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Abstract

Full-waveform inversion (FWI) is an inversion technique thatgenerates high-resolution
physical property models of the subsurface. The NZ3D datasefs acquired to perform
FWI and generate P-wave velocity models of the Hikurangi marginin this project, |
develop a reliable work ow to apply FWI on this dataset. | perfoem a 2D FWI that images
the accretionary wedge as well as the decollement and a 3Dvarsion which focusses on
a near-surface area within the accretionary wedge. This arés characterized by a thrust
ridge with a relatively strong bottom-simulating re ector (BSR). In order to investigate
this BSR, | apply a newly developed method that allows the usef acoustic FWI to
analyse the amplitude-versus-o set (AVO) e ect in the seimic data and, thereby, resolve
the elastic parameters and investigate the uid distributon along the BSR. While the
applicability of this method has been proven for synthetic ata, 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 oatel to rock properties
providing gas hydrate and free gas saturation estimates fire BSR and a quality control
for the application of the FWI AVO method.

| jointly interpret the results from the FWI, the FWI AVO analysis and the rock-physics
modelling to identify the cause of the investigated BSR. Th&8SR is characterised by a
higher gas saturation within the basin which decreases tovas the ridge and vice-versa for
the gas hydrate saturation. The gas hydrate was probably gerated during the process
of hydrate recycling and sourced by free gas ow from below&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 geohazarde Blarthquakes, volcanic erup-
tions and tsunamis to the formation of continents via plate éctonics and climate-related
disciplines like glaciology and palaeoclimatology to thetalisation of fossil fuels and the
use of geothermal energy. Overall, it is the science that asnmo understand the interior
processes of the Earth and other planets. The most common rhetl of looking into
the Earth is probing it with seismic waves. These seismic was can either be passively
generated by earthquakes or actively generated by humandimced sources, e.g. seismic
vibrators and airguns. The use of seismic waves to resolve adium's, e.g. the Earth's,
interior is called seismic imaging. It extracts informatia about the structure and physical
properties of the subsurface from the travel times, phaseadiamplitudes of the seismic
data. While a rst estimate of the subsurface structure can bebtained by relatively sim-
ple seismic processing, i.e. stacking (Yilmaz, 2001), r&tving more accurate information
about the subsurface structure as well as the physical prapies usually requires inversion
methods (Russell, 1988). Di erent inversion methods for pisical properties exist, e.g.
travel time tomography (Rawlinson et al., 2010), but curretly the most advanced one is
full-waveform inversion (FWI). By taking into account the whde seismic trace, i.e. the
full waveform, it is able to produce highly resolved physi¢g@roperty models (Virieux and
Operto, 2009; Tarantola, 1984; Warner et al., 2013).

While FWI can theoretically also be used for the investigation foelastic parameters
(Guasch et al., 2012), the method that is usually applied fahis is an Amplitude-versus-
o set (AVO) analysis (Castagna and Backus, 1993). AVO anabis makes use of the seismic
amplitude dependence on the incident angle and the subswéss elastic properties, i.e.
P-wave velocity, S-wave velocity and density, across a re®r. In order to extract this
information from the seismic data, elaborate and time-cooming 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 wdk ow as FWI accounts for
most of the perturbing e ects that usually have to be mitigaed for the AVO method. So
far it has only been shown on synthetic data (Warner et al., 22).

Gaining information about the physical properties, e.g. Rvave velocity, is a rst step in
the seismic interpretation process. However, usually one mta to use these properties to
draw conclusions about the geological properties like rookatrix, uid saturation, poros-
ity. This geological information is important in various aeas of application, e.g. in the
gas and oil industry. The transformation from physical proprties to geological properties
Is performed by means of rock-physics modelling (Mavko et. al998).



In this thesis, | apply FWI on a 3D multi-channel seismic datagehat was acquired across
the Hikurangi subduction zone at the east coast of the North lahd of New Zealand. This
dataset was mainly acquired for the subsurface investigati in the context of slow slip
events (SSE), i.e. silent earthquakes which are caused bgwgland long ruptures. These
slow slip events have been connected to episodic stress gemand uid pressure cycling
as well as drainage of uids from the plate interface and uidnigration within the upper
plate (Warren-Smith et al., 2019; Nakajima and Uchida, 2018)ere, | use the dataset to
focus on the investigation of bottom-simulating re ectorge ections (BSRs). A BSR is a
re ection that is caused by gas hydrate overlying free gas the 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 hydrass is an important research topic
as their dissociation can contribute to ocean acidi catior(Biastoch et al., 2011), global
warming (Ruppel and Kessler, 2017) and slope failure (Maslet al., 2004).

I run a 3D FWI which allows me to generate a high-resolution P-wa 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 | perform prder to gain information
about the gas hydrate and gas saturation causing the BSR. Raermore, | apply the
newly developed FWI AVO method on the BSR to gain information abut the elastic
properties. The rock-physics modelling is also performed verify the FWI AVO results.
Overall, the results display the distribution of free gas ahgas 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 | also show that FWI AVO can be a valuable tool fordentifying geological
properties.

1.2 Aims and motivations

Application of FWI on 3D dataset

The 3D seismic multi-channel dataset | work with in this theis was acquired in 2018. The
acquisition setting was chosen with the objective of using for FWI (Gray, 2019). The
aim was to resolve a high-resolution P-wave velocity modef the Hikurangi subduction
zone and gain insights into the conditions and processes say SSEs. Prior to my PhD
project, no research had been done based on this dataset. #snxa 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 subsurfae, the method of choice to
this date has been AVO analysis. In order to only extract andchivestigate the amplitude
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changes based on the elastic parameters in the subsurfacd eemove other superimposed
e ects, e.g. amplitude changes due to spherical divergeno¥erlapping of re ections with
multiples and noise, a processing-heavy work ow is requde FWI resolves the physical
properties in the subsurface with relatively raw seismic da, i.e. only minor processing
steps like band-pass Itering or muting. It has the advantag that it, in a data-driven way,
already accounts for most of the disturbing e ects that usuéy have to be removed indi-
vidually and manually often based on the decisions by the ptessor, e.g. in the context
of normal-moveout (NMO) velocity picking. A newly developednethod based on acous-
tic FWI should theoretically be able to resolve the AVO e ect an has has been shown
to work in simple synthetic scenarios (Warner et al., 2022)In this thesis, | 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 elastioperties 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 athoice for the investigation
of BSRs (Ecker et al., 1998; Arun et al., 2018; Bo et al., 2011Jhe Hikurangi subduction
margin is known for being uid-rich (Gase et al., 2023; Watso et al.,, 2020) and the
linked occurrence of BSRs (Katz, 1982; Pecher et al., 2005,u€@hley et al., 2011). The
3D multi-channel dataset used in this thesis also containsirige areas characterised by
BSRs (Han et al., 2021) with a relatively strong BSR located othe land-ward dipping
side of a thrust ridge within the accretionary wedge. Thus, those this BSR for the
application of the FWI AVO method. In order to explore whether he FWI AVO results
are sensible, | also perform rock-physics modelling for ti2SR to estimate possible gas
hydrate and free gas saturations. Furthermore, by combingnthe FWI velocity model
with rock-physics modelling | develop a work ow that resul$ in a detailed understanding
of the BSR, including absolute, laterally varying saturatn estimations of gas hydrate
and free gas in the subsurface.




1.3 Gas Hydrates

Gas Hydrates, also known as clathrate hydrates, are a crydtaé structure composed of
water and various gases (Collett, 2002). In nature, the maigas is methane but other
gases such as nitrogerN\(;), carbon dioxide (CO,), hydrogen sul de (H2S) and propane
(C3Hg) can also be involved (Boswell and Collett, 2011). When metha is the only gas,
the construct is called methane hydrate or methane clathrat The crystalline structure
and physical properties of clathrate are similar to ice whiitis why it is also sometimes
referred to informally as ammable ice.

Gas hydrate structures are stable in high pressure and lowntg@erature conditions (Koh
et al.,, 2011)(Fig. 1.1). However, the stability boundary of te hydrate structure is also
dependent on the exact gas and pore water composition and theethane saturation
(Tehu et al., 2006; Xu and Ruppel, 1999)(Fig. 1.1A). The latte needs to be seen in
respect to the methane in the pore water. If the methane satation in the pore water
exceeds the solubility, gas hydrate forms (above the BSR) tree gas forms (below BSR)
(Davie and Bu ett, 2003b). The depth of the gas hydrate stality zone (GHSZ) is limited
by the increase in temperature with depth (Fig. 1.1B). Fig. 1.Zhows the worldwide
distribution of gas hydrates (Waite et al., 2020). They aredund 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 activeontinental margins as the
subduction of water-bearing sediments and a deformed adioeary 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 ocertain. Estimated
gas hydrate volume decreased over time with 3 { 10'®m? in the 1970s to 1980s,
10'°m?2 in the late 1980s to early 1990s and current estimations of 15 10"°*m? (You
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Figure 1.1: Gas hydrate stability, Fig. 1 from Tehu 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 # 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 natal gases and are argued
to play a role in energy production (Collett, 2002; Fujii et &, 2015), climate change
(Ruppel and Kessler, 2017), slope stability (Maslin et al2004; 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 nattal balance and human welfare
(Kvenvolden, 1999).

In seismic data a BSR is associated with the occurrence of da&irate in the subsurface
(Holbrook et al., 1996; Shipley et al., 1979). A BSR is a re eot 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 awmedlocity in the subsurface
(Yilmaz, 2001). Therefore, it is assumed to be generated by gyaydrate-bearing sedi-
ments overlying gas-bearing sediments and is broadly inpeeted as the base of the gas
hydrate stability zone (BGHSZ).

Most gas hydrate deposits are sourced from gas of biogeniggor 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, Parlat al. (1990) also discov-
ered such bacterial activity several hundred meters bendsathe sea oor. Additionally, the
gas can be of thermogenic origin which means that the gas isngeated in deeply buried
sediments from organic matter (Schoell, 1988). This kind afas is found in continental
settings in Alaska, Russia, Canada (You et al., 2019)) and inreép marine settings in the
Gulf of Mexico, Caspian Sea, Black Sea, South China Sea (@] 2002; Kvenvolden,
1995; Milkov and Sassen, 2002). Di erent models for the gasgration and hydrate for-
mation exist. You et al. (2019) specify six di erent process for hydrate formation - 1)
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local biogenesis, 2) local di usion of dissolved methane) &dvective ow and/or di usion

of dissolved methane, 4) methane recycling, 5) long-rangalvective free gas ow and 6)
solidi cation of a gas reservoir (Fig. 1.3).

The rst process of local biogenesis (1) describes the bigpadation of local organic car-
bon during the burial of deposited sediment. The generatedethane dissolves into the
pore water and, when the generated amount exceeds the metbanydrate solubility, gas
hydrate forms. For this process no migration mechanism is @g@ed. However, this also
means that the total amount of gas hydrates formed is depemnateon the existing or-
ganic carbon. As organic carbon is usually of lower concerticn, the process cannot
form higher accumulations of gas hydrate. Gas hydrates geated by this type are usu-
ally found a few tens of meters beneath the sea oor as regidiyadisseminated deposits
or fracture- llings in muddy, ne-grained sediments (Wallmann et al., 2012; Malinverno,
2010; Malinverno et al., 2018; Davie and Bu ett, 2001, 20034). Higher gas hydrate con-
centrations are often observed in coarse-grained sandyday. It is assumed that methane
hydrate forms within ne-grained muddy sediment surroundiag these layers and is driven
by local, i.e. short-range, diusion (2) into the higher-poosity intervals (Nole et al.,
2017; Malinverno, 2010; Malinverno and Goldberg, 2015; Rpsi, 2011; VanderBeek and
Rempel, 2018; Wei et al., 2019; You and Flemings, 2018a). Tipisocess was proposed by
Malinverno (2010) arguing that a pore-size dependent metha solubility (higher solubil-
ity in the smaller pores) causes a dissolved methane conaatibn gradient that causes the
di usion of the methane into the coarse-grained layers. Thimodel can generate hydrate
saturations of up to 80 % in thin layers (cm-scale) but may ndbe able to explain elevated
gas hydrate concentrations in thicker layers (meter-scal¢Nole et al., 2017). Process 1
and 2 combine the formation processes where gas hydrate isirsed from within the
GHSZ. For the other processes the gas is transported from belthe GHSZ which means
it can either be of microbial or thermogenic origin. In the tird process the methane
from below the BGHSZ is transported into the gas hydrate stalily 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 whiie dissolved methane
turns into gas hydrate within the GHSZ. However as the methaneokibility is generally
low in water, a large upward ux or a long time is needed in ordeto produce large con-
centrations of gas hydrate with this process. Areas characiged by rapid deposition and
accretionary wedges in subduction zones, where deeply learisediments are dewatering,
might provide the necessary setting. Nevertheless, for mapserved gas hydrate accu-
mulations at continental margins, e.g. Blake Ridge (Davieral Bu ett, 2001, 2003b,a),
Northern Cascadia Margin (Malinverno et al., 2018; Davie an&u ett, 2003b) and o -
shore Costa Rica (Ruppel and Kinoshita, 2000; Hensen and Walnn, 2005) another
formation mechanism would need to be added (You et al., 2019)he process of methane
recycling (4) is used to explain high accumulations of gas disate at the BGHSZ and



free gas beneath it. During this process prevailing pressuand temperature conditions
change (due to e.g. uplift, erosion, sedimentation, climatchange) causing sediments that
were previously within the GHSZ to pass through the BGHSZ and oae gas hydrates to
dissociate into free gas and water. This free gas ows upwarénd reforms gas hydrate
at the BGHSZ (Nole et al., 2018; Crutchley et al., 2019). Somaeties a remnant of gas
hydrate stays at its previous location and causes a weak sedary BSR in the seismic
data (Han et al., 2021). This phenomenon is called a double BSRhe fth process de-
scribes hydrate formation by long-range, advective gas o{%) from beneath the BGHSZ
into and through the GHSZ. In this case permeable pathways viitlow capillary entry
pressure and high permeability, i.e. faults, highly fracttes zones, coarse-grained layers,
are used for the gas ow. Local hydrate saturation formed fra strong free gas ow can
be more than 90 % (You and Flemings, 2018b). This process isesftseen in connection
with concentrated gas hydrate deposits at vent sites. Alongeggmeable pathways the gas
may penetrate the GHSZ and escape at the sea oor. It also canpain gas hydrate
concentration in thick (meter-scale) sand layers which css or are close to a BSR. In
these cases, the gas hydrate often is underlain by free gasideth the BGHSZ (Haeckel
et al., 2004; You and Flemings, 2018b; Torres et al., 2004; Yetal., 2016). Along-layer
permeability is higher than across-layer permeability wikh is why gas migration below
the GHSZ is expected to follow the stratigraphy (Chatterjeeteal., 2014; Crutchley et al.,
2019). However, already formed gas hydrate at the BGHSZ mightduce 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 press of solidi cation of a gas
reservoir explains hydrate occurrences beneath permatrssil in Arctic regions (6). For
these reservoirs to form, free gas accumulates somewherd anbsequent global cooling
shifts the BGHSZ downwards beneath the reservoir which turrtbe gas into gas hydrates
(Collett, 1993; Behseresht and Bryant, 2012).



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) localusion 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.



1.4 Hikurangi subduction zone

The Hikurangi subduction margin is an active margin o shore lie North Island of New
Zealand where the Paci c Plate has been subducting under theustralian Plate since

24 - 30 Ma. To the north the subduction of the Paci ¢ Plate conhues beneath the Tonga
and Kermadec arcs resulting in a 3000-km-long subduction stgm (Tonga-Kermadec-
Hikurangi subduction system) (Davy and Wood, 1994) (see Fig..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 Il 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 thednt of a deforming buttress
of Cretaceous and Paleogene rocks covered by Miocene to Recent slopasips (data from Lewis et al.
(1997, 1999); Barnes et al. (2010)). The white arrow shows Paci c-Australia relaitve plate motion (in
mml/year) in the region (data from Beavan et al. (2002)). b) Broader-scale New Zaland tectonic setting.
c) regional tectonic framework. Abbreviations: NIDFB, North Island Dextr al Fault Belt; TVZ, Taupo

Volcanic Zone.



the Hikurangi margin displays an increasing obliquity whic develops into the dextral-slip
dominated Alpine fault via the Marlborough Fault System (Walace et al., 2004). In the
north the Hikurangi margin is characterised by a convergenaate of 50 - 60 mm/year
and this value decreases to 20 mml/year in the southern North Island (Wallace et al.,
2004). This variation of the convergence rate comes alongthvincreasing upper plate
shortening towards the south and rapid clockwise rotationfahe eastern North Island
relative to the bounding Paci ¢ and Australian Plates (Nicol etal., 2007).
An important feature of the margin is the unusually thick, bahymetrically elevated
oceanic crust (Hikurangi Plateau) which is being subductedtdahe Hikurangi Trough
and has caused widespread uplift of the eastern North Island.i{ch eld et al., 2007;
Nicol et al., 2007)(see Fig. 1.4). While the thickness of the gkau itself varies from 10
km to 15 km north to south (Davy and Wood, 1994), it also displgs a decreasing surface
roughness from north to south. The sedimentary cover of thdgteau 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 contribut®e the increased heterogeneity
of the sea oor (Wallace, 2020). This variability of the platau 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 nort{< 20 km wide) than
in the central and southern part (30 km - 70 km). In the latter aea, the wedge is well
developed, classically imbricated and rapidly growing (12 3 mm/year)(see Fig. 1.4)
(Wallace, 2020; Barnes and de Lepinay, 1997). This is in ctyast to the north where, due
to the relatively thin sedimentary cover of the plateau as wkas seamount subduction
and a high convergence rate, non-erosion and localised tadt erosion dominate the sub-
duction process (Barnes et al., 2010). Bangs et al. (2023)shthat seamount subduction
also has a large in uence on the internal structure of the we@. 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 imea wake of the seamount.
High-re ectivity zones (HRZ) in seismic data down-dip of subdcted seamounts have also
been interpreted to be high-pressure, uid-rich subductedediments (Bell et al., 2010;
Barker et al., 2009). These are assumed to have been undeutirwhen the decollement
was forced upwards during seamount subduction (Bell et a010; Bangs et al., 2006).
Modelling supported this interpretation by revealing regins of overpressure landward of
subducted seamounts in the subducted sediments (Ellis et,a2015). These observations
of high pore- uid pressure in connection with seamount suluttion have been theorised
to play a role in the triggering of slow slip events (SSE) thabccur in this area (Bell et al.,
2010).
In general, SSEs occur repeatedly at di erent depths alondg¢ whole Hikurangi margin
and play a large role in accommodating the plate motion (Wadke, 2020). In the northern
and central part they occur every 1-2 years and last a few weeRWallace and Beavan,
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2010). GPS data constrained their depth to 10 km - 15 km, but pssure gauge measure-
ments have conrmed 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.h&y are less frequent
(5 years - 10 years) but last much longer (1 years - 1.5 yearsphis large di erence in
SSE depth along-strike correlates with a highly bimodal irrseismic coupling behaviour.
While the transition from seismic to aseismic behaviour occsiat 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 aseisobehaviour (Wallace, 2020).
Fluid subduction and release play a large role in the dynamic$ subduction zones. Pecher
et al. (2010) estimate that 57 m3yr m ! of uid are being input into the Hikurangi
subduction zone system either by accretion or subduction eédiment. The majority of
these uids plus the uids generated from clay dehydration ee released from the wedge
due to subsequent compaction and tectonic deformation (Kl et al., 2015; Townend,
1997). Gase et al. (2023) also showed that the volcanic uppeust (1.5 km thick) of the
Hikurangi Plateau is extensively hydrated and supplies theubduction zone with addi-
tional uids (up to 47 vol % H,0). Approximately half of the uids escape within the rst
15 km of the subduction zone due to compaction and porosityds along the megathrust
or splay faults within the wedge but the other half is being tansported to deeper sub-
duction depths Gase et al. (2023). Many indications for ineased uid ow through the
accretionary wedge can also be found on the Earth's surfa¢e. on land mud expulsion
sites (Field and Uruski, 1997; Pettinga, 2003) and o shore ablvent seep sites with asso-
ciated chemosynthetic fauna (Lewis and Marshall, 1996; Faet al., 2006; Greinert et al.,
2010). Watson et al. (2020) compiled a catalogue of focusedid seepage sites along the
Hikurangi margin based on ndings of ares, seep fauna, autgenic carbonate, mounds,
pockmarks, rough texture and high sea oor backscatter in acistic 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 zerand along thrust ridges
within the accretionary prism but also see along-strike clmges which they base on the
wedge morphology, the convergence rate, the sea oor rougss and sediment thickness
of the incoming plate. In the northern area, uid seepage s are found in regions where
microseismicity and tectonic tremor (Todd et al., 2018; Tod and Schwartz, 2016) occur
and above shallow slow slip events (Wallace and Beavan, 20¥Y@llace et al., 2016) and
the above described HRZs which have been theorised to be uidh (Bell et al., 2010;
Barker et al., 2009) moderately over-pressured, and assateid with seamount subduction.
Not much uid seepage is detected in the central part of the mgin which is theorised to
be caused by a more di use uid expulsion that is not resolveth the acoustic data. In
the south the seepage frequency increases again, and isrofterrelated to thrust ridges
with high gas hydrate concentrations (Watson et al., 2020).

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

11



along the whole Hikurangi subduction margin (Katz, 1982; Hems et al., 2003; Pecher
et al., 2005, 2004), however, especially high concentrat®owere detected in its south-
ern part (Pecher et al., 2022). The distribution of BSRs rexas a connection between
gas hydrate deposits and subsurface structures that focusid ow, i.e. faults, dipping
strata, anticlines (Pecher et al., 2010; Crutchley et al.,@L1; Henrys et al., 2009; Crutch-
ley et al., 2019; Fraser et al., 2016). The imbricated Hikuray accretionary wedge with
its thrust ridges provides, therefore, an ideal setting fogas hydrate accumulation and
subsequent BSR generation. Most gas hydrate deposits alahg margin seem to be pre-
dominantly charged by microbially generated methane (Krager et al., 2019; Faure et al.,
2006) (location of borehole in Fig. 1.5). However, gas samplesthe southern margin
indicate that the gas is sourced by both biogenic and thermegic processes (Greinert
et al., 2010; Geoservices, 2015) and a borehole (U1520 fronDROExpedition 372/375)
sampling the incoming plate, i.e. the sediments that are b&y subducted, at the northern
Hikurangi margin has identi ed sediments rich in organic maer in the Late Cretaceous
interval overlying the Hikurangi Plateau which indicates tle presence of potential source
rock (Kroeger et al., 2022; Barnes et al., 2019a). Thrust fis in the accretionary wedge
are theorised to transport biogenic gas from sedimentaryaughs (Kroeger et al., 2022)
or from within the accretionary wedge and thermogenic gasdim the subducting plate
(Plaza-Faverola et al., 2012) near to the surface and into ¢hGHSZ. Fluid migration
modelling showed that this structural control of deep thermagenic uid ow might be
necessary to produce high concentrations of gas hydrates|(fHan et al., 2020). Certain
stratigraphies, such as dipping, coarse-grained strataemrgued 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., 2020Pecher et al., 2010;
Crutchley et al., 2011). This process seems to gain importaa for transporting uids at
shallow depths, where the sediments are less compacted andrenpermeable (Kroeger
et al., 2022). Higher gas hydrate concentrations also seemcdarrelate 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 beufal further landward of the
deformation front (Crutchley et al., 2019; Turco et al., 20Q). Furthermore, gas hydrate
seems to be more prone to form on the landward-dipping side thie anticline structure
due to increased sedimentation on the landward side whichuses shifting of the BGHSZ
and subsequent hydrate recycling. Double BSRs evidencingRB shifting were identi ed
in seismic data at several locations along the margin (Kroeget al., 2023; Han et al.,
2021; Pecher et al., 2017; Crutchley et al., 2011). Next to setentation, erosion and
tectonic uplift (Kroeger et al., 2023; Pecher et al., 2005)acised by seamount subduction
and pressure cycling induced by uid migration during SSEsycles (Han et al., 2021) are
also argued as potential causes for double BSRs at the Hikugarmargin.
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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 @t (2020) (under the
https://creativecommons.org/licenses/by-nc/4.0/).

1.5.1 Data

In this thesis, | use two di erent kinds of data - seismic muitchannel data and drilling
data.

1.5.1.1 Seismic data

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

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

multi-channel data were collected over an area of60 km 15 km. A total of 18 airguns

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

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

recorded the shots. The streamers were towed 150 m apart fr@ach other at a depth of
8 m. Each streamer had a length of 6000 m and contained 148 chals spaced 12.5 m
apart. For the inner streamer the minimum o set was 150 m andofr 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 semmeter (OBS) data ac-

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

2018)(see location in Fig. 1.5). The OBS recorded the seisnsicots during the active
data acquisition and continued to record the passive seisrity until they were recovered
in March-April 2018. Arai et al. (2019) used the active seismiavide-angle OBS data to
perform a travel time tomography. | use the resulting veloty model as a starting model
for the application of FWI (chapter 2).

1.5.1.2 Drilling data

Two International Ocean Discovery Program (IODP) Expeditons (372/375) conducted
in 2017 acquired coring and down-hole geophysical loggingta at four sites (U1518,
U1519, U1520, U1526) at the northern Hikurangi subduction mangi(see location in Fig.
1.5). The conducted logging-while-drilling (LWD) measuremnts included compressional
and shear wave velocity, resistivity, neutron porosity, ngron density, nuclear magnetic
resonance (NMR) porosity, NMRT,, bound water, free water and gamma ray. Measure-
ments from sites U1518, U1519 and U1520 provided data that | havsed throughout
this PhD project. Sites U1518 and U1519 are located within tharea of the NZ3D data
acquisition - U1519 is located on top of the accretionary weegU1518 drilled through the
Papaku thrust fault within the accretionary wedge. Site U120 is located further seaward
approximately 3 km away from the multi-channel acquisitiorand samples the sediments
of the incoming plate.

1.5.2 Study area

The seismic multi-channel 3D dataset is imaging an area ofé¢morthern Hikurangi mar-
gin seaward of Gisborne. This area is characterised by readog shallow SSEs (every
1-2 years, 10 - 15 km deep) and seamount subduction (Walla@920) (Fig. 1.5). Fig.
1.6 A shows a pre-stack depth migration (PSDM) pro le from tle middle of the dataset
(location shown by red line in Fig. 1.5). Fig. 1.6 B and C show theame section in-
terpreted and overlain by an FWI velocity model, respectivel{{Bangs et al., 2023). In
the southeast, the incoming plate is imaged with a roughly 1nk thick sediment sequence
overlying the volcanic Hikurangi plateau. The surface of th@lateau displays a rough
character with volcanic cones protruding into the sedimeaty cover. The cecollement
formed by the subduction of the incoming plate can be tracedelow the accretionary
wedge up to a depth of 7 km. Around 20 km distance from the beginning of the sub-
duction, the cecollement is characterised by a seismicglitransparent area. Further to
the northern side of the 3D dataset, this area becomes chatextsed by a distinct upward
arching of the decollement. This warped cecollement has den interpreted to be caused
by a subducted seamount (Bell et al., 2010; Barker et al., 281Bangs et al., 2023). The
exact extent of this seamount is still under debate. The seaunt was rst interpreted
by Bell et al. (2010) on a seismic section spatially coincidewith the section shown in
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Fig. 1.6 A. They interpreted seaward-dipping re ections in tle underlying plate to be
the seaward-dipping ank of a seamount. This interpretatia correlated with a +280 nT
magnetic anomaly (Barker et al., 2018). An inversion of thegeagnetic data resolves the
geometry of the subducted seamount as a SW-NE striking lozendeaped 40 km long
and 15 km wide ridge with a relief up to 2.5 km (see interpreted seeunt in Fig. 1.5).
Bangs et al. (2023) used the NZ3D multi-channel dataset to mape seamount and xed
the extent of the seamount to the southern side of the datasésee in Fig. 1.5). They
named it Papaku seamount. Collins (2023) showed that eleted relief is present over the
whole width of the NZ3D dataset approximately coinciding wi the seamount shape from
Barker et al. (2018), but that there is a distinct peak where Bngs et al. (2023) interpreted
the seamount. The inner structure of this seamount is still nder 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 showmiFig. 1.6 (Chesley et al.,
2021) and a velocity model from an OBS travel time tomographyArai et al., 2019),
provide various theories for the composition of the seamaunHigh velocities located
down-dip of the seamount resolved by the seismic data suggesher a smaller seamount
located further down-dip than assumed, or a seamount chatadsed 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 aonductive matrix of porous
volcaniclastics (Chesley et al., 2021). This interpretadn is consistent with observations
of the Turanganui Knoll, a guyot-like feature originated duwing intra-plate volcanism lo-
cated further seaward on the incoming plate (Chesley et ak021). Based on observation
of the Turanganui Knoll, Chesley et al. (2021) assume that thseamount 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 nrat of porous volcaniclas-
tics in the seamount is assumed to be highly uid-rich (Chesl et al., 2021) as well as
the high-amplitude re ection zone (HRZ) landward of the seammwunt which is interpreted
to be caused by uid-rich sediments entrained by the seamotisubduction (Bell et al.,
2010) (see Fig. 1.6). The contours of a SSE that occured in Semiber-October 2014 are
displayed in Fig. 1.5 and show the spatial correlation with ta subducted seamount (Wal-
lace et al., 2016). The observation that SSEs occur close tag subducted seamount and
the associated HRZ, suggest that a heterogeneous plate ifitme with rough topography
and regions of high pore- uid pressure play a role in promatg SSEs (Sa er and Wallace,
2015; Wallace, 2020; Bell et al., 2010; Chesley et al., 202%haddox and Schwartz (2019)
investigate burst-type repeating earthquakes and microsenicity in connection with the
2014 SSE which they link to the aseismic slip as well as uid gration within the wedge.
This interpretation is consistent with observations of inceased shear-wave splitting delay
times preceding the aforementioned SSE indicating uid ovpressure in the subducting
plate (Zal et al., 2020). SSEs are assumed to lead to episodicess changes and uid
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pressure cycling combined with the drainage of uids from thplate interface and uid mi-
gration within the upper plate (Warren-Smith et al., 2019; N&ajima and Uchida, 2018).
Chesley et al. (2021) also theorise that stress changes iretbubduction zone associated
with the SSEs cause rupturing of the resistivity cap of the senount which allows uids
within the conductive matrix to migrate into the overriding plate. Furthermore, they
resolved highly conductive and uid-rich areas (Cfl, Cf2, €3) within the forearc (Fig.
1.7). Area C2f co-locates with the observed SSE-related noseismicity from Shaddox
and Schwartz (2019). The accretionary wedge is dissected $gveral large thrust faults
splaying from the subduction zone interface to the surfacesde Fig. 1.6 B). While C2f
is bounded on the landward side by a large thrust fault that nght provide an escape
pathway for uids, Chesley et al. (2021) point out that the pesistence 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 seawardttin the accretionary wedge
(Fig. 1.7). This zone is at its base also bounded by another tst fault, and Chesley
et al. (2021) allude to narrow conductors that emanate from & to ridges on the sea oor
which could act as pathways for uids. One of these ridges, the Puke Ridge (Naval-
pakam et al., 2012). This prominent thrust ridge within the fontal accretionary wedge is
located in the foot wall of the thrust fault bypassing the highy uid-rich zone Cf2 and is
theorised to be associated with the Papaku seamount subdiien (Bell et al., 2010; Han
et al., 2021).

A BSR can be traced from the top of the accretionary wedge to ¢htoe of it (see Fig.
1.6 B). Interruptions of the BSR in certain areas correlate ith thrust faults. Further
indication of uid ow in the area are pockmark structures atthe sea oor (Watson et al.,
2020) (see Fig. 1.5).

Site U1520 from the IODP expedition 372/375 (section 1.5.1)as drilled into the sedi-
ments above the incoming plate (see Fig. 1.6 B). Fig. 1.8 shovesree 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 mudjudstones, silty clays and
clayey silts interbedded with silts and sand (see mineral egosition in Fig. 1.8). Below
{ from 500 mbsf to 800 mbsf { lies a thick unit of pelagic Neogengediments mainly
comprised of marl and calcareous mudstone. From 800 mbsf t808mbsf, measurements
reveal a distinct change to chalk minerals within Paleogengediments. In the wireline
logs this unit is characterised by a relatively high velogit of about 3000 m/s (see in Fig.
1.8, highlighted by arrow). Fig. 1.6 C shows a velocity modelf ¢the accretionary wedge
(Bangs et al., 2023) which is characterised by several higklocity streaks, that may rep-
resent chalk minerals underthrusted and incorporated intthe accretionary wedge. Below
the high-velocity unit a change to Cretaceous volcaniclastfacies can be observed. The
top of this unit is characterised by extremely low P-wave vectities (1600 m/s)(see in
Fig. 1.8, highlighted by arrow) which is theorised to from thekecollement (Gase et al.,
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2023). A low-velocity zone along the cecollement is cleagrivisible for the frontal part of
the wedge (Fig. 1.6 C). The low-velocity zone is theorised toebhighly uid-rich in u-
encing SSEs (Gase et al., 2023) as well as to be of ultra-logidity in uencing tsunami
earthquakes happening there (Davy et al., nd; Bell et al., 2@) (see location in Fig. 1.5).
U1518 drilled into the Papaku fault, a prominent thrust fault within the accretionary
wedge (see Fig. 1.6 B). At around 325 mbsf a major fault plane $ideen identi ed fol-
lowed by a subsidiary faultat 375 mbsf. The borehole is 500 m deep and only sampled
sediments of Quaternary age. Above and below the fault the segents are mainly com-
prised of mud/mudstones with silty sand interbeds sourcedylturbidites and hemipelagic
settlings (Sa er et al., 2019). For site U1518 Sa er et al. (2D9) published estimations of
gas hydrate saturations. When gas hydrate is formed, ion exsion leads to the enrich-
ment of solutes, e.g. chloride in pore water (Paull et al., 98). When no new gas hydrate
is formed, this excess chloride is gradually removed ovemie (Pape et al., 2020). When
gas hydrate is dissociated again, for example during cordrieal, fresh water is released,
which results in a reduction in chloride. Sa er et al. (2019use an empirical approach to
measure these anomalously low chloride values against akground chloride concentra-
tion and estimate gas hydrate saturation values. Between 38bsf and 359 mbsf they nd
six locations with anomalous values and calculate gas hydessaturation ranging between
2 % and 46 %.

U1519 is located on top of the accretionary wedge. The core ¢has up to a depth of 640
mbsf. Unfortunately there are a lot of gaps in the cored data,ut the sampled Quater-
nary sediments mainly comprise mud, mustones with minor 8l The sediments derived
from hemipelagic settlings, turbidity currents and debrisows. At 560 mbsf a very
weak BSR was observed in seismic data (see in Fig. 1.6 B) andldd at site U1520. In
the logging data highly resistive layers at the depth of the 8R 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 Fjy. 1.5. A)
Pre-stack depth migration image. B) Interpreted image. C) P-wave vebcity 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 reppduced with
permission of the rights holder Springer Nature, see licence in Appetix C). A) Vertical resistivity model.
B) Porosity model estimated using Archie's law (Archie, 1942). Conducbrs: Clp, C2p, C3p, C1f, C2f,
C3f and C4f, resistors: R1p, R2p, R2.5p and R1f. The black inverted triangle 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 imted.
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Figure 1.8: Dirilling and logging data from site U1520 taken from Barnes et al. (2019a) (under tle
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 compsition 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 #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 knwledge
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 av and results for a 2D and
3D inversion.

The third chapter discusses the FWI AVO approach. It includes a section about geral
AVO and FWI AVO theory and shows the application for two synthetc examples and a
eld data example.

The fourth chapter concentrates on rock-physics modelling. It contains a theosection
and walks through the modelling for a BSR.

The fth chapter combines the results from the previous three chapters anchas to nd
an interpretation for the investigated BSR.

The sixth chapter summarises the main ndings for the research in relation tohie
original aims of the project and sketches possible future vo
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2 FWI at the Hikurangi subduction zone

In this chapter, | discuss FWI as a method for producing high-sslution physical property
models (e.g. P-wave velocity, density) of the subsurface h& FWI code used in this thesis
is the FULLWAVE code which was developed at Imperial College Laon (Warner et al.,
2013). | start by giving a general overview of the underlyingheory. Next, | discuss
important details about the application of the FWI code. Finall, | describe the work ow
and illustrate the results of applying FWI in 2D and 3D to a seisme multi-channel dataset
in order to generate a high-resolution P-wave velocity motand image a subduction zone
and a BSR.

2.1 FWI theory

In inverse theory, the forward problem refers to obtaining @a for a given model, while
the inverse problem is concerned with estimating a model frogiven data. FWI is a

leading technology for recovering high- delity physical ppperty models of the subsurface
from observed seismic data (Virieux et al., 2017). Since FWI & non-linear problem it

requires non-linear optimisation strategies. These mette 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 coraped with the observed

data. The data mismatch is used to obtain a model update and ihprocedure is repeated
until no further updates are achieved. Each model update iek on the computation of
gradients. While these gradients would be computationallyery 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 emer(kinetic and potential)
through a medium, e.g. the Earth (Shearer, 2019). In the mosgfeneral case, the seismic
wave equation involves elasticity, attenuation, anisotnoy, dispersion, heterogeneity (Aki
and Richards, 2002; Shearer, 2019). This diversity of phgai e ects leads to a rather
complicated expression for describing seismic wave proptgn. Modelling seismic waves
by numerically solving the seismic wave equation (Moczo et.22007), is a fundamental
procedure in various geophysical applications, e.g. imagifor resource localisation (Rat-
clie et al., 2011) or determining earthquake source paraners (Gajewski and Tessmer,
2005). Owing to the complexity of the full seismic wave equiah (involving all previously
described e ects) it is computationally very expensive. Heae, for many scenarios an
acoustic approximation of the wave equation is used (Morgaet al., 2013).
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The acoustic, isotropic wave equation without attenuatiorfAki and Richards, 2002) reads

1 ?p 1

—— r(-rp=-s; 2.1
T (=1 p) (2.1)
where Vp is the P-wave velocity and a function of spacex(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, and
is the source term and a function of space and time. Eq. 2.1 issacond order partial
di erential equation in time and space. As this equation is hear in terms of pressure

and the sources, it can be written as

Ap =S (2.2)
with the matrix
A = 12 (1r ) (2.3)
T V2 t2 '

being the wave operator, the vectop 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 dath e.g. measurements of the pressure
eld, for a given set of model parameters, e.g. P-wave velocity and density (Virieux and
Operto, 2009). It is important to note that the operatorG is non-linear. Comparing Egs.
2.2 and 2.4, one can see that calculating the source term givine pressure eld and the
model parameters involves solving a linear problem whilsalkculating the data/pressure
eld given the model parameters and the source involves salg a non-linear problem. The
forward problem is what is solved in modelling applicationzhen ones aims to estimate
data for a given model.

In many cases, however, one has access to ddtthat were acquired during a geophysical
experiment and one aims to estimate the model parametens from these data. This
requires to solve the inverse problem (Tarantola, 2005) wdfi can be described as

m=G *(d): (2.5)

Both the forward and the inverse problem are illustrated in . 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 & does not exist (meaning that no unique
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solution exists) or because the problem is underdeterminetkeaning that even if a unique
solution existed, one might not have enough measurementsdnto nd it. This is often
a problem in geophysics where the pressure eld can only be asered on the surface
of the Earth. Furthermore, the inverse problem can be ill-caitioned leading to large
perturbations in the solution for small perturbations in the measurements. Additionally,
noise in seismic data might lead to artefacts in the solutionwhile the above points are
equally valid for a linear inverse problem, the non-lineasi of Eq. 2.5 poses an additional
challenge, i.e. the task of nding the optimal solution (glbal minimum) is made more
di cult by the presence of local minima.

Solving non-linear inverse problems usually requires itgive 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 dta 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 datal,,s and a modelm are available, datad can be computed via
Eq. 2.4. In order to nd a model that accurately describes thactual underlying physics,
one aims to reduce the least-squares mis t between the obged and the modelled data.
Hence, the objective function

f(m)= %kd dobs k2 = % dT d (2.6)

iIs minimised (Tarantola, 1984), where the data mistis d = d dgs, T denotes the
transpose and time-domain data, i.e. real-valued data aressumed. The objective func-
tion is the scaled sum of the squared data mists for all soues, receivers and time
samples. Note that many di erent FWI strategies exist that addiionally involve, e.g.
regularisation, pre-conditioning and weighting.

In general there are several ways to nd the minimum of the olegtive function. If G in
Eq. 2.4 was a linear operator, the inverse problem would belagvely straightforward to
solve. SinceG is non-linear for FWI the problem can either be solved by localralobal
optimisation techniques. Global optimisation, however,ands to be extremely computa-
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tionally expensive for large models. Hence, FWI is based on lbogtimisation, meaning
that a solution is searched in the local vicinity of a given sirting model.

In this context, a second order Taylor series expansion isagsto approximate the objective
function in the local vicinity of a given modelm, (Virieux and Operto, 2009):

T @{m)

f(m)=f(mg+ m)=f(mg)+ m m+ O(m?3):
(2.7)
Taking the derivative of this approximated objective funcion with respect to the model

parameters and setting it to zero to nd the minimum, delives

@m) _,_ @m @ m) 28)
@n @n m=mgo @n2 m=mgo
This can be rearranged to obtain the model updatem via
1
. @m) @(m . 2.9)
@] m=mpo @‘] m=mpyo
This model update contains the gradient
@{m)
rmf(m)= (2.10)
" @n m=mpo
and the Hessian
@f (m)
H= : (2.12)
@nz m=mpo

The gradient is related to the direction of the model update rad the Hessian can be
considered to be a scaling of the model update, i.e. by how rhueach point of the
model is supposed to be altered in the direction of the gradieto obtain an optimal
improvement.

Computing a model update m via Eq. 2.9 is known as Newton's method. 16 was a
linear operator, a single update m would directly lead to the global minimum. For non-
linear problems several recursive updates are needed toiarat a minimum. In practice,
Newton's method is inconvenient because the Hessian becomayVarge for large models
and computing its inverse becomes intractable. Thereforepany approximations have
been introduced such as Gauss-Newton and quasi-Newton meth@¥irieux and Operto,
2009). The simplest strategy is the method of steepest desdavhich replaces the Hessian
with a single scalar weighting factor. The update is then coputed by

m r mf(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@pximation, however, it
can be estimated analytically. | will describe this in the ne paragraph.

Starting with a model mg, the gradientr ,f (m) can be computed. The updated model
is then given bym; = mg r mf (m). This results in the following forward-modelled
data:

do = G(my) (2.13)
do®= G(Mmo ' mf (M) (2.14)
di=G(Mo rmf(m) do+ (do® do): (2.15)

where the last equality follows from a linear approximatiorf the operatorG (Pratt et al.,
1998). Then the objective function is minimised in order to nd the step length

1 1 T
f()= ékdl dobskzzé do+ (doo do) dobs do + (doo do) dobs : (2.16)

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

%zoﬂdo dons)T(do” do)+ (do° do)T(do” do): (2.17)

Rearranging leads to:
— (dO dobs)T(dO dOC)_
~ (do do)T(do do)
Hence, computing this way requires one additional step of forward modellingotobtain
dj.
Independent of the way is computed, the updated modem is calculated by adding
the model update m to the initial model mg. This process is iterated until convergence,
l.e. a new model update is computed fan; to get m, and so on.
In order to apply the steepest descend method for FWI the gradier ,f (m) is required.
In the next section, | will explain the adjoint-state methodwhich allows for an e cient
computation of the gradient.

(2.18)

2.1.4 Adjoint-state method in FWI

One could explicitly calculate the gradient by perturbing ach grid location of the model
individually and then comparing the data generated by the aginal and the perturbed
model. For large models, however, this becomes unfeasildad, therefore, the adjoint-
state method is used (Plessix, 2006; Fichtner et al., 2006).
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Combining Eqgs. 2.6 and 2.10, gives

@ 1 ; @ '
rfm———dd:— d; 2.19
where the gradients are always evaluated for the current mell similar to Eq. 2.10 being
evaluated for modelmy.
In order to retrieve the gradient, @=@n needs to be computed. The datal 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 diagoranatrix which
is one if the pressure eld is sampled at the respective lo¢ah and zero otherwise. Hence,
as a rst step, one has to computegp=@n. For this, Eq. 2.2 is di erentiated:

@\ @ _ G
LY== (2.21)

The right-hand side of this equation is zero because the soardoes not depend on the
model parameters. Then the equation can be rearranged to al:

@ Al@

— = : 2.22
an @nP (2.22)
Using Eg. 2.20, obtains the following expression:
@ @ 1 @
—=D—= DA “—up: 2.23
@n an anP (2.23)
Next the equation can be inserted into Eq. 2.19
T
rrmf(m)= p’ % (A H'DT d: (2.24)

The residual wave eld p can now be introduced as
(A H'DT d= p: (2.25)
Alternatively, this can be written as

Tp=DT d; (2.26)

which allows for a comparison with Eq. 2.2DT d, the data mismatch d injected into
the volume at the locations of the receivers by the operat® ", represents a source term,
AT 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 transpiog and
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complex conjugating it. Therefore, the adjoint of the wave merator only delivers a back-
propagation in time. All in all, the gradient can be obtained lp the following expression
(by inserting Eq. 2.25 in Eq. 2.24):

r @
@n
The gradient can, therefore, be computed by the zero-lag escorrelation between the
forward-propagated wave eldp and the back-propagated data mismatchp for a single
source and for all receivers. Additionally, the term@\ =@n represents a wave-operator-
dependent weighting. This derivative depends on the choic# the wave operator, for

instance the acoustic operator in Eq. 2.3, and on the paramiation 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 cordgrably less expensive than an
explicit gradient calculation (Virieux and Operto, 2009).

rmf(m)= p p: (2.27)
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2.2 FWI application

After giving a basic overview of the theory behind FWI, | now addgss about the appli-
cation and implementation of the FWI code. | discuss possiblergblems that can arise
during the FWI run and highlight things that need to be consideged to run a successful
FWI.

2.2.1 Summary of FWI procedure

In section 2.1, | explain that FWI is based on an iterative invesion scheme where data
d are generated for a modein and are subsequently used to calculate a mis t with the
observed datad,,s. This mist is used for the determination of a model update m to
calculate a new model (Tarantola, 1984; Virieux and Operto,(D9).

In practice this means in order to start an FWI run, an initial madel of the physical
parameter one wants to invert for is needed. Furthermore, éhforward modelling requires
a seismic wavelet which is propagated through the initial nuel to record its response
to the physical property layers in the subsurface. The lasnput into the FWI are the
observed data which are needed for the mis t calculation (Fig2.2).

The forward modelling of the seismic data is the rst step intie FWI run. The data
are calculated for all sources and all receivers in the modeid the wave equation used
dictates what physical e ects, e.g. elasticity, anisotrop are incorporated in the data
(Warner et al., 2013; Debens et al., 2015).

Next, the data mist is computed for each source-receiver pa{Tarantola, 1984). Note
that the observed seismic data inherently contain all physal e ects and, hence, any mis t
caused by the lack of a physical e ect in the seismic wave edioam is mapped into the
model of the physical properties that are being inverted for

The residual dataset is then back-propagated from all reseirs to the respective source
in order to create the residual wave eld. The forward-propgated wave eld and the back-
propagated wave eld are cross-correlated in time at each mb within the model and for
each source which determines the gradient (Plessix, 200&).second forward modelling
run is used to calculate the step length which determines therale of the model update
(Pratt et al., 1998). Finally, a new model is generated by subacting the step length-
scaled gradient from the initial model.

The whole above described process (Fig. 2.2) is started agaith the new model and
repeated until the inversion converges, i.e. the objectifanction drops below a previously
de ned threshold, or the speci ed amount of maximum iteratons is reached. This results
in a physical property model that best explains the observeskismic 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 pdate m that
leads to the improved model (Fichtner, 2010). In section 2.1,already discuss that the
non-linearity as well as the size of the problem make it nesasy 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 ongasched for in the vicinity
of the starting model and, hence, it entails the danger thathte inversion converges to a
local minimum instead of the desired global minimum (Fig. 2.3\) (Warner et al., 2013).
The main cause for the convergence to an undesired local mmim is cycle-skipping.
When the travel times of the observed data and the forward-medled data di er by more
than half a period of the lowest used frequency, cycle-skipg occurs which means that
the wrong phases in the data are matched with each other (Fig.2B) (Pratt, 1999).
Some methods such as Adaptive Waveform Inversion (AWI) (Warmeand Guasch, 2016)
relax the cycle skipping condition in such a way that the inial model can be further away
from the global minimum (e.g. 1.5 rather than 0.5 cycles (Waer and Guasch, 2016)).
However, the non-linearity of FWI might still cause these methads to converge to wrong,
i.e. local, minima.

Several things should be considered to run a successful nswen that converges to the
global minimum. | discuss these in section 2.2.3.
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Figure 2.3: Pitfalls of FWI. A) Convergence into a local minimum. B) Cycle skipping. nl and n2
indicate two di erent starting models. nl is a high-quality start ing model converging into the global
minimum. n2 causes cycle-skipping and convergence into the locatinimum.

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 gality of the inversion
result and in an ideal case one would like to include long-ces$, low-frequency content,
wide-azimuth data with a high signal-to-noise ratio (Morga et al., 2013).

A shotgather in a seismic data acquisition contains di erenkinds of arrivals - next to
the direct wave which is not used in the FWI, these are subcritid, re ected waves and
post-critical, horizontally propagating refracted and dving waves (Yilmaz, 2001). While
re ections have been shown to be more sensitive to verticaklocity changes across re-
ectors, i.e. the impedance, transmitted arrivals are seitsse 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 impdant 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 asvide 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 startingata (Warner et al., 2013; Sirgue,
2006), and generally attens the objective function. The lvest usable frequency is usually
given by the signal-to-noise ratio which worsens for low fyeencies (Morgan et al., 2013;
Warner et al., 2013; Baeten et al., 2013).
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Figure 2.4: Sensitivity kernels for seismic waves, Fig. 4 taken from Yao et al. Z020) (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 receiveespectively. The dashed blue curves
show the raypaths of the waves. The dashed gray line in B) displayshe re ection interface.

2.2.3.2 Model

The quality of the starting model is crucial in order to run a sccessful inversion (Virieux
and Operto, 2009). The closest minimum of the objective fution should be the global
minimum. Otherwise the inversion will run into a local mininum (Warner et al., 2013).
This can be seen in Fig. 2.3 where starting model n2 is closestlaconverges to the local
minimum and starting model nl leads to the global minimum. Threfore, the necessary
guality of the starting model depends on the lowest availablfrequency in the data - the
lower the frequency, the less accuracy is required for thatial model. As FWI can easily
add but struggles to remove structure, it is important to stat with a smooth starting
model that does not include any sharp interfaces (except theea oor) that would direct
the inversion into a local minimum (Morgan et al., 2013). O#n tomography models are
used for starting models in FWI as such models will generate seiic data that matches
the rst-arrival travel times well.

2.2.3.3 Inversion strategies

There are inversion strategies that can be pursued in ordes thelp steer the model in the
right direction. The rst is the so-called layer stripping d the model and/or the data.

This means that the shallow part of the model or the early tragl times and short o sets
are rst input and updated in order to subsequently recover eeper parts of the model
(Virieux and Operto, 2009; Morgan et al., 2013).

Another strategy that can help to in uence the result is the miti-scale approach which
means that lower frequency data are inverted rst and the frguency content of the data
is gradually increased as the inversion proceeds (SirgueddPratt, 2004).
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Furthermore, advanced FWI algorithms with other data functimals can be used, for
instance the AWI from Warner and Guasch (2016) which is lessrsstive to cycle-skipping.

2.2.3.4 Stability conditions
Next to the inversion running into a local minima, the inverson can also go wrong if
certain modelling conditions are not being met leading to moerical instability and grid
dispersion. These stability conditions depend on the acagy of the nite-di erence
operator used for the wave equation and on the dimension (1RD, 3D) of the problem
(Fichtner, 2010).
In order to minimise the dispersion of energy, one wants to gure that the wavelength is
being sampled at least a certain amountv. Therefore, the maximum grid spacing in all
directions (dx = dy = d;) is given by:

Vmin

_ min  _ )
= o= = W (2.28)

where Vi, is the minimum velocity in the model andf ,5x the maximum modelled fre-
quency which results in the minimum seismic wavelength.,i, . 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 samplingd; in order to assure numerical stability. It is based on the diance
(within a grid cell) travelled by the wave per time step for the highest velocityni the
model Vnhax and is de ned as (Mufti, 1990):

dx .

d = v (2.29)
where is dependent on the accuracy of the nite-di erence operatoand the dimension
(Lines et al., 1999).

The FWI code used for this thesis, i.e. the FULLWAVE code from Impeéal College
(Warner et al., 2013), can be run on two di erent di erent moddling kernels - a kernel
with a low accuracy nite di erence operator and a kernel wih a high accuracy nite
di erence operator. The low kernel is able to model wave pragation in 2D and 3D and
can handle acoustic and elastic e ects, anisotropy (Vertad Transverse Isotropy (VTI),
Tilted Transverse Isotropy (TTI)) and visco-acoustic e eds. It is fourth-order accurate

in space and second-order in time. For these nite-di erereapproximations, 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 timesie = 0:5).

The high kernel is able to model acoustic 3D wave propagati@amd 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 walength 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 sates in space (i.e.
amount of grid points) and time (i.e. amount of time steps). Tiese are dependent on
the size of the model and the recording length of the data, q@sctively, but also, via
the stability conditions (section 2.2.3.4) on the maximumréquency of interest and the
minimum and maximum velocity in the model.

Additionally, the computational cost is dependent on the nurer of shots in the observed
data as the modelling is performed for each shot individugl(Warner et al., 2013).
Hence, using FWI in 3D is signi cantly more computationally exgnsive compared to 2D.
A 2D model has a dimension of nx x nz and a 3D model a dimensionrof X ny X nz,
l.e. it has ny times as many samples as the 2D model. Furtherneo the signi cantly
larger number of unknowns (i.e. the grid samples in the modekquires a larger number
of sources for a reliable inversion result.

Another aspect in uencing the computational cost is the phyiss used for the modelling,
e.g. acoustic modelling is cheaper than elastic modellingigbro et al., 2014). For one
thing the di erence is caused by the higher complexity of efdic versus acoustic modelling
(i.,e. P- and S-wave velocities rather than just P-wave veld®s are required, the waves
are described by a vector eld rather than a scalar eld and te cost for solving the
elastic equation is higher than that for solving the acousti equation), for another the
lower velocities of S-waves require a smaller spatial sanmgl 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 trave time, the phase and
the amplitude of the seismic wave (Neves and Singh, 1996). Tkeowledge contained
within the amplitude is valuable for gaining an exact veloty model, especially in terms
of elastic inversions. In order to model the correct amplitle, an accurate source wavelet
and modelling of the exact physics is required (Wang et al.020). However, as addressed
in section 2.1, the seismic wave equation that is used for FWI rdelling which is usually
the acoustic isotropic wave equation is only an approximatn of the full physics that
in uence a seismic wave within the subsurface. Furthermoyenvironmental noise, source
inaccuracy, receiver site e ects are also not modelled cently (Tao et al., 2017) and a
deterministic relationship, i.e. Gardner's Law, is used fothe 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 ofghthere is an amplitude
normalisation performed during the FWI. This stabilises thenversion, but comes with
the cost of loosing some resolution (Malinowski et al., 201WVarner 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 amplities and normalises the am-
plitudes trace-wise in order for the observed and predictetdhta to match amplitudes in
the inversion. Thereby, the algorithm balances the horizéal energy distribution of the
seismic data which means that the AVO e ect is neglected. Hower, as all samples in

a single trace are normalised by the same factor, the relagiamplitude variation within
each trace is preserved. The normalisation factor is detemmed by the root mean square
(RMS) amplitude of the observed or predicted data.

Source scaling

The source scaling algorithm allows for an automatic scatinof 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 vedet so that the synthetics
amplitudes of the direct arrival and the sea bottom re ectio matches the one in the
observed data.

Time slice normalisation
This algorithm increases amplitudes in the observed data thiincreasing time, in order
to prevent sudden changes in the observed data due to attertigen.
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2.3 2D FWI

An aim of this PhD project is to develop a work ow to successfly run an FWI for
the NZ3D dataset (section 1.2). In a rst step, | run a 2D FWI for a po le (M1220)
located approximately in the middle of the NZ3D dataset (semn 1.5.1)(pro le location
Is shown in Fig. 1.5). The selected 2D pro le is located close & previously acquired
seismic re ection pro le (05CM-04) which revealed interd@sg subsurface features, e.g. a
subducted seamount (Bell et al., 2010; Barker et al., 2009The results of this research,
among other things, motivated the acquisition of the NZ3D datset. Furthermore, in a
previous study the FULLWAVE code was applied to pro le 05CM-04 ¢ generate a 2D
FWI velocity model (Gray et al., 2019). Thus, by selecting proe M1220 for the 2D FWI
inversion, | was able to compare my results to those previdysobtained by Gray et al.
(2019). This provided me with some additional quality coniol for my own inversions.

In the following, | discuss the complete work ow | applied foa 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 alreagl quite accurate starting
model and a good wavelet estimate are necessary. Thereforgenerate 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 se@r location and
rock/sediment velocities. | describe how | derive each of éise components and assemble
them to the velocity model.

Water velocity

| extract salinity and temperature data provided by a TESAC neasurement from the
NOAA National Centers for Environmental Information: Global Temperature-Salinity
Pro le Programme (Sun et al., 2010) and use it to calculate all velocity model based
on the equation for the speed of an acoustic wave in water by Magin (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 acquieiii started. This
spatial and temporal vicinity legitimates the 1D pro le as a estimation for the water
velocities in the velocity model. In Fig. 2.5 A the extracted p le is shown in blue and a

smoothed and linearly depth-extended version which | use the model is shown in red.
| linearly extend the velocities based on the assumption thahe velocity in these depths
only depends on pressure and salinity which itself increasknearly (Howe et al., 1987).
Furthermore, | determine the speed of the direct wave in theater by the application of a
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linear moveout correction (LMO) in a stacked shotgather of o le M1220 of the rst 50
near-o set channels (Fig. 2.5 B). A velocity of 1521 m/s prodces a moveout-free direct
wave (Fig. 2.5 C). Therefore, | assume this to be the velocityt 8 m depth, which is
the towing depth of the streamer during the NZ3D data acquisibn (section 1.5.1). As
this velocity di ers from the one in the extracted data for ths depth, | alter the pro le
accordingly (inset in Fig. 2.5 A).

To produce a 2D water model for the whole length of the seisnpco le, | assume laterally
homogeneous velocities and extend the 1D water velocity geo across the entire 2D
pro le.

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 TESAC 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 display the altered water velocity
pro le used for the starting model. Inset: Zoom on upper 100 m, dotted Ines highlight the alteration of
the prole to 1521 m/s at 8 m depth. B) Stacked shotgather of near-o set channds ( rst 50) of pro le
M1220. C) Stacked shotgather of near-o set channels (rst 50) of prole M1220 with linear moveout
correction applied (correction velocity: 1521 m/s).

Sea oor

In order to recover the correct subsurface velocities, it ucial that the sea oor which is
the only sharp interface in the starting velocity model is irthe correct location. There-
fore, | run a reverse time migration (RTM) with the water velacity model and the input
seismic data restricted to the sea bottom re ection in the st 500 m o set. This results
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in a migrated image of the sea oor which is consistent with myvater velocity model

(Fig. 2.6). The sea oor re ector shows a negative to positivamplitude and the sea oor

is picked at the zero crossing in between (Fig. 2.6). The seabkcation was clear and
easy to pick at most parts of the pro le (see zoom in area of upp wedge slope), but was
ambiguous in the areas of steep slopes (see zoom in area gfeglol 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 prole M1220 (see Fig. 15 for
location). The red line shows the picking locations for the sea oor vinich are being inserted in the FWI
starting model.

Determining the rock velocities

| obtain the rock velocities from a travel time tomography Pwave velocity model gener-
ated by Arai et al. (2019) with the OBS data that were also acqued within the scope of
the NZ3D data acquisition (section 1.5.1). From the large 3D70 km 16 km 18 km)

velocity cube, | extract a velocity pro le correlating in space with the 2D pro le | am using

for the inversion. The travel time tomography model is sampld 200 m in x-,y-direction
and 150 m in z-direction. | want to run the 2D FWI on a 25 m-grid, ad, therefore, |

interpolate and smooth the extracted pro le to reduce the sk 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, | have a water velocity mod el, the right sea oor
location and a rock velocity model. The next step is to combanthese three to create a
starting velocity model. Fig. 2.7 A shows the extracted 2D rdcvelocity pro le. As it is
based on a OBS travel time tomography, no sea oor is includedn a rst step, I, thus,
take the picked sea oor location and hang the rock velocitseebelow. In a second step, |
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insert the water velocities above the sea oor. The nal staing velocity model is shown
in Fig. 2.7 B.

Since, the rock velocities in the starting model are obtaideby a rst arrival travel time
tomography, | expect them to predict the early arrivals well However, | test the quality
of my starting model by forward modelling synthetic data andcomparing them with
the observed data. The interlaced shotgathers for di ererlbocations along the pro le are
shown in Fig. 2.8. Four di erent locations are examined - lo¢eon B in the basin, location
C at the slope, location D at the slope of Puke Ridge and locan E at the top of the
accretionary wedge. The match between the two datasets isnsincing at all locations.
Although a slight mismatch can be seen between the early araig of the two datasets at
some locations, especially for the higher o sets, it is nowhe larger than half the period.
Therefore, the starting model is deemed satisfactory as tlobserved and predicted data
are not cycle-skipped.
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Figure 2.7: P-wave velocity models. A) Ocean-bottom seismometer (OBS) travktime 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 vdocities from A) hang below the
sea oor. The shape of the sea oor is taken from the reverse time migratiorin Fig. 2.6.
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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 predictd data.

43



2.3.1.2 Generating a source wavelet

In order to recover a high-quality FWI model, a good wavelet elshation is necessary.
The generation of the wavelet is carried out in several stefBig. 2.9). First, | generate a
synthetic wavelet by creating a trace with a spike and applyig a bandpass lter. Second,
| use this synthetic wavelet and the water velocity model todrward model synthetic data.
Third, | create an inverse Iter which | use to, fourth, geneate the nal wavelet (Yilmaz,
2001). For this, the inverse of the direct arrival of the syitetic data is convolved with the
direct arrival of the observed data to nd the inverse Iter that matches the two datasets.
Afterwards this lIter is convolved with the synthetic wavelda (Davy et al., 2021). To verify
this newly generated source wavelet, | forward model a syrtic 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 stamg model (Fig. 2.11
A), | can run the 2D FWI. | decide to apply a layer-stripping technque (section 2.1)
by subsequently increasing the o set and the length of the da that | use for the inver-
sion. By incorporating only the short o sets with the early arivals, the FWI recovers the
shallow velocity structure rst and based upon this resolv the deeper structure much
more accurately when later including larger apertures andecording times. The FULL-
WAVE code from Imperial College that | use for the inversion alb allows for a multi-scale
approach (section 2.1), in which the frequency content of éhinput data is gradually in-
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creased.

Therefore, | use a 2 s-long data window with a maximum o set 3000 m (1/2 length of
streamer) for the rst inversion run. The inversion starts wth a frequency of 3 Hz and
goes up to 6 Hz within 6 steps. For each frequency twenty iteians were performed. The
result of the rst inversion run is displayed in Fig. 2.11 B.

After smoothing this velocity model, | use it as an input for annversion with a 3 s-long
dataset containing a maximum o set of 4500 m. The frequendeare increased in the
same way as before. The nal velocity model is shown in Fig. 21C.

The FWI model is smoothed again to serve as a starting model ingmext inversion run.
This time | use a 4 s-long data window and include all traces. tested a longer data
window but it did not improve the result. The nal velocity model is shown in Fig. 2.11
D. Other important parameters of the inversion are displaykin table 2.1.

In a next step, | perform an inversion which includes data upot 17.9 Hz to generate a
higher-resolved velocity model. | use a smoothed versiontbe nal 6 Hz-inversion run
as a starting model and only data up to a maximum o set of 3000 ro set restricted by
a data length of 4 s. Testing showed that | get the best result,e. greatest reduction
in mis t between observed and synthetic data while resolvimthe simplest most realistic
geological structures, by starting again with a frequencyf®@ Hz and increasing to 17.9
Hz in 18 steps each including 20 iterations. Other importantgrameters 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 nerscale features being resolved.
A distinct change can be seen from the starting model to the st inversion and from the
rst to the second inversion. The di erence between the sead and the third inversion is
more subtle. As expected, a distinct improvement in resolwn 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 athte gradient of the objective
function. The objective function should be decreasing andiverging which means that
its gradient decreases. However, this does not help to evalei# the inversion su ers from
cycle-skipping and is, thus, converging into a local rathéhan a global minimum (section
2.2). Therefore, | generate synthetic data for the nal 6 Hz-mdel and interlace them
with the observed data in order to test if the inversion convged to the global minimum,
analogous to the testing of the starting model. Fig. 2.8 showe interlaced shotgathers
and also allows a direct comparison with the interlacing fahe starting model. Not only
is the t between the datasets much improved for the interlaimg with the nal model

compared to the interlacing with the starting model, but it s also good for all o sets.
For the whole shotgather, even the late arrivals and the arrls at higher o sets, a good

45



correlation with the observed data can be observed.
Another quality control tool is the comparison between the Jecity model and wireline
logging velocities. Two boreholes, U1518 and U1519, are laghton pro le M1220 (for
location see Fig. 1.5). In Fig. 2.10 A | plotted the velocitiesfdorehole U1519 (blue line),
which is located on top of the wedge, against velocities frothe FWI (yellow line) and
the starting model (red line) in the region of the borehole. file FWI and wireline logging
velocities reveal a great similarity, especially in the deer part at 550 m depth in the
area of a high-velocity zone. Fig. 2.10 B displays the same ot borehole U1518, which
was drilled through the Papaku Fault. For this location the velocities in the upper 300
m show a good correlation but di er in the deeper part. The velcity inversion through
the fault is really distinct in the wireline logging velocites decreasing from 2300 m/s to
1800 m/s at a depth of about 300 m (Fig. 2.10 B). The velocity irersion in the FWI
model is located at shallower depth of 220 m and decreases from 2200 m/sto 2100
m/s. There are several possible causes for this mis t. The st one is the location at the
slope which leads to out-of-plane arrivals. Only invertingne pro le means trying to solve
a 3D problem with a 2D solution which is bound to lead to some mt. The RTM results
showed this already as the sea oor was not resolved cleartythe area of the slope. This
is a problem that might be addressed in a 3D inversion. A seabmexplanation could be
that | 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 anigsopic. 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 éhwireline velocities if
velocity changes locally around the drill hole.
Furthermore, | am able to compare the resulting FWI model with he FWI model from
Gray et al. (2019) (Fig. A.1) that was generated from the 05CM4seismic pro le which
spatially coincides with my 2D prole. Both FWI models reveal he same subsurface
features and velocities.
| 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 veloo#s. The result imitates a
re ection image but is entirely based on the obtained velotyi model. Therefore, | can
also compare the di erentiated image with a PSDM image of th@5CM-04 pro le (Barker
et al., 2018). Both images show the same subsurface struasir(Davy et al., 2021).
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Figure 2.10: Comparison of wireline logging velocities (blue and green lines) from
drilling site U1519 (Barnes et al.,, 2019b) and site U1518 (Saer et al., 2019) (under he
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 vebcities of the 2D FWI starting
model. See location of the drilling sites in Fig. 1.5.
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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) WI 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 1ms 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 fregency of 17.9 Hz. In order
for the inversion to correctly resolve the macro-velocitytsicture, the transmitted wave
eld is needed (section 2.2). The typical penetration deptlof transmitted waves is around
a sixth to a third of the maximum source-receiver o set (Morgn et al., 2013). With a
maximum o set of 6000 m for the input data, this means that the=WI velocities below
2000 m are not reliable anymore and that any re ection-basesinall-scale features below
this threshold are probably not imaged at the right depth. Tke 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-freqgency features, e.g. sediment
layers on top of the accretionary wedge and thrust faults whin the prism. To emphasize
the high-frequency features included in the velocity moddlapply a vertical di erentiation
on the velocity model (Davy et al., 2021). Fig. 2.12 shows thei drentiation result
of the high-frequency FWI model which highlights the ner featires contained within
the velocity model. The image displays a prominent re ectostarting in the basin and
continuing downwards beneath the wedge slope. The re ectehows some undulations
and disappears between 4500 m and 5000 m depth beneath the m@a As already
discussed, the depth of this re ector is probably not correécbut a correlation with a
pre-stack depth migration image from seismic pro le 05-CMDthat spatially correlates
with the pro le here (Barker et al., 2018) supports the intepretation of the re ector as
the cecollement. The gap within the re ector correlates wih the interpreted seamount
in this area (Bell et al., 2010; Bangs et al., 2023). Furtherare, the image reveals thrust
faults that splay from the decollement and dissect the acetionary wedge. A BSR can
be followed from the upper accretionary wedge down to the ta# the wedge slope. A
correlation with the velocity model shows a low-velocity zte below the BSR in the area
of the Puke Ridge (see Fig. 2.11 E) which might indicate free ga

In the following part of the thesis, | plan to investigate thevelocity distribution across
the BSR and its cause further. Although the 2D FWI method resultén a reliable macro-
velocity model, | also pointed out areas where the 2D algohin shows its limitation. In
order to resolve an even more accurate velocity model acrdaee BSR, | run a 3D FWI
which | describe in the next section.
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24 3D FWI

In the 2D FWI model, a BSR was resolved that could be followed fno the top of the

accretionary wedge to its toe (Fig. 2.12). The BSR was espdtyastrong along the

landward-dipping ank of the Puke Ridge. Therefore, | decid to perform a detailed
analysis of the BSR in this area.

Running a 3D inversion compared to a 2D FWI allows more accuratghysics to be
used, e.g. 3D spherical divergence for inherently 3D seisndiata, mapping out-of-plane
re ections to the correct locations and incorporating dateof a wider azimuthal coverage,
and, therefore, leads to an even more accurate model. The 2@version revealed its
limitations in complex areas, e.g. dipping re ections, andtherefore, | 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 compagd to the previous 2D
FWI (see section 2.2.3.5), even though the extension of the diuarea is smaller. For the
3D inversion, the number of grid points is 513 206 121 128 million, with 1000 time

steps being calculated for a total of 1108 shots (low-frequey inversion)(see table 2.2).
For the 2D inversion, the number of grid points is 29011 280 0:8 million, with 6000

time steps for a total of 257 shots (see table 2.1). This meatisat for the 3D inversion

142 102 and for the 2D inversion 14 102 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).
| discuss the steps in the following.

2.4.1.1 Generating a starting model

Similar to the 2D starting model, | rst generate the individual components for the 3D
starting model - water velocities, sea bottom location andock velocities - and, subse-
guently, assemble them to the velocity model.

Considerations for model size

For the 3D FWI, | plan to use three pro les each with four streamelines { M1220 is the
pro le that was already used for the 2D FWI and M1212 and M1228 arthe neighbouring
pro les to both sides (see Fig. 1.5). The spacing between eastieamer line within one
pro le is 150 m, which means that one pro le spans an area of @5n. Each pro le is 300
m apart and this means that the whole area covered by data haswadth of 1050 m. This is
not a very wide 3D inversion and adding more pro les would inmease the azimuthal range
and the subsurface coverage and probably lead to a higheradjty inversion. However,
it would also largely increase the computational costs fohe inversion. Therefore, as a
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trade-o and for a rst 3D run | decide to use only these three po les which will still
account for out-of-plane re ections and other 3D e ects, @. 3D spherical divergence.
My area of interest has a length of 4.5 km as this is the approrate length of the
landward-dipping ank of the Puke Ridge. Within this area, | want the full coverage of
the data (maximum fold). With a streamer of 6 km, it takes 3 km toget the maximum
fold. Therefore, | plan to add this length to both sides of thestudy area which will result
in a model length of 10.5 km.

As | am using data with a nite frequency range, the seismic wavdoes not travel along
in nite narrow lines in space, i.e. rays, but is extended to anite volume in space, a
so-called Fresnel tube. The width of these tubes is given blge rst Fresnel zone (Sheri
and Geldart, 1995). For the inversion | want to make sure thabetween the model edge
and the outmost data, i.e. sources or receivers, is enoughase in order to account for
these volumetric ray paths. Therefore, I, rst, calculate he Fresnel width for the data.
The rst Fresnel zoneF; is given by (Yilmaz, 2001):

s
D
f 1

1P
F1: é

— 1
D = > (2.30)
where = c=f, the seismic wavelength, an® is the distance between source and receiver.
| am using data with a maximum o set of 6 km and the maximum depth | want to
resolve is 2 km. Based on this values, the maximum travelling distancs i7.2 km and to
be on the safe side | assume a distance of 7.5 km. | want to use thaximum wavelength
as this results in the maximum Fresnel zone. For this, | needé¢ lowest frequency and
the fastest velocity. The lowest frequency used for the inkgon is 3 Hz. As | am only
interested in a depth up to 2 km, | do not expect the velocitieso become very high and,
therefore, assume a velocity of 3000 m/s. This results in a xienum seismic wavelength
of 1000 m. This results in a Fresnel zone width of 2740 m. | watd 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, | add a border abaut 1700 m to all sides of
the model.

Towards the sides and bottom absorbing boundaries are beiadded to the model in order
to mitigate re ections from the borders of the model. Ideall, these boundaries should be
several longest-wavelength thick. With a maximum wavelengtof 1000 m, | set these to
be 2000 m on the sides and 2500 m at the bottom. For the top a frearface boundary
condition, i.e. an interface between a solid or uid (waterjand a vacuum (air) is used to
simulate marine data.

Water velocity
For the water velocities, | use the same 1D pro le as for the 2BWI (section 2.3.1.1) and
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by assuming a laterally homogeneous water velocity | exteride 1D pro le over the 3D
volume.

RTM for sea oor location

Similar to the 2D work ow (section 2.3.1.1), | perform an RTMto determine the correct
topography and a sea oor location consistent with the watewrelocities used. In order
to include the correct sea oor over the whole 3D volume, | ruma 3D RTM. | include an

accurate sea oor in the area that is covered by data and for .hmodel borders | continue
the sea oor in a constant manner towards the edge of the modeFor the RTM, | only
use the rst channels of the data (with a maximum o set of 500 (@ However, as the
streamer is feathering for larger o sets it is not enough to grform an RTM only with the
data | am using for the inversion. Therefore, | include addibnal data into the RTM. To
get an an accurate sea oor location, | run the RTM on a 6.25 m gt up to 40 Hz.

In the resulting RTM image, | pick the sea oor location analgue to the 2D RTM (section
2.3.1.1). The picking is done every 6.25 in inline directionFor the crossline direction,
| test the necessary picking distance and nd a distance of 25 to be su cient as the
interpolated values in between the picks are similar to theea oor location determined
by the RTM. The interpolated sea oor picks are shown in Fig. 2.3 A.

Determining the rock velocities

The last part needed for the starting model are the rock veldes. As for the 2D inver-
sion, | extract them from the OBS travel time tomography modefrom Arai et al. (2019).
However, for the 3D inversion | extract a 3D cube from the tomagphy model for the
area covered by data and for which | have an accurate sea oarciation. The extracted
velocity cube is shown in Fig. 2.13 B. The original tomographynodel is sampled 200
m in crossline and inline direction and 150 m in z-directionl 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 modeand the water velocities, the
starting model can be assembled.

| put the three parts together by hanging the rock velocitiebelow the sea oor picks and
stacking the water pro le above them. For the calculated baters | continue the outer
values towards the edge of the model. To avoid staircasingtbt sea oor, I, rst, generate
a model with a vertical grid spacing of 1 m while setting the gil spacing in x- and y-
direction to 25 m which is the grid size of the nal model. Thenl turn the velocity into
slowness (£\f) in order to maintain the travel times during the vertical snoothing that
| apply next. | try dierent ways and di erent levels of smoothing for the sea oor as |
need the sea oor contrast not to be too sharp as this will leath a staircased sea oor but
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also not to bee too smooth as this will cause the re ection cagent of the sea oor to
be too small which might a ect the recovery of deeper re ects. Afterwards, | 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 shewdi erent inlines of
the starting model. The locations of these inlines (A-E) witin the model are shown by
the orange lines in Fig. 2.13 C from front to back. They show thdahe sea oor as well as
the rock velocities change throughout the model. Fig. 2.14 Qiews the slice co-located
with pro le M1220 and, thus, the 2D FWI as well as seismic pro 1e05CM-04.

To check the quality of the starting model, | generate synthe data and interlace them
with the observed data. Fig. 2.15, 2.16, 2.17 show the resaly interlacing for di erent
locations in the model for all three pro les (M1212, M1220, 228) for one of the four
streamers. The interlacing with the other three streamersf the same locations can be
seen in Fig. A.2 - Fig. A.10. Because the data | am using are acquireith a 6 km
long streamer, | made my actual model 3 km longer to both sid@s order to be able to
guarantee full fold in the area of interest. As | am showing herthe shotgathers and not
common-midpoint (CMP) gathers, they include a di erent nunber 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 & t is not larger than half
a period which is the necessary criterion to avoid cycle-gkiing. Furthermore, the data
shown in the gure are bandpass- Itered with an upper bordeof 5 Hz - 10 Hz. The rst
inversion frequency will be 3 Hz and this means the t will be ean better.

2.4.1.2 Generating a source wavelet

| generate the wavelet in the same proven way | acquired the 2iavelet (section 2.3.1.2).
| cannot use the same wavelet as the amplitude decay in 2D anB & 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 modehiFig. 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 fom 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 prole. B1/2 show @ta from prole M1212,
C1/2 show data from prole M1220, D1/2 show data from prole 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 shotgathes 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 prole. B1/2 show éta from prole M1212,
C1/2 show data from prole M1220, D1/2 show data from prole 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 shotgathes 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 6r the 3D FWI is based
on the layer-stripping approach (Morgan et al., 2013) as wWeds the multi-scale method
(Sirgue and Pratt, 2004). After testing many di erent inverson strategies, | determined
that the best approach, i.e. leading to the greatest reduan in mis t between observed
and synthetic data while also resolving the simplest most aéstic geological structures,
for the 3D FWI was to subsequently increase the o set and keepéhdata length constant.
For a rst inversion, | include data up to half the o set (3000 m) and within a 2 s-long
data window. For all inversions, | also apply a band-pass ér on the data (1 Hz - 2 Hz -
7 Hz - 9 Hz). Fig. 2.18 shows an input shotgather. | start the invsion with a frequency
of 3 Hz and increase the frequency up to 6 Hz in six blocks wheresgtich block consists
of 20 iterations. The middle slice of the nal velocity models shown in Fig. 2.19 A.
The second inversion includes the nal model of the rst invesion as the starting model.
It includes data up to 2/3 of the o set (4500 m) and a 2 s-long da window. The used
frequencies and the amount of iterations is equivalent to & rst run. The nal velocity
model of the second run is shown in Fig. 2.19 B.

For the third inversion | repeat the same process as for the st two inversions. However,
this time | 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. fie middle slice of the nal
model is shown in Fig. 2.19 C.

Furthermore, | run a fourth inversion that includes higher fequencies. For this, | take the
nal model of the third inversion as a starting model and inclde data of 3000 m o set
and 6 s length. | start the inversion with a frequency of 3 Hz buincrease upto 11 Hz
this time. The middle slice of the resulting velocity models 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 Iter (1 Hz - 2 Hz - 7 Hz - 9 Hz) applied. The dashed lines highlighthe 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, |1 genera 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 amdFig. A.2 - Fig. A.10 and
allow a direct comparison with the interlaced shotgathersfdhe starting model. For all

shotgathers a distinct improvement in the match between oksved and predicted data,
l.e. a reduction in mist, can be seen. Next to the longer o sefarrivals, the deeper
re ections are also matched nicely.

Similar to the quality control for the 2D inversion, | can al® 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 (Barkeet al., 2018) of the
05CM-04 seismic pro le, respectively. Additionally, | can Bo 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). | cann@xpect the images
to be the same due to the di erence between 2D and 3D inversiamd the use of di erent
datasets and approaches. However, all images show similatiges 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 g shown. | display the
inline pro le which is located within the middle of the 3D vebcity cube and correlates
with the 2D inversion and, therefore, allows a comparison tveeen the di erent models.
Comparing these models, it can be seen that the velocity stiure changes for each
inversion run caused by the subsequently increased dataséfhe rst model shown in
Fig. 2.19 A. It is based on data up to an o set of 3000 m and 2 s twoay-travel time
(TWT). This means it is mainly based on small-angle re ectios. As expected, the shallow
part reveals distinct changes to the overall velocity struare of the starting model (Fig.
2.14 C). Furthermore, some small-scale velocity featureseavisible. The model becomes
more distinct after the second inversion (Fig. 2.19 B) whicmtluded data up to 4500 m
o setand 2 s TWT. As this dataset includes larger o sets, the FWI vas able to update the
velocity in deeper parts. Furthermore, the features that we weakly visible after the rst
run are much more distinct now. Especially distinct is a lowelocity zone stretching along
the slope of the ridge. Fig. 2.19 C shows the FWI model after theitid inversion which
included the full-o set data up to a length of 2 s. While the reslved features remained
the same which can be seen by the comparison of the di erertian of the velocity models
(Fig. 2.20 A and B), a clear change can be seen in the velocitieSspecially along the
slope, the velocities are generally higher than the velo@s resolved in the second inversion
model. This is a result | repeatedly generated even when tegj other inversion strategies,
starting models or inversion parameters and, which I, thefere, assume to be real and
based on the information contained in the seismic data. Be&en the second inversion and
the third inversion | increase the included data o set from 800 m to the full o set of
6000 m. In Fig. 2.18 a shotgather of the input data is shown. Ithews that in the last
2000 m o set data, the refracted waves clearly dominate thenstgather. Therefore, the
third inversion is probably more driven by the transmitted arivals in the data compared
to the second inversion where the re ections play a larger ga In section 2.2.3.1 | discuss
that re ections are much more sensitive to the vertical, smascale velocity changes across
re ectors and that transmitted arrivals are more sensitiveto the macro-scale, horizontal
velocity distribution. | think that this might explain the g eneral increase in velocity
from the second to the third model. This resolved anisotropgrobably comes from clay
minerals in the sediments of the Puke Ridge. Clay mineralseaknown to be transversely
isotropic with the main symmetry axis perpendicular to bedihg direction which is the

64



fast direction (Sayers, 2005). The dierence iVp can, thereby, be up to 20% - 30%
(Johnston and Christensen, 1995). Drilling data from sites B8, U1519 and U1520
sampling the accretionary wedge and the incoming plate (¢em 1.5.1, for location see
Fig. 1.5) con rm abundant clay minerals in this area. A rough alculation assuming a

mean low velocity of 2000 m/s in the slope area and a velocity erence of about 200

m/s compared to the fast direction, results in a velocity dierence of about 10 % which
is a reasonable anisotropy value.

A detailed interpretation of the FWI velocity model is conduced in Chapter 5.

65



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 inversion 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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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 sukurface is dependent
on the elastic parameters across this boundary and the inedt angle of the seismic
wave (Yilmaz, 2001). This e ect is called amplitude-versuangle (AVA). As seismic data
are often displayed in terms of o set which correlates withhe incident angle, the term
amplitude-versus-o set (AVO) is often used instead (Simmrad Bacon, 2014).

AVO analysis of seismic data is a widely applied techniquerfaentifying rock properties
as pore uid, lithology and porosity, especially in the corgxt of hydrocarbon identi cation
(Yilmaz, 2001). However, extracting the elastic AVO e ect fron the data is a time-
consuming and labour-intensive process requiring elabtggreprocessing of the data. In
this chapter, | 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., 2Zf2), but this study is the rst
application to eld data.

After a general explanation of the proposed method, | preseatsynthetic proof-of-concept
example. Subsequently, | apply the method on 3D seismic etthta 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 Zcacding to
Z= Vp; (3.1)

with  being the density andVps being the P-wave velocity of the layer (Yilmaz, 2001). A
change of the acoustic impedance value de nes a new layer ahé di erence in acous-
tic impedance between two neighbouring layers (layer 1 andyer 2) is called acoustic
impedance contrastR, . It is expressed as:

Zy 7,
21+ 27,

R, = (3.2)
When a P-wave travelling through the subsurface hits such a bodary between two lay-
ers, its energy is divided - one part is re ectedKPg), one part is transmitted (P Py),
and another part is converted into an S-wave which also has a ected (PSg) and a
transmitted (P Sy) component (Fig. 3.1 A). The energy distribution between the icer-
ent waves depends on the elastic parameters of the subsuefd®-wave velocity, S-wave
velocity, density) and the incident angle of the P-wave. Foan angle of incidence of O
which is also called normal or vertical incidence, no moderoersion occurs and, there-
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fore, no S-wave is produced. Hence, the re ection coe cierRp of a re ected P-wave is

simply given by the impedance contrasR, between the two layers causing the re ection
(Shearer, 2019). However, for larger incident angles, theexgy division becomes more
complex and has to be calculated by the elastic Zoeppritz eafion (Zoeppritz, 1919):

2 3 2 | 3,2
Rp sin 1 oS 1 sin » cos , sin
ERS% _ E COS ; sin CoS ; sin % g COS 1
To&d 3 sin@2 ) vk cos(2 1) j—fj\\% sin(2 ») 2\’152\’” cos(2 ,) sin(2 1)
Ts cos(2 1) % sin2 1) 22 cos(2 ,) 2722sin(2 ) cos(2 1)
(3.3)

with Rp, Rs, Tp and Ts being the re ection and transmission coe cients of the P- ad
S-wave, respectively. is the angle of the P-wave -, of the incident wave and , 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 &amsmission coe cients
of P-waves and S-waves) calculated with the Zoeppritz equan for a simple realistic sce
nario with Vb1 < Vp,. The magnitude and the phase of the coe cients are displayeds
well as the critical angle (vertical dashed line in Fig. 3.1 B). The critical angle is the
angle at which the refracted wave travels along the boundaryhich is usually referred to
as the head wave.

The dependency of the AVO trend on the elastic parameters dfi¢ subsurface has turned
the analysis of the AVO e ect in seismic data into an importahtool, 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 contg the AVO classes de ned
by Rutherford and Williams (1989); Castagna and Swan (1997 astagna et al. (1998)
are widely used to distinguish di erent kinds of hydrocarbo reservoirs.

The Zoeppritz equation (Eq. 3.3) shows that the AVO trend in he seismic data con-
tains information about the elastic parameters in the substace. However, due to its
complexity it does not convey an intuitive understanding othe relationship between the
elastic parameters and the re ection amplitude. Thereforedi erent approximations of
the Zoeppritz equation were introduced to simplify the equ#&n and relate the re ection
amplitude more directly to di erent elastic parameters (Batfeld, 1961; Aki and Richards,
2002; Shuey, 1985; Wiggins et al., 1984; Spratt et al., 1993)hese 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) expsses the re ection coe -
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cient as follows:
" # " # " #
V, V2 V.
P S — sin?) —:;  (3.4)

4—sin + —(1 4V

1
Rp = = 1+tan?
P 2 VA V2 Vs V2

with Vp = (Vp1 + Vp2)=2 being the average P-wave velocity andVp = (Vp, Vp,) the
velocity di erence. AnalogouslyVs refers to the S-wave velocity, the density is given by
and =( ;+ ,)=2isthe average of the incident and transmission angles fdret P-wave.
Note that in Eq. 3.3, Rp is a function of the angle of incidence; while it is a function
of in Eg. 3.4. In practice, however, one usually approximatesby ; assuming that
changes in elastic properties from layer to layer as well dset considered angles are small
(Booth et al., 2016).
The Aki and Richards (2002) equation is divided into three pas - the fractional change in
P-wave velocity across a layer (Vp=\W), the fractional change in S-wave velocity across
a layer ( Vs=\s) and the fractional change in density across a layer (= ). This form
of the equation allows one to see the separate e ects of chasgn densities, P-wave and
S-wave velocities. However, when it comes to analysing AVOezxts in seismic data, one
requires an expression in terms of o set (or equivalently gte) rather than the elastic
parameters. Therefore, Shuey (1985) rearranged Aki and Rarids (2002) equations to

" # " # " #
Ry = % Vp +1.Vp 4VS Vs V& 1 W 2

+ — 2-5__ sin?+ ——— tan
Vp 2 Vp V Vs V2 2 Vp

(3.5)
Shuey (1985) also introduced a variable transformation fmo S-wave velocityVs to Pois-
son's ratio as they argued that the Poisson's ratio was the elastic corstt most directly
related to the variation of Rp with

1 2

Ve = 1

o (3.6)

NI =

where =( 1+ ;)=2. The fractional change across the layer gives

V. Vi 1
Vs Vp 2(1 1@ 2)
with the contrast in Poisson's ratio = » 1. By using the approximation
1 W
R = + — 3.8
© 5w , (38)
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the Shuey (1985) equation can be rewritten as

" # " #
1 W Vp 1 2 " 1 W PP
Rp = R+ - 2 +— + sin® + — tan® sin“ ):
P 2 Vp 1 1 )2 2V ¢ )
(3.9)
By de ning the new term
Vp:Vp
H= ; A
Vp:Vp + =’ (3 O)
the re ection coe cient can be expressed as
" # " #
Rp = R, + RyHg+ sin2 + *_° (tan®  sin?); (3.11)
P PO @ )2 2 Ve ! '
with
1 2
Ho=H 21 H) ; (3.12)

1
Eq. 3.11 is known as Shuey's three term AVO equation. The rsterm describes the
re ection coe cient at normal incidence, the second term decribes the re ection coe -
cients at intermediate angles (< < 30) and the third term describes the re ection
coe cients at large angles (> 30).
For intermediate angles, the third term can be dropped whiclesults in Shuey's two term
AVO equation:

Rp = R, + Gsin?; (3.13)

with

G=RoHp+ (3.14)

@ )
This equation approximates the re ection coe cient for smdl 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 simpé application to real seismic
data where the amplitudes are picked along move-out correct CMP gathers and plotted
against sin?( ). Subsequently, a simple linear regression can be used tdedmine the
AVO intercept and gradient. As mentioned above, the AVO gradint is directly related
to the change in the Poisson's ratio across the re ector whids a direct indicator for the
uid saturation. Commonly, a negative gradient is caused by positive shear velocity
contrast (i.e. lower shear velocity in the upper layer) and positive gradient is caused by
a negative shear velocity contrast (i.e. higher velocity ithe 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 graent are usually displayed in
a crossplot which allows for an ideal presentation of di ereces 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 @rameters in the subsurface
(P-wave velocity, S-wave velocity and density) so-called\fO inversion is usually per-
formed (Avseth et al., 2010).
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Figure 3.1: Seismic wave energy splitting when reaching a boundary. A) Splihg of a P-wave at
a boundary into re ected (PPgr) and transmitted (P Py) P-wave and re ected (P Sg) and transmitted
(P St) S-wave dependent on the incident angle (1) and the elastic parameters {/p, Vs, ) of the subsur-
face. B) Magnitude and phase of the re ected P-wave PPr). C) Magnitude and phase of the re ected
S-wave P Sgr). D) Magnitude and phase of the transmitted P-wave (PPy). E) Magnitude and phase
of the transmitted S-wave (PSy). For plots B-E the coloured solid lines displays the magnitude (lef
y-axis) and the coloured dashed line displays the phase (right y-ax)s The horizontal dotted black line
highlights magnitude zero. The vertical dashed black line displays lhe critical angle.

74



3.1.2 AVO with FWiI

There are three main factors that in uence the amplitude of @corded seismic events:
Earth e ects, acquisition-related e ects and noise (Dey-&kar et al., 1993). The Earth
e ects include spherical divergence, absorption, transssion loss, interbed multiples, con-
verted phases, tuning and anisotropy. The acquisition-raled 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 sourcgenerated noise and random
or coherent noise. For conventional AVO, all the amplitude ects described above need
to be removed to gain the real re ection amplitude variatios caused by the elastic prop-
erties in the subsurface. The preprocessing for a convema AVO analysis is, therefore,
quite extensive and time-consuming. It includes, e.g., biing and CMP ordering, spiking
deconvolution, spherical divergence correction, multiplremoval, interval velocity analysis
and pre-stack migration (Yilmaz, 2001; Simm and Bacon, 201Ayseth et al., 2010).

| propose an FWI-based work ow for extracting the AVO trend fran the seismic data
(Warner et al., 2022). It is much simpler as most of the previesly described amplitude
e ects are automatically accounted for by the FWI algorithm. Firthermore, the FWI
remains accurate even in highly heterogeneous models wherest pre-stack migration
algorithms fail. The work ow requires very limited user-iteraction, 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 synthietdata is commonly performed
in an acoustic medium which means that only P-wave velociseand densities are taken
into account. This simpli cation is very common, as incorpaating the S-wave velocity
adds signi cantly to the complexity of the modelling and inersion of seismic data and
is, thus, much more computationally expensive. In particak, S-waves are signi cantly
slower than P-waves meaning that the grid sampling has to beljasted for a stable simu-
lation (see section 2.2.3.4) - a lower velocity implies a sittea spatial grid. Hence a larger
number of samples is needed to cover the same volume.

However, seismic eld data are inherently elastic. When an aastic FWI code is used to
invert eld data it cannot accurately recover velocity chamges across a re ector, especially
for boundaries where changes in S-wave velocity produce ragoustic changes in AVO
(for example, the elastic AVO behaviour shown by the red linen Fig. 3.2). Acoustic
FWI will, instead, generate a P-wave velocity model that prodces 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 elastgubsurface model were used
as an initial guess for the inversion, the resulting synthet data would di er from the
observed data and the FWI algorithm would change the model in der to best match the
elastic amplitudes. For most applications this e ect is aa@pted as the additional cost of

75



including S-wave velocities is una ordable. However, this ect can also be exploited and
used to extract the elastic AVO information from the seismidata 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 invesion is driven only by the
re ection amplitudes in their respective o set bins and wil result in a model best- tting
the amplitudes in these bins. Thus, the inverted velocity maels for each o set will con-
tain a boundary that produces re ection amplitudes that besmatch 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 ble and green lines show AVA
curves for two velocity models recovered with acoustic FWI usy the seismic data with
angle bins of 0-10 and 40-50 , respectively. The acoustic inversions will lead to di enet
P-wave velocity models for each o set range, that will matclhe re ection amplitudes of
the elastic example (red line) relatively well at the respéiwe o set range. The di erence
in these velocity models relates to the di erence between ¢hacoustic 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 acgiic AVO trend in the
synthetic data would match the observed data at all angles.

These o set-dependent velocity models are not the same asthctual AVO e ect (section
3.1.1) but can be used to retrieve it. A re ection in the seisic data is caused by a change
in the impedance. Thus, when investigating the AVO e ect of aertain re ection, the
velocities causing this re ection (above and below the intéace) 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 Garder's Law. Hence, | use the
selected velocities above and below the re ecting interfacand Gardner's Law to calcu-
late the associated densities. Then | use the Zoeppritz ediom (Eq. 3.3) to calculate the
acoustic re ection coe cients. | 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 acoustielastic re ection coe cient
for each model at their respective o set bin, | can recreatehe 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 binsequires ray-tracing which is
known to be complicated in structurally complex areas. On #h other hand, angle bins
would mean that the angle range covered in each FWI run is constawhich means that
the AVA curve that | am ultimately interested in is evenly prabed. Seismic data are
acquired as shotgathers which include information about &o set of each trace (Yilmaz,
2001). Thus, dividing the data into o set bins is easy to pedrm, and allows the o set
bins to have the same number of traces. This means the fold feach bin is identical,
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and the signal-to-noise ratio for the separate inversion®mparable (the performance of
FWI improves with increasing fold). On the other hand, this meas that each FWI run
samples a di erently large angle range of the AVA curve. Howey, | 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 toide 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 st 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-atger wider-angle data) might
need to be excluded from the inversions. Generally, the numabof traces in each o set bin
should include enough data to drive a reliable inversion. Ehsize should, therefore, be de-
pendent on the data quality (e.g. signal-to-noise ratio). Arroblem 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.gitanuation Q) are varying for
di erent subsets. However, this is also true for conventionaVO analysis.

There are also other limitations. Seismic data used for theversion have a nite band-
width which means that interfaces in the FWI models will never & 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 ancelow the interface in the
recovered FWI models challenging and limits the accuracy oftrevable velocities at in-
terfaces. Furthermore, the frequency content in a shotgagih changes slightly towards
lower frequencies for higher o sets. Thus, even in case ofoastic data being used for
acoustic o set inversions, the models would not be perfegtidentical owing to the slightly
di erent frequency content of the data in di erent o set bins. However, these e ects are
also a problem in conventional AVO analysis (Warner et al.,G22).
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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 | want to detemine 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 lgs show angle bins.

3.2 Synthetic study

To investigate whether the theory for extracting elastic A information from seismic
data explained above by the use of an acoustic FWI code works, éngiorm a synthetic
study. In this study, | generate two synthetic models for whah | calculate synthetic seismic
data. These data are used as an input into the proposed FWI AVO lseme. The models
are purposely designed to resemble the geological scenafia BSR in the subsurface. In
the rst model (gas hydrate) the BSR is mainly caused by gas ldyate in the upper layer
and in the second one (free gas) it is mainly caused by free gaghe lower layer. | have
used realistic elastic parameters for such cases deterntifeom rock-physics modelling
(Chapter 4). These two scenarios represent end-member misd®r BSR generation and,
in reality, free gas and gas hydrate are probably both presescross most BSRs. However,
they generate di erent AVO trends in the seismic data which lam able to extract with
the proposed FWI AVO approach.

3.2.1 Work ow

In a rst step, | create velocity models for two geological smarios - a BSR caused by gas
hydrate and a BSR caused by free gas. Therefore, | call the twoenarios gas hydrate and
free gas scenario, respectively. For both scenarios, | nee®-wave velocity model as well
as an S-wave velocity model. The velocity models are purpbs&ept 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 ralhidg for a BSR (Chapter
4). The models have a grid size of 80401 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. Fohe forward modelling, | use
a Ricker wavelet with a peak frequency of 4 Hz to t the frequencrange of the inver-
sion. The synthetic data acquisition geometry is based onelset-up of the NZ3D dataset
(subsection 1.5.1). Thus, the dataset consists of 439 shatsd at a distance of 25 m each
recorded with 468 channels. Due to a channel spacing of 12.5and a minimum o set of
200 m, the maximum o set results in 6037.5 m.

After generating the elastic seismic data, | extract its AVO nformation. The generated
synthetic seismic data are prepared for the inversion by atid) random noise and applying
a mute above the sea oor arrival. | generate a starting velag model for the inversion.
As this is an acoustic inversion, | only need a P-wave velocityodel. For this | take the
true P-wave velocity model and use smoothing to signi cangl reduce the sharpness of
the BSR interface (see Fig. 3.3 A and B for the gas hydrate sceim. | keep the water
velocity, the sea oor depth and the gradient beneath the seaor the same as before.

To obtain a reasonably good starting model for the o set inusions, | run a rst inversion
where | include the full dataset, i.e. the full-o set range. Te 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 mebfor individual inversions
with di erent o set-restricted datasets. After testing di erent lengths for the o set bins,
| decide on 1000 m-long o set bins as they contain enough data drive a sensible inver-
sion and recover a suitable FWI velocity model. As | am interestein re ections from
intermediate angles (section 3.1.1), and | need the AVO cuw\to be su ciently sampled, |
generate overlapping o set bins. This ensures that | am abk® resolve an accurate AVO
curve. | perform seven inversions with data o sets rangingdm 200 m - 1200 m, 450 m
- 1450 m, 700 m - 1700 m, 950 m - 1950 m, 1200 m - 2200 m, 1450 m - 2450700 m
- 2700 m in order to resolve the AVA. Similar to the 2D and 3D fulb set inversions, |
subsequently increase the frequency during the o set-reitted inversions. Starting with
a frequency of 3 Hz, | run the inversions up to a frequency of 9 Hz.ensure that the
amount of traces in every dataset is the same to allow the cowm@bility of the FWI
models. The normalisation settings (discussed in sectiom224) in the code are changed
to run a true amplitude FWI.

3.2.2 Gas hydrate scenario

In the rst synthetic scenario, | model a BSR mainly caused bygas hydrate in the sub-
surface. | assume that the gas hydrate accumulates as parttbé sediment frame in the
subsurface and, therefore, causes an increase in P-waveesigy as well as S-wave veloc-
ity (Dvorkin et al., 1999). The exact velocities in the modelre based on rock-physics
modelling discussed in Chapter 4. In Fig. 3.3 the true P-waveelocity model and S-
wave velocity model as well as the starting P-wave velocity odel are shown. | model a
BSR caused by an upper P-wave velocity of 2400 m/s and S-wawelocity of 1000 m/s
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Figure 3.3: Velocity models for gas hydrate scenario in synthetic full-wavefrm 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-wae velocity model for forward modelling.

followed by a velocity decrease to 2000 m/s of the P-wave veity and 830 m/s of the
S-wave velocity. These true velocity models are used for feard modelling in order to
generate the synthetic data. The resulting elastic synthet data are shown in Fig. 3.4
A. The shotgather shows all expected phases - the direct aly the primary re ections
including the sea oor re ection as well as the BSR and the selaottom multiples.

Based on the Zoeppritz equation, | calculate the elastic aratoustic re ection coe cient
curves for the BSR in this gas hydrate scenario (red and blumé in Fig. 3.4 B, respec-
tively). The comparison shows that the elastic re ection ce cient is smaller than the
acoustic one and that this di erence gets larger with increang angle within the angle
range | am interested in € 30, intermediate angles for Shuey's two term AVO equation
(Shuey, 1985)). Based on this observation, | expect that thecoustic inversions generate
velocity models which show a decreasing velocity inversionagnitude 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 st bins used for the o set
inversions in the gas hydrate scenario. For the conversioroin o set to angle bins |
generate a simple ray tracer based on Snell's Law. For thisnilgetic study | use the true

80



model to calculate the angles. The rst o set bin (200 m - 1200n) corresponds to angles
of 4.5 to 26.7, the second o set bin (450 m - 1450 m) corresponds to angles.20to
32.0, the third o set bin (700 m - 1700 m) corresponds to angles o618 to 37.2, the
fourth o set bin (950 m - 1950 m) corresponds to angles of 21.8 42.2, the fth o set
bin (1200 m - 2200 m) corresponds to angles of 2616 47.1, the sixth o set bin (1450
m - 2450 m) corresponds to angles of 32.tb 51.9 and the seventh o set bin (1700 m -
2700 m) corresponds to angles of 37.® 56.4.

After running the o set inversions, | am presented with sevemi erent P-wave velocity
models. For each of these models | take the same velocity-ttefrace in the middle of the
model imaging the BSR and display it in Fig. 3.5 A. The colouredries show the di erent
o set model traces. A trace of the true model (black line) as &l as the starting model
(grey line) are also shown. | pick the velocities characteing the BSR for every o set
inversion (locations shown by dots on traces in Fig. 3.5 A) to taulate the magnitude of
the velocity inversion modelled in each FWI run. The result oftis is plotted in Fig. 3.5
B. As expected, the magnitude of the velocity inversion deases with increasing o set
bin. This is the behaviour | expected to see by the FWI AVO apprazh for the gas hydrate
scenario.

My aim is to turn the apparent AVO into the conventional AVO in the seismic data.
Therefore, | use the picked velocities as an input into Gardm's Law to calculate their
associated densities. | insert the upper and lower P-wavelweities as well as the upper
and lower densities for each o set inversion into the Zoepjpz 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 | explained that the acoustic re ection coeient at the angle correlating
with the angle of the input data is equal to the elastic re edbn coe cient in the seismic
data at that angle. Therefore, | calculate the mean angle ofieh angle bin and pick the
re ection coe cient at the mean angle of each respective cwe. The mean angle for the
rst inversion is 15.6 , the mean angle for the second inversion is 21,Xhe mean angle
for the third inversion is 26.5, the mean angle for the fourth inversion is 31.7the mean
angle for the fth inversion is 36.9, the mean angle for the sixth inversion is 41.%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. Combiningetlseven discrete re ection
coe cients results in an elastic AVO curve theoretically egalling the elastic AVA curve
of the seismic input data. In Fig. 3.5 D, we display the seven extion coe cients as
well as the elastic AVA curve and the acoustic AVO curve. Thelastic 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 cuer and the discrete values
could be caused by several things. First, |1 only ran the invamn up to 9 Hz - a higher
frequency would improve the resolution of the FWI velocity moel and probably also the
t. Second, as mentioned in section 3.1.2, the sidelobes thform next to re ectors for
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bandwidth-restricted datasets alter the velocity. When loking at traces in Fig. 3.5 A,
these lobes are visible, especially right above the velgcihversion, where the trace shows
a tiny bend to higher velocities. Third, even within the regticted datasets used for the
inversion, the acoustic curve does probably not t the elagt amplitudes perfectly but
only in a least-squares sense. Hence, there is a certain agerg of the amplitudes at
di erent angles within one o set bin and this average valued 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 (A\A) trend as well as acoustic
AVA trend for gas hydrate scenario. A) Shotgather 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 angt/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 véocity 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 welties. B)
Magnitude of the picked velocity inversion in A. The colours correlate with the o set models in A. C)
Calculated acoustic AVA curves based on the picked velocities in A ad 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 ecton coe cients. Red line shows the actual
elastic AVA curve of the synthetic seismic data. The blue line diplays the theoretical acoustic AVA curve
of the dataset.
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3.2.3 Free gas scenario

Figure 3.6: Velocity models for free gas scenario in synthetic full-waveformnversion (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 velaity model for forward modelling.

The second synthetic scenario resembles a BSR that is maimgused by free gas in the
subsurface. The free gas is modelled as patchily distribdteand causes a decrease in
P-wave velocity from 2000 m/s to 1600 m/s and an increase invave velocity from 830
m/s to 870 m/s. These velocities are based on rock-physics dadling for a BSR (Chapter
4). The free gas model | use for the rock-physics modellingsames a slight change (i.e.
increase) of the S-wave velocity when adding free gas. Thghased on the in uence
of the free gas on the density which subsequently a ects the#&ave velocity (see Fig.
4.17). In Fig. 3.6 the true P-wave and S-wave velocity model agell as the starting
P-wave velocity model are shown. The true P-wave and S-wavelecity model are used
for forward modelling in order to generate the synthetic da. Due to the simplicity of the
model, the generated synthetic data only contains a directiaval, the sea oor re ection,
the BSR and sea bottom multiples (Fig. 3.7 A). Calculating the XA e ect for the BSR
in the elastic and the corresponding acoustic setting withhe 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 Swwavelocity which is based on
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the free gas model | use for the rock-physics modelling (Chtap 4). In this setting and
opposed to the hydrate scenario, the elastic curve is displag higher re ection coe cients
than the acoustic curve (compare Fig. 3.4 B of the gas hydrateenario and Fig. 3.7 B of
the free gas scenario). The curves are closer together tharthe previous example but in
the angle range | am interested in their di erence gets largevith increasing angle. Based
on this, | expect a slight increase of the modelled BSR veltcinversion with increasing
o set bin. Fig. 3.7 B also displays the o set-converted angléins for the inversion. In
subsection 3.2.1 the o set bins used for the FWI AVO approach ardiscussed. | generate
a simple ray tracer based on Snell's Law to transform the o $®ins into angles bins. For
the patchy gas model, the rst o set bin (200 m - 1200 m) corrgsonds to angles of 3.9
to 23.0, the second o set bin (450 m - 1450 m) corresponds to angles&8 to 27.6,
the third o set bin (700 m - 1700 m) corresponds to angles of I8 to 31.9, the fourth
o set bin (950 m - 1950 m) corresponds to angles of 18.tb 36.1, the fth o set bin
(21200 m - 2200 m) corresponds to angles of 23t0 40.1, the sixth o set bin (1450 m -
2450 m) corresponds to angles of 27.® 43.9 and the seventh o set bin (1700 m - 2700
m) corresponds to angles of 31.90 47.5.

I run the inversions as discussed in subsection 3.2.1. Frohetresulting velocity models |
display the same trace in Fig. 3.8 A. | pick the minimum and maxinmm velocities across
the BSR for the di erent o set inversions and display the magitude of their di erence
in Fig. 3.8 B. As expected, there is an increase of the magnitudéthe modelled velocity
inversion with increasing o set bin. However, compared to t# hydrate scenario where
the di erence between acoustic and elastic AVA curve was dui distinct, the e ect for
the free gas scenario is smaller (compare Fig. 3.4 B of the gasifate scenario and
Fig. 3.7 B of the free gas scenario). Using the same work ow asftwe, | want to gain
the conventionally known AVO. For this, | use the picked veloities and their associated
Gardner's densities to calculate acoustic AVA curves (Fig..8 C). As the di erence of the
velocity inversion is not as large as in the previous examplide AVA curves are located
quite closely together (compare Fig. 3.5 B of the gas hydrateenario and Fig. 3.8 B
of the free gas scenario). The next step is to pick the re ecin coe cients at the angle
corresponding with the angle bin used for the respective iexsion. Therefore, | calculate
the mean angle of each inversion - for the rst inversion the ean angle is 13.4 for the
second inversion the mean angle is 18,Zor 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 35.7and for the seventh inversion
the mean angle is 39.7 The picked re ection coe cient for each curve are displayd
by coloured dots in Fig. 3.8 C). | argue that connecting theseigked values results in
the elastic re ection curve of the input seismic data (seabtn 3.1.2). In Fig. 3.8 D, the
calculated discrete values for each angle bin are plotted @sts on top of the actual elastic
AVA curve. It is apparent that the tis quite good with the dis crete values and the curve
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displaying the same trend. However, the re ection coe ciens seem to be slightly shifted
towards higher values. | also plotted the acoustic AVA curvand the comparison shows
that the trend of the discrete values di ers from this curve ad matches the elastic one
better. In subsection 3.2.2, | discuss the potential reassffior 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 (AVAjrend as well as acoustic
AVA trend for free gas scenario. A) Shothgather displaying synthetic ¢éastic 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 angt/o set bins of the di erent
inversions.
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Figure 3.8: Full-waveform inversion (FWI) amplitude-versus-angles (AVA) work ow for free gas sce-
nario. A) Coloured lines display the same traces of di erent FWI velodty 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 welties. B)
Magnitude of the picked velocity inversion in A. The colours correlate with the o set models in A. C)
Calculated acoustic AVA curves based on the picked velocities in A ad 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 ecton coe cients. The red line shows the actual
elastic AVA curve of the synthetic seismic data. The blue line diplays the theoretical acoustic AVA curve
of the dataset.
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3.3 Application to eld data

After the successful synthetic study, | apply the FWI AVO methodon eld data. The 3D
seismic eld data image a BSR located along the landward-dimng slope of a thrust ridge,
Puke Ridge, within the accretionary prism of the Hikurangi sbduction zone. The study
area as well as the data were introduced in section 1.5.2 aret8on 1.5.1, respectively.

3.3.1 Work ow

While in the case of synthetic data the forward modelling allss me to determine which
physical e ects are included in the data, eld data have inheent physical characteristics
which can add more complexity to the work ow. For one, seismi eld data are not only
inherently elastic but also inherently 3D as the waves expdrin a 3D space. The geomet-
rical spreading in 3D causes an amplitude decay proportion@ 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 apptation of the proposed
FWI AVO method, | do not want any other amplitude e ects to be mapped into the
di erence of the o set inversions - just the mismatch betwee elastic and acoustic AVO.
Therefore, | run 3D inversions as | have also done in the prevs 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 theomplexity of the geologi-
cal setting. In this study, | 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 intéere with any sea bottom
multiples, especially not in the o set bins | use for the o seinversions (see shotgather in
Fig. 3.9). This means | do not have to worry about overlappingnmaries and multiples.
Generally, the geology in my study area is more complex thame horizontally layered
models in the synthetic study. The BSR of interest is a dippip re ector roughly parallel
with the seabed located along a slope (see PSDM image of thedst area by Bangs et al.
(2023) in Fig. 3.10 G) which is probably in uencing the coverge of the subsurface points.
However, the re ector dip in the PSDM image is slightly exaggated due to the vertical
exaggeration (VEt 3.2) of the image. The roughly calculated dip of the BSR in my
study area is about 3.5. Therefore, | argue that | do not need to worry too much about
large di erences in coverage for di erent o set-restrictel datasets. The noise level and
quality seems also to be fairly consistent within shotgathe across the study area as seen
in Fig. 3.9 which shows an example of a typical shotgather of¢hinput data.
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Figure 3.9: Typical shotgather of seismic prole 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, | ned a starting velocity
model which already includes the correct large-scale velycstructure to explain the
arrival of all main phases within the dataset. Therefore, ager synthetic example, | 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 parameteege described in Chapter
2.

Overall, | use the same data for the o set inversions as | useabk an input for the full
dataset inversion. The data are discussed in detail in seati 2. As proven to be a sensible
size by the synthetic study, | restrict the datasets for the get inversions to 1 km-long
0 set bins overlapping each other: 200 m - 1200 m, 450 m - 1450 /0 m - 1700 m, 950
m - 1950 m, 1200 m - 2200. This set-up ensures that | am able tgsobse an accurate AVO
curve, both in terms of the o set bins containing enough infanation to drive a sensible
inversion and the AVO curve being su ciently sampled. | havetrialled the same o set
bins as for the synthetic tests but found that the FWI performedess well for the o set
bins with larger o sets and, therefore, | exclude them. The umber of traces is constant
for all o set bins. | include data up to 6 s.

As already stated, it is essential to turn o any amplitude nomalisation during the o set
inversion to maintain the information contained within theamplitudes. The normalisation
tools included in the FWI code are discussed in section 2.2.4orRhe synthetic study, it
did not make a di erence to turn o the source scaling as the weelet used for the forward
modelling and the inversion where equally scaled. Howevehjd is not the case for eld
data. In order to be able to turn o the source scaling and stilget a reasonable FWI
result, | need to scale the input wavelet of the inversion sdat it ts the amplitudes of the
recorded data. Therefore, | generate synthetic data and cqare the amplitudes of the
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direct wave in the near-o set traces of the synthetic and th@bserved data. This allows
me to determine the scaling factor necessary to apply on theput wavelet to generate
data in the same amplitude range as the observed one. In theédrest of computing time,
| run the o set inversions up to 11 Hz. The resulting velocity nedels are shown in Fig.
3.10 B-F. The structural similarity between all models as wkhs the PSDM image from
Bangs et al. (2023) (Fig. 3.10 G) is striking and supports theefiability 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) Seond 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 highvelocities above and lower
velocities below. | can identify such a structure in the FWI o £t velocity models (Fig.
3.10 B-F). For the FWI AVO approach | argue that the velocities casing 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 dierent o set bins. Therefore, |
develop an automated work ow where the lowest velocity demg the BSR is picked
for every grid cell in the velocity models. In a certain rangabove which | determined
empirically (4 grid cells), the maximum velocity is picked. | pick the minimum and
maximum in every velocity model individually. | also tried adi erent picking approach
where the picking locations determined for the rst model we used for the other o set
models but as this led to very similar results | will only focs on the results of the former
approach. The locations of these individually picked veldes in every o set model are
shown in Fig. 3.11. There are certain areas in the models whehe picks were erroneous
as the BSR velocity structure is disturbed by faults, folds martefacts. | exclude these
areas in the analysis. The picked velocities for each o seirbare shown in Fig. 3.12
A. The results for each o set bin are colour-coded: dark red (® m -1200), blue (450
m - 1450 m), green (700 m - 1700 m), orange (950 m - 1950 m), yeld200 m - 2200
m). The velocities above and below the BSR in Fig. 3.12 A are omrtted to re ection
coe cients as described in the synthetic study. In order to onvert o set to angle, | use a
simple straight ray assumption incorporating the variablelepth of the BSR. This allows
me to determine angle values and, subsequently, to deterraithe mean angle for every
o set inversion. Then, | 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 whe | display the
determined re ection coe cient (also colour-coded) of ews o0 set model for every grid
cell in the pro le. By looking at the re ection coe cients al ong the pro le, | can clearly
identify two opposite trends. For most of the picks the re eton coe cients generally
increase in absolute value with angle. There might be someeetion coe cients that fall
out of this trend but the overall trend of this increase is ver clear. However, between
picks 140 and 170 there is a distinct change to an overall decreasing ahsgel 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 approxinately between the third and
fourth angle model re ection coe cient. | think that this mi ght be explained by missing
of nearest-o set data for the outer recordings of the 3D datet 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 e3tic AVA curve of the observed
seismic data. AVO and AVA curves are useful, as they can pralg information about the
variation in elastic parameters across the BSR, which couleéll 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 hydocarbon 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 againsin? and the best-
tting lines in a least-square sense are determined. Thissalts in the AVO intercept and
gradient as described by Shuey's Zoeppritz approximatiorEq. 3.11)(Fig. 3.13 B). The
crossplot of the determined AVO gradients and AVO interce in Fig. 3.13 C displays
a trend from low negative AVO intercept and negative AVO gragént in the basin of the
study area to high negative AVO intercept and positive AVO gadient towards the towards
the top of the ridge in the study area.

In order to support the ndings of the intercept and gradientanalysis and to gain a
more in-depth understanding of the elastic parameters a@e the BSR for the two end-
member trends identi ed in Fig. 3.12 B, | perform a more extenge study of the two
AVA trends. | take a BSR pick each out of the areas characterd 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 éations 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, espectively. For the study,
| calculate the AVA curve for di erent combinations of upperand lower P-wave velocity,
S-wave velocity and density. For the P-wave velocities | takthe picked values from the
rst o set velocity model as these are probably quite closed the true velocity and vary
the velocities from - 10% to +10 % of the picked value. | vary th S-wave velocities
from 500 m/s to 1200 m/s and the densities from 180Kg=m? to 2300kg=n?. | insert
all possible combinations (total number of 1,777,561) of ¢hparameter values into the
Zoeppritz equation and calculate the re ection coe cient (Rp) value for the same angles
| have determined the re ection coe cient via the FWI AVA metho d for. | compare the
resulting AVA values with the FWI AVA values and calculate ther t. The best-t AVA
curves for the two locations are displayed by the dashed blkaknes in Fig. 3.14 A and B.
With this method, | am not able to resolve the actual parametex of the subsurface but
their contrasts across the re ector as this contrast is impaing the AVA in the seismic
data. | am able to calculate the change of any parameter depant 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 | display the t for di erent values of the impedance catrast and the Poisson's
ratio contrast. Included are only the combinations wher&p, < Vp;. The dark areas on
the plot show where the best- tting elastic parameter ratis are concentrated. The gure
gives a clear overview of the uncertainty of the evaluated b t parameters. Here, the
in uence of the Poisson's ratio contrast becomes apparentA negative Poisson's ratio
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contrast leads to a negative gradient and a positive Poisserratio contrast leads to a
positive gradient.

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 cortates 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 erroneous 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 madel (950 m

- 1950 m, 11 Hz). E) Fifth o set model (1200 m - 2200 m, 11 Hz).
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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,nyellow:

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, | am able to extract AVA information
along the BSR at the Puke Ridge. | resolve varying AVA trendslang the BSR which can
easily be identi ed in Fig. 3.13 C. The gure reveals a clear #nd 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 rdts do not show a clear
trend but are generally characterised by negative gradientand high negative intercept
values. The regions of negative and positive gradient colage with the two trends of
increasing and decreasing re ection coe cient with o set cetermined by the FWI AVO
method, respectively (Fig. 3.12). The t of the Poisson's rab change across the BSR for
the two trends (Fig. 3.14 C and B) implies that the AVO trends ae caused by di erences
in the Poisson's ratio change. Location 1 is characterise@ bn 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 absoluteualof the re ection coe cient
Is best- t by slightly positive Poisson's ratio contrasts Q - 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 suppis the result from the
Shuey analysis. Best- t values of -0.02 - -0.04 for locatidhagree with the AVO intercept
values for the basin area (Fig. 3.13 C) and best-t values of AB6 - -0.08 for location 2
agree with the AVO intercept values for the upper slope.

Overall, the extracted AVA trends look sensible and within he range of expected AVA
values which gives me con dence in the results and the progasFWI AVO method.
However, there are also things that should be regarded whendmreting the results and
could be done to improve their quality and reliability. My sudy area at the Puke Ridge is
geologically complex which might in uence the illuminatiam coverage leading to irregular
subsurface fold. To exclude any interference of this e echto the FWI AVO result, ray
tracing could be done to display the ray paths and investigatthe actual illumination. Ray
tracing would also improve the results because it would alloto correlate more accurate
angles with the o set values. The straight ray approach | usat the moment only gives a
rough approximation. Furthermore, while Fig. 3.12 B displag generally distinct trends,
the rst angle inversion often falls out of these. | think thd this might be explained by
missing nearest-o set data for the outer recordings of thelBdataset. For future studies,
it should be ensured that the used o set ranges are fully conedl by all streamer datasets.
To further evaluate the FWI AVO method, | compare its results wih AVO values based
on rock-physics modelling. A detailed discussion about thican be found in Chapter 5.
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Figure 3.13: Amplitude-versus-o set (AVO) intercept and AVO gradient from ful |-waveform inversion
(FWI) AVO analysis. A) Rough sketch of study area underlain by grey FWI model. 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 shovwthe 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 locatins in A.
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Figure 3.14: Grid search for elastic parameters of amplitude-versus-angle (AVA) tends for two locations
along bottom-simulating re ector (BSR) (see Fig. 3.12 and 3.13 for location3. 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 dastic 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 Iaation 1. D) Fit for tested values
of impedance contrast for location 2. For C) and D) black dashed lines disgly a Poisson's contrast of
zero.

100



4 Rock-physics modelling of a BSR

Rock-physics modelling is a tool to relate elastic rock prepties (elastic moduli, density,
P-wave and S-wave velocity, impedance, Poisson's ratio) the porosity, lithology and
pore uid of a rock (Dvorkin et al., 2014). Here, | apply rock-fysics modelling to extract
saturations of gas hydrate and free gas across a BSR at a thrridge, Puke Ridge, within
the Hikurangi accretionary prism. | use P-wave velocities dm FWI models as reference
velocities for the modelled gas hydrate and gas saturation.

In section 4.1 | describe the methods used perform rock-pigs modelling and in section
4.2 | apply them to data acquired in my study area.

4.1 Rock-physics modelling theory

The aim of rock-physics modelling is to model relationshigsetween di erent types of rock
properties. In geophysical measurements, the travel-tilmgamplitudes and phases of seis-
mic waves are recorded and used to obtain seismic properties. velocities, impedance,
etc. However, the purpose of these measurements is often tanginowledge about the
underlying physical properties of the rock, i.e. the lithagy, the porosity, the pore uid
(Mavko et al., 1998).

For this, an earth model is created based on the geologicafarmation available for the
region of interest and, subsequently, the belonging elastiseismic parameters can be
calculated (Mavko et al., 1998; Schen, 2015; Carmichael989). Rock-physics modelling
allows to alter the earth model (e.g. change of pore uid, meralogy, porosity, ...) and
adjust it in order to t the recorded seismic properties. Ths is achieved in a two-step
approach. First, the parameters for a background medium, i.dully brine-saturated, are
calculated. In a second step rock properties can be changeadahe in uence on the
elastic parameters can be determined, e.g. the brine can bhgbsequently replaced by
another pore uid (see sketch in Fig. 4.1).

In the rst step of the modelling, the background earth modeis assembled out of di erent
components { the minerals, the uid, the dry rock frame and tle porosity (Fig. 4.1). At
the most fundamental level, the rock itself is composed of n@rals and pore uid. As
the rock does not consist of a singular mineral and rather is@nglomerate of multiple
minerals, the e ective mineral elastic moduli need to be calilated (section 4.1.1.1). The
bulk modulus and density of uids depend on their compositio and setting. In section
4.1.1.1, | discuss the calculation of these parameters foririe and methane gas. After-
wards, the parameters of the rock, i.e. the dry rock frame, ed to be derived. However,
there are di erent ways to do this (Fig. 4.1). As | do not have diect measurements from
humidity-dried core samples, there exist two other approaes, both of which | use in
this thesis. | refer to method 1 as the inverse Gassmann appoh (Dvorkin et al., 2014;
Carcione et al., 2011; Carcione and Gei, 2004; Grana, 201@&bio et al., 2011)(section
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4.1.1.2) and to method 2 as the rock model approach (Santosadt, 2011; Hossain et al.,
2011; Andersen and Johansen, 2010; Dutta et al., 2010) (seotih.1.1.2). The work ow
for the inverse Gassmann approach is shown by the red arrowsHig. 4.1. In this study
logging data provide information about seismic parameteri® the subsurface which are
used to calculate the elastic parameters of the uid-satutad medium. These values can,
subsequently, be used to calculate the parameters of the dnyck frame. If no borehole
data are available, the rock model approach is usually perfoed. The work ow for the
rock model approach is shown by the blue arrows in Fig. 4.1. Iiis approach, a rock
model approximates the dry rock frame. There are di erent mael types that can be used
for this (Reine, 2017; Mavko et al., 1998). Based on the geameal idealisation of the
model (Schen, 2015) they can be divided into simple layer rdels which deliver upper and
lower bounds for a given composition (Voigt, 1889; Reuss,2 Hashin and Shtrikman,
1962, 1963), sphere pack models, also known as contact msdetich approximate the
rock by solid grains (Dvorkin and Nur, 1996; Hertz, 1882; Mindi, 1949; Gassmann, 1951;
Digby, 1981) or inclusion models which model inclusions mta solid matrix (Kuster and
Toksez, 1974; Hudson, 1980; Budiansky and O'connell, 1976)he disadvantage of this
method is that a model is always based on assumptions in ordeer simplify the com-
plex internal structure of a natural heterogeneous rock. Ithis study, | use a sphere pack
model based on the Hertz-Mindlin contact theory (Mindlin, 1@9; Dvorkin and Nur, 1996;
Helgerud et al., 1999; Ecker et al., 2000) which models the koas a dense random pack
of identical spheres. At the topmost level, the dry rock fram needs to be saturated with
pore uid. For the background model usually a fully brine-saurated medium is modelled
(Fig. 4.1)(see section 4.1.1.3).

The parameters of the background medium, i.e. elastic modwnd of the dry rock
frame, the uid-saturated medium and the mineral frame as wkas 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 substitutedy another uid (Fig. 4.1).
The application of rock-physics modelling for a BSR requisethe replacement of brine
with either gas hydrate or free gas. There are di erent waysot model the lling of the
pore space by these two uids. For the gas hydrate, | use two drent models - one
where the gas hydrate is added as another mineral (see sattth1.2.1) and another one
where gas hydrate is added as another uid (see section 4.22(Helgerud et al., 1999;
Ecker et al., 2000; Turco et al., 2020; Navalpakam et al., 201Zor the free gas, | model
one scenario where the free gas is homogeneously distribluteee section 4.1.2.2) and one
where it is patchily distributed (see section 4.1.2.3) (Dv&in 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 1)
calculating the background, brine-saturated medium, step Il) subsituting the brine with either gas

hydrate or gas. For step I, | use two dierent approaches in this thesis Method 1 is the inverse
Gassmann approach which is highlighted by the red arrows. Method 2 ishte 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 eaclaving its own bulk and shear
modulus. To calculate the e ective mineral bulk and shear naulus of the multi-mineral
rock, bounds or averages are used.

Reuss (1929) formulated an expression for the e ective elesmoduli based on the as-
sumption that stresses through a heterogeneous rock would bniform (isostress model):

. X
K Reuss — W; (4. 1)

i=1 !
with f; being the volume fraction of theiy, component of the rock (minerals) andV;
being the belonging elastic modulus anK being the bulk modulus.
Voigt (1889) assumed that the volumetric strains are unifon through a heterogeneous

body (isostrain model):
X

Kvoigt = fiM;: (4.2)

i=1
Hill (1952) showed that the Voigt and Reuss estimates are rigmus upper and lower
bounds of the true value of the e ective bulk modulus. When all anstituents are uids
with zero shear modulus, the Reuss average describes theotive moduli exactly. In
contrast, real isotropic mixtures can never be as sti as th&oigt bound, except for a

single-phase end member (Mavko et al., 1998). More narrowlaries for the e ective
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mineral moduli are described by the Hashin-Shtrikman bound@iashin and Shtrikman,
1962, 1963). Hill (1952) proposed that the average of the Vbignd Reuss bounds can
be used to nd a best estimate for the e ective mineral modulivhich is useful when an
actual value and not just an allowable range is needed. Thestét is strictly heuristic,
but is has been shown to give relatively accurate estimatisrfor minerals of similar bulk
and shear modulus (Mavko et al., 1998). The e ective minerddulk K i, and shearGni,
modulus thus result as:

n ! #
1 X Xt
Kmin = = fiKi+ e ) (4.3)
2 _Kj
i=1 i=1
n ! 1#
1 X Xy,
Gnin = = fiG + — : (44)
2 i -1 O

The bulk modulus, shear modulus and density of the individdanineral 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 (Eg. 4.1) as this gives the exact e ective moduli fa uid mixture with zero
shear modulus (Hill, 1952). However, the elastic moduli for geci ¢ uid can vary de-
pendent on their setting and composition. Therefore, usuglempirical relationships are
used to calculate these. In the following, | show how | calate the elastic properties for
brine and gas based on the equations from Batzle and Wang (299

Brine

The bulk modulus, density and the velocity for brine are in wenced by the tempera-
ture, the pressure and the salinity concentration. Batzlerad Wang (1992) published the
following equation:

w=1:0+10 6 80T 3:3T%2+0:00179°+489P 2TP+ 45
0:016T°P 13 10 °T°P 0:33FP% 0:002T P?); '

with , being the bulk density of pure water, T being the temperaturen % and P being
the pressure in MPa.
Based on this the bulk density for brine , can be expressed as:
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b= w+0:668 +0:44S%+10 °S[30(P 240(PS+ T

(4.6)
(80+3T 330066 13P +47P9)];
where S is salinity in weight fraction [ppm/1000000].
The P-wave velocity of pure watenV,, is given by the following expression:
Xt 3 o
Vy = w; T'P!; 4.7)
i=0 j=0
with the coe cients w; being
Woo = 1402:85 Woo = 3:437x 10 3
Wi = 4:871 Wi, =1:739x 10 4
Woo = 0:04783 Wo; = 2:135x 10 °
Ws = 1:487x 10 * Wz =  1:455x 10 8
Wi = 2:197x 10 ' Wy = 5:230x 10
Wo1 = 1:524 Woz = 1:197x 10 °
wip = 0:0111 wiz= 1:628x 10 °
Woy = 2:747x 10 # Waz = 1:237x 10 8
ws; =  6:503x 10 7 Wiz = 1:327x 10 °
Wy = 7:987x 10 10 Wi =  4:614x 10 %3

This can be used to calculate the velocity for brine:

Vp = Vi + S(1170 9:6T +0:055T% 85 10 °T3+
2:6P 0:0029TP 0:0476P2%) + S¥5(780 10P+ (4.8)
0:16P%) 182(8%:

The belonging brine bulk modulus can then be calculated with
Kp= bV (4.9)

Gas

The bulk modulus and density of a gas are dependent on the psege, the temperature
and the type of gas. | use the equation from Batzle and Wang (22) to calculate the
bulk modulus and density of gas.
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The absolute temperatureT, is given by:
To=T+273:15 (4.10)

with T in %e.
The pseudo-pressur®, and the pseudo-temperaturd, are calculated with the following
equations:

P
Pr= 4:892 0:40485 (4.11)
— Ta .
T = 9472 +17075G’ (4.12)

with P being the pressure in MPa and G being the speci c grawtof 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 4 is calculated j=cn¥] by:

288GP
9= ZRT. (4.13)
with
Z = aP, + b+ E; (4.14)
E=c d (4.15)
n h 1 Zi P1:20
d=exp 045+8 056 — — (4.16)
Tr T
¢ being
c=0:109(385 T,)?% (4.17)
b being
b=0:642T, 0.007T} 0:52 (4.18)
a being
a=0:03+0:00527(35 T,)? (4.19)
and R, the gas constant being 8.31441 J/(g mol deg).
The adiabatic bulk modulusK ¢ [MPa] calculates as
P
Ke= ———; 4.20
with 5:6 271
=0: + : + : . 0:65(Pr +1) . .
0:85 p.+2 ' (P, +35) 8:7e ; (4.21)
f = cdm+ a; (4.22)
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n h 1 2i PO:ZO
=1:2 0:45+8 056 — !
m T

(4.23)

4.1.1.2 Dry rock frame

| use two di erent approaches to determine the parameters tiie dry rock frame. Method
1 is the inverse Gassmann approach (red arrows in Fig. 4.1) antethod 2 is the rock
model approach (blue arrows in Fig. 4.1). | will discuss the #ory behind both methods
in the following.

Method 1: inverse Gassmann
In method 1 the dry rock frame parameters are obtained usindh¢ inverse Gassmann

approach. This approach is usually used when borehole measuents of the elastic
parameters are available.

The shear wave velocityVs and the bulk density ¢ of the saturated medium can be
used to calculate its shear modulu&sy;:

Gsat = Vs,z sat - (4-24)

The shear modulus can be used for the calculation of the bulkodulus K g4

4
Ksat = Vp2 sat §Gsat; (4.25)

with Vp being the P-wave velocity. The elastic moduli can, subsequy, be used as an
input into the inverse Gassmann equation to calculate the &btic moduli of the dry rock
frame (Dvorkin et al., 2014). For the shear modulus applieggain

Gdry = Gshear; (4.26)
and for the bulk modulus follows:

1 (1 )Ksat:Kmin K sat=Ks .

Ky = K
dry min 1+ K min :Kf Ksat:Kmin

(4.27)

The determination of the bulk modulus of the mineral parametr and the bulk modulus
of the pore uid is carried out as described in section 4.11L.

Method 2: Rock model

In method 2 the dry rock frame parameters are obtained using rack model. Numer-
ous model types for this problem exists (Schen, 2015), anddiscuss here the model |
have used which is a sphere pack model based upon the critipalosity 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 theechanical interaction be-
tween two smooth, uncemented elastic spheres based on faotand loading by normal
stresses (Mavko et al., 1998). In this model, the rock propers become a function of
porosity, the coordination number and the e ective press@. The latter is an important
advantage of such contact models as it allows to account forgssure changes in the sed-
iment.
In the approach adopted here the Hertz-Mindlin model is caltated for the so-called crit-
ical porosity. The concept of critical porosity is based on Nuet al. (1991, 1998) who
demonstrate that most porous materials have a critical posity . which breaks their
mechanical and acoustic behaviour into two distinct domas) For porosities lower than
¢, the mineral grains are load-bearing and for porosities greer than . the rock turns
into a suspension where the uid phase is load-bearing (Nur ef., 1998) (Fig. 4.2). In
the load-bearing domain (frame-supported), the moduli deease from the mineral values
at zero porosity to the suspension value at critical porosit The geological interpretation
is that the weak suspension state at critical porosity destres the sediment when it was
rst deposited before compaction and diagenesis. The cial porosity value depends on
the internal structure of the rock. Nur et al. (1998) publishd critical porosity values for
the most common rocks.
In the adopted approach, | rst calculate the e ective elasic moduli at critical porosity
and, subsequently, determine the elastic moduli for the agal porosity by interpolating
between two end-members. In the case where the porosity s than the critical poros-
ity, the end-members are the medium with no porosity (i.e. ¥ rock) and the medium
at critical porosity. In cases where the porosity is higherhtan the critical one the two
end-members are the medium at critical porosity and the mediu 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:

S
cxl %G,
— 3 min .
Kuv = 1821 )2 P; (4.28)
S
5 4 ,3C2(1 )2G3,
G = mp; 4.29
S 5y 271 )2 (4.29)
with C being the coordination number and the e ective pressur® =( s f)gh.

being the mineral bulk density (mineral density) and , being the water density. g is the
acceleration due to gravity and h is the depth below the sea ab.

The coordination number de nes the average number of conttsceach grain has with
the surrounding grains (Mavko et al., 1998). Coordinationumbers for random packings
of spheres have been experimentally determined by countitige contacts in prepared
samples (Smith et al., 1929; Bernal and Mason, 1960). In geak random packings have
coordination numbers ranging from 6.9 (loose packing) to B(tight packing) (Mavko
et al., 1998). Thus, the coordination number increases wittlecreasing porosity.

The Poisson's ratio of the mineral phase can be calculated by

2
:K min §Gmin

=05
Kmin + %Gmin

(4.30)

Porosity lower than critical porosity:

Figure 4.3: Dierent models for interpolation between zero porosity and critical porosity. On the left-
hand side porosity is displayed in dependence of P-wave velocitgnd on the right-hand side porosity
is displayed in dependence of S-wave velocity. Modied from K. 15 of Dvorkin (2020) (under the
http://creativecommons.org/licenses/by/3.0).

There are several ways to interpolate between a model withregporosity 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. Dvork and Nur (1996) presented
the soft sand model or friable sand model which assumes théiet porosity decreases due
to smaller particles that are deposited away from grain coatts. This is also described as
deterioration of the sorting. For this model the modi ed Hasim-Shtrikman lower bounds
(Eq. 4.31) are used to interpolate between the two end-memise This lower bounds de-
scribe the softest way to mix two phases, i.e. resulting in éhlowest e ective moduli, and
the adding of small grains passively in the pore space is theftest way to add minerals
to well-sorted sand (Schen, 2015).

The modi ed lower Hashin-Shtrikman bound:
mn # 1

K = ¢ + ¢ -G 4.31

ary Kum + %GHM Kmin + %GHM 3 ™ ( )
_ 1 —

Gary = c + <11 z 4.32

dry [GHM + 7 Gmin + Z] ( )

where I
7 = Gum  Kuym +8Ghm

4.33
6 Kum +2Gum ( )

The counterpart to the soft sand model is the sti sand model Wich uses exactly the same
end-members but connects them with the modi ed Hashin-Shkman upper bounds (Ruiz
and Dvorkin, 2009). It is commonly used for porosity changesud to diagenesis (com-
paction or larger cement volumes).

The modi ed upper Hashin-Shtrikman bound:

n # 1
K i - e (4.34)
— c + c - ) )
w Kum + %Gmin Kmin + %Gmin 3 m
G < Rl 435
- C + C . .
v [GHM +Z;  Gpin + ZZ] z (4:35)

where !
Zz — Gmin 9K min T 8Gmin
6 K min T 2Gmin

(4.36)

Dvorkin and Nur (1996) also o ered a model for granular sedinms where the porosity
reduction happens due to diagenetic cement accumulatingoamd the grains. This model
is called the contact cement model. Cementation has a moreagid sti ening e ect be-

cause the grain contacts are 'glued’ together (Schen, 2015The contact-cement model
represents the initial stage of the 'diagnetic trend' and w& found to be applicable to
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high-porosity sands. When the cementation is progressing dhe diagnetic cement is
lling up the pore space, the contact theory brakes down andhe sti sand model should

be used (Schen, 2015) (see Fig. 4.3).

Another model is the constant cement model which was introdaed by Avseth et al.

(2000). For this model it is assumed that the granular mateal experienced some inital
cementation but any further porosity reduction is due to norcementing material being
added to the pore space. For this the high-porosity endmembean be selected on the
contact cement or sti sand curve or determined by the Hertz-Mhdlin equation (Eq. 4.28

and 4.29) with an unrealistically high coordination numbem (e.g. n=15). The inter-

polation with two end member is then performed with the soft @nnection 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 posity, the matrix becomes
a suspension. Dvorkin et al. (1999) o ered a model for the edac 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. @9)'s model assigns non-
zero elastic constants to the dry-sediment frame and can pliet the shear wave velocity.
To connect between these two endpoints they use the upper med Hashin-Shtrikman
equation:

11} # 1
Kory = o A e (4.37)
Dry Kim + 3Gum 2Ghm chi .
1 c
- 1 ¢ + 1 ¢ 1 . ]
Gdry [ GHM + 7 7 ] Z, (4 38)

where !
7 = Gum  9Kuym +8Gum
-6 Kium +2Gum

(4.39)

4.1.1.3 Fluid-saturated medium

In the previous section | described the rock model approaclsed for obtaining e ective
elastic moduli for the dry rock frame. In the next step, | Il the voids with brine and
calculate the elastic moduli and the bulk density for a uid-aturated medium (blue arrows
in Fig. 4.1). For the inverse Gassmann approach the elastic ohali of the saturated
medium are already known.

Since the pore uid has zero shear modulus, | assume that it ds 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 ndolus of the uid-saturated
rock. For this, the bulk modulus of the mineral phas& i, , the bulk modulus of the dry
porous rockK gy, the bulk modulus of the pore uid Ky, and the porosity must be
known.

K ary (1*&'(& + Ky
Ksat = K oo 441
sat min (1 )Kﬂ + K . K Kary ( )

K min

For this relationship to be valid, certain assumptions havéo be made (Schen, 2015;
Dvorkin et al., 2014):

~

The rock is macroscopically homogeneous, i.e. can be ddsedi by a single bulk
modulus and density, and isotropic (wavelengtk grain and pore size).

The pressure in the pore uid is locally uniform which usuajl requires a high per-
meability of the rock and a low wave frequency<{ 100 Hz).

Pores are lled with a homogeneous, i.e. can be described bgiagle bulk modulus
and density, non-viscous, frictionless uids.

The rock- uid system is closed, i.e. no uids escape from theock.
The pore uid does not cause any changes in the minerals or drgck frame.

The e ective density of the uid-saturated rock is the volumetrically-weighted average of
the mineral and uid densities:

sat — n+(1 ) min (4.42)

With the elastic moduli known, the elastic wave velocities & calculated from the following

equation: S

Keat + 2G
Vp - sat T 3Isat (4.43)

sat

Vs = ; (4.44)

4.1.2 Step Il: Fluid substitution

The following section will discuss di erent ways to replacehe pore uid with another
uid or mineral. | am interested in the e ects of gas hydrate ad gas on the elastic mod-
uli, and, therefore, | will discuss the usually applied mode for these cases. For a pore
uid replacement by gas hydrate a di erentiation is generdly made between modelling
the added hydrate as a mineral or as a uid (Helgerud et al., 199 Ecker et al., 2000;

112



Turco et al., 2020; Navalpakam et al., 2012). For a pore uid macement by gas a dif-
ferentiation is usually made between a uniform distributio 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 meral, 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)
| will calculate the e ect of the volumetric gas hydrate satwation in the pore spaceS;,, on
the elastic moduli as well as on velocities and density. Aftexdding a certain amount of
gas hydrate in the pore space, the remaining volumetric uigaturation S in the pore
space is de ned by:

S =1 S (4.45)

Based on this the reduced e ective porosity can be expressed as:
= 1 S)= Sq; (4.46)

with  being the initial porosity.

When hydrate is treated as a mineral, the volumetric fractiorwithin the solid phasefy,
Is given by:
Sh

As | am adding another mineral component, the e ective bulk ath shear modulus of the
mixed minerals need to be newly calculated with Reuss-Voitill's average (Eq. 4.3 and
4.4). Adjusted to this case, it leads to the following expregs:

1 f 1 f

Kmin = =(FnKn + (1 f)Kminor ) + (- + hy 1 (4.48)
2 Kh KminOr
1 f 1 f

Gmin = =(FnGn+ (1 f1)Gminor ) + (= + ny L (4.49)
2 Gh GminOr

with Kninor being the e ective bulk modulus of the original mixed minerbcomponents
without hydrate, Gninor being the e ective shear modulus of the original mixed minat
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component without hydrate.

If gas hydrate is part of the rock frame, then the density of tb solid phase s is changed
to:

s=fhn+t(@ fn) min (4.50)

These results are used as an input for the Mindlin-Hertz equans at critical porosity
(Eq. 4.28 and 4.29). The whole calculation is started againitlv 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 elastt moduli of the dry part
stay the same, and, therefore, | only adjust the calculatiofor the elastic moduli of the
saturated sediment which is calculated with the Gassmanné&quation (Eq. 4.41, 4.40).
The shear modulus remains the same as uid is set to have no ahenodulus. 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, | can use the Reussverage (Eq. 4.1) to
calculate the e ective bulk modulus of the pore uid mixture

n #1

S, 1 S)
Ki= L+
fl K. K, ;

(4.52)

with K ;=bulk modulus of original pore uid, S;=original pore uid saturation, K,=bulk
modulus of added uid. This value is then used in equation 414where 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  changes
to:

1=S2+(1 $) 1 (4.53)

4.1.2.3 Patches of uid (gas)

In this model, it is assumed that gas in the sediment is colled in patches which
are much larger than the scale of individual pores and that #se 100% gas saturated
patches are surrounded by 100% non-gas saturated sedimertgain, as | just change
the uid components of the model, | do not have to change the taulation of the dry
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parameters or the e ective shear modulus for the fully-satated sediment. In a rst step
| 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 Gassma equation (4.41).

K d (1+ )K.dery + K
Ksaw = Kmin ” Kmin " (4.54)

(1 K+ K ke

(l+ )Kngry

— X K min
Ksatc = Kmin (1 )Kg + K i Klg:i:ry (4-55)
For the e ective bulk modulus of this model, | use the equatiorirom Hill (1952):
n # 1
Sw 1 S, 4
Ksat = + =G (4.56)
. Ksatw + %Gdry Ksatc + %Gdry 3 w

The e ective density of the pore uid is calculated analogudo 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, | take the rock property information provided by three IODP boreholes
(section 1.5.1) as well as velocity models obtained by FWI (cphter 2) and travel time
tomography (Arai et al., 2019) (section 1.5.1) and apply theack-physics modelling work-
ow based on the two approaches for the dry rock frame, i.e. ¢k model and inverse
Gassmann approach, described in section 4.1. | apply this kkmw and use di erent
data and approaches to explore the range of plausible elasfiroperties for the rocks in
my study area as well as saturations of gas hydrate and freesgacross the BSR. Finally,
| use the obtained elastic properties to calculate AVO curgefor the BSR, with the in-
tention of comparing these results with the AVO analysis | dlained using the FWI AVO
method in chapter 3.

For the rock model approach, | start by building an earth modeof my study area. The
IODP boreholes provide data on the minerals, salinity and alient temperatures, which
can be utilised when constructing an earth model. The largesnknown, however, is
the porosity, which varies considerably in the IODP borehek (Sa er et al., 2019; Barnes
et al., 2019b,a) and is an important parameter in modellingte elastic properties of rocks.
Fortunately, the well data show that porosity correlates wi with P-wave velocity (Sa er
et al., 2019; Barnes et al., 2019b,a), which suggests thatdrcuse the velocity models to
provide reasonable estimates of porosity across the studsea.

Here, | introduce the concept of a background velocity modela velocity model for sed-
iments in the study area that are saturated with brine. Sedimnts above and below the
BSR are likely to be predominantly brine- lled while sedimats across the BSR are af-
fected by gas hydrate and gas in the pore spaces. Thereforeanh using a large-scale
velocity model which is either based on strongly smoothed FWI odlels or a rst-arrival
travel-time tomography to approximate the background velaities in my study area.

For the second, inverse Gassmann approach, | also need a lgackind velocity model.
The logging data allow me to nd relationships between the Rvave velocity and the
S-wave velocity as well as the porosity. By use of the backgired velocity model, | can,
subsequently, nd the S-wave velocities and porosities féihe study area.

In section 4.1 | explain that rock-physics modelling allowfor altering the earth model to
t recorded seismic properties. | perform this modelling irorder to identify the cause for
a BSR along the Puke Ridge. A BSR is caused by gas hydrate oyan free gas in the
subsurface. These changes in pore uid compared to a brindirlg in uence the P-wave
velocities. Therefore, in order to estimate the gas hydratand gas content, | take the
di erence between the FWI velocity model and the background Vecity model, and make
the assumption that the velocity di erence is caused by eitr gas or hydrate occupying
the pore spaces. | calculate the amount of gas hydrate and gaseded to account for the
velocity di erence in the FWI and the background velocity modé
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In total, | estimate the gas hydrate and gas saturations for44 di erent scenarios (see
table 4.1). | start by calculating the uid-saturated medium (step | in Fig. 4.1) using the

two di erent methods - inverse Gassmann approach and the rokenodel. For the inverse
Gassmann approach | use ve di erent relationships determied by the borehole data and
the literature. Thus, | have six di erent ways to calculate he uid-saturated medium and

I have two di erent background velocity models (a smoothed FWmodel and the travel-

time tomography model) | use for the calculation. Step Il in lhe modelling (Fig. 4.1)

describes the uid substitution. | start by nding the velocity di erence between three

FWI models and two di erent background velocity models which g the background ve-
locities for twelve di erent uid-saturated media. For ead of these 36 combinations, |
use four di erent methods of uid substitution: gas hydrateas pore uid, gas hydrate as
sediment, free gas homogeneously distributed, free gasgbaly distributed (Table 4.1).

In section 4.2.1 | discuss which smooth background velocitpodel and FWI velocity

models | am using for my work ow.
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Table 4.1: Modelled rock-physics combinations to determine gas hydrate and gasturations for the two
approaches (inverse Gassmann, rock model), the di erent full-waeform inversion (FWI) models (A/B/C)
and the two background models (smooth FWI model A/B/C, travel time (TT ) tomography model).
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4.2.1 Background and FWI velocity models

P-wave velocity is assumed to be dominantly controlled bythology, pressure, porosity
and pore uid. Away from the BSR the pore space will principal} be full of brine, whereas,
across the BSR, the velocity increases with increasing cemtrations of hydrate and de-
creases with increasing saturation of gas. The applicatiaf long-wavelength smoothing
on the FWI models helps to minimise the smaller-scale velocighanges associated with
the presence of gas and hydrate and, |, therefore, argue thithe main di erence between
the smoothed velocity model and the FWI model is caused by chaggin the pore uid,
i.e. gas hydrate or gas. Thus, | use a smoothed large-scal®egy model which | 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 (chater 2) to estimate the
gas hydrate and gas saturations

As discussed in Chapter 2, the FWI velocity models generated Wwidata included up to
4500 m o set and the full o set resolve the same structures lare di erent in terms of
absolute velocity due to anisotropy and elastic e ects comg into play for the longer-o set
data. In order to show the full range of possible scenariosr four modelling and satura-
tion estimations, | use both velocity models (4500 m o set,ull o set) for the modelling.
Furthermore, | also use a third velocity model where the fulb set model was the starting
velocity model and data up to 3000 m o set was included to go ujp a frequency of 11 Hz.
In terms of velocities it lies somewhere between the two piieusly mentioned models but
goes to higher frequencies. For simplicity, | call the modegenerated with data including
4500 m o set model A, the model generated with the full data maoal B and the model
going up to 11 Hz and data including 3000 m o set model C. Fig. 4A, 4.5 A and 4.6
A show model A, B and C, respectively. The FWI models show velogiundulations due
to the pore uid variations and clearly display higher velotties overlying lower velocities,
that generate the BSR in the seismic re ection data. From althree FWI models, | also
generate a smooth P-wave velocity model to be used as a backgrd velocity model. |
argue that by heavily smoothing over the positive and negate velocity anomalies caused
by gas hydrate and free gas, respectively, the resulting weity model should be only
weakly a ected by changes in pore uid. Fig. 4.4 B, 4.5 B, 4.6 Bantain the smoothed
versions of the respective models. The smoothed models da reveal any small scale
velocity variations but a general depth increasing trend. ¢ the FWI runs, | used the
travel time tomography model from Arai et al. (2019) as a stamhg model (Fig. 4.4 C).
The model only contains large-scale velocity changes in aodance with the resolution of
travel time tomography and the experimental geometry of th€®©BS used to acquire the
data. In Chapter 2, | showed that this model generated synthies 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 #a BSR but shows an expected
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increase of velocity with depth. Therefore, | use the travdime tomography model as
another background model. However, | understand that depasiof gas hydrate and free
gas in uence the travel times of seismic waves in the subsace and, consequently, are
likely to in uence the velocities in the travel time tomogrgphy model.

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 | from Arai et al. (2019).

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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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, | determine the elastic parameters of the fully brine-
saturated background medium. The results will, subsequewtlbe 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, | discuss the mineralogy and the uid parameirs determined by well
data and used for the rock-physics model of the study area.

In section 1.5.2, | discussed that gas hydrate at site U1519 swanainly found in 'silt layers'
or 'coarse-grained sediment layers' (Barnes et al., 2019%hich is a typical type of gas
hydrate deposit as explained in section 1.3. Therefore, fory modelling | assume that the
gas hydrate at the Puke Ridge is accumulating in sandy/siltyayers between mudstones.
Fig. 1.8 shows the determined lithology of the incoming platat site U1520. In the upper
part interbeds of silt and sand are cored and their mineral cgposition 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. | assoe a uniform lithology given
the observation of a consistent BSR that is likely to be hostiewithin sand. | also do not
have the data to constrain a more complex model. The deeperdsaents at site U1520
contain a thick sequence of chalks that is characterised bygh velocities (see arrow 2
in Fig. 1.8). In Fig. 1.6 C a velocity model of the area reveals g¢in velocities streaks
in the upper plate probably originating from these chalk lagrs of the incoming sequence
that have been underthrusted in the subduction process. Hower, as | do not see these
high-velocity layers continuing up to the Puke Ridge, and irgeneral, not see velocities
that high in the study area, | assume that chalk is unlikely tobe present at the Puke
Ridge.
The bulk and shear moduli as well as density of the individuahinerals are taken from the
literature where they are typically based on laboratory exgriments (Table 4.2). A special
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case is clay for which the bulk and shear modulus di ers larbedependent on the com-
position of the clay. From the drilling data | only know that it is composed of smectites,
ilite, chlorite and kaolinite (Sa er et al., 2019) but not the individual fractions. Therefore,
| use a value for clay which was also used by Navalpakam et al0(@2) for rock-physics
modelling in this area. The feldspar is composed of Plagiask and K-feldspar (Sa er
et al., 2019), but further information about the compositio is not provided. Therefore,
| take an average of the bulk modulus of the two minerals. Thesed values are shown in
Table 4.2.

As discussed in section 4.1, the parameters of uids vary depsent on their setting. In
order to calculate these, the salinity, the temperature anthe pressure is needed. | deter-
mine the salinity from core samples at site U1518 (Fig. B.2 A). Tensalinity stays quite
constant over the whole depth of the sampling. Therefore, Ise an average value of 34.47
ppt. | calculate the temperature at BSR depth from the tempeature gradients deter-
mined by tting downhole estimated equilibrium temperatures (Fig. B.3). For this, the
temperature at di erent depths of the borehole was measureas well as the temperature
decay after the insertion of the drilling tool which allows & extrapolate the equilibrium
temperatures. The bottom water temperature which resultswd of tting the tempera-
ture measurements will be more similar to the study area at 80U1519 location than at
the U1518 location which lies over 1 km deeper and at the locati of U1520 which lies
even deeper. Therefore, | take the U1519 borehole measuretseror these a gradient
of 0.024%Jm was chosen as the best t (Barnes et al., 2019b). This graelnt results in
a sea bottom water temperature of 5.%o . The temperature at the BSR depends on its
depth below the sea oor which | calculate and adjust duringhte modelling. During the
drilling of U1518, pore pressure measurements were attemgtesing a StethoScope tool
but all three attempts failed because of poor sealing of theal against the borehole wall
(Saeretal., 2019). However, as the BSR depth is quite shallo(< 500 mbsf), the normal
hydrostatic pressure and the pore pressure will not di er meh and I, therefore, assume
hydrostatic pressure for the calculations. However, the hydstatic pressure, apart from
the depth of the BSR and the acceleration due to gravity, is ab dependent on the water
density which itself is dependent on the pressure (see eqgoat6.3 in Chapter 4.1). The
water density is also dependent on the temperature as well e salinity. The literature
shows that in our temperature range the in uence of the prease on the water density
is very minimal (Batzle and Wang, 1992). I, therefore, take aalue for the brine density
from a temperature-salinity diagram (Suckow et al., 1995) - 1025.5kg=n? and use it
to calculate the hydrostatic pressure. | use the calculatiofrom Batzle and Wang (1992)
(described in section 4.1) to determine the bulk modulus argensity of the brine for each
grid point in the model individually.

| also calculate the bulk modulus and the density for the fregas for every grid point
within the model based on the work ow from Batzle and Wang (192) (described in
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Chapter 4.1). For this | need the speci c gravity (G) of methae gas which | take from
Mavko et al. (1998) and the temperature T and the pore pressairfor which | use the
same values as for the calculation of the brine parametersh& gas hydrate parameters |
take from Helgerud et al. (1999) (Table 4.2).

4.2.2.2 Dry rock frame
Here | describe the methods used - rock model and inverse Gasam approach - to
determine the elastic parameters of the dry rock frame (seed-i4.1).

Rock model

In section 4.1.1.2, | discussed the use of a rock model as a wayetermine the elastic
parameters of the dry rock frame. Here, | explain its applica&n to the study area.

The background velocity models (section 4.2.1) do not onlyxaew a vertical velocity trend

but also a horizontal one with increasing velocities towaedthe top of the ridge (Fig.

4.4, 4.5 and 4.6). This is likely to be caused by varying leebf consolidation due to a
di erential burial history. These changes are incorporat in the modelling by making

porosity a free parameter, and adjusting porosity values dtat the calculated P-wave
velocity model closely matches the velocity in the selectdzhckground model. | do this
by performing these calculations for every grid point in thenodel individually. This also

allows me to adjust the depth below the sea oor and subsequgnthe pressure in the

modelling for every grid point. Further xed parameters neded for the modelling are
shown in Table 4.2.

Applicability of rock models in study area

In section 4.1 | outlined four common models used for the mdtlieg of the rock matrix
- soft sand, sti sand, contact cement and constant cement. fe soft sand and the sti
sand models are the two end-members with the rst one descitily porosity reduction in
sediment by particle deposition away from grain contacts ahthe latter one explaining
it with ongoing diagenesis. To investigate which rock matki model might be the most
appropriate for the study area, | perform rock-physics modleng with the soft sand and
the sti sand model for the location of site U1518. This allowsne to compare the
modelled P-wave velocity results with the wireline (LWD) mesurements of the P-wave
velocity for borehole U1518. For the modelling, | use mineraind density data obtained
from the boreholes which include depth-dependent minerabiecentrations from the bulk
powder X-ray diraction (XRD) analysis (Fig. B.1l) as well as deph-dependent grain
density data determined from discrete samples of boreholed518E/F (Fig. B.2 C). |
calculate the depth-varying temperature based on the seaoo temperature (1.64%o), and
the temperature gradient of 0.03%6d/m determined for site U1518 (Fig. B.2 B). As the
salinity stays very constant over the depth of the measuremg | use the average value
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Components K G reference

Clay 56.5 GPa| 20.3 GPa| 2580kg=n? | Mavko et al. (1998)
Quartz 37 GPa | 44 GPa | 2650kg=m?® | Carmichael (1989)
Feldspar (Plagioclase) 37.5 GPa| 15 GPa | 2630kg=m® | Carmichael (1989)
Feldspar (K-feldspar) | 75.6 GPa| 25.6 GPa| 2620kg=m® | Mavko et al. (1998)

Calcite 76.8 GPa| 32 GPa | 2710kg=m’® | Simmons (1965)

Gas Hydrate 7.9 GPa | 3.3 GPa | 900kg=m® | 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 andrho 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 presse. | use the wireline logged
NMR porosities (Fig. B.2 D) and take the values in table 4.2 forhe bulk and shear
modulus of the individual minerals and the coordinate numble Fig. 4.7 A shows a
comparison between the recorded LWD data (blue line) at site B18 and the velocities
calculated using the soft sand (red rectangles) and sti sahmodel (yellow dots). The
sti sand velocities are much higher than the LWD velocitiesyhereas the soft sand model
velocities match the LWD values quite well, even across andosk to the fault. The P-
wave velocities at site U1518 cover the range of velocitiestire smoothed FWI velocity
models (see velocities in Fig. 4.4 B, 4.5 B, 4.6) B across thedtion 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, thiindicates a similar level
of consolidation at the two locations and supports the use tiie soft sand model for my
study area. | also modelled the P-wave velocity for di erenporosities at shallow (solid
lines) and large depth (dashed lines) for the sti sand (yedw lines) and the soft sand
model (red lines) and compared it with the measured valuesgsin Fig. 4.7 B). Similar to
plot A, the measured data follow the curves of the soft sand meband roughly lies within
the depth range de ned by the two curves. | think this analys 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 mapplicable to the rocks
above and across the BSR in the study area.

124



Figure 4.7: Comparison between di erent rock-physics models (soft sand, stisand) (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-whitdrilling (LWD) P-wave velocity. Red
rectangles: calculated P-wave velocities with soft sand model. Ylw circles: calculated P-wave velocities
with sti sand model. The interpretation of the fault zones and the logging units are taken from Sa er
et al. (2019). B) Porosity versus P-wave velocity. The blue circles sow the measured values of nuclear
magnetic resonance (NMR) porosity versus LWD P-wave velocity. The i&e of the circles indicate the
depth of the measurement increasing from shallow to large depth. Ta 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). Thed lines below a porosity of 0.4
(critical porosity) are based on the soft sand model. The yellow linedbelow 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 sigwibed above, from the
four background velocity models (smoothed FWI velocity modglA,B,C and travel time

tomography model from Arai et al. (2019)) described in sectio4.2.1. The gure shows
that the range of porosities for all models is very similar gmning porosities between
0.5 to 0.3 in the vicinity of the BSR location. In general, thee porosities appear to
be reasonable as they are similar to NMR porosities measuretlae three logging sites
(Saer et al., 2019; Barnes et al., 2019b,a) (the measured nqosities for the logging sites
U1518, U1519, U1520 are shown in the next section 4.2.2.2 in FigoAL, 4.10A, 4.11A).

Furthermore, the porosity trends in all models are very sirtar. The porosity is very

high in all models in the basin and along the slope at the neaurdace with the region

of high porosity decreasing in thickness towards the top ohé ridge. This shape of very
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high porosities correlates well with sedimentary layers #t seem to be deposited after the
upthrusting of the ridge (Fig. 1.6 B). | expect these kind of lgh porosities in shallow
unconsolidated marine sediments. The shape of the high psity zone is very similar for
the tomography model and model A as well as in model B and C. e rst two models
the high porosities further reach towards the top of the ridg. With depth all models
display the same trend of decreasing porosity reaching vaki of about 0.2 - 0.25 in the
deepest part below the sea oor.

D]

Figure 4.8: Porosity models generated with the rock-physics modelling approdt and based on the
di erent background FWI velocity models used. Dashed grey lines dsplay 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, | also use an alternative way totelenine the elastic param-
eters of the dry rock and saturated frame. In section 4.1.1.2 show that this approach
is based on knowing the P-wave velocity, the S-wave velocigs well as the density. |
have measurements of the P-wave velocity as well as the S-eaxelocity. There are no
measurements of the bulk density available, however, thesge porosity measurements.
The porosity together with the elastic parameters for the nmeral frame and the brine
determined in section 4.2.2.1, allow me to calculate the bhudensity. Thus, | use the
borehole data to determine &/ { Vs relationship and aVp { porosity relationship. The
determined relationships as well as the FWI model allow me to gerate an S-wave veloc-
ity model and a porosity model for the area. These models arsad to calculate the elastic
moduli of the saturated medium which are inserted into the werse Gassmann equation
(Eq. 4.27) to determine the elastic parameters of the dry ré&cframe. As none of the
existing boreholes are located within my study area, i.e. ¢hPuke Ridge, | do not know
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which one of the P-wave velocity { S-wave velocity trends anB-wave velocity { porosity
trends observed in boreholes U1518, U1519, U1520 best reprissédre lithology within
the study area. To explore the parameter space and obtain ade range of plausible
results, | use several trends from these boreholes.

Borehole measurements

Fig. 4.9 shows the measured NMR porosity, compressional vetpas well as the shear
velocity for site U1518. The exact measurements as well as aaothed 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 reehing its maximum (0.45) at a
depth of 380 mbsf. Below, the porosity is decreasing again +eatively strong decrease
in the next 100 m to a porosity values of 0.3 is followed by a chge to a slowly decreasing
porosity for the rest of the borehole (max. depth of 560 mbsf)The interpretation from
Saer et al. (2019) correlates the upper decreasing porogitvith the hanging wall above
the fault and the fault zone itself. The strong change to an trease in porosity is corre-
lated with the very top of the footwall. The maximum porosity value correlates with an
interpreted subsidiary fault. The P-wave velocity revealthe same trends in the down-hole
log but is reversed, as expected. For the rst 300 m the P-waweelocity increases with
depth (from 1800 m/sto 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 amgfartunately discontinuous
with gaps (Fig. 4.9 C)). The existing data, however, reveal ¢hsame trends as the P-wave
velocity. The velocity inversion in the area of the fault shs a decrease from 700 m/s
to 600 m/s. Fig. 4.9 D and E show crossplots of porosity and P-wawvelocity as well
as of P-wave velocity and S-wave velocity, respectively. €hplots show both the raw and
smoothed data - the smoothed data are used for determiningWave velocity-porosity
and P-wave velocity-S-wave velocity trends. | also show thieend of the hanging and foot
wall above and below the fault (green lines in Fig. 4.9). The &nd for above and below
the fault is very similar suggesting it existed before the tdt rupture. | assume that this
is the trend of higher consolidated material (Dutilleul et &, 2021; Fagereng et al., 2019).
Fig. 4.10 displays the measurements for the same parametetssiie U1519. While the
porosity stays quite constant over the whole depth of 600 m dnonly exhibits a slight
decrease from 0.4 to 0.3, the P-wave and S-wave velocity sha@wnear increase between
Omto 570 mfrom 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 nearlgonstant trend for the last
100 m of the measurements. Analogue to the U1518 plots, Fig. 4D0E show crossplots
of porosity and P-wave velocity as well as of P-wave velocignd S-wave velocity for the
raw and smoothed data, respectively.

As discussed in section 1.5.2, the measurements at site U1520eal a distinct change
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from silty, sandy and muddy sediments to marl and chalk sediemts at around 500 mbsf.
| am expecting that mainly silts/sands and mud is present athe Puke Ridge and, there-
fore, | am only interested in the relationships determineddm the rst 500 mbsf. The
data for borehole U1520 are shown in Fig. 4.11. The porosity ngegements reveal an
overall decrease over the whole depth of the borehole (from0.8 to  0.5) with a slight
gradient change at 150 mbsf towards a slower decrease. The P-wave velocity r&gea
nearly constant increase from 1600 m/s to 2000 m/s. The S-wavelocities 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 relativeoastant velocity of 540 m/s.
Fig. 4.11 D, E display crossplots of the raw and smoothed data.

Based on these observations, | determine the porosity - P-veavelocity relationship and
the S-wave velocity - P-wave velocity relationship from th&)1518 data, the U1519 data,
and the clastics data in U1520. Furthermore, | also extract tationships for the highly
consolidated hanging wall and foot wall of U1518 to accountrfahe possibility of the
study area being highly consolidated as well. | call theselatonships U1518, U1519,
U1520, consolidated U1518.
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Figure 4.9: Driling data from site U1518 (Saer et al, 2019) (under the

https://creativecommons.org/licenses/by/4.0/).  A) Nuclear magnetic resonance (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 ofault. C) S-wave velocity.

Purple line: full data, red line: smoothed data, bright green dashed ihe: smoothed data in hanging
wall of fault. D) Porosity versus P-wave velocity. Blue circles: ll 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: smoothe 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 resonance (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 resonance (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, | crossplotted the data points from all borehole$or the porosity and
P-wave velocity measurements as well as their smoothed vadu All data points lie in
approximately the same area. The U1520 measurements revealightly higher porosity
than the U1519 and U1518 measurements which mainly overlap kaxther. The plot also
displays the exponentially tted curves through the smootkd data points. | nd an expo-
nential correlation to best t the relationship between poosity and P-wave velocity. The
curves plus their 95 % con dence interval are also shown inl2 B. Furthermore, this plot
also displays a classic porosity - P-wave velocity relatiship for clastics from Ho man
and Tobin (2004) as well as the results for porosity and veliye 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 shaat trend with the
highest porosity value (0.4) for low velocities (1400 m/s)e&treasing to the lowest porosity
value (0.2) for high velocities (3000 m/s) (red line in Fig. 4.2 B). Furthermore, the con-
dence interval is very narrow revealing a clear, easily-ted trend. In contrast to that,
the consolidated U1518 (blue line in Fig. 4.12 B) trend shows ehstrongest decrease by
revealing a porosity value of 1.1 at 1400 m/s which is, of caa#, geologically not possible
and a lowest porosity value of 0.05 at high velocities (3000/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/s) where the U1519 curve
and the consolidated U1518 curve cross each other, the trenetekrmined from site U1520
displays the highest porosities (green line in Fig. 4.12 B).HE con dence interval for
this curve is slightly wider spanning a porosity range of alub 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 theutves are quite close to each
other. The velocities around the BSR in the FWI models range bween 2000 m/s to
2400 m/s (see background models in Fig. 4.4 B and C, 4.5 B, 4.6 Bhich coincides with
the area where the curves are most similar. Second, | see thlé curve from Ho man
and Tobin (2004) seems to be located roughly in the middle dfi¢ borehole curves. Thus,
| argue that by trying all the di erent borehole curves, | cower a wide range of possible
clastics relationships. It is also encouraging to see thahé 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 | display the analogous results for the shear wavelocities. | use a linear t

to determine the relationship between S-wave and P-wave welties. In Fig. 4.13 A the

actual data points as well as their smoothed trends are showRor the shear wave veloc-
ities, the measurements of sites U1518 and U1520 seem to beeclasid display a similar
trend while U1519 is deviating from it. In Fig. 4.13 B all trendsare shown with their 95%
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uncertainty interval. | also show a typical clastics S-wavand P-wave velocity relationship
from Greenberg and Castagna (1992) as well as the results bétrock-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@hs a shear velocity of -
100 m/s, which is physically not possible, at a P-wave veldgiof 1500 m/s and increases
to 1800 m/s at a P-wave velocity of 3000 m/s. On the other end dhe spectrum lies
the t for the consolidated U1518 data. It shows a very at gradent and only increases
from 400 m/s to 800 m/s over the same P-wave velocity span. Iiso shows a very large
con dence interval ( 700 m/s shear wave velocity). The other trends roughly lie Wiin
these two extreme trends. All trends di er the most for largewvelocities where they range
from 700 m/s to 1800 m/s and converge for P-wave velocitiesamd 2300 m/s. For
lower P-wave velocities they start to diverge again. Howevethis means that the trends
lie quite closely together for the P-wave velocities in ourtiedy area (2000 m/s - 2400
m/s)(see background models in Fig. 4.4 B and C, 4.5 B, 4.6 B).18ilar to the results for
the porosity, the literature trend is lying in between the boehole trends suggesting again
that | span a wide spectrum of the possible S- and P-wave relatships. Furthermore,
the plot shows that the modelled results also seem to producealistic 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 borelole data (Sa er et al.,
2019; Barnes et al.,, 2019b,a) (under the https://creativecommons.org/licenseby/4.0/). A) P-wave
velocity versus porosity. Dots are the borehole measurements. Thiccoloured lines show the smoothed
data. Black lines show exponential ts of the smoothed data. B) P-wave ‘elocity 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 reults 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 boreheldata (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. Thicoloured lines show the smoothed
data. Black lines show linear ts of the smoothed data. B) P-wave veloity 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 theesults 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

| use these relationships combined with the background P-we velocity models to calcu-
late S-wave velocity and porosity models for the study ared.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, tomographyodel) and in Fig. B.4
(background models: smoothed model B and C). Comparing thesults, it is apparent
that the di erent background velocities do not play a large ole 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-rangingoegies while the model
based on U1518 only contains slight velocity changes. The ethmodels lie somewhere
in these two extremes. However, the velocities in all of the rdels around the location
of the BSR seem to be quite similar. | show the same for the peity models in Fig.
4.15 (background models: smoothed model A, tomography modehd B.5 (background
model: smoothed model B, C). Again, the porosity ranges in thraodels are equal to those
expected from Fig. 4.12 - the U1519-based model reveals relaly constant porosity val-
ues while the model based on the overconsolidated U1518 tresttbws the widest range
of porosity. However, for the porosity as well | can see that ithe area of the BSR the
porosities are relatively close together and they vary the ost within the shallow layered
sediment and the deeper regions.

Having a P-wave velocity model, an S-wave velocity model andperosity model as well
as the mineral parameters and brine parameters, | can calaté the parameters of the
saturated rock and, subsequently, insert these into the ievse Gassmann's equation (Eg.
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 an&-wave velocities
determined from borehole data (shown in Fig. 4.13). Dashed grey lines:otation 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 relabnship: 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 parsity determined from
borehole data (shown in Fig. 4.12). Dashed grey lines: location of bottom-siulating 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. 1,J) Literature (Ho man and Tobin, 2004).

138



4.2.3 Step Il: Fluid Substitution

For all the models listed in table 4.1, | replace the brine inhe pore space with either
gas hydrate or free gas. In order to know where and how much dfet brine needs to
be replaced, | calculate the di erence between the FWI and theaekground velocity
model (see Fig. 4.16). As discussed, | assume that the di erenbetween the two models
is predominantly caused by a change in pore uid and, therefe, that locations with a
positive velocity anomaly are characterised by a gas hydexpore lling and that locations
with a negative velocity anomaly are characterised by a fregas-pore lling. Thus, at the
locations of the anomalies, | insert so much gas hydrate or gg&to the pore space as
needed to reproduce the anomaly. Depending on the model uded the gas hydrate or
free gas this will be a di erent amount (section 4.1) but alsaependent on the amplitude
of the velocity anomaly which is determined by the backgrouhand FWI velocity model
used for the modelling. As discussed | use three di erent FWI mats (model A,B,C) as
well as two di erent background velocity model approachesthe tomography model and
a smoothed version of the respective FWI model (see all combiioas in table 4.1). In
Fig. 4.16 A and B it can be seen that FWI model A produces a kind of xébook BSR
velocity anomaly with positive anomalies above and negagvanomalies below. There is
no large di erence when using the two di erent background maels. When using model B
this is di erent - in the case of the travel time tomography malel, | see stronger positive
anomalies above but only very weak negative anomalies in tlhasin and at the top of
the ridge. Along the slope, | actually see some weaker pos#ianomalies (Fig. 4.16 C).
When using the smoothed FWI version as the background model, $epositive anomalies
become weaker and are at some locations replaced by very waagative anomalies (Fig.
4.16 D). For model C, the results are similar to model B. Howereghe positive anomalies
below seem to be located a little bit deeper and allow for a thinegative anomaly strip
above (Fig. 4.16 E) and F)). Overall, the smoothed FWI backgroundelocity models
lead to a better de ned anomaly, in the sense of what might bexpected across a BSR.
However, | also want to emphasize that the smoothing of the ity model also has an
in uence on the result. In Fig. B.6 A, C, E | show a smoothed versn of the FWI model
A, B, C, respectively, but with less smoothing applied. The maulting di erence plots are
shown in Fig. B.6 B, D, F. The di erence plots for the various modls look more similar
than the ones shown in Fig. 4.16 B, D, F with all of them displayig a clear positive
anomaly zone above a clear negative anomaly stretching adptne whole slope. However,
the smoothed velocity models (Fig. B.6 A, C, E) still seem to beniuenced by the pore
uid with higher velocities in the region above the BSR and ptentially lower velocities in
the region below the BSR. This is especially apparent for tremoothed versions of model
B and C (Fig. B.6 C, E) and in comparison with the larger-smootdd models in Fig. 4.4
B, 4.5 B and 4.6 B. However, further smoothing to remove thesegher velocities also
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causes the generally very weak low-velocity zone in models 8 to be smoothed away.
Therefore, a trade-o had to be found between maintaining td lower low-velocity zone
while also accounting for the upper high-velocity zone. Asralady discussed in section
4.2.1, | cannot exclude that the tomography model is not in enced 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. 1, therefor¢hink that more accurate results
are probably obtained using the smoothed FWI models as the bagkund model.

Figure 4.16: Dierence 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.

140



D]

Figure 4.17: In uence of gas hydrate and free gas saturation on elastic parameters for di eent satura-

tion models. Orange lines: density. Blue solid lines: P-wave vekity. Blue dashed lines: S-wave velocity.
A) Gas hydrate is modelled as part of the pore uid. B) Gas hydrate is moddled 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

| replace the brine as pore uid in those places where there &velocity anomaly (Fig.
4.16). Dependent on the models used for the uid substitutim | have to insert di erent
amounts of hydrate or gas to account for the velocity anomalyFor gas hydrate | model
two di erent scenarios - gas hydrate as part of the pore uid ad gas hydrate as part of the
sediment (Helgerud et al., 1999; Ecker et al., 2000; Turco €t,a2020; Navalpakam et al.,
2012). How these scenarios in uence the elastic parametessshown in Fig. 4.17. In the
case of the pore uid scenario, the P-wave velocity is incrsimg with increasing saturation.
The S-wave velocity is mainly constant and only shows a nearinrecognisable increase
due to the slightly slower density of the gas hydrate compadeo the brine. The density
itself displays a linear, at decrease with increasing gasytrate saturations (Fig. 4.17
A)). In case of gas hydrate being part of the sediment frame, ¢hdensity decrease is equal
to the former case but the in uence on the velocities changegVhile the P-wave velocity
displays an even stronger increase, the S-wave velocitycaéxhibits a strong increase now
(Fig. 4.17 B)). For the free gas replacement, | model the two eparios of homogeneous
and patchy distribution (Dvorkin and Nur, 1998; Navalpakam etal., 2012; Dvorkin et al.,
2014). In the former scenario, the P-wave velocity displaysstrong decrease even for mi-
nor concentrations of free gas. After reaching a certain mmum at a saturation of about
10 %, the velocities starts to slightly increase again. Fohe S-wave velocity | observe a
slight increase for increasing saturation which is causeg h quite strong linear decrease
of density with increasing saturations (Fig. 4.17 C)). For tle patchy distribution, the
density trend and the S-wave velocity trend are the same asrfthe homogeneous ones.
However, the P-wave velocity shows a more steady decreasehwiticreasing saturation
(Fig. 4.17 D)).

Fluid-substitution models

In the following, | discuss the di erent saturation models hat were generated using the
di erent models for the uid substitution, the dierent FWI an d background models
as well as the di erent elastic parameters based on the two ¢k-physics modelling ap-
proaches, i.e. rock model and inverse Gassmann with its vaus relationships (see all
combinations in table 4.1).

Fig. 4.18 shows the saturation models based on FWI model A, the satbed FWI back-
ground model and the rock model method for the four possiblembinations of the uid
substitution models. The gure shows that the homogeneousag model results in only
very minor saturations of free gas (Fig. 4.18 A and C). This isotbe expected knowing
that a strong change in velocity is already caused by minor waations of free gas in the
homogeneous gas model. However, for the patchy gas model thkigs range between 14
% to 30 % (Fig. 4.18 B, D). The uid hydrate model produces valuesetween 9 % and 30
% (Fig. 4.18 A, B), and the sediment hydrate model between 4 % a2 % (Fig. 4.18 C,
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D). The values for the sediment hydrate model are expecteddylittle lower as the impact
of the gas hydrate saturation on the P-wave velocity is strager in this model. In Fig.
4.19 the same results for the rock-physics approach and the FWibdel B are shown. The
saturation values for homogeneous gas are still negligilffeig. 4.19 A, C). The values for
the patchy model range between 5% to 20 % and reach values oérewvi6 % in an area
below the top of the ridge at around 6 km distance and 600 m ddp{Fig. 4.19 B, D).
For the sediment gas hydrate model, saturations values ramdpetween 15 % to 50 %, even
reach values of 63 % in the same aforementioned area (Fig. 40,9D), and for the uid
hydrate model values range between 10 % to 30 % and again reacaximum values of
50 % in the same area as before (Fig. 4.19 A, B). In Fig. 4.20, thelwwations models are
based on the rock-physics modelling and the FWI model C. The hageneous gas model
still results in negligible gas saturation values (Fig. 4.28, C). The saturations based on
the patchy gas model are higher and range from 10 % to 25 % - 30 Pég( 4.20 B and
D). When gas hydrate is modelled as uid, the saturation valugrange between 11 % and
35 %, even reaching values of 45 % at one location beneath tlog f the ridge (600 m
depth, 6 km distance) (Fig. 4.20 A, B). The values for the sedimehydrate model range
between 7 % and 25 % reaching values of 30 % at the aforementidriocation beneath
the top of the ridge (Fig. 4.20 C, D). Altogether, | observe thafor model B and C the
calculated gas hydrate saturations are higher and for modalthe free gas saturations are
higher. The saturations for the gas hydrate are higher in madl B. Therefore, | suggest
that model A and B span a possible range of gas hydrate and frgas saturations. Figures
B.7, B.8 and B.9 show the results for the FWI model A, B C in combirteon with the
background tomography model for the rock-physics modelnapproach.

| generated the same models for the parameters acquired witle inverse Gassmann ap-
proach and they are shown in Fig. B.10 - B.39. These models sisothie results for the
di erent FWI models, the di erent background models and the dierent relationships (see
all combinations in table 4.1).
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Figure 4.18: Saturation models based on FWI model A, smoothed FWI background model andhe
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 digributed. Grey and black points
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 4.22, respectively.
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Figure 4.19: Saturation models based on full-waveform inversion (FWI) model B, snoothed FWI

background model and the rock-physics modelling approach. A,B) Gas tgrate modelled as uid. C,D)
Gas hydrate modelled as sediment. A,C) Gas homogeneously distributed,D) Gas patchily distributed.

Grey and black points show location of picked gas hydrate and free gas saturiain values for Fig. 4.21
and 4.22, respectively.
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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 hyrate modelled as uid. C,D)
Gas hydrate modelled as sediment. A,C) Gas homogeneously distributed,D) Gas patchily distributed.

Grey and black points show location of picked gas hydrate and free gas saturain 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 tharious model runs.
For these plots, | pick the gas hydrate and free gas saturaticalong the BSR in every
saturation model generated. | do this by nding the maximum {op) 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 piclg has been disturbed by
either artefacts, faults or folds and I, therefore, do not terpret the saturation in these

areas. In the gures those areas are shown by gaps in the dat&ig. 4.21 shows the
calculated gas hydrate saturations for hydrate modelled gore 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 athe sediment model. This
to be expected as the in uence of the gas hydrate saturatiomahe P-wave velocity is
much stronger for the sediment model than for the pore uid mdel. Therefore, smaller
saturations can explain the same velocity increase. Lookrat the general distribution,
| can see that the gas hydrate saturation at the northwest endf the pro le is relatively
high (0.1 - 0.4 in the sediment model, 0.2 - 0.6 in the pore uidgnodel) but quickly
decreases towards the southeast. The models that calculdsever values of gas hydrate
saturation reach a level of zero saturation around trace 3(hd the models that calculate
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higher values reach their minimum around trace 60 (0.15 indienent model, 0.1 pore uid
model). Further down the pro le the values increase again uihthey reach a maximum
around trace 140 (0.1 - 0.45 in sediment model, 0.2 - 0.65 inrpouid model). Further
to the south-east of this maximum, the saturations stay retavely constant and high
with some smaller scale undulations. Another maximum with siilar values as before
can be found around trace 190. A rst-order di erentiation @n be made between the
upper and lower values spanning the saturation spectrum. Néaalong the whole pro le
the lower values belong to FWI model A independent of the backaund velocity model
used or the relationship used. Results based on model A cdite zero (tomography
background model) or a very low (smoothed background modejps hydrate saturation
from trace 30 until trace 110 and de ne the lower end of the satation spectrum which
Is quite far away from the results of all other models in the aa from traces 60 - 140 (Fig.
4.21). However, for all other locations the spanned saturath spectrum is relatively well
sampled over its whole width. The upper boundary of the spaecim is nearly for the whole
length of the pro le generated by the results based on model. B'he saturation values
in combination with tomography background model are slighy higher than the ones
with the smoothed background model. The results for the othemodels lie somewhere
in between the spanned spectrum. Noticeable is that the main @rences in saturation
levels are caused by di erent FWI models and background model$he in uence of the
dry rock frame and borehole relationships is smaller, withhe results being clustered for
each FWI and background model combination.

In Fig. 4.22, | display the results for the free gas saturatioof the patchy and homogeneous
model. Here again, the results are very similar for the relag saturation levels along the
BSR, but in absolute numbers the saturation values of the homgeneous model are much
lower. | already discussed that these low saturations are @acted for the homogeneous
gas model as it is very sensitive to small saturations of gaBescribing the general trend,
| 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 patehodel). Towards the
southeast the saturations level decreases slightly but sgyelatively constant until trace
60 (0.005 - 01 for the homogeneous model, 0.1 - 0.3 for the pgtenodel). From 60
onwards | can identify two diverging trends. The values formg the upper end of the
saturation spectrum increase slightly and reach a local memum at around trace 100
(0.015 for the homogeneous model, 0.4 for the patchy modeBfterwards they decrease
again towards a minimum at around trace 160 (0.007 for the haygeneous model, 0.3 for
the patchy model). The saturation values that form the loweend of the spectrum show
a relatively abrupt decrease to very small saturation valseand decrease even further
until they reach zero saturation level around trace 120. Tlyestay like this until trace
160. For the southeast end, all models show the same trend egaf increasing saturation
levels. A global maximum is reached around trace 170 (0.009.8 for the homogeneous
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model, 0.1 - 1 for the patchy model). The range of saturatioreVels for this maxima is
quite large as the in uence of the dierent uid models becomss larger the higher the
saturation level. The upper end of the spectrum is continualy formed by the results
based on FWI model A. Independent of the background model and thused relationship,
the results show the highest level of saturation. However, mbinations of model A with
the tomography background model and the U1518 relationship the rock model lead to
slightly higher values than the rest of the possible combitians with the FWI model A.
Results based on FWI model B and C result in saturation levels wdh form the lower end
of the spectrum. Independently from their background modelra used relationship, the
saturations all lie very close together. Here again, | can st clustering of the results
with the same FWI and background model.
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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 saturationsalculated 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 (BR). A) Free gas
homogeneosly distributed. Inlet: Unzoomed plot. B) Free gas patchily dstributed. Be aware of the
di erent y-axis. Purple area spans the maximum and minimum free gas aturations calculated with
di erent models. See legend for classi cation.
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4.2.4 Calculating AVO curves

Here, | use the modelling results from the previous section tonstruct a suite of AVO/AVA
curves for the BSR in my study area. To do this, I, rst, deternine the P-wave velocity,
S-wave velocity and density at the same locations as the gagdnate and free gas satura-
tions were determined for Figs. 4.21 and 4.22. This gives meethpper and loweNp, Vs
and value characterising the BSR along the Puke Ridge. In chapt8, | discuss the use
of AVO analysis to investigate the pore uid in the subsurfae as well as the dependency
of the AVO response orVp, Vs, density as well as the incident angle. In order to further
explore the properties of the BSR in my study area | use my rogihysics modelling results
to calculate the expected AVO response that would be recomién seismic data of this
region. | insert the picked upper and lower elastic paramete 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 intercep(Shuey, 1985). The results
for all my rock-physics models are plotted in Fig. 4.23. PlotB-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 theydrate model (pore uid
or sediment) has the largest in uence on the results. In Fig..23 B, C which show the
hydrate sediment model in combination with the two gas modg| a general trend can be
observed - from values of low negative intercept and higheegative gradient in the basin
over slightly higher negative intercept values and slightl positive gradient values closer
to the top of the ridge towards high negative intercept valugand gradient values around
zero at the top. In Fig. 4.23 D, E where the results of the hydrat uid model combined
with the two gas models are shown, the results look quite dirent. They are all plotted
close together but the green dots (ridge region) are still gerally above and to the left
of the blue ones (basin region), particularly in plot D (patby gas model), which is the
same for the results of the hydrate sediment model in Fig. 4.23 C. All results lie in the
same area and are characterised by negative intercept vaduanging between 0 and
-0.15 and negative gradient values ranging betweent0.2 and 0. | explain this largely
di ering behaviour by the varying in uence on the S-wave veajcity of the two hydrate
models. In section 3.1.1 the S-wave velocity and the Poiséonatio are discussed as the
main in uence on the AVO gradient. In the gas hydrate sedimdarmodel, the gas hydrate
is added as part of the mineral frame and, therefore, the S-wavelocity is a ected, i.e.
increased by this change (see Fig. 4.17). In the gas hydrateidumodel, the gas hydrate
is added as uid which does not or has only very minor in uenceon the S-wave velocity
(see Fig. 4.17). The plots in Fig. 4.23 include the results oflahodel combinations. In
order to better investigate the in uences of the individualFWI models on the results,
| separate them. In Fig. 4.24 A,B,C the results for the gas hydta sediment and gas
homogeneous model based on the FWI model A, B and C are shown, exgpvely. While
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they all roughly reveal the same trend as described abovegtirend is much more distinct

for models B and C. The results for model A follow this trend asell, however, the results
for the top of the ridge, although revealing an decreasing gative gradient, do not reach

into the positive gradient sector. The same can be observedkig. 4.25 where the same
results are shown for the gas hydrate sediment and gas patampdel combination. These
di erences can again be explained by varying S-wave veldess. The saturations plots for
the gas hydrate and free gas (Fig. 4.21, 4.22) already showéeit models B and C result

in a higher gas hydrate concentration and model A in a higherde gas concentration.
These higher gas hydrate concentrations lead to increasedavave velocities that in uence

the AVO gradient.
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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 combinatiors (see Table 4.1). A) Rough
sketch of study area underlain by grey full-waveform inversion (FW) model. Coloured points show the
horizontal location of the FWI AVO results displayed in B,C,D and E along the BSR. B-E) Crossplots
of the AVO intercept and gradient based on Shuey (1985). The colouring cordates with the indicated
locations in A. B) Hydrate sediment model, gas homogeneous model. C) Hydratsediment model, gas
patchy model. D) Hydrate uid model, gas homogeneous model. E) Hydrate ud 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 diktution 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 modé 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. 423 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, | use acoustic FWI-based methods to investigatelastic parameters in
relation to uids in the subsurface. These methods are apglil on a BSR at the Puke
Ridge, a thrust ridge at the Hikurangi subduction margin. In ths chapter, | discuss
the application of referred methods on the BSR and combine ¢hresults to nd a joint
interpretation for the origin of the investigated BSR.

| perform a 3D acoustic FWI in order to resolve a detailed P-waweelocity model (chapter
2). This model works as a base for the application of rock-psigs modelling which | use
for the calculation of saturation values (chapter 4). A newl developed FWI AVO method
is performed to discriminate the uids in the subsurface (cipter 3).

5.1 Tectonic setting of the Puke Ridge

The Puke Ridge is a thrust ridge of the accretionary wedge ahé Hikurangi subduction
margin. The ridge is located within the foot wall of a major thust fault that is dissecting
the accretionary wedge (Figs. 1.6 B, fault F1 in Fig. 5.1 B). On t northwestern side, the
thrust ridge is bounded by another major thrust fault (Figs. 16 B, fault F2 in Fig. 5.1 B).
In the PSDM image (Fig. 1.6 B), F1 can be traced down to the megathst fault of the
subduction zone splaying from the subducted Papaku seamoiu(Bell et al., 2010; Barker
et al., 2018; Bangs et al., 2023) or the HRZ area interpreted b related to underthrusted
uid-rich sediments landwards of a subducted seamount (Bedt al., 2010). This seamount
Is theorised to consists of a high-resistivity, high-velitg 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 higésistivity cover of the
seamount is theorised (Chesley et al., 2021). Fluids from th#ate interface including
the uid-rich HRZ as well as the conductive volcaniclastics @ argued to be released
episodically in connection with shallow SSEs occurring ayel-2 years in this region and
to migrate into the overriding plate along a network of fauls (Chesley et al., 2021; Warren-
Smith et al., 2019; Nakajima and Uchida, 2018). Burst-type regating earthquakes and
microseismicity were detected after the September-Octab®SE 2014 (location in Fig. 1.5)
within a highly conductive area in the upper plate and are irgrpreted as an indication
for the aseismic slip as well as the uid migration (Shaddoxrad Schwartz, 2019; Chesley
et al., 2021) (Fig. 1.7). F1 passes along this conductive areathin the accretionary
wedge. Towards the sea oor, minor splay faults appear to bngh 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 athe ridge and along the
seaward-dipping side of the slope (Fig. 5.1). Along the landwkdipping slope, a very
weak secondary BSR can be seen below and sub-parallel to thhemary strong one in
the seismic image (Fig. 5.1). Han et al. (2021) theorise that ih double BSR might be
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the result of a tectonic uplift due to the seamount subductio or caused by the episodic
SSE-related uid release. In the latter case, they assumedhthe lower BSR is caused
by the increased pore uid pressure during the dewatering egpde. Crutchley et al.
(2019) provide an additional potential explanation for thedouble BSR - newly deposited
sediments on the landward ank of the ridge could have causeshanging pressure and
temperature conditions and, therefore, an upward shift inite BSR depth. The sediments
on the landward ank can be divided into two units - unit | that is deposited along
the slope with an increasing thickness towards the basin (dagreen area in Fig. 5.1
B) and with internal, slightly divergent re ections and a seond 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). Ond these pockmarks is
located on the neighbouring ridge to the landward side of thPuke Ridge (Fig. 5.1
B). Below the sediments of unit | and Il and except from the BSRthe ridge is largely
acoustically transparent similar to other BSR locations athe Hikurangi margin (Pecher
et al., 2010) including the Rock Garden ridge (Pecher et al2005) (Fig. 5.1). Pecher
et al. (2010) argue that the low re ectivity is due to the absace of continuous layers
caused by deformation, i.e. small-scale folding and faulg. The seismic image does show
some very weak re ectors potentially indicating folded stta within the ridge (Fig. 5.1
B). The structure of these anticlines suggest the existenoé faults in between to generate
this fault-bend fold-like appearance (Fossen, 2016).
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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 reector (BSR).

157



5.2 Joint interpretation of FWI-based methods

In this section, | combine the results of chapters 2, 3 and 4 iarder to nd a joint
interpretation for the BSR at the Puke Ridge.

5.2.1 3D FWI velocity model

In chapter 2, | discuss the generation of a 3D FWI velocity modelf the BSR at the Puke
Ridge. The FWI work ow developed for the NZ3D dataset included dayer-stripping
approach which means that | subsequently used larger o sdfata as an input for the
inversion. Thereby, subsequent inversions with data up to0B0 m, 4500 m, the full o -
set, and again 3000 m going to higher frequencies were pearfed. In Chapter 4, | label
the 4500 m o set model as model A, the full-o set model as mod@& and the 3000 m,
high frequency model as model C. Although the resolved struges for all inversions were
similar (see di erentiation of the 4500 m-o set model and tle full-o set model in Fig.
2.20), there is a distinct di erence between the second andhitd 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, donsider both models to
be reasonable. | explain the di erence between the models bye di erence of the data
input. While the 4500 m-inversion was still mainly driven by e ections in the shotgather,
transmitted arrivals became dominant in the last 2000 m o gethat mainly steered the
full-o set inversion. Therefore, | assume that model A (450 m) better resolves the verti-
cal velocity structure including the impedance contrast aoss re ectors and that the full
o set-model better resolves the macro- and horizontal vetdity structure. The di erence
between both of these structures is probably caused by theisotropy of the clay minerals
in the sediment.

The generated 3D velocity models allow to analyse the P-wavelocity distribution char-
acterising the BSR. Independent of the velocity model (modé\ in Fig. 5.2 A, model
B in Fig. 5.3 A), the BSR is easily identi able by along-the-slpe variable but higher
velocities underlain by lower velocities that stretch fronthe 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 betweel®00 m/s and 2600 m/s
for model B compared to values between1600 m/s and 2300 m/s for model A.
However, both velocity models are similar in that they have lger velocities in the basin
and higher velocities towards the top of the ridge. In orderat not interpret the back-
ground trend of the velocities caused by varying levels of msolidation but only the
velocity changes due to pore uids, | create velocity anomalmodels (Fig. 5.2 C and
Fig. 5.3 C). These models were generated by subtracting a srtfued version of the FWI
model from the non-smoothed one. | assume that the smootheersion only contains the
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background trend without any small-scale changes caused blganging pore- uids. By
subtracting it from the non-smoothed FWI model which includeselocities in uenced by
both the background trend and small-scale variations, onlthe latter one will remain.
These velocity changes due to the uid are the ones | want to westigate. Even in the
velocity anomaly model in Fig. 5.2 C, the BSR displays a trendfalecreasing negative
anomaly towards the top of the ridge and increasing positivenomaly towards the top of
the ridge which suggests generally higher velocities tovdsr the top of the ridge. There-
fore, | hypothesise these to be a trend also caused by uid saation.

Based on its velocity characteristics the BSR can be subdiad into ve areas -B2, basin,
lower slope, upper slope/top of the ridge, T2Fig. 5.2, 5.3)B2 lies at the northwestern
end of the study area and is characterised by a distinct lonelocity zone below the BSR
that is bounded to the northwest by a high-velocity streak asell as by a less distinct high-
velocity streak to the southeast. It is also characterisedythigh velocities above. Théasin
can be described by distinct low velocities and only minor gher velocities above (Fig.
5.2 A, Fig. 5.3 A). To the southeast, the area is bounded by anothiigh-velocity streak
which dissects the BSR-de ning low-velocity zone. Next to tis high-velocity streaks,
a distinctly low-velocity streaks seems to cut through the BR. 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-velocitypze and within the lower
low-velocity zone that de ne the BSR, another narrower higfvelocity zone can be seen
running sub-parallel to the stronger one above from thiwer slope Towards the upper
slope/top of the ridge the BSR-de ning low-velocity zone seems to be interruptely thin
and weak higher-velocity streaks and some thin and weak sttes of lower velocities can
be seen dissecting the high velocities abovE2 at the southeastern end of the study area
is a spatially localised area characterised by distinct lowelocities below distinct high
velocities. These low velocities continue deeper into thalge. Even outside of the study
area further to the southeast another low velocity zone canebobserved extending from
below the BGHSZ into the GHSZ where it correlates with streaksf digh velocities.
Comparing the velocities and the resolved structures in threRSDM image (Fig. 5.1) shows
some correlations, as expected (Fig. 5.2 B, Fig. 5.3 B). Whiledgtupper high- and lower
low-velocity zone coincide with the main BSR in the study aie the thin, lower high-
velocity streaks correlate with the secondary BSR observed the PSDM (Fig. 5.1 B).
The high velocity streaks that | identi ed towards both sides of B2 and the southeastern
border of the basin agree with interpreted faults dissecting the BSR. Furthermre, T2 is
in accordance with some weakly visible, interpreted foldddyers.

Based on the velocity and the geological setting, i.e. a BSRtlvfaults and folded strata
as well as the general knowledge about the in uence of gas gtk on P-wave velocity, i.e.
increase of P-wave velocity, and the in uence of free gas onviRwve velocity, i.e. decrease
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on P-wave velocity (chapter 4), | can make a rst-order intepretation 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 theasin 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. Faultsaiflded strata might play
a role in transporting gas towards the BSR and into the GHSZ.

However, a more detailed, quantitative analysis is not posde by only knowing the P-
wave velocities. Furthermore, | do not know which one of thealocity models describes
the velocity structure around the BSR more accurately. To aswer these questions, | use
further methods including rock-physics modelling (chapte4) and FWI AVO (chapter 3).
The former one allows a more quantitative analysis of the BS&nd the latter one allows
for the discrimination of uids in the subsurface and helpsd 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 study area. The displayed
slice is located in the middle of the 3D cube. The study area is sulidided into ve areas - B2, basin,
lower slope, upper slope/top of ridge, T2. A) 3D FWI velocity model A. B) | 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 verson of it.
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Figure 5.3: 3D velocity model (model B) of study area. The displayed slice isdcated in the middle
of the 3D cube. The study area is subdivided into ve areas - B2, basinJower 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 ererce 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, | show the calculated gas hydrate and é&gas saturations for all
velocity models, background models and the two modelling ppaches, i.e. rock model,
inverse Gassmann with all borehole relationships (see Tabt.1).

Three di erent FWI velocity models (model A, B, C) were used for lhe rock-physics mod-
elling. The results for models A and B span the spectrum of pgible results with model
A de ning the lower bound of the gas hydrate saturation and tke upper bound of the free
gas saturation and model B de ning the upper bound of the gasylrate saturation and
the lower bound of the free gas saturation. Model C lies in heeen these two extremes
which was to be expected as model B was the starting model fdret inversion and only
short-o set data were input to obtain model C. The higher frguencies included into the
FWI for model C did not reveal any ner-scale features in the sairation results (Fig.
4.21 and 4.22).

Two di erent kinds of background models were used for the r&ephysics modelling. A
smoothed version of the respectively used FWI model and the OB&vel time tomogra-
phy model from Arai et al. (2019). For the smoothed version | gdsted 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 deitely has an in uence
on the resulted saturation values as already discussed ircsen 4.2.1. In the case of the
tomography model, | cannot exclude any in uence of the poreuids on the large-scale
model. Furthermore, especially for the free gas saturatidhe modelling with the travel
time tomography-based background model, led to distinctlyigher 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, | decide to focus on the rewuilvith the smoothed FWI
background model rather than the ones obtained with the traal time tomography-based
background model. Excluding the results from model C and theackground tomography
model, leaves the results for the di erent saturation modsl used, i.e. gas hydrate as
sediment or pore uid and gas in a patchy distribution or homgeneous distribution, the
FWI models A and B and the two approaches, i.e. rock model and iexse Gassmann
with the di erent borehole relationships.

The saturation values for these combinations are shown in Fig5.4 (gas hydrate as
sediment, patchy gas distribution) and 5.5 (gas hydrate asgpe uid, homogeneous gas
distribution) colour-coded based on the areas de ned in Fig5.2. Although the results
still include a large saturation range, they all display roghly the same relative values.
The range is mainly spanned by the di erent velocity modelssed. The range from the
two approaches, i.e. rock model and inverse Gassmann withetldi erent borehole re-
lationships is comparatively small. In the following | namehe average value for each
de ned area and each FWI model plusminus the overall mean rangpanned by the two
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approaches.
Independent of the model combination used, ard32 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 saturafjeichy 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 (sedimembodel: 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 model0.08 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). AreaT2 shows the same characteristics &2 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 velogitmodels (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 valuglie approximately 0.15 apart.
In the sediment model, they lie approximately 0.1 apart. Theén uence of the di erent
modelling approaches, i.e. rock model, inverse Gassmanrhaall borehole relationships
Is not very large. However, the rock model results do slightlgli er from the ones with
the inverse Gassmann approach. Especially for the gas sattions and the patchy model
they lead to constantly higher values (around 0.7). The re#is consistently suggest that
the BSR in the basin is dominantly produced by elevated gas saturations, wherea the
ridge area the BSR appears to be produced by elevated hydrate contations. The area
of the lower slope in between comprises the transition betese these two settings with
decreasing gas saturation values and increasing gas hyéraalues. However, it is also
the most ambiguous area as the velocity models have a largaugnce 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 quatdtive 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 oretborrectness of the saturation
models used. A method that does not deliver absolute valuesitbstill allows for the
discrimination of uids across the BSR and is not dependentroany saturation models,
is the AVO method. In the following section, | discuss the redis based on the newly
developed FWI AVO method.

Figure 5.4: Calculated gas hydrate and free gas saturation from rock-physics modeflg 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 adel and inverse Gassmann with all
borehole relationships (U1518, consolidated U1518, U1519, U1520, literature). The gas hydeasaturation
values are based on the sediment model and the free gas saturation valuesdrased on the patchy gas
model. The results are colour-coded based on the areas de ned in Fig. 5.
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Figure 5.5: Calculated gas hydrate and free gas saturation from rock-physics modetlg 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 adel and inverse Gassmann with all
borehole relationships (U1518, consolidated U1518, U1519, U1520, literature). The gas hydeasaturation
values are based on the pore- uid model and the free gas saturation values@based on the homogeneous
gas model. The results are colour-coded based on the areas de ned in Fi§.2.

5.2.3 FWI AVO analysis

In Chapter 3 | use the newly developed FWI AVO method (Warner et lg 2022) to
investigate the AVO behaviour along the BSR at the Puke RidgeThe 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 nulling the elastic response
included in the data. By picking the velocities in the di erant models above and below the
BSR, using these to calculate acoustic AVO curves and pickjrthe re ection coe cient
of the curve correlating with the o set/angle of the respedte inversion, | am able to
construct the elastic AVO response contained in the recordeseismic data. | apply the
method from Shuey (1985), to determine the AVO intercept andVO gradient of the
calculated elastic AVO curves. The resulting values are d¢ikyed in Fig. 5.6 D. These
are the same results already shown in Fig. 3.13, but here theyeacolour-coded based
on the areas de ned in section 5.2.1. The results for theasin the lower slopeand the
upper slope/top of the ridgearea reveal a trend from lower negative intercept (-0.05) dn
relatively high negative gradient (-0.2) to a relatively hjh negative intercept (-0.1) and
relatively high positive gradient (0.2). Some outliers fnm this trend, especially from the
basin area, are located within the positive half of the AVO gdient. The results for
areasB2 and T2 do not show distinct trends and are mainly distributed withn the space
spanned by the other three areas, while some of the resultedocated at the upper end
of the negative intercept values with relatively high negae 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, | also determined AVO curvedrom the calculated rock-
physics models (Chapter 4). For this, | pick the calculated-#ave velocities and densities
of the gas hydrate- and gas-saturated medium. Together witthe FWI velocities and
based on the Zoeppritz equation, | calculate AVO curves. Thenodels | use for the gas
hydrate and free gas substitution, i.e. gas hydrate as seddmt, gas hydrate as pore
uid, free gas homogeneously distributed, free gas patchildistributed, are based on
assumptions on how the elastic parameters are in uenced blge change of the pore uid,
and, therefore, have a strong in uence on the resulting el AVO curves. The results
for the scenarios with gas hydrate modelled as the pore uidodhot reveal any clear trend
but are located within the same area of the crossplot (Fig. 3D, E). For scenarios where
gas hydrate was modelled as part of the sediment a trend can bleserved (Fig. 4.23 B,
C). To highlight this trend and allow a comparison with otherresults, | colour-coded the
crossplot in accordance with the areas de ned in Fig. 5.2 (Figh.6 B-E). Based on the
reasoning in section 5.2.2, | exclude the modelling resufts model C and the tomography
background model. Therefore, in Fig. 4.23 B-E | only displayhe results for model A,
B, the smoothed FWI background model and the two modelling appaches, i.e. rock
model, inverse Gassmann with all borehole relationships.h& results based on model B
(Fig. 5.6 C, E) are closer to the FWI AVO results than the ones for mdel A (Fig. 5.6
B, D). For model A, similar to the FWI AVO results, a decreasing ngative 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 anond zero. Furthermore,
the AVO intercept only slightly increases in negative dirggn 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 Higr FWI AVO intercept values
for the two areas. The results for model B are more similar tche FWI AVO but also
show di erences (Fig. 5.6 C, E). Results from areB2 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 thdower 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 oB2, some values go up to even higher negative intercept valuep(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, repectively. 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 ned&e direction over the lower
slopetowards the upper slope/top of the ridgeor the FWI AVO, this trend is less distinct
for the rock-physics results. The results foB2 and T2 are widely spread for the FWI
AVO results. However, values that are located towards higheregative AVO intercept
values are distinct for both methods. Despite the di erence a general similar trend can
be observed which suggests, rst, that the actual in uencefayas hydrate and gas on the
elastic parameters in the subsurface is roughly similar tdvé¢ models, i.e. gas hydrate as
sediment and gas patchily or homogeneously distributed, e and, second, that a similar
relative saturation of gas hydrate and free gas can be assuimeTherefore, both AVO
and rock-physics method lead to similar conclusions abouhé uid distribution in the
subsurface.

In order to better understand what the observed trends in Fig5.6 B-D mean, | generated
Fig. 5.7. It shows how changes in saturation of gas (modelleatphily distributed) and
hydrate (modelled as a sediment) a ect where the AVO value ifocated in an AVO
crossplot. A normal scenario with only brine as the pore-ihg uid leads to an increase
of Vb, Vs and with depth. In this case, the AVO intercept is positive and tke gradient
negative. Replacing the brine with either gas hydrate abover gas below, will lead to
a P-wave velocity inversion. In the case of free gas, the dépswill also decrease and,
therefore, the impedance value will decrease and cause aaieg intercept value (see
black arrow in Fig. 5.7). In case of gas hydrate, the density behaves opposite td/p
and decreases, however, much less th&p is increasing which results also in an overall
decrease in the impedance values, and, thus, results in a atge intercept value (see black
arrow in Fig. 5.7). In the plot there is one point displaying a wak hydrate saturation
with an AVO intercept value close to zero. In this case, the saration was not high
enough to cause a velocity inversion but caused the veloesito become quite close. The
gradient is dependent on the Poisson's ratio contrast whicis mainly dependent onVp
and Vs (section 3), and commonly it can be said that a positive sheaelocity contrast
causes a negative gradient and a negative shear velocity ttast causes a positive gradient
(Simm and Bacon, 2014)(section 3). In the brine-saturatedcenario, the shear velocity
contrast is positive (velocity increase) and, thereforehe result lies in the negative half
of the gradient space. When gas is added, the shear wave vdlpticreases slightly and,
thus, further increase the positive velocity contrast whit 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 ueces the S-wave velocity,
the positive shear wave velocity contrast would, rst, deaase for small amounts of gas
hydrate, but when enough gas hydrate is added the shear wavelacity contrast will
turn negative. Thus for increasing gas hydrate saturationghe negative gradient, rst,
becomes smaller and then positive (see black arrow in Fig. b.7Again, the point with
the weak gas hydrate saturation falls slightly out of this tend as the in uence on the
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S-wave velocity is only small and in combination with the in@asing P-wave velocities,
the Poisson's ratio contrast actually leads to a slightly m@ negative AVO gradient.
Taking this into account, the results of the FWI-based AVO resltis (Fig. 5.6 F) suggest an
increasing gas hydrate saturation from théasin area 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 negtive direction suggests that
the decrease of the gas saturation is not too strong as in sugltase we would expect the
AVO intercept to decrease as shown in Fig. 5.7. For both are®2 and T2 the AVO
intercept is relatively high suggesting a large di erencenithe impedance. However, as the
gradient is not highly negative this di erence is not causedly only gas but by an increase
in gas hydrate and gas. In the presence of a high free gas satian, an even higher gas
hydrate saturation is needed to turn the gradient positive Wich is not the case for areas
B2 and T2. These results are consistent with the ones from rock-phgsimodelling.

The relative gas hydrate and gas saturation based on thesesuéis 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 lithere 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 odel, gas homogeneous model. D, E)
Results based on rock-physics modelling - hydrate sediment mat, 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 fee 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 reector (BSR)
indicated by the size of the circles (free gas) and heptagons (gas hydrgtdased 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 sattion.

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 formatian of the BSR, | perform rock-
physics modelling and to further discriminate the uids in he subsurface | perform an
FWI AVO approach.

The results of the rock-physics modelling reveal the impactf 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 (mod&l 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,@h a distinct di erence. While
model A leads to relatively low gas hydrate values and highdéree gas values, model B
(full o set) leads to relatively high gas hydrate values andow 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 a&s the use of the saturation
model, i.e. gas hydrate modelled as sediment or pore uid,ele gas modelled homoge-
neously or patchily distributed. | discuss which of the mode seems to be more suitable
in order to quantify the actual saturation values (section 53.2).

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 wglity control these results,
| also calculate AVO curves from the rock-physics modellingesults. While the overall
trend is similar and leads to the same conclusions about theiids in the subsurface, the
match is also in uenced by the saturation models used and pattially other causes. |
discuss these in the following (section 5.3.3).

| also discuss and compare previous modelling that has beeond for a section of the
BSR in this thesis (section 5.3.4).

5.3.1 Inuence of the velocity model in rock-physics modelling

The results from the rock-physics modelling show how largéé in uence of the velocity
Is. The largest uncertainty in the saturation results (Fig. 421 and 4.22) is caused by
the di erent velocity models used. The di erent approachesi.e. rock model and inverse
Gassmann including all the di erent borehole relationshipenly change the results slightly
as shown by the mean ranges provided in section 5.2.2. Thegest di erence is between
model A which is based on 4500 m-o set input data and model B wéh included the full
0 set input data.

| already discussed that | think the di erence in the model isdue to the anisotropy in
the sediment causing a di erence in the vertical and horizdal velocities. In general, the
re ected waves are more sensitive to the vertical velocitytrsicture while the refracted
waves are more sensitive to the horizontal and large-scalelacity structure. The inver-
sion for model A only included the data up to 4500 m, and model lAcluded the full o set
data, which means that the in uence of the refracted waves othe inversion was larger
for model B. This was also supported by an image of a shotgattghowing the incoming
refracted arrivals for the last 2000 m o set (Fig. 2.18). Baskon this, one could argue
that model A better resolves the impedance contrasts in theugly area, while model B
resolves the velocity structure | am interested in.

However, the impact of elastic e ects, i.e. attenuation whit are not accounted for in
the FWI code used here increase for larger o sets and might infere with the pore- uid
based velocities | want to resolve.

Looking at the resolved velocities across the BSR, the BSR model 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 blge high velocities of
the gas hydrate (Turco et al., 2020; Haacke et al., 2007; Hollm, 2001; MacKay et al.,
1994) which is not the case for model B where the calculatedsgsaturations are nearly
zero for thelower 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 section3.2, Sa er et al. (2019) use
an empirical approach based on chloric anomalies to detemaithe gas hydrate saturation
at site U1518 and nd saturation values up to 46 %. However thesalues are resolved for
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cm-scales. The resolution of the FWI is within tens to a few humdd meters and, thus,
small-scale high accumulations like this would be averagdy the FWI and could not
be resolved. Furthermore, in the case of a sudden increasegas hydrate accumulation
this high can also be expected to cause a top gas-hydrate reten Turco et al. (2020).
For a gradual increase in hydrate concentration with depth o top re ection would be
generated.

Another important argument that supports the use of model B ighat the FWI AVO
results are much closer to the rock physics-based AVO from chel B. The results based
on model A show a similar trend and support the relative intemgtation, but in actual
values the results for model B are closer. The results fromeah~WI AVO approach are
independent from the rock-physics modelling and the two miedbds 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 realistielastic properties
and saturations than model A.

5.3.2 Inuence of uid-saturation model in rock-physics modelling

The saturation plots (Fig. 4.21, 4.22) show that the paramets used for the modelling
do not in uence the result very much which means that slight nsmatches in the mineral
composition, porosity and pressure do not cause large varmns. The in uence of the
di erent parameters is also dictated by the model used for # uid substitution. In Fig.
4.21 A, B it becomes clear that the in uence of the parameterssed is larger for the
pore uid model than the sediment model as in the latter modethe results for the same
models but di erent parameters are close together while tlyespan a wider saturation
range for the pore uid model. This is caused by the reduced rsstivity 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 needs be added in order to
explain the P-wave velocity di erence, and the more gas hydte is added, the more the
other parameters, e.g. porosity, gain importance.

The rock-physics modelling crossplots in Fig. 4.23 D, E whegas 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 gakydrate added as pore
uid only in uences the P-wave velocity and the density but rot the S-wave velocity (Fig.
4.17) which is di erent to the sediment model where the S-wawelocity increases slightly.
The AVO gradient is dependent on the Poisson's ratio (Chapte3) which is mainly de-
pendent onVp and Vs. Therefore, in the pore uid model a change in the Poisson'stio
is only in uenced by a change in P-wave velocity and, consegtly, the modelling results
do not display a large range of gradients. This shows that thgas hydrate model has
a large in uence on the rock-physics modelling results. Hower, there is still a debate
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which model works best to explain the in uence of gas hydraten the elastic properties.
Yun et al. (2005) performed experiments with tetrahydrofusan (THF) hydrate to inves-
tigate the hydrate formation in pore space and its inuencem 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 velocits becomes strong, especially
on the S-wave velocity. They compare their results with the gqre uid, the sediment
model and cementation models. While the latter cementation odels do not match the
experimental values and reveal much higher values for anytseations, the pore uid and
also the sediment model show a relatively good t for the lowesaturations (< 40 %)
and slightly too low values for higher saturations. Dugaroet 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 syntheti 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 atil be best explained by
an envelope-cementing model and the sediment model give® thest t for the THF
hydrate. The authors connect the behaviour of the synthetienethane to onshore de-
posits of hydrate generated by gas accumulation (e.g. Mesaklia 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.a(2004) also suggest
that there must be an unknown factor (e.g. the formation me@mism, mineral phases)
which in uences the interaction between gas hydrate and sdrand, therefore, the elastic
properties. The authors showed that stress-strain and> measurements from the Mallik
2L-38well, Mackenzie Delta, Northwest Territories could bé&est explained by the sedi-
ment model. However, there are also other observations of gaglrate deposits where
no in uence on the S-wave velocity is observed, but this hasly been reported for very
low gas hydrate saturations so far (Andreassen et al., 2003F.omparing the FWI AVO
results with the ones from the modelling, implies that the aaal in uence of the gas
hydrate accumulating at the Puke Ridge on the parameters irhe subsurface is closer to
the gas hydrate sediment model than the pore uid model as blotresults show the same
trend.

The in uence of the gas model on the AVO crossplot is not veryiph. The di erence of
the two models - patchy model and homogeneous model - is mgiglven by the behaviour
of the P-wave velocity, and the in uence of the gas on the S-wa velocity is only minor
(Fig. 4.17). Thus, although the P-wave velocity leads to di eent 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 odels is more distinct when
calculating the saturation values which based on the P-wawelocity model di erence
(Fif. 4.22). Here, the patchy model leads to distinctly highesaturation values. Based
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on the high sensitivity of the homogeneous gas model to thegyaaturation (Fig. 4.17),
already small amounts of gas lead to high changes in P-wavdoggty and, therefore, not
much gas is needed in order to explain the P-wave velocitias the FWI models. Con-
versely, this also means - as the lower low velocities in the FWhodel (Fig. 5.2) are
relatively smooth - that the gas would need to be very homogeausly distributed within

the subsurface without even small changes. It is questiorlalf this is geologically feasible
and I, therefore, argue that the patchy model might be more aarate to describe the free
gas saturation at the Puke Ridge.

5.3.3 Veri cation of FWI AVYO method

| intentionally use a wide range of parameters for the rockkhysics modelling to fully
explore the parameter space which consequently leads to eglarange of results. The dis-
cussions above supported the containment of the results tesmaller range. An important
factor in this were the FWI AVO gradient results (Fig. 5.6 F). The® results suggested a
better suitability of FWI model B for the modelling as well as tle use of the gas hydrate
sediment model. However, the fact that | was able to model a silar AVO response to
the FWI AVO method, also supports the applicability of the metlod 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 irence 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 whenadel B combined with the
gas hydrate-sediment model is used. However, even in this eathere are still di erences
as the FWI AVO gradient results extend to higher positive and ngative gradients than in
the rock-physics modelling results. One reason for this apeobably the used saturation
models as discussed in section 5.3.2. Although the sedimenbdel apparently assumes
the right dependency for the elastic parameters, the exacelationship is not modelled
correctly and, therefore, causes a di erence in the resulté\ssuming that both methods
FWI AVO and rock-physics based AVO are based on the same geolsli setting, the
di erence suggests that the in uence of the gas hydrate on thS-wave velocity should be
higher, meaning that higher saturation values should leadthigher S-wave velocities. The
results from Yun et al. (2005) suggested this but only for satation values> 40 % which
are slightly higher than the values | calculated. A similar ase is probably true for the two
gas models. A higher in uence on the S-wave velocity with ineasing free gas saturation
would also lead to a higher negative gradient as seen in the FWVA results. The FWI
AVO results also displayed a trend towards slightly higher egative 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 deniy.

Another cause for the di erence between the two results coulae that the density in FWI
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code is calculated by Gardner's Law. Therefore, any di eree between the Gardner's
Law density and the actual one will be mapped into the velogit If | assume that gas
hydrate model causes an increase in P-wave velocity and a ikse in density, the FWI

code probably decreases the P-wave velocity value in orderratch the actual re ection

value. Furthermore, another uncertainty regarding the FWI AW 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 previs research. Navalpakam
et al. (2012) as well as Bai et al. (2016) performed rock-phgs modelling for the area of
the lower slopeof the BSR but based on a di erent 2D dataset that was acquireth 2005.
However, they did not have the borehole data | used or an FWI velig model. Therefore,
they could only make assumptions about necessary paramet@f the modelling, i.e. the
mineral composition, the porosity, the temperature, and wsonly rough estimates of the
P-wave velocities.

Navalpakam et al. (2012) used the same uid-saturation modglas | did. They based
their modelling on interval velocities acquired by an NMO velcity analysis. Instead
of adjusting the porosity, they adjusted the mineral compason - the clay content in a
guartz-matrix. They assumed two di erent porosity scenans - one with constant porosity
and one with decreasing porosity. For the rst scenario, a ostant interval P-wave velocity
was used and for the second scenario a constant gradient. Foe gradient the sea oor
P-wave velocity was based on the sea oor re ection coe cignand the gradient was
determined by assuming that the time averaged/ is equal to the constant interval
velocity of the rst scenario. For the gas hydrate and gas satation, they used the
re ection coe cient of the BSR as the reference point and inerted so much of these
uids as needed to generate the same re ection coe cient the 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 pasity, 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 cent than observed. For a
patchy distribution, gas concentrations of 6 % and 3 % of thegpe space for the variable-
porosity model and the constant-porosity model lead to theequired re ection coe cient,
respectively. In case of a BSR caused only by gas hydrate, dausation of 12 % to 10 %
of the pore space for the variable-porosity and the constaptorosity model is required,
respectively. Furthermore, they investigate the AVO of theBSR and show a strong
increase in negative direction of the amplitudes for anglésgher than 30 which translates
two a high negative gradient. Therefore, they argue that thdSR 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 ealled at Rock Garden, a
ridge of the accretionary wedge located approximately 100vkfurther south of Puke
Ridge. Submarine outcrops of potential host rocks for gas tisates at Rock Garden were
dredged and revealed ne-grained Cretaceous mudstoneswitactures and foraminiferal
chambers of an approximate porosity of 2 %. Arguing that thisample is an example of a
typical host rock along the Hikurangi margin, they model a rdcwith typical interstitial
sediment pores but also add randomly oriented elongated dsito mimic fractures and
macropores with the Kuster-Toksez (K-T) method (Kuster ard Toksez, 1974). They
create a reference model in which they Il the interstitial pre space and the macropores
with water. An average of the velocities used by Navalpakam et.g2012) is set as a
reference for the water-saturated medium and the bulk and shr modulus of the rock
as well as the macroporosity and aspect ratio are adjustedcacdingly. In a next step,
they insert gas hydrate and gas into the macropores in ordeo tmatch 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 f& BSR, they nd that the
sediments contains either 2 % - 4 % of hydrate in the macroscogpore space or that the
sediment contains 1 % - 2 % of gas in the macropores. These avacentration values,
i.e. percentage values are given relative to the bulk sedimeand not saturation values
as calculated in Navalpakam et al. (2012) or in my modelling. d&h Navalpakam et al.
(2012) and Bai et al. (2016) discuss the cause for the weak B8Ry observe. Navalpakam
et al. (2012) argue that it is caused by free gas that is disbuted patchily in mesoscopic
pores, i.e. larger than pore size but smaller than seismic wedength. They explain this
behaviour to occur in ne-grained reservoir rock with low pmary permeability. Bai
et al. (2016) base their modelling on the results from Navalgam et al. (2012). While
the patchy model can explain the weak BSR they argue that it isnclear how a patchy
gas saturation would be achieved geologically, and argueatra model of gas in fractures
could actually realise the modelled patchy distribution.

Comparing the results from Navalpakam et al. (2012) and Bai etl. (2016) for the BSR at
the lower slope at the Puke Ridge, the rst-order interpretéion of a BSR mainly generated
by free gas is the same. However, the saturation values, esply from Navalpakam
et al. (2012) who use the same uid-saturation models, are dgher for my modelling.
The low saturation/concentration values from Navalpakam etl. (2012) and Bai et al.
(2016) mainly arise from the extremely low re ection coe cent 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 fothe upper slope they
increase towards -0.1. These are still relatively low valaeas typical values for BSRs lie
around -0.1 { 0.2 (Bai et al., 2016; John et al., 1991). Navalpak et al. (2012) used
the method from Warner (1990) to determine the re ection coeient of the BSR which
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is based on simple and approximate ray theory. Before this ély applied a spherical
divergence correction with a velocity model from a semblaedased root-mean-square
(RMS) velocity analysis. Any errors within the velocity modé in uence the spherical
divergence correction and subsequently the recovered amples. The velocity model
generated with the 3D FWI code which includes the spherical ddvgence correction is
of much greater detail and reliability and leads to a more aacate result. Additionally,
as the borehole data were not yet acquired, Navalpakam et aRq12) had to use more
assumptions for parameters like the mineral composition. uRhermore, the use of a
constant porosity or a porosity gradient compared to my FWI-bsed porosity model,
probably caused deviations. Therefore, | can argue that owesults are more reliable as
well as give insights into the lateral variations along the BR. Another factor to consider
causing a di erence in the result, is that the two studies ardased 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 s&dtion is probably
slightly higher than calculated.

5.4 Hydrate formation

After developing a concept for the gas hydrate and free gas wisution along the BSR
at the Puke Ridge (Fig. 5.8), the question of the formation dyamics arises (Fig. 5.9).
In section 1.3, | explain the usually known and discussed foation mechanisms based
on the de nition from You et al. (2019), i.e. 1) local biogengs, 2) local diusion of
dissolved methane, 3) advective ow and/or di usion of disslved methane, 4) methane
recycling, 5) long-range, advective free gas ow and 6) sdilication of a gas reservoir,
and in sections 1.5.2 and 5.1 | describe the tectonics of thieidy area in detail.

The locally restricted areas oB2 at the northwestern end andT2 at the southeastern
end of the study area are characterised by both a high free gsesturation and a high gas
hydrate saturation (Fig. 5.4). Based on the high free gas sattion, | assume that the gas
hydrate is sourced from free gas beneath the GHSZ. This gas islpably microbial, similar
to most gas hydrate deposits along the margin (Kroeger et aR019; Faure et al., 2006).
However, | also cannot exclude a possible contribution of thraogenic origin as also found
at other locations along the margin (Greinert et al., 2010; €oservices, 2015). Borehole
U1520 that sampled the sediments on the incoming plate in mywsty area also identi ed
potential source rock, i.e. rich in organic matter, for methne in the Late Cretaceous
interval overlying the Hikurangi Plateau (Kroeger et al., 2@2; Barnes et al., 2019a).
Additionally, SSEs within the study area have been proposed ttrigger uid migration
from the subduction interface and within the accretionary wdge (Warren-Smith et al.,
2019).

In the seismic image, there are weak re ections from below éhBSR at areaB2 that
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can be traced towards a major thrust fault, F1, which bounds t& northwestern side of
the Puke Ridge (Fig. 5.1). These weak re ections could be cad by a minor splay
fault diverting from F1, or permeable layers. This observabin suggest a potential link
between the relatively high saturations of free gas and gagdrate and the fault zone.
F1 might be acting as a uid pathway transporting episodic SSEuids from the plate
boundary or uids from within the wedge to the near surface ag has been suggested
at other places along the Hikurangi margin (Plaza-Faverolat @l., 2012) and as has been
modelled to explain high concentration of gas hydrate at theouthern Hikurangi margin
(Hillman et al., 2020). This scenario is supported by the obsation that F1 is splaying
either from the uid-rich HRZ (Bell et al., 2010) or the hetera@eneous, partly conductive
and uid-rich Papaku seamount (Chesley et al., 2021)(seadn 5.1). Furthermore, F1
actually passes along an area within the accretionary wedg®at 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 Schwa?019) (Fig. 1.7). In
the velocity model in Fig. 1.6, the hanging wall of the thrustdult is characterised by
relatively high velocities which might be due to the compaain of the hanging wall or
the incoming chalk sequence discussed in section 1.5.2. Hewewithin the fault zone
and/or the foot wall a small stripe of lower velocities can b®bserved which might be
caused by the sediment properties but might also suggest diiow within the fault zone
(Morgan et al., 2013; Alghuraybi et al., 2023). Furthermorepockmarks 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 indicati@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 ottve 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 location. The observed episodic
SSE-related uid release could explain the presence of suclpackmark 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 gaw along a layer of
high permeability, probably a coarse-grained sandy layer @long a fault within weakly
resolved fault-bend fold structures. This layer could be omected with F2, the thrust
fault on the southeastern side of the ridge (Fig. 1.6), which ight also act as a pathway
for uids. This theory is also supported by the observationgrom Chesley et al. (2021)
who resolved another conductive, high- uid zone below theuke Ridge and with narrow
conductors emanating from it and extending as possible patlays for uids towards the
ridge and the sea oor. One of these conductors correlatestiwviF2 (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 pernadble 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 thavther minor splay faults
or sedimentary layers that could be interpreted in the seisimimage do not act as uid
pathways (Fig. 5.1) or are not linked to F1 which might act as thenajor 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 smoottransition from higher gas
values in the basin towards higher gas hydrate values at thep of the ridge which has
been shown by the FWI AVO analysis (Fig. 5.6) as well as the rockagsics modelling
(Fig. 5.4). Furthermore, in the seismic image as well as in theelocity model, a weak
secondary BSR along the landward-dipping slope can be deext Han et al. (2021)
argue that this double BSR could have been caused by a tectoniplift of the Puke
Ridge due to the subduction of the seamount. The shift mightlso be in uenced by the
sediment unit | on the ank of the ridge (Crutchley et al., 20B). 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 BSRhift could have been caused
by a combination of both. The deposition of the topmost sedientary unit Il within the
basin (section 5.1) probably caused an additional upwardsift of the BSR in the basin
area. Independent from the exact dynamics behind the BSR #img, this process might
be able to explain the observed saturation pattern along thBSR. In general, a BSR shift
will cause the gas hydrate that was moved outside the GHSZ tosdiociate (Crutchley
et al., 2019). Subsequently, the recycled gas migrates upds into the GHSZ where it
becomes gas hydrate again. This process has been has beearitbesl for increased gas
hydrate saturation above the BGHSZ (You et al., 2019). The upsrd migration of the
gas is expected to follow along permeable pathways, i.e. sy coarse-grained layers
(Crutchley et al., 2019). However, already formed gas hydmatat the BGHSZ might
reduce the permeability and may also drive lateral gas migiian (Berndt et al., 2019;
Chatterjee et al., 2014; Kroeger et al., 2022). In the PSDM iage of the study area
(Fig. 5.1), very weak re ections were visible that | interpréed as potential folded strata.
This interpretation even suggested faults in between the Ifted strata to generate this
apparent fault-bend fold like appearance (Fossen, 2016). ha@ folded strata as well as
potential faults might provide pathways for the recycled ga Furthermore, | assume that
some of the gas, especially those generated in thasin and lower slopearea migrate
upwards along the BHGSZ with the already generated hydrate &g as a permeability
barrier. This uid ow pattern might explain the higher gas hydrate saturation at the
upper slope/top of the ridgesimilar to other locations along the Hikurangi margin where
high saturations of gas hydrate are found near the core reg®of anticlinal ridges (Turco
et al., 2020; Fraser et al., 2016; Kroeger et al., 2022; Crhtey et al., 2011).
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Figure 5.9: Possible hydrate formation processes. The black straight arrows indiate possible ow
directions from the free gas towards and at the bottom-simulating re edor (BSR) at the Puke Ridge.
The round black arrows indicate the process of gas hydrate recyclinguk 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 thfull-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 combinedvith the 3D FWI
and the rock-physics modelling has revealed the heterogene nature of the BSR at the
Puke Ridge. Based on the applied methods, | determine the agéive distribution of the
uids, i.e. gas hydrate and free gas, but also relatively ralst absolute saturation values.
For the analysis, | divided the BSR into ve areas of similar lsaracteristics -B2, basin,
lower slope, upper slope/top of the ridge, T2Area B2 describes a spatially restricted
area of high uid saturation. | estimate an average gas hydta saturation of 20 - 25
% and an average free gas saturation of 15 - 20 % (Fig. 4.21, 4.22). Théasin area is
characterised by a moderate average free gas saturation bbat 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). Areal2 is
again characterised by high saturations of gas hydrate and$ The average gas hydrate
saturation at T2 is 15 - 28 % (Fig. 4.21) and the average free gas saturation is6 %
(Fig. 4.22). BSR upwards shifting due to sedimentation andfotectonic uplift probably
plays a large role in the dynamics of the BSR leading to gas hyde dissociation, free gas

182



migration and consequently increased gas hydrate saturati towards theupper slope, top
of the ridge Minor splay faults and coarse-grained, folded strata prode pathways from
below the GHSZ and could be connected to large thrust faults thin 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 wedje during SSEs.
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6 Conclusions

6.1 Summary

In section 1.2, | discuss the motivation and aims for this trs#s - application of FWI on
a 3D dataset, application of the newly developed FWI AVO methoen eld data and
the investigation of the BSR at the Puke Ridge of the Hikurangsubduction zone. In the
following, | summarise the results of this thesis in regardtthese aims. | also sketch pos-
sible future work that could help to further improve the insghts gained from this thesis
and to deepen the understanding of the dynamics at the Hikurgin subduction margin,
in particular regarding uid migration, seamount subducton and SSEs.

Within the scope of this thesis, | perform an isotropic, acotis 2D and 3D FWI of a newly
acquired 3D seismic multi-channel dataset. The work ow fothe 2D and 3D inversion is
very similar. | build a reliable work ow with repeated quality control that runs successful
FWiIs with the dataset. Special care is being exercised for themgeration of the starting
model. A 1D water-velocity pro le measured in spatial and teporal vicinity of the data
acquisition provides accurate water velocities. For the a@or, a high-resolution RTM
supplies a su ciently accurate sea oor location that is cosistent with the water veloci-
ties. The initial rock velocities are contributed by an OBS ftavel time tomography (Arai
et al.,, 2019). The composed starting model is tested by forveamodelling of synthetic
data which is compared to the observed data to ensure that ngae-skipping will com-
promise the quality of the FWI. The wavelet is generated by a Wiesr inverse lter. The
quality control for the wavelet is also performed by generatg synthetic data and inter-
lacing them with observed data. For the inversion strategy, nd that a layer-stripping,
multi-scale approach leads to a good convergence of the irsten and a reliable result.
The 2D inversion is run up to 18 Hz. In order to highlight vertical, small-scale velocity
changes | also create a di erentiation of the velocity modekhich displays features that
are characteristic of subduction zones including an incong plate with protruding vol-
canic cones, the cecollement, thrust faults splaying fronthe decollement and dissecting
the accretionary wedge and a BSR running from the top of the axetionary wedge to its
toe.

For the 3D inversion | concentrate on the area of a relativelstrong BSR on the landward-
dipping side of a thrust ridge within the accretionary wedgel run the inversion up to

11 Hz. The resulting velocity images resolve the BSR well and/g a detailed impression
of the velocities characterising the BSR. The nal velocitymages 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 withihe slope area. For the third
inversion, the in uence of the refracted arrivals is much lger as these dominate the shot-
gather in the last 2000 m o set while the second inversion is probably mostly tken
by the re ections in the data. As re ections are known to bette resolve small-scale,
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vertical velocity changes and refractions are more prone tbe horizontal, macro-velocity
structure, | assume the change in the velocities to be causky anisotropy from the clay
minerals within the sediment. However, | have not investigad anisotropy in the thesis,
neither for the FWI nor the rock-physics modelling.

| apply the newly developed FWI AVO method in order to investigée the BSR further
and discriminate between the uids that potentially cause he BSR. In order to ensure
that the FWI AVO method can resolve di erent uids as a cause forthe BSR | perform a
synthetic study with a BSR caused primarily by gas hydrate asha BSR caused primarily
by gas. The result shows that the FWI AVO method is able to distiguish between these
two scenarios and, therefore, supports the applicabilityfahe FWI AVO method for this
problem. In a second step, | perform the FWI AVO work ow for the eld dataset. |
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 | perform allows for a quantitate analysis of the BSR by
determining saturation values for the gas hydrate and gas.uRhermore, calculated AVO
curves based on the rock-physics modelling act as a qualitgntrol for the FWI AVO
method. A comparison between the two dierently generated YO results shows an
agreement of the general trends. Di erences between the vés might be caused by the
applied rock models or inaccuracies in the FWI AVO approach, . calculation of the an-
gles. Overall, the rock-physics modelling supports the ngdss of the FWI AVO approach
and its applicability for eld data.

Therefore, in this thesis | show that FWI AVO is a useful tool foridentifying rock prop-
erties, i.e. pore uid, lithology and porosity. | 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 repeatableThus, the methods proves to be
valuable and could be interesting for a wide range of applitans as the estimation of rock
properties is essential to many geophysical investigatisne.g. hydrocarbon exploration .
Combining the results of the 3D FWI model, the FWI AVO method and tke 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 saturat decreases towards the
top and instead the gas hydrate saturation increases. An imgant role in the genera-
tion of the gas hydrate deposits, probably played BSR upwasdshifting caused by uplift
through seamount subduction as well as sedimentation on th@ndward-dipping ank of
the Puke Ridge. The BSR shift led to gas hydrate dissociatioand the associated free
gas migrated upwards into the GHSZ and caused the increased dgsirate saturation
towards the upper 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 patlywanight be connected
to large thrust faults dissecting the accretionary wedge #t 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 erece in velocities for the rst
(model A) and second (model B) inversion model as the velo@ts had a major in u-
ence on the rock-physics modelling results. Although | haveraasonable explanation for
this, i.e. anisotropy, it would be good to have a con rmatiorfor this theory. Therefore, |
would suggest running an anisotropic inversion which is abto account for the anisotropic
velocity di erence. The FULLWAVE code | used in this study is capble of including a
model for density, attenuation, S-wave velocity as well asesotropy (Warner et al., 2013).
Therefore, one could include a regional anisotropy modelt would also be possible to
run semi-global inversion that jointly inverts for anisotopy as well as velocity (da Silva
et al., 2019; Debens, 2015).

The results of the rock-physics modelling support the FWI AVO rathod and its appli-
cability. However, there were also some di erences for whidhhave discussed possible
causes in section 5.3. To exclude any inaccuracies in the hgpgtion of the FWI AVO
approach, | suggest to perform an additional ray tracing fothe area. The results will,
rst, display the fold of the study area which is envisaged tde constant, and, second,
allow to determine the exact incident angles of the seismicauwes for the calculation of
the AVO value. At the moment, | use a straight-ray assumptiorfor this.

Another uncertainty is the use of Gardner's Law for the dengytin the FWI runs. The
use of a local velocity-density relationship could improvehe 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 dat.

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 arldaato investigate the gas
hydrate saturation.

The results of the rock-physics modelling could also be imgwed by generating an even
more accurate background model that includes di erent litblogies and accounts for fur-
ther small-scale elastic property changes that are not caeg by the uid distribution, e.g.
by di erent levels of consolidation.

In general, the study of gas hydrate remains an important rearch topic, especially in
times of global warming, i.e. climate change. The dissociah of gas hydrate and the
subsequent release of methane (Reagan and Moridis, 200 bave various e ects on the
environment. Methane released into the ocean can potentiakcontribute to ocean acidi-
cation (Biastoch et al., 2011; Boudreau et al., 2015) and ithe greenhouse gas methane
enters the atmosphere it could further enhance global warng (Ruppel and Kessler,
2017). Additionally, gas hydrate dissociation at (continetal) slopes might in uence slope
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stability and consequential failure (Maslin et al., 2004; Mnert 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 BSRni other regions of the dataset
where the HRZ or the seamount are not that distinct (Collins, @23; Bangs et al., 2023)
or where no large thrust faults connect to the plate boundargnd further investigate the
correlation between the gas saturation and the uid-rich dcollement. 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., 20). Another interesting
aspect to investigate is the spatial distribution of an ulta-low rigidity layer that Davy
et al. (nd) resolved in their FWI velocity model which might be n connection with the
tsunami earthquakes triggered in this area of the margin (Beet al., 2014).

Furthermore, one could also try to include the OBS data intolte FWI and, subsequently,
even the land-seismometer data to gain a P-wave velocity meldf the whole accretionary
wedge and subduction zone. This will allow to resolve evenageer parts of the subduction
zone and get an even better understanding in terms of the agllement characteristics,
l.e. uid distribution, seamount occurrence in connectiorwith the ongoing processes in
regard to SSEs. Bangs et al. (2023) actually suggest that aher seamount has been
subducted further downdip and prior to the Papaku seamounthat can spatially be con-
nected with the 2014 SSE (Wallace et al., 2016). Resolving shseamount 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 white 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 prole. B1/2 show dta from prole 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 he 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.5A.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 prole. B1/2 show @ta from prole 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 he 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 prole. B1/2 show @ta from prole 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 he 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 prole. B1/2 show éta from prole 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 he data from the third streamer.
The data from the rst/second/fourth streamer for the same location are shown in Fig. 2.15A.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 prole. B1/2 show éta from prole 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 he 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 prole. B1/2 show @ta 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 he 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 prole. B1/2 show éta from prole 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 he data from the fourth streamer.
The data from the rst/second/third streamer for the same location are shown in Fig. 2.15A.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 prole. B1/2 show éta from prole 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 he 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 prole. B1/2 showdata from prole 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 he 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.

220



B Rock-physics modelling of a BSR
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Figure B.1: Mineral composition from site U1518 determined by XRD bulk powder analyss. Fig. F5
taken from Sa er et al. (2019) (under the https://creativecommons.org/licen ses/by/4.0/)
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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: measuramts from U1518F. Grey
shaded areas: fault zones. B) Formation temperature determined from den-hole measurements. Red
dots: measurements used for calculation of best- tting thermal gradent. 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) Nucleanagnetic resonance
(NMR) porosity. Bright blue line from U1518A, dark blue line from U1518B. Taken from Saer 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. (2019un-
der the https://creativecommons.org/licenses/by/4.0/). Formation temper ature determined from down-
hole measurements. Red dots: measurements used for calculation of beting thermal gradient. Black

dots: measurements not included in calculation for gradient. Black lire: calculated thermal gradient of

0.024 %0=m.
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Figure B.4: Shear velocity models from relationships between P-wave veldgi and S-wave velocities
determined from borehole data. Dashed grey lines: location of bottom-siniating 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) Consaated U1518. E,F)
U1519. G,H) U1520. 1,J) Literature (Greenberg and Castagna, 1992).
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Figure B.5: Porosity models from relationships between P-wave velocity and parsity 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.
[,J) Literature (Ho man and Tobin, 2004).
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Figure B.6: Dierence 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 moelled as uid. C,D) Gas hydrate

modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gasgichily distributed. Grey and

black line show locations of picked gas hydrate and free gas saturation valaefor 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 moelled as uid. C,D) Gas hydrate

modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gasgichily distributed. Grey and

black line show locations of picked gas hydrate and free gas saturation valsefor 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 moelled as uid. C,D) Gas hydrate

modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gasgichily distributed. Grey and

black line show locations of picked gas hydrate and free gas saturation valsefor 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 andhe
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 digributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 4.22, respectively.
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Figure B.11: Saturation models based on FWI model B, smoothed FWI background model ah the
U1518 relationships. A,B) Gas hydrate modelled as uid. C,D) Gas hydrate nodelled 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, respeaty.
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Figure B.12: Saturation models based on FWI model C, smoothed FWI background model ath the
U1518 relationships. A,B) Gas hydrate modelled as uid. C,D) Gas hydrate nodelled 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, respeeiy.
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Figure B.13: Saturation models based on FWI model A, smoothed FWI background model andhe
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 digributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 4.22, respectively.
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Figure B.14: Saturation models based on FWI model B, smoothed FWI background model ath 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 digributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2hd 4.22, respectively.
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Figure B.15: Saturation models based on FWI model C, smoothed FWI background model ath 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 digributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 4.22, respectively.
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Figure B.16: Saturation models based on FWI model A, smoothed FWI background model andhe
U1519 relationships. A,B) Gas hydrate modelled as uid. C,D) Gas hydrate nodelled 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, respeaety.
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Figure B.17: Saturation models based on FWI model B, smoothed FWI background model ath the
U1519 relationships. A,B) Gas hydrate modelled as uid. C,D) Gas hydrate nodelled 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, respeeiy.
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Figure B.18: Saturation models based on FWI model C, smoothed FWI background model ah the
U1519 relationships. A,B) Gas hydrate modelled as uid. C,D) Gas hydrate nodelled 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, respeaty.
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Figure B.19: Saturation models based on FWI model A, smoothed FWI background model andhe
U1520 relationships. A,B) Gas hydrate modelled as uid. C,D) Gas hydrate nodelled 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, respeeiy.
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Figure B.20: Saturation models based on FWI model B, smoothed FWI background model ath the
U1520 relationships. A,B) Gas hydrate modelled as uid. C,D) Gas hydrate nodelled 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, respeaetly.
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Figure B.21: Saturation models based on FWI model C, smoothed FWI background model ah the
U1520 relationships. A,B) Gas hydrate modelled as uid. C,D) Gas hydrate nodelled 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, respetiy.
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Figure B.22: Saturation models based on FWI model A, smoothed FWI background model andhe
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, respiety.
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Figure B.23: Saturation models based on FWI model B, smoothed FWI background model ath 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, respiely.
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Figure B.24: Saturation models based on FWI model C, smoothed FWI background model ath 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, respiety.

236



0]

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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2hd 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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2hd 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 modelleds uid. C,D) Gas hydrate

modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gasgichily distributed. Grey and

black line show locations of picked gas hydrate and free gas saturation valaefor 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 modelleds uid. C,D) Gas hydrate

modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gasgichily distributed. Grey and

black line show locations of picked gas hydrate and free gas saturation valaefor 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 modelleds uid. C,D) Gas hydrate

modelled as sediment. A,C) Gas homogeneously distributed. B,D) Gasgichily distributed. Grey and

black line show locations of picked gas hydrate and free gas saturation valsefor 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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2hd 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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2hd 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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2hd 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 ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 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 asuid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2hd 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 asuid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2thd 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 asuid. C,D) Gas hydrate modelled
as sediment. A,C) Gas homogeneously distributed. B,D) Gas patchily ditributed. Grey and black line
show locations of picked gas hydrate and free gas saturation values for Fig. 4.2hd 4.22, respectively.
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