(model A) and second (model B) inversion model as the velocities had a major in
u-

ence on the rock-physics modelling results. Although I have areasonable explanation for

this, i.e. anisotropy, it would be good to have a con�rmationfor this theory. Therefore, I

would suggest running an anisotropic inversion which is able to account for the anisotropic

velocity di�erence. The FULLWAVE code I used in this study is capable of including a

model for density, attenuation, S-wave velocity as well as anisotropy (Warner et al., 2013).

Therefore, one could include a regional anisotropy model. It would also be possible to

run semi-global inversion that jointly inverts for anisotropy as well as velocity (da Silva

et al., 2019; Debens, 2015).

The results of the rock-physics modelling support the FWI AVO method and its appli-

cability. However, there were also some di�erences for whichI have discussed possible

causes in section 5.3. To exclude any inaccuracies in the application of the FWI AVO

approach, I suggest to perform an additional ray tracing forthe area. The results will,

�rst, display the fold of the study area which is envisaged tobe constant, and, second,

allow to determine the exact incident angles of the seismic waves for the calculation of

the AVO value. At the moment, I use a straight-ray assumptionfor this.

Another uncertainty is the use of Gardner's Law for the density in the FWI runs. The

use of a local velocity-density relationship could improvethe accuracy of the result.

To further support the results and the applicability of the FWI AVO approach, one could

also perform a traditional AVO analysis with the seismic data.

A natural next step for the FWI AVO method would be to apply it to a di�erent study

area and dataset to check the robustness of the approach and also to investigate the gas

hydrate saturation.

The results of the rock-physics modelling could also be improved by generating an even

more accurate background model that includes di�erent lithologies and accounts for fur-

ther small-scale elastic property changes that are not caused by the 
uid distribution, e.g.

by di�erent levels of consolidation.

In general, the study of gas hydrate remains an important research topic, especially in

times of global warming, i.e. climate change. The dissociation of gas hydrate and the

subsequent release of methane (Reagan and Moridis, 2007) can have various e�ects on the

environment. Methane released into the ocean can potentially contribute to ocean acidi-

�cation (Biastoch et al., 2011; Boudreau et al., 2015) and ifthe greenhouse gas methane

enters the atmosphere it could further enhance global warming (Ruppel and Kessler,

2017). Additionally, gas hydrate dissociation at (continental) slopes might in
uence slope
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stability and consequential failure (Maslin et al., 2004; Mienert et al., 2005).

After building a successful work
ow for FWI with the 3D multi-channel seismic dataset,

it is relatively straight-forward to run inversions for other parts of the dataset. It could

be interesting to resolve the velocity structure of the BSR in other regions of the dataset

where the HRZ or the seamount are not that distinct (Collins, 2023; Bangs et al., 2023)

or where no large thrust faults connect to the plate boundaryand further investigate the

correlation between the gas saturation and the 
uid-rich d�ecollement. In general, it would

be interesting to investigate the 
uid 
ow along thrust faults within the wedge, especially

in connection with SSEs (Gray et al., 2019; Chesley et al., 2021). Another interesting

aspect to investigate is the spatial distribution of an ultra-low rigidity layer that Davy

et al. (nd) resolved in their FWI velocity model which might be in connection with the

tsunami earthquakes triggered in this area of the margin (Bell et al., 2014).

Furthermore, one could also try to include the OBS data into the FWI and, subsequently,

even the land-seismometer data to gain a P-wave velocity model of the whole accretionary

wedge and subduction zone. This will allow to resolve even deeper parts of the subduction

zone and get an even better understanding in terms of the d�ecollement characteristics,

i.e. 
uid distribution, seamount occurrence in connectionwith the ongoing processes in

regard to SSEs. Bangs et al. (2023) actually suggest that another seamount has been

subducted further downdip and prior to the P�apaku seamountthat can spatially be con-

nected with the 2014 SSE (Wallace et al., 2016). Resolving this seamount could be a

support of their theory that 
uid-rich sediment lenses in the wake of seamounts enable

SSEs at the Hikurangi margin.
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A FWI at the Hikurangi subduction zone

Figure A.1: 2D Full-waveform inversion (FWI) model from Gray et al. (2019). The whi te dashed line
indicates the extent of the model that they consider to be reasonablywell constrained.
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Figure A.2: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the second streamer.
The data from the �rst/third/fourth streamer for the same location are sh own in Fig. 2.15,A.5,A.8,
respectively.
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Figure A.3: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the second streamer.
The data from the �rst/third/fourth streamer for the same location are sh own in Fig. 2.16,A.6,A.9,
respectively.
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Figure A.4: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the second streamer.
The data from the �rst/third/fourth streamer for the same location are sh own in Fig. 2.17,A.7,A.10,
respectively.
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Figure A.5: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the third streamer.
The data from the �rst/second/fourth streamer for the same location are shown in Fig. 2.15,A.2,A.8,
respectively.
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Figure A.6: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the third streamer.
The data from the �rst/second/fourth streamer for the same location are shown in Fig. 2.16,A.3,A.9,
respectively.
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Figure A.7: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A)Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the third streamer.
The data from the �rst/second/fourth streamer for the same location are shown in Fig. 2.17,A.4,A.10,
respectively.
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Figure A.8: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the fourth streamer.
The data from the �rst/second/third streamer for the same location are shown in Fig. 2.15,A.2,A.5,
respectively.
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Figure A.9: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 show data from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the fourth streamer.
The data from the �rst/second/third streamer for the same location are shown in Fig. 2.16,A.3,A.6,
respectively.
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Figure A.10: Interlacing of observed and predicted data for quality control of 3D full-waveform inversion
(FWI). A) Location of the shotgathers displayed in B1 - D2 with the star i ndicating the shot location
and the highlighted area marking the coverage along the pro�le. B1/2 showdata from pro�le M1212,
C1/2 show data from pro�le M1220, D1/2 show data from pro�le M1228. B1/C1/D1 display in terlacing
with predicted data based on the starting model. B2/C2/D2 display the interlacing with predicted data
based on the �nal FWI velocity model of the third inversion run. Blac k bars indicate the observed data
and white bars indicate the predicted data. The shotgathers include the data from the fourth streamer.
The data from the �rst/second/third streamer for the same location are shown in Fig. 2.17,A.4,A.7,
respectively.
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B Rock-physics modelling of a BSR
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Figure B.1: Mineral composition from site U1518 determined by XRD bulk powder analysis. Fig. F5
taken from Sa�er et al. (2019) (under the https://creativecommons.org/licen ses/by/4.0/)

221



A B C D

Figure B.2: Drilling information from site U1518 used for rock-physics modelling.A) Salinity measured
from core samples. Blue dots: measurements from U1518E. Red dots: measurements from U1518F. Grey
shaded areas: fault zones. B) Formation temperature determined from down-hole measurements. Red
dots: measurements used for calculation of best-�tting thermal gradient. Black dots: measurements
not included in calculation for gradient. Black line: calculated thermal gradient of 0.035 ‰=m. C)
Grain density determined on discrete samples from U1518E and U1518F. D) Nuclearmagnetic resonance
(NMR) porosity. Bright blue line from U1518A, dark blue line from U1518B. Taken from Sa�er et al.
(2019) (under the https://creativecommons.org/licenses/by/4.0/, parts taken from Fig. F39, F.48, F.43,
F45).
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Figure B.3: Temperature measurement for site U1519. Fig. F31A taken from Barnes et al. (2019b)(un-
der the https://creativecommons.org/licenses/by/4.0/). Formation temper ature determined from down-
hole measurements. Red dots: measurements used for calculation of best-�tting thermal gradient. Black
dots: measurements not included in calculation for gradient. Black line: calculated thermal gradient of
0.024‰=m.

223



A B

C D

E F

G H

I J

Figure B.4: Shear velocity models from relationships between P-wave velocity and S-wave velocities
determined from borehole data. Dashed grey lines: location of bottom-simulating re
ector (BSR). A,
C, E, G, I) Smooth full-waveform inversion (FWI) background model C. B, D, F, H, J) Smooth FWI
background model B. P-wave and S-wave relationship: A,B) U1518. C,D) Consolidated U1518. E,F)
U1519. G,H) U1520. I,J) Literature (Greenberg and Castagna, 1992).
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Figure B.5: Porosity models from relationships between P-wave velocity and porosity determined from
borehole data. Dashed grey lines: location of bottom-simulating re
ector(BSR). A, C, E, G, I) Smooth
full-waveform inversion (FWI) background model C. B, D, F, H, J) Smooth FWI background model B.
P-wave and porosity relationship: A,B) U1518. C,D) Consolidated U1518. E,F) U1519. G,H)U1520.
I,J) Literature (Ho�man and Tobin, 2004).
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Figure B.6: Di�erence between full-waveform inversion (FWI) model and the background velocity
model. A, C, E) Travel time tomography background model. B, D, F) Smoothed FWI background
model. A,B) FWI model A. C,D) FWI model B. E-F) FWI model C.
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Figure B.7: Saturation models based on FWI model A, travel time (TT) tomography background
model and the rock-physics modelling approach. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate
modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and
black line show locations of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22,
respectively.
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Figure B.8: Saturation models based on FWI model B, travel time (TT) tomography background
model and the rock-physics modelling approach. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate
modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and
black line show locations of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22,
respectively.
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Figure B.9: Saturation models based on FWI model C, travel time (TT) tomography background
model and the rock-physics modelling approach. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate
modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and
black line show locations of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22,
respectively.
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Figure B.10: Saturation models based on FWI model A, smoothed FWI background model andthe
consolidated U1518 relationship. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as
sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.11: Saturation models based on FWI model B, smoothed FWI background model and the
U1518 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as sediment. A,C)
Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations of
picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.12: Saturation models based on FWI model C, smoothed FWI background model and the
U1518 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as sediment. A,C)
Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations of
picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.13: Saturation models based on FWI model A, smoothed FWI background model andthe
consolidated U1518 relationship. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as
sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.14: Saturation models based on FWI model B, smoothed FWI background model and the
consolidated U1518 relationships. A,B) Gas hydrate modelled as 
uid. C,D)Gas hydrate modelled as
sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.15: Saturation models based on FWI model C, smoothed FWI background model and the
consolidated U1518 relationships. A,B) Gas hydrate modelled as 
uid. C,D)Gas hydrate modelled as
sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.16: Saturation models based on FWI model A, smoothed FWI background model andthe
U1519 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as sediment. A,C)
Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations of
picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.17: Saturation models based on FWI model B, smoothed FWI background model and the
U1519 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as sediment. A,C)
Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations of
picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.

232



A B

C D

Figure B.18: Saturation models based on FWI model C, smoothed FWI background model and the
U1519 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as sediment. A,C)
Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations of
picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.19: Saturation models based on FWI model A, smoothed FWI background model andthe
U1520 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as sediment. A,C)
Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations of
picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.20: Saturation models based on FWI model B, smoothed FWI background model and the
U1520 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as sediment. A,C)
Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations of
picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.21: Saturation models based on FWI model C, smoothed FWI background model and the
U1520 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled as sediment. A,C)
Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations of
picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.22: Saturation models based on FWI model A, smoothed FWI background model andthe
literature relationships. A,B) Gas hydrate modelled as 
uid. C,D) G as hydrate modelled as sediment.
A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations
of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.23: Saturation models based on FWI model B, smoothed FWI background model and the
literature relationships. A,B) Gas hydrate modelled as 
uid. C,D) G as hydrate modelled as sediment.
A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations
of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.24: Saturation models based on FWI model C, smoothed FWI background model and the
literature relationships. A,B) Gas hydrate modelled as 
uid. C,D) G as hydrate modelled as sediment.
A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line show locations
of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22, respectively.
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Figure B.25: Saturation models based on FWI model A, travel time (TT) tomography background
model and the U1518 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.26: Saturation models based on FWI model B, travel time (TT) tomography background
model and the U1518 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.27: Saturation models based on FWI model C, travel time (TT) tomography background
model and the U1518 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.28: Saturation models based on FWI model A, travel time (TT) tomography background
model and the consolidated U1518 relationships. A,B) Gas hydrate modelledas 
uid. C,D) Gas hydrate
modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and
black line show locations of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22,
respectively.
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Figure B.29: Saturation models based on FWI model B, travel time (TT) tomography background
model and the consolidated U1518 relationships. A,B) Gas hydrate modelledas 
uid. C,D) Gas hydrate
modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and
black line show locations of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22,
respectively.
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Figure B.30: Saturation models based on FWI model C, travel time (TT) tomography background
model and the consolidated U1518 relationships. A,B) Gas hydrate modelledas 
uid. C,D) Gas hydrate
modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and
black line show locations of picked gas hydrate and free gas saturation values for Fig. 4.21 and 4.22,
respectively.
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Figure B.31: Saturation models based on FWI model A, travel time (TT) tomography background
model and the U1519 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.32: Saturation models based on FWI model B, travel time (TT) tomography background
model and the U1519 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.33: Saturation models based on FWI model C, travel time (TT) tomography background
model and the U1519 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.34: Saturation models based on FWI model A, travel time (TT) tomography background
model and the U1520 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.35: Saturation models based on FWI model B, travel time (TT) tomography background
model and the U1520 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.36: Saturation models based on FWI model C, travel time (TT) tomography background
model and the U1520 relationships. A,B) Gas hydrate modelled as 
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.37: Saturation models based on FWI model A, travel time (TT) tomography background
model and the literature relationships. A,B) Gas hydrate modelled as
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.38: Saturation models based on FWI model B, travel time (TT) tomography background
model and the literature relationships. A,B) Gas hydrate modelled as
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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Figure B.39: Saturation models based on FWI model C, travel time (TT) tomography background
model and the literature relationships. A,B) Gas hydrate modelled as
uid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily distributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.21and 4.22, respectively.
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