10

15

20

Crustal-scale depth imaging via joint FWI of OBS data and PSDM
of MCS data: a case study from the eastern Nankai Trough

Andrzej Gérszezyk!'=, Stephane Operto®, Laure Schenini®, and Yasuhiro Yamada®*

nstitute of Geophysics, Polish Academy of Sciences, ul. Ks. Janusza 64, 01-452 Warsaw, Poland

2Univ. Grenoble Alpes, ISTerre, 38000 Grenoble, France

3Université Cote d”Azur, CNRS, OCA, Géoazur, Valbonne, France, 250 Rue Albert Einstein, 06560 Valbonne
4R&D Center for Ocean Drilling Science, JAMSTEC, 3173-25 Showa-machi, Yokohama, 236-0001, Japan

Correspondence: Andrzej Gorszezyk (agorszezyk @igl.edu.pl)

Abstract. Tmaging via Pre-Stack Depth Migration (PSDM) fr%g‘l I\”;)ﬂ(::()[l(ln towed-streamer Multi-Channel Seismic (MCS)
data at the scale of the whole crust is inherently dlfgcult Thls.{namly reg(s because the depth-penetration of the seismic
wavefield is controlled, firstly {)ﬁ\by the acquisition deSLgn lilge streamer length and air-gun source configuration, and secondly
9() by the complexity of the crustal structure. Indeed, the limited length of the streamer makes the estimation of velocities
from deep targets challenging due (o the velocity-depth ambiguity. Fhe problcm is even more pronounced when processing 2D
seismic data, due (o the lack of multi-azimuthal coverage. Therefore, in order (o broaden pur knowledge about the deep crust
using seismic methods, one-sl J\ﬁaﬁ-’iafgeﬁl e development of specific imaging workflows mtcgratmg different seismic data. Here
we propose the combination of velocity model-building using (i) first-arrival traveltime tomography (FAT) and full-waveform
inversion (FWT) of wide-angle/long-offset data collected by stationary Ocean Bottom Seismometers (OBS) and (ii) PSDM of
short-spread towed-streamer MCS data for reflectivity imaging, using the former velocity model as ﬁaci{glound model. We
present an application of such\workﬂow to seismic data collected by Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) and Institut I*rangaxs de Recherche pour I’Exploitation de 1a Mer (IFREMER) in the eastern Nankai Trough (Tokai
area) during the 2000/2001 SFI experiment. We show that the FWT model, although derived from OBS data, provides %dn
acceptable background velocity field for the PSDM of the MCS data. Eurthermore, trom the initial PSDM, we firg¢ refine the
FWI background velocity model by minimizing the residual moveouts (RMQO) picked in the prestack migrated volume through
slope tomography (ST), from which we generate a bette tafoc;{u&sd ;n{r%‘ré Eid image. Such mteg'&fztwn of different seismic data
sets and leading-edge imaging techniques led to tmaging results at different rcsolulm.u_lc:v.cls That is rb.@ large-to-
intermediate s%‘e crustal units identified in the high-resolution FWI velocity model extensively complement the short-sGale

reflectivity inferred from the MCS data to better constrain the structural factors controlling the geodynamics of the Nankai

Trough f;a(
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1 Imtroduction

Sinee=decades §eismic methods remain the primary source of information about the deep crust. The number of techniques
related to seismic data acquisition and processing is continuously increasing stimulated mainly by the hydrocarbon exploration

BA Gt &
community. However, along with the impressive technological expansion made by Oll&@ﬁgxndustry in terms of 3D depth-

1k \w})ﬁ Hmagmg at the reservoir-scale, one observes stagnation in the corresponding development of seismic technologies like full
wavelorm inversion (FWT) (Tarantola, 1984; Pratt et al., 1998; Virieux et al., 2017) used by academia for the investigation of
deep crustal targets.
The majority of regional seismic surveys conducted by lhc academac community still rely on sparse wide-angle 2D profiles
carried out with a 5 km to 10 km rccc;vcr zé‘?{?ﬁf” While yer,y few attempts of FWI application on crustal-scale ocean bottom

10 seismometer (OBS) dataset\s Were puBhshed (e.g., Dessa et al., 2004a; Operlo et al., 2006; Kamei et al., 2013; Gérszczyk et al.,
2017), imaging approaches utilizing first-arrival traveltime tomography (FAT) in the high-frequency approximation are still the
method of the fitst choice to process wide-angle data (e.g., Zelt and Barton, 1998). FIQ;; ohe hand, this approach allows-to—.
&gmﬁcam]y loweisthe, costs of t&é‘ﬁeld acquisition and does not imposenlarge computational burden for processing. Fl;,}n the
other hand, k;r: lth};d']\\tiéhsmooth%elocny models which provide limited and uncertain insight into the underlying structure.

15 To mitigate this compromise, the development of up-to-dale acquisition strategies and processing workflows dedicated to the
integration of wide-angle and short-spread rellection seismic data is needed. Indeed, during wide-angle offshore seismic exper-
imenf, MCS data can be collected with the aim of further processing reflection arrivals using migration techniques. To obtain
highi:asolution imagelof complex subsurface targets with strong lateral velocity variations, one may consider some variant of
pre-stack depth migration (PSDM), e.g. Kirchholl Depth Migration (Schneider, 1978), Reverse Time Migration (RTM, Baysal

20 etal., 1983), Gaussian Beam Migration (Hill, 2001) or Wave-Equation Migration (e.g. Biondi and Palacharla, 1956). However,
the successful application of any type of PSDM inherently relies on the kinematic accuracy of the background velocity model.
In the typical scenario, one obtainé@?ﬁtia] interval velocity model Vj,; via classical Velocity Analysis (VA) followed by the
application of Dix’s formula (Dix, 1955). In the presence of dipping, events and lateral velocity, variations, this initial model
should be further updated to improve its accuracy. Am@ng—th{i dscad’cé \fanous techniques wg\f% pio%(i)s:sd to obtain more precise

25 velocity models e.g. reflection tomography (Stork, 1992), CRP-scan (Audebert et al., 1997) ar stereotomography (Lambaré,
2008) (see e.g. Jones et al., 2008, for detailed review). More recently FWI of the¢ MCS data al L['fbé',cﬂ.’d)‘:;’f:\routmE:]y applied by
the Oil&Gas industry to build high-resolution background velocity models suitable for PSDM. The FWI velocity model can be
even refined after PSDM by reflection traveltime tomography to optimize the reflector flattening in the prestack common-image
gathers (CIGs). Applications of FWI on short-spread/narrow-azimuth MCS data have also fostered news developments of the

30 FWI technology such as the so-called reflection waveform inversion (RWI) with the aim to better exploit reflected waves for
velocity model building by alternating reflection waveform tomography and least-squares migration (e.g. Brossier et al., 2015;
Zhou et al., 2015).

Therefor@ﬁwuhout doubt% MCS data provide sufficient information to image targets of interest for hydrocarbon exploration.

However, finite length of the streamer hampers the procedure of picking sufficient moveouts in deep reflections, hence prevent-
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ing reliable estimation of velocities for deep crustal exploration. Therefore, since the metho 1‘(311[11161)7 applied for reservoir-
g Uy v bt
scale imaging are ineffective when employed at the crustal scale, om:‘\hall laﬁ‘k}how to overd me the above-mentioned limita-

Qe At TG VS AV
tions by optimally combining MCS acquisitiony with sparse stationary-receiver a i Slth OBSs.

Accordingly, this paper aims &E—H—l-&%f\é-btgﬂuél\a‘m up-to-date workflow combining MCS and OBS data with a case study devoted
to the imaging of the eastern Nankai Trough subducuon zone (Tokai area), offshore Japan. Our approach combines Kirchhoff
PSDM of the MCS data with the independent procedure of velocity mozii} t{]q;ﬂ?]&o from the OBS data. Thanks to the long-
distance propagation paths followed by the wide-aperture wavefields, weiuﬂd @able velocity model of the whole crust using
FAT and FWI. Compared to the workflow where the velocity model is obtained djrectly from the MCS data, our approach
provides superior migrated sections in terms of CIG {lattening. Morcover, structural consistency between the PSDM section
and the high-resolution FWI model further validatethe geological re]iability of the crustal images. t"L"u}- G ﬂ:\e‘x

This paper is organized as follows. We start with a brief introduction of the study area and the-presentation-of the seismic
acquisition. After that, we describe our integrated processing workflow followed by the presentation of the results. We com-
pare the two velocity models inferred from the OBS (FAT+FWI processing) and the MCS data (standard velocity analysis),
respectively, as well as the CIGs and the migrated sections built from these two velocity models. This comparison highlights
how the integrated approach combining MCS and OBS data leads to more accurate and better resolved images of the crustal
structure than those inferred from the MCS data only. We further check the relevance of our imaging results by pointing out
the correlations between geological features interpreted in both the migrated section and the FWI velocity model and well
documented geological structures reported in the area. We finalize the ar[.icle with the discussion followed by the summary of

the study provided in the conclusion chapter.

2 Data

The Nankai Trough, offshore Japan, is one of the most complex subduction zone settings around the world. In this area the
Philippine Sea plate subducts below the Eur T;smn plate towards the north-west direetion dcwelopmg’\fargc sediment-dominated

Bl :L;Lt-
area was d

accretionary prism (Fig. 1{a)). The AJJJOI& ided into four segments (Fig. 1(a)), accordmg to the occurrence of the

-(1» oy
large earthquakes activating them each- 100 to 200 years (Ando, 1975). In particular, due to the proximity of the collision zone
between the Tzu-Bonin Arc and central JTapan, the Tokai segment (zone D in Fig. 1(a)) is characterized by high geodynamical
comp]ex1ty and_the deformation of the surrounding SH‘,LLGEH'I‘GE The Jocal tectonic regime lmphss formation and subductlon
L %L&am bliimad tapet
of oeeal i es, like the Zenisu Ridge (see Flg 1(b)) Once such topogeaphy uphfts entersthe subduction zone, th@y affects
the local geodynamical setting and hg."ve po[enual to g k%c nucleation and propagation of large earthquakes (Lallemand
et al., 1992; e Pichon et al., 1996; Mazzotti et al., 2002; Kodaira et al., 2003). In the eastern Nankai Trough, the existence of
such a subducted ridge (so-called Paleo-Zenisu Ridge) was first investigated by Lallemand et al. (1992) based on experimental

sandbox modelling of oceanic ridge « subducl):cm and later supported by grawmetr 1c ;and magnetic data analysis (Le Pichon et al.,

e s
1996). Imcresung]y the Tokai segment wi& not rupturq{ during lcm/\laruc TOHcIHkEll (1944) and Ndﬂkd],d() (1946) earthquakes, _{
wo UV LD uv’ o L “{L.. VUV
which implies ga,t\haugga@f COmpres\swc %ch%)io\'l more @han 160 years now. This in turn rises-sp -znela g i '\"J
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—surface-to-surface wide-aperture arrivals, which provide 9\x1"1nformauon on the long to intermediate sub-vertical wavelengths

bethesplace ol ﬁxt megathrust (,arthquakc (Le Pichon et al., 1996). Therefore, in order to investigate the seismogenic nature
of the Nankai Trough, various dala are c\silectcd in this area. Some measurements come from passive seismic monitoring
of fault zones conducted both below and on the seafloor (e.g. within the framework of NanTroSEIZE drilling program or
DONET (Dense Oceanfloor Network System for Earthquakes and Tsunamls)) Simultaneously, active seismic experiments
)H‘I%_C‘t()llduct&d for thejaurpose—%f geophysmal"imagmg and reconstructigh-¢ of physical parameters of the underlying geological
structure. In this study, we focus on the actl\ve seismic experiments. In particular we utilize two types of (€ seismic data -
namely MCS reflection data and OBS wide-angle data - which combined with complementary processing techniques, shed

new light on the deep structure of the eastern Nankai subduction zone.

2.1 Acquisition r I
ool Sl ot Y-

In order to gain new structural insight into the eastern Nankai Trough, 2D MCS and dense OBS datasets were acquired in 2000

and 2001, as part of the Seize France poan (SFJ) project. The profiles we,re roughly perpendicular to the trench axis, resulting 'n'--‘\\i"Q_

Vet

in-significant varlatmns?ﬁ barh metry between approximately 500 m. t@t§750 m (Fig. 1(b)).
During the 2001 SIF-OBS leg, ¥ Wlde ang]e dataset was collected by 100 OBSs spaced 1 km apart and equipped with 4.5 Hz
three-component geophones Hl]d hydrophones (Dessa et al., 200421)%Tota] number of 1404 shots were fired every 100 m along
a 140 km long profile using an air-gun array with a total volume of 196 L. - ”’«

A coincident towed-streamer profile was also acquired during the SEJ-MCS survey (Martin et al.; 2000). Tota] ait-gun array
volume (GI GUN + BOLT) was 47 L and the shot interval was 50 m. étredmer cable wt&r{é—o ct{andels\ﬁﬂt-,ig;qgﬁﬁefmr‘ l{m

df\-l\\!&ﬁ{. ‘\ s
tting-t 'ﬁ’:ﬁf:}e CNVPiigsieval o 6.2 ri 4@ TO18 Sgeell 5745,

was towed at depth of I5 m. Thm acqmmtmng 1 | -
UL
Examples of MCS and OBS gathers are shown in F'lg 2. Both wavc,ﬁlcas have indeed fundamentally different anatemies,
and hence caLgL-@lif i‘1.1f0 atlonmubsurfac;l of different resolution and depth penel;ratlon power. MCS data (Flg 2(a))
typically record short—spwdd reﬂectmns that are sensitive to% sub-vertical impedance contrasts, which can be [nappé% by
migration lechniques. Additionally, smooth lateral velocity variations can be updated along the two one-way lransmission
paths connecting the reflectors mapped by migration with the sources and receivers at surface using cither reflection traveltime
(Woodward et al., 2008) or waveform (Brossier et al., 2015) tomography. However, this velocity updating can be performed
only at relatively shallow depths where the recorded reflection move out is significant ( 5 km according (o the 4.5 km streamer
length). In contrast, anatenmy_of-OBS data (Fig. 2(b))*‘:"rfcs5}dtominatcd by diving waves and post-critical reflections, namely
of the SLrucarLﬁCOmparmg to‘ﬁ@ towed-streamer surveys ﬁ;\e stationary-receiver acqaiﬁmﬁn}f La\vg ﬁltg Becessary versatility to
demgn long-offset regional acquisitions. At the expense of the | receiver sampling they are able to record diving waves which

undershoot the deepest targeted structure. For example, the first arrival shown in Fig. 2(b) beyond 60 km offset is the Pn wave

- namely the refracted wavc in the upper mantle. Th-rs—dtsefrpﬁeﬂ-highhghls_tbﬂi'

. fnk Loy mw ¥
all the information from | Lhe waveﬁeids which m different rcsoluﬁ;;n.bowcr should contribute-to-enrich-the-wavelength
/

the mtegrated imaging workflows, exploiting
contenll Of the-crustal-seale-images. f “'*\k'tu U, f‘ O\JL{\ 5 u»)@l < \_am\, tMig jL ; Civw ¥ \"-;‘L u,:ﬁ\
Milhals conlagiry o St veddhadalsny.
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2.2 Processing

Integration of migration- and tomography-like techniques has been a common practice in seismic imaging for decades (e.g.
Agudelo et al., 2009). However, when the recorded data lack low frequencies and the acquisition setup does not allow for
the recording of a wide variety of wave typcs:fin_ccrms_af_pr.apagaﬁﬂn_mgil;é. {transmission versus reﬂecLioq}}; there is a
significant resolution gap between the velocity model built by tomography and the reflectivity mapped by migration (Claerbout,
1985, see insel in Fig. 2(b)). Recent developments of L}}é FWI technology associated with the acquisition of broadband wide-
azimuth/long-offset data aim at reducing this gap by pushing th‘&\ tomography and t})é migration toward higher and lower
wavenumber reconstructions, respectively (Biondi and Almomin, 2014). Although we use vintage MCS data in this study,
which lack long offsets and low frequencies, the application of tl}}‘é\ FWI to the OBS data (after FAT) provides an illustration of
the benefit from high-resolulion wavelorm inversion techniques applied (o long-offset data - namely, narrowing the resolution
gap between velocity models and reflectivity.

To summdn?ﬁ the motivation behind our seismic processing workflow for deep crustal imaging, the application of FWI to OBS
data: (i) led to\rellable Vt,loc:llgéL ﬁfld for PSDM; (ii) pr0v1ded'\h10h resolution velocity model reducing the wavenumber gap;
(ii1) comrlbuted significantly i,;,l\gcologlca] interpretation of the imaging resulls; (iv) integrated wide-angle seismic data into

the depth imaging workflow of reflection seismic data.

2.2.1 OBS data

a
The aim of the processing of the SFI-OBS dataset was to obtain crustal-scale P-wave velocity model using FWI, such that
A

it could provide insight into deep crustal targets with ¥ wavelength-scale resolution. The dataset was recently reprocessed by
Gérszezyk el al. (2017). |

The first step consisted of building an accurate starting model using FAT. In case of regional-scale datasets, long offsets imply
that a large number of wavelengths are propagated during which kinematic errors accumulate, hence making FWI prone to

cycle skipping (Virieux and Operto, 2009, The1r Figure 7). To overcome the cycle skipping issuc, one needs to carefully

\‘Q.L
check that the starting model & teh the plcked first arrival traveltimes with an error that does not exceed half the
G,
period aa‘,s{{ ociated with the starting frequency (See green dﬂd red lines in Fig. 2(b)). In our case, we obtained ayep&g@#a-u@l-ugle
W

RMS belgw 50 ms through %ﬁ iterative FAT, where a careful model-driven quality control (QC) of the traveltime picking was
per formed Resu[tmg FAT model used as an initial model for FWI is presented in Fig. 3(a).

In the next step, acoustic Laplace-Fourier FWI (Shin and Cha, 2009; Brossier et al., 2009) combined with a layer-stripping
approach was applied in the 1.5 - 8.0 Hz frequency band. Applying strong exponential time damping of the data during the
early stages of the FWI allowed us to start the inversion [rom{re-quency ells low as 1.5 Hz, which together with the kinematic
accuracy of our initial model contributes to mitigate the risk of cycle skipping. A multiscale inversion approach consisted of
proceeding from low to high frequency bands, which is combined with a continuation from wide to narrow scattering angles
implemented by relaxation of the time damping of the Laplace-Fourier inversion. These two hierarchical data-driven strategies

were complemented with a layer-stripping procedure implemented by progressive extension of the offset range involved in the
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. WD
inversion. Suchicambination a]lowed\to mitigate the nonlinearity of the inverse problem and reduce the risk of cycle-skipping
accordingly.

Comparison of the final FAT and FWI models in Fig. 3 shows the significant resolution improvement achieved by FWL
Exhaustive validation, including quantitative evaluation of synthetic and real data-fitting with Dynamic Image Warping (DIW,
Hale, 2013), wavelet estimation and checker-board tests, led to conclusion that the final FWI model explain the field data with

high accuracy. (17 fo dae
2.2.2 MCS data - preprocessing

Processing of the SH MCS data was focused on the best possible reflection i 1magmg of the subduction system. The difficulty
of the task re,hed nol only: 9&1 the complexity of the underlying structure but also 9:[1 the low ratio between the streamer length
and the deepest targeted structure as well as two-dimensional acquisition setting. The processing sequence is summarized in
Table 1.

At the preprocessing stage, we mainly focus on the noise attenuation, wavelet corrections and multiple elimination. To improve

i'\. k L RN EMV‘\.LT'L :&ik*b«’
't leﬁ{irem kinds of reverberations (e 2. swell noise, seismic interference

the signal-to-noise ratio (SNR), few filters a?i'n
noise, linear noise, double shots) were applied. The bubb]e effect was removed followed by the zero-phasing of the wavelet
and reduction of the ghost on the source and receiver side. :
In ﬂlﬁiollowin.gggéﬁﬁv‘é focused on the attenuation of multiples. The lack of general demultiple approach imposes the need df '.)Q-.
t:-ﬁni'ﬁ’guihe processing workflow according to the limitations caused by the gadlogical selting and the acquisition parameters. In
our case, the deeply underlying complex structure causes a lot of triplications and discontinuities of the wavefield especially at
later times. Whalt is more, due to the relatively short streamer the abilily to track the moveouts is limited. This in turn confines
the robustness of the moveout-discrimination-based methods (e.g. utilizing Radon transform, Hampson, 1986; Kabir and
Marfurt, 1999) which can easily damage the primaries i’ aggressive parametrization is used. Alternatively, approaches based
on multiples prediction and subtraction, like Surface-Related Muyltiple Elimination (SRMKE, Verschuur et al., 1992) could be
utilized. While SRME is a data-driven technique, and therefore d;ﬂ%iot require @ﬁ a prioi knowledge about the subsurface, its
assumptions can be violated in different ways by the field data. In their overview, Dragoset and Jerievi¢ (1998) discussed in
details limitations of SRME when 2D data are affected by the off-plane propagation, lacking the near-offset traces or contain
distortions caused for example by the streamer feathering.

In our processing scheme, we chose first to apply 2D SRME, which is unlikely to affect the primarics. After SRME the vast
majority of the free surface multiples were attenuated, However in certain areas of the accretionary wedge (e.g. between 55-
80 km of the model distance in Fig. 3), we observed res1dua] multiples still strongly contammat,w@ the later arrivals. These
residuals are visible on the gathers presented in Fig. 4 (a b) hoth with and without NMO correction apphcd To further attenuate ]Jx:
remaining multiples we applied High-Resolution Radon Demultiple (HRRD, Hargreaves and Cooper, 2001). Data after HRRD
are presented in the corresponding panels (c-d) of Fig. 4. Note that the multiple arrivals were betler suppressed now, although

generally weaker signal amplitudes are observed in the processed part of the gathers. The fact that SRME was unable to fully
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remove these arrivals can be an indicator of the out-of-the-plane wavefield propagation in this area associated with the complex

geology and/or cross-dip inclination of the structures.

2.2.3 MCS data - velocity analysis

\,\._)Lx‘u'\!‘-"\-k t-‘\
In this section, we will throw some light-upen the issue of building yelocity model from short-streamer MCS data. In the_

classical VA the moveoul curve is (in a typical case) dppromma
W Ml

tff by the yperboll rclauomhlp between zero-offset time
.\ AT, ‘N‘J O vy
als.and ire fur r mterp\&ated between}ké analysis

points. This procedure is usually repeated several times with the simultaneous refining of the sampling interval leading to

and velocity. Stacking velocities are oflen picked in &

the more detailed velocity estimation (Yilmaz, 2001). The sampling of the vclocily picks"éuppo%cd to be tailored by the
mLcrprc,Lcr to the degree of horizontal and vertical velocity heterogencu?dennmg Lhc ﬁu uamc un%mmsﬁmﬂmﬁ Therefore
the eggt:\bﬂny to huild t}yé accurate veloctty model via VA will firstly rely on the ability to track the moveouts, which in turn
DLW
can be affected in tﬁ’e—e@ﬂm Ekg noise, multiples, streamer length, arrival time, AVO vglatlons [requency bandwidth,
Soviwk
velocity itself, geological structure etc. etc.). Secondly 1t will depend on the optimal \\i 0(:1t picks samphng, and therefore on
the initial interpretation of the data and the corresponding velocity field.
In Fig. 3, we present the CMP gathers from Fig. 2(a) extracted along the whole profile every 7.5 km. On top of them, we

superimpose panels resulting from the hyperbolic semblance-based VA, Ewmwmw-ﬁm Lb\,

bathymetry variations are directly reflected by the change of the magnitude of the moveouts along the profile. Secendty, .lynn
Y

sedimentary cover on the s qhal]tmii atertpaut of the profile (landward 31de) generatee}smallel number of energetic reflections
sl A
than the thick sedlmeni'ﬁ deposits on the fntermediate and deep water part’ Thirdby-the Hoveouts are more continuous in the

gathers recorded over the relatively undeformed sediments accumulated in the trench, compared to the reflections originating

at the steeply dipping interfaces in the accretionary wedge. Generally L}a@ continuous reflections with traceable moveouts can

be observed within é@ﬁ’a’ﬁ’rmnﬁnw-d-eh@u t 2-3 5 of two- way uavclhmc (TWT) after the b&rst break.

The results confirm that l;Qé meaningful information ab ;t:t#r{:’hyperbohc movcoutAcan beretrieved only in the shallow part

where the-pTé( of the semblance amplitudes are sufficiently well focused and allow to=track the increasin .velocity trend .
v O S bl § l‘wﬁ%“’\w\

with tlme& However, Mﬁ intermediate and later times the VA panels become more chaotic and no distinct feeusing petm
Lray

can perteﬁfiéll-y be picked. ThIS s 15 of COUIS%@LE&J-ghthﬂI‘d consequence of the Inc‘r‘(iasmg dept_ke of the target to be imaged.
L pAgrien COMALTY

Moreover, it is also worth tﬁ"ﬂ;{fnf;ﬁ‘;‘ll at the final FWI model (Fig. 3(b)) manifests gew«p Aces wﬁeré velocity gradient with

depth becomes negative. Some of these areas are related to existence of Low-Velocity Zones (ILVZ) which might be difficult to

detect through the classical VA.
2.2.4 MCS data - slope tomography

To further improve the velocity model obtained via VA, one may consider application of some variant of reflection travel-
time tomography utilizing information about residual moyeouts (RMO) of reflections tracked in the Common Image Gathers
(CIGs) after initial PSDM. Of course, the robustness of tomographic approach relies on the precision and redundancy of the

picked RMOs. In the simplest case, the velocity model is build through the minimization of the difference between traveltimes
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generated in the model with raytracing and those measured from the data (Bishop et al., 1985; Farra and Madariaga, 1988).
In addition to traveltimes, slopes of locally-coherent events can be picked in common-shot and common-receiver gathers and
included as objective measures in the inversion (Billette and Lambaré, 1998). Development of so called slope tomography
or stereotomography proved that this technique gives a promising alternative for estimating laterally heterogeneous velocity
models from reflection seismic data (see Lambaré, 2008, for a review).

In the data domain, the input data (picks) are defined by their source to receiver two-way travellime and two slopes - namely the
horizontal compenent of the slowness.vectors at the shot and receiver positions (Fig. 6(a-b)). For a given velocity model, each

. Ll : 2 ;
locally-coherent event is associated §9 two ray segments (and therefore two one-way (raveltimes) emerging at certain angles

S lw

from a scattering position Rwhose &iosition needs to be estimated) towards the source and receiver (Billette and Lambaré, 1998).
el 9
opLd sinee-the-time-itwasfirsl-propesed. Some were aiming 913 reducing sensitivity of the

Dilferent variants of ST were deve
method to the qualily of the input data (Biond: 1992). Othefestablished the connection with migration-based velocity analysis
where the picking is performed ’i;é\ihe prestack migrated volume (Chaunﬂs" et al., 2002; Nguyen et al., 2008). More recently
Tavakoli F. et al. (2017) and Tavakoli E. et al. (2019) reformulated ST using elkonal solver to perform the forward problem and
the adjoint-state method (o avoid the explicit building of the sensitivity matrix in the inverse problem (Adjoint Slope Tomog-
raphy - AST). This formulation leads to a more compact paramelrization where several ray atiributes are removed from the
model space and the shot and receiver positions from the data spaces. Following this approach, Sambolian et al. (2019) further
reduced the problem parametrization to a single input data class being q'zislope, while inverting for the velocity parameter only.
This parsimonious parametrization is achieved by using the focusing equations of Chauris et al. (2002) to position the scatter-
ing points in depth through a migration of two kinematic invariants (lwo-way travellime and one slope) instead of processing
the coordinates of t}ie scattering positions as oplimization parameters.”

One of the advantageous assumptions about the input data for ST is that the picked events need (o be only locally coherent (see

Fig. 6(a-b)). Unlike traveltime tomography, it is not necessary o fellow continuous arrivalsacross the whole trace gathegei-—

7 therfolow-some-specified-interfacethorizon (Billelle and Lambaré, 1998). Tracking locally-coherent events by semi-automatic

25

30

- 35

picking instead of continuous reflections leads generally to denser sampling, and hencé@etter resolved velocity model. The
attributes of locally-coherent events, referred to as kinematic invariants, are simultanemisly picked in the common-shot and
common-receiver gathers by local slant stack (Billette et al., 2003). Alternatively, one can infer them from de-migration of the
dip attribute and scattering positions picked in the pre-stack depth-migrated volume with the benefits of a better SNR and an
easier interpretation or QC (Guillaume et al., 2008).

From Fig. 7(a), presenting the PSDM section computed in the FWI model, one can easily spot the areas of stronger and weaker
reflectivity. To further update the FWI model via ST one needs to track locally coherent events and therefore the areas of lower
reflectivity might be poorly constrained by the picked data. To get the \1\n51ght\>wikiich part of model space was well constrained
by our ST picks, in Fig. 7(b) we show the PSDM seefion from Fig. 7(a) overlaid with the cloud of scatlering points positioned
through the migration of the kinematic invariant;.§L310u1' palette corresponds to the dip of the migrated facets. These dips

are defined by the sum of the take-oll angles of the two rays emerging at the scattering position and ending at the shot and

receiver positions. Colour variations highlight the consistency of the picked scattering points with the underlying geology. The
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cold-coloured dots (blue, light blue and cyan) follow seaward dipping structures, while warm-coloured dots (yellow, orange
and red) trail the interfaces of opposlte mclmat]on Not surprisingly the le-@tmt of pmks decreases significantly with increasing
depth, although we can observe qlllte\fdense CQ],],cE’tleﬁ- of picks around the plate interface on the landward side between the
backstop and subducting oceanic plate at depth around 15 km. To express in a more quantitative way the relative sampling ol
the model by the picks we calculate their hit-rate inside square grid cells of size 0.5 km. Consequently we clip 10 % of the
highest values, normalize the results between 0 and 1 and divide into 3 uniform intervals. Fig. 7(c) presents the PSDM section
with superimposed shading masks corresponding to the normalized sampling of the model by picks. The brightest area of the
section was sampled between 100-66 % of the maximum (clipped) picks hit-rate value. The next two grey-shaded areas were
sampled between 66-33 % and 33-0 % respectively. The black arca defindthe part of the model not sampled by picks.

_ ; it )}lt v el
To conclude on this-analysis we can make the statement that the robustness of the ST is rellected by the distribution of the scat-

15T
tering points demonstrating high consistency with the dipping structures observed ii the PSDM section. This in turn assures
regular and redundant information which might be exploited for velocity model building. However, the Eﬁy_&m of t}gﬁ picks
reduces significantly with depth as the reﬂectivity of the structure decreases. This is more pronounced on the landward part
(backstop) of the model. Therefore, the comtramtq & Vél%city model at gr;,ags‘dcpths - although significantly better than those

provided by the classical VA - are Wga‘ker than g[ the shallow part. M hoawt

225 PSDM L oplai il

During the PSDM step, we tested different background velocity models, targeting on-the-best flattening of the CIGs. Here we
consider only four of them. The first one was built from MCS data by classical VA, while the second one is the FWI model
inferred [rom the OBS data (Fig. 3(b)). In this sense, PSDM of MCS data can be seen as a additional QC ol the FWI model. To
further check how much we can improve the the PSDM results by refining these velocity models, we perform RMO picking in
the pre-stack migrated gathers which were subsequently minimized by ST. The original and refined velocity models produced
four PSDM images. We essentially tested Kirchhoff PSDM as well as Controlled Beam Migration (CBM) with the aim of
improving SNR of the final result {considering our low-lold dataset). CBM is an extension ol Beam Migration technology
which combines the steep-dip imaging capabilities ol Kirchhoff techniques with the multi-arrival abilities of WEN (Vinje
et al., 2008). The results obtained with both migration techniques however, did not prowdg 7Eleal ]u&l&l&@&lfgillh\gll(ih approach

was superior and therefore, for simplicity, we decided to adopt PSDM in the classical Kirchhoff version.

3 Results

In the following sections we present the PSDM results inferred from the four above-mentioned background velocity models.
We assess them by looking at the flatness of the CIGs as well as through the correlation of the migrated sections with the
underlying velocity models. Furthermore, we assess the main observed structures against the results reported by previous

geological studies conducted in this area.
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3.1 Imaging

The PSDM sections, superimposed on the VA- and FWl-related velocity models with which they were computed, are presented
in Fig. 8. Amplitudes of the stacks were scaled with a function of depth equal .to depth!-®. Generally, all PSDM sections ex-
hibit similar quality in the shallow seabed area (first 2-3 km). However the PSDM sections obtained with the FWI and FWI4+ST
velocity models (Fig. 8(c-d)) show much better focused reflectivity at intermediate and large depths. This is especially.-well—
pronounced in-the=ar@a below the accretionary prism (5-10 km depth, 55-100 km distance) as well as in the landward dipping

subducting oceanic crust down to about 15 km depth.

We validate resulting PSDM sections against the corrcapupdu backgrmiyd \fclog{ty models. Indetd, &ructuru undzu] in
PSMD sections inferred from VA velocity models is less Loe;;s:lh 1 m \Kh se inferred [romi (he FWI-madels. This is 131(: conse-
quence of the fact that VA models lack resolution and accuracy 1%&%%&0@%@? Cor%armg panels (a) and (b)
in Fig. 8 on can observe that the VAﬂre[Ated velocity models exhibit a similar level of smoothness, although the PSDM section
corresponding to the VA model updated by ST (Fig. 8(b)) looks more geologically rc]ev.am. The main changes in the PSDM
sections computed with the VA and VA+ST velbcity model are shown in the area where ST introduced the most significant ve-
locity updates. These perturbations are shown in Fig. 8(6).\ lour-seale was clipped betwéen +1000 km/s for better readability,
however, the lowest velocity perturbations (dark blue colour) reach —1500 km/s providing some flavour of the inaccuracy of

the VA model.

U«L j:?&c Wiy

Analogous comparison of the FWT and FWI+ST vdoutyﬁ‘n':(_)‘dfrlé and related PSDM sections (Fig. 8(c-d)) leads also to few=
conclusions. First, the high-resolution FWT model prowdcs(\focuscd PSDM image (Fig. 8(c)). Second, the reflectivity image
follows nicely the absolute velocity changes mapped by the FWI model. Third, the updated FWI+ST model marginally im-
proves the final PSDM section (Fig. S(d))_ This improvement results from relatively small velocity perturbations introduced in
the FWI model by ST (compare Fig. 8(e-)). Also, the ST damages some dipping velocity structures which are more visible
in the FWI model than in the FWI+ST model (see backstop between 5-10 km depth or accretionary prism between 65-85 km
distance). The last effect is related to the nature of the perturbations typically introduced by the reflection data which are more
sensitive to the vertical velocity variations. In contrast, the long-offset OBS data are better suited to capture the horizontal and
steeply dipping velocity changes.

To further QC the imaging results in Fig. 9 we present a set of CIGs after PSDM using each of the four velocity models. The
CIGs inferred from the VA model (Fig. 9(a)) show that onlryﬁliallow cvcnlsﬁxyfic Lilaug;miwhﬂe the intermediate and deeper
reflections have strong under-corrected RMOs, indicating L@a-ﬁsi&relnmﬂes After updating the VA modcl using ST and run-
ning PSDM, the events arc flatter (Fig. 9(b)). However under-corrected RMOs are still visible in the deeper part of the gathers.
Additionally, we slarl seeing some over-corrected reflections (e.g. CIG 3245) indicating too slow velocities. For comparison,
CIGs inferred from the final FWI model (Fig. 9(c)) show that the majority of reflections are flat including those originating

from the deep crust. Refining the FWI model by ST (Fig. 9(d)) introduces rather local and moderate improvements in terms of

10
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The overall trend after ST is the up-shifting of the reflectors suggesting that the velocity refinement by ST fr}ai nly lowé’ﬁhe
FWI velocities. This likely highlights the imprint of the anisotropy. The velocities estimated by ,EW[.Q@EHE\EJIOSQ to the hor-
izontal velocities, while those constrained by MCS data bc%%\c]oser\tsc%tflgl?lgc;r%ﬁffjr%fﬁcgi‘t (‘;‘gﬁhn?.eqaar.iﬁ In all cases, some
RMOs are more pronounced at the side edges of the profile. The effect i$ caused by the lack 0} coverage in these areas, which

translates to weak constraints during velocity model building.

To quantitatively express the depth changes in the PSDM results introduced by ST update of the FWI model we estimate
the depth shifts between the PSDM sections inferred from FWI and FWI+ST models. We calculated local cross-correlation for
each nglcorrcspondmg traces [rom lhfi*inentioned sections which led to consistent map of depth changes between them. Fig.
10 showég%SDM section inferred ﬁ'o.nﬁ;\FWI—kST velocity model with overlaid colour-map corresponding to the depth shifts
varying from the -250 m to 750 m. The most significant differences are observed at the left and right flanks of the section.
In these areas, after ST, we observe up—s:.hift of the interfaces i};ito about 500 m near the landward plate boundary of the
subducting oceanic crust and about 750 m around Moho below the trench. In the central part of the migrated section, shifts
are relatively smaller in the order of 100-200 m and 0-50 m in the oceanic crust and the accretionary prism, respectively. Such
distribution of the depth shifts results most likely from the fact that the central part of the FWI model is well sampled from
both sides by the various diving waves and wide-angle reflections. In contrast, deeper parts located at the edges of the model
are mainly illuminated by the Pn refracted waves propagating mainly horizontally and sporadic PmP reflections. This confers
more degrees of freedom to gT for improving the velocity model, a[lhoﬁgh the limited sensitivity of the short-spread reflection

data to velocities at these depths.
3.2 Geological consistency

Before interpretation /;I«’c?’ we filter-out (using g;lévr;jilﬁg‘_t)rfn\s;:fkp{r.rni((}éfszczyk et al., 2015)) some of the strong migration smiles
apparent in the (inal PSDM sections which xée.add;@ss&d:’:a& sfdugl multiples or out-of-the-plane arrivals, after-analysis-in
pre-staek—domain. To foster the joint interpretation of the PSDM results and FWI velocity models, we overlay migrated section
on the (i) FWI+ST model, (ii) gradient image, 1.e., average of horizontal and vertical derivative of the FWI velocity model (Fig.
11(a-b)) and (iii) perturbation model - the FW1 model after removing velocity trend obtained by 5th order polynomial fitting of
each vertical profile of the FWI model (Figure 12(a-b)). The resulting sections provide not only an image of the reflectivity but
also a high-resolution background insight / the seismic properties (P-wave velocity changes) of the structural units delineated
by the reflectors. The resulting images show the high consistency between the velocity structures and the reflectivity image,
improving continuity and delineation of some interfaces which are locally better visik;le in PSDM S(;ction than in the velocity
model and vice versa. Based on the dcformation features and the velocity structures identified in the obtained images, we
classily the geology of this region into block-segments including different deformation domains (see inset in Fig. 11(b)),

which are bounded by three major faults and the basement - namely.sﬁbducting plate interface.

/
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The oceanic crust in the region of Tokai is commonly descnbed as being affected by volcamsm {Le PlChOIl etal., 1996; Nakan-

ishi et al., 1998; Martin, 2003; Mazzotti et al., 2002; Dessa etal 2004b; Kodaira et al., 2002; Takahabm et al., 2002). The

3.2.1 Structure of the subducting oceanic crust

main reason for this is the proximity of the Izu-Bonin Arc which deve]ops penodlcal Volcamc ridges on its western flank (see
5 white arrows in Fig. 1(a)), which are further subducted beneath the central Tapan. Such./@ettmg can @lhe undulating shape

e
of the subducting-oceanic-crust-with the Tocal i{mreasum/lowermg of velocityhvalues observed in Fig. 11(a) as well as weak

and rather difficult to dlstmgulsh boundaries between th layms of the subducting crust. In the resulting images, the Moho
boundary is derived from hoth absolute velocity model (Fig. 11(a)) and the posﬂz change of the gradient value (red color) in
Fig. 11(b). The migrated i 1mage at this depth (not surprisingly owing 4.5 km streamer length) is strongly affected by so- ~called
10 “migration smiles". To supporl interpretation of upper mantle one can additio; %ally calculate re E,ractlon ray-tracing in the final
FWI model and track the rays corresponding to Pn arrival, which tgwcﬁmaﬁuea—a&eﬂa e Moho boundary (see Fig.
13(e) in Gérszezyk et al., 2017, for the illustration). _ \\. Rre / ) [9}3 dd v 'FL P H(J

"\ji\j&‘M Within thc subducting oceanic crust, we can distinguish discontinuous an Tocal reﬁeghohs which can be mterprclcd as g top

" of I&yer 3. This interpretation is supported by the image in Fig. 11(b) where in the upper part of the oceanic crust one can
yer 3,1 2 PP g PPEL P

: {)5 observe about ~3 km thick band of positive gradient (red color) - interpreted as a layer 2 - which vanishes around the solid

line corresponding to the top of layer 3. Top of the layer 2 is marked with the dashed line following discontinuous reflectivity
y package between the decollement and the top of layer 3. In both Fi.g.‘ 11(a-b) and 12(a) we observe step-like velocity variations
N _around this dashed line at model distancgil;u@ or 59 km. The velocity changes correlafe with discontinuities of reflections
_ (see e.g. 12(h) zoom—pane 6) which Turther extend with depth into micrration artifacts. This observation is consistent with the
" 20 proposed system of major thrusts offsetting various reflectors across the whole ocedmc crust in the region of Nankai Trough
\x;\a“ (Dessa et al., 2004b; Kodaira et al., 2002; Tsuji et al., 2013; Lallemand, 2014). Above the top of layer 2 w1t}\sohd line we in-
1\' tcrprct the top of the sedimentary subduction channel acting as a decollement thch is relatively well %upportcd by reflectivity
‘f the PSDM image and by the high-resolution velocity gradient changes.

Towards land-side, hﬁstwcen 40-55 km of model distance we clearly pemf’tﬁg:.ﬁlegative gradient of vc[ocity creating major LVZ.
25 The top of this LVZ is consistent with the plate interface. In our case, acéess to the high-resolution velocity model directly
1nd1catgng\gatwe velocity gradient which alWe obtained from the polanzatlon reversal in the reflectivity image

- ‘rddmﬁﬁe-fﬂf—eﬁmp’rc-prcmcc—ef—ﬂam However at this depth,we observe bunj’h of rmgmg%@ reflections rather than
clear interface sucgcstmg\l elatively thick layer of accumulated defarmed material. Dlscontmuous reflection patterns can be
explained by the clastic deposition or duplexing of sedimentary or volcanic materigl (Gutscher et al., 1998b, a). Altcmauyely
30 the LVZ can be interpreted as a damage-zone caused by a topographililigh passing through this area. Region{of similar nature
were identified by Bangs et al. (2009) in the western part of the Nankaf‘x{'[rough. The plate interface can be further tracked as a
landward dipping interface reaching about 15 krp depth at 25 km of m@:‘iel distance. Generally higher velocity and large-scale
perturbations visiblc in the gradienf model a ove plate mter.&a.gc in Lh1_s \area (25-40 km of distance) indicate (he significant

Ui porty
underplating of the subducting material and accumy it into. backstép, simultaneously causing uplift of this part of the
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prism clearly visible in the shallower paft. gad:m B2 \3}
‘ | (EV©
3.2.2 Subduction front and recent accretionary wedge .
Pt SVL o, b
On top of the subducting oceanic crust, the zmdgme results 1evea;\complcx accrejon system of the Tokai segment, which

S BANBRTL O
5 can be divided into four domains. The wcakly deformed domam is located at the south east of the proﬁle startirg=at ~85 km

Gf—mﬂﬁd ce (although some smaller deformations pop- up around 87 km} ani’i bounded by the weqtern flank of Zenisu
Ridge. The Efomam is comesed f];g 1@[@ clasti¢’ sediments deposited on the fvo]camc basement, creating the contmuouq'
reflection surfaces visible in gradient model and PSDM i image. One can easily obselveéaxc\:one like su&cture (dotted line) at 95
km ofmmedel distance with two faults originating at its apex. This is most likely a sﬁbdué'ting volcano considering the decay of
10 velocity within the oceanic crust belowgit (Fig. 11(a)) The sub-horizantal solid line between 80-?5 k’m of distance marks the
strong reflector identified as an extension of the decollement since the deformation of the sediments accumulated in the trench
starts to occur above this interface. Pm tka.:\
The weak‘l\y deformed domain is separated form the accretion front - moderalely (%\kormed domain - the major thrust
fault that generates ocean-floor topography at 85 km of-model-distanee and reaﬁ’x the decollement ar ound 13 km further

15 landward direction. Nt cort n’d‘C:"ee_th__,eruﬁtac\t]ﬁvplatc—iﬁh‘dﬂcm;n\ma(gMOHmy(Hayman etal. EQO] 1} The
SApinar ¥ LAEWV

whole d- am shows W s-imrc7se of the weakly deformed domain, suggesting that it consists of
L=
sedlmentary layers but kS_ ded by several thrust faults reaching  the detachment interface. The consistency of these thrusts

with the velocity models is amkmg even in &small details. For example gradient variations in Fig. 11(b) @éfconmmnt 3‘?’the

steeply dipping stacked sheets of sediments in the accretionary prism. In Fig. 12(a), shallow slope basins are clearly delineated
20 by the blue color and separated by the thrust creatingarl}:mathymcu;‘outcrop at 73 kmco;f—medsl-distance. Similar consistency
can be observed in terms of the vanishing reflectivity of the PSDM image above the decollement between 67-75 km (dotted
line, zoom-panel 5) which is nicely delineated by lower velocity values in this place indicated by blue colour. Interestingly the
decollement on the right side of this feature manifests itself in Fig. 11(b) as a positive (red) gradient while on the left side it

becomes opposite (blue) suggesting decrease of the velocity.

25 3.2.3 'Tokai thrust and subducting Paleo Zenisu ridge
(EN
The moderately deformed domain extends landward until the Tokai thrust separating the frontal part of the prism from?heavily

deformed domain (Kawamura et al., 2009; Hayman et al., 2011). This Segment in turn shows less pronounced reflectivity, h""i‘"’"k
?P{\h}:\agﬁ“can be significantly augmented f 1OR-PUIPOSES by he pa‘ttem of ti){\ elocity changes in the absolute,

gradient and de-trended velocity models. tructural chdractelmthof this dOnld]nblidlffCI’ent from two previous deformation
30 domains, suggesting that it has undcrgonc;lo hi period ﬂidcfurmauon at this margin (according to Martin et al., 2003,

starting at the Upper Miocene). In pamcular.{lgmﬁcant mcrlcaﬁi (if the velocity values just above the plate interface (Fig.

11(a)) combined withJack of clear 1mpedance conirasts antlf%athymetry uplift suggest old accumulated material atop of plate

interface. Alternatively, the increase of the velocity and slrong deformation within this wedge between 50-65 km (dashed line)
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Pw l o \s- % t'\rgwx;»
cgﬂ‘it tqpog;ap%y high (namely, evidence of Paleo Zenisu ridge) whose left flank is colliding with the old accreted thrusts
(dotted line between 55-60 km of distance). We can also observe in Fig. 12(a-b) (zoom-panel 4) Lha[ the small topography pop-
up is scparaung two areas of blue colour indicating z nes of lower velocities. Such wg%(‘gbsﬁgkgc‘gts that the Tokai Thrust ean—
be rooted at the down- -stepping plate mterface f@ﬂammg up the left flank of this velocity anomaly, then itZis bendﬁg above it
\ 5. and increases #f?e?—ﬂggﬁn& again to re

/o We also obsérve the thickness of s

its outcrop 1R\thc seabed.

' é’ sediments in the shallow part of this segment is larger than in case of moderately
deformed domain. This suggests longel time of accumulation and partial erosion of the uplifted, steeply dipping thrust sheets
around the Kodaiba Fault - 2 majar thrust fault with significant strike-slip displacement(Pichon et al., 1994). Strong gradlent
variations in Fig. 11(b) delineate géeomelry of this fault especially above the plate interface. High consistency of PSDM image

10 and velocily changes can also be observed in Fig. 12(a-b) (zoom-panel 3). We root this lault at the plate boundary suggesting ¢
splay-fault-bramehifig. Allernatively it can 01‘iginateF at the deep backstop on top of t]}é\underpiated material which might be
suggested by zoom-panel 2 of Fig. 12. More detailed geological investigation is necessary to confirm speculations about this

fault which potentially governs seismogenic setting in Tokai area.

3.2.4 Backstop area -W,]LLUL\ — i, oy
15 Finally, on the most landward part of the profile, we image the old deformation complex %cii-ngﬁm#&s a backstop. The defor-
mation of large landward-dipping stacked thrust sheets can be indicated by the velocity changes correlating with reflectivity
_ visible in the PSDM image. The hypothesis that this old complex could have been pushed landward by large subducting ridges
was unpj)ﬁd based on the results of wide angle seismic experiments (Kodaira, 2000; Nakanishi et al., 2002) as well as sandbox
tests (i)ominguez et al., 2000). Placing our results in this contexl would require [urther geological expertise. Nevertheless,
20 from the joint interpretation of velocity models and PSDM section one can divide this domain into: (i) the thick relatively nof._
Liyideformed sediment cover of the fore-arc basin suggesting that the (ii) underlying complex of large thrust sheets between 4-10
km depth is inactive and ovettla‘y\.‘fﬂ; (iii) significant amount of underplated material delineated by the increase of velocity at

depth of around 11 k.

4 Discussion

25 4.1 MCS data pcnfatration at depth
Qo w\-‘:A
The ability of [he.}waveﬁeld to penetrate the deep crust is limited by various factors including acquisition geometry, em-
ployed equipment, geological context etc. Sufﬁcienﬂy dense shot coverage increases the fold and therefore spatial sampling
redundancy. Ability to generate and record broadband fraquenclr 31gnals 1mpr0 es 1e aluuon and signal (o noise rauo Long

N
streamers, although challenging to operate in tge ﬁeld provide uga.z;dow-mv to track the moveouts of later amvals

30 originating from deep interfaces. All these a ﬂé ll'IlpIOVG the C&pﬂﬁl&m ol thet MCS streamer data to retrieye 1eamp\;f§1
w B§owde Lo ¥V

information about the deep lithesphere. Our MCS data were recorded using 4 5 km long streamer, which ¢ mpmzd to indus-
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trial 15-km long slreamerﬁrgsﬁeﬂﬁ—m&ue%&s—eap&bﬂity. Nevertheless, we-showed that the robust depth imaging of tbe{
legacy data with short offset and limited fold is possible when supported by ¢ velocity model-building based on FWI of
4h¢ wide-angle stationary receiver data. Despite the different regimes of t@{ wavefield propagation b;;:tweg;n.mde 3??1‘3 and
lw, R \“M;\l ’\-‘U 3 ‘q
reflection data our FWI model prov1ded>dccurate velocity field for PSDM. Thiscerreetness«llowed LQ—p{ the slopes for ST
5 and 1nt£f'duce§relatwuly small velocity changes even at greater depths ( 15 km). In contrast, the \douty model obtained via VA
KT
was far mere inaccurate to allow for similar PSDM accuracy after ST update. Therefore building Qwh—rcsoiuuon FWI velocity

model from wide-angle OBS data can significantly improve the PSDM results from short-streamer MCS data especially in

(1))
terms of velocity accuracy below.the shallow sub-seabed.

4.2 2D/3D PSDM

ee-dimensional wavefield propagation within the litho-

O

sphere whlch mike p]ace, during field experiment. A o I
VAR

Wi (he
i g-;a&her—ehﬁa—mahty ]\%vm theless, Lhw\&' oL va\{, Jgu-gof

2 g A 2 ANV v X A
T) -&1@ %mymméimg?&%mﬁaﬁ% tngz-m-sﬁ%‘é\é{%t’aiﬁnﬂful gealoglca] informatio

10 2D seismic data processing is inherently inaccurate b /u(lfm, of the t
S8

—

plion abe inline scattering along the Phooimg profile is

expergmem
K‘\p‘_ b b W ) g@ﬁF‘

D daw ﬂa(‘.(‘:w) 2 OV
«u.l_lb,c_me-dimensreﬁa-l—aeqmﬁ ‘; Thls ip-turn. provides e o L r_subsequt ro Mle
AR AE LY "»Mm
156 accuracy-of retrieved-a e-;esuk&mhen cross-dipping structures &e_e.x,pc.clcd_m_th,e

vicini&-y-ef—ﬁae—%E-pro—ﬁle. While the imaging of deep crustal ta_rgets qu1res long time of wavefield propagation, it means that
)Complcxuy of the geological eruclurc that we aimed to
reconstruct here combined with its significant depth allow us to believe that the final imaging results caﬁ—-bc affected by the

the wavefront i 1s more prone to ﬁ_ﬁavel out of the 2D pr, hlc\plane
“3D cIfectg reducm & the continuity of the deeper interfaces. This was also apparent [rom locally occurring arrivals which were
20 stacking into migration artifacts. We decided to filter them out before final interpretation as we were unable (o (latten them
with any velocity model even with velocity scaling ranging between 80%-120%. To overcome such issues, one can consider
cross-dip processing which takes into account the 3-D character of the data (for example feathering of the streamer) and of the
geology (Nedimovic et al., 2003). However, ultimately we believe that there is a need to move toward future 3D experiments
tackling the problem of complex deep crustal imaging (Morgan et al., 2016). Indeed, illumination of the s t.truiilre from differ-
25 ent azimuths would increase the reliability of the ?\nidi d)\/ %c al}Jd minimize the amount of s;pccu[atmn}{m terms-of geologlcal
interpretation. On the other hand, this development shatl e combmed with the efficient acquisition logistic schemes and robust

processing techniques able to handle large scale imaging problems.
4.3 On subducted oceanic ridges

The typical problem from Tokai region, which can justify use of 3D rather than 2D crustal-scale imaging, is the existence of the
30 basement volcanic ridges and mountains subducting below the accretionary wedge and affecting the geodynamical setting of
the region. While their existence is undeniable (even from the bathymetric observations in Fig. 1(a)) the exact shape and scale
of those features in the historical studies utilizing reflection or wide-angle seismic imaging and velocity model building, sand-
box experiments or gravity and magnetic anomalics analysis is rather inconsistent. Morcover, demenstrating these ridges as
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continuous features of uniform height is oversimplified. To better understand the problem it is enough to look how in Fig. 1(b)
Mo p X

the Zenisu Ridge alongthe-axis rapidly chaﬁlgges its heigh with r%speé’( to the trench from nearly 3 km to few hundreds meters.

Therefore to precisely image and investigate the influence of such chain‘of distributed volcanoes of various size subducted

-~
below the complex accretionary prism, 3D imaging scems-mandatory. 1) "l‘?_ﬁl vu\.-\\ul\ ¢
$/

4.4 PSDM using FAT model ﬂi

FWI in its classic form is a local oplimization problem. In other words, the misfit functional representing, difference between
real and synthetic data is iteratively minimized (towardoélobal minimum) starting from the initial model which is sufficiently
close to the true one, such that it fulfils the cycieﬁskipp\ing criterion. If this condition js not met, FWI, will be guided,toward
inaccurate local minimum. Thcrefore: iaﬁ‘:kcuracy of the initial FWI model dctcrminc;;,#ciorrccmcss of ugiiﬁmfﬁiféﬁl% this
sense, the robustness of the initial FWI model (in our case derived by FAT) can be also verified through PSDM. Indeed, if the
velocity values in the FWI model are searched in the vicinity of the FAT model then the PSDM utilizing FAT model should also
provide good results. To investigate this issué we performed two additional PSDM tests considering FAT model and its version
updated by ST. Figure 13 presents analogous comparison of PSDM gathers as in case of Fié. 9. After careful inspection of the
migrated events we can conclude that the flatness of the'CIGs inferred from the FAT model is locally worst than those inferred
from the FWI model 9(c). l?(overal] howcver,-thcse results are much better than those obtained with VA and VA+ST velocity
models (Fig. 9(a-b)). This shows how wide-angle data can be useful to build correct velocity model for PSDM using classical
FAT technique. in our case, this approach outperforms the results of PSDM with élassical VA model as well as its updated
version with rather sophisticated ST method. On the other hand, one can argue that the improvement of PSDM resulls obtained
with FWI as compared to FAT are not propurtional-to the efforts devoted to apply FWI. Note however, that the smooth FAT
model is unable to bring detailed structural information which is directly accessible from the high-resolution FWI model and

therefore we believe that moving from FAT to FWI is absolutely crucial for better geological interpretation.

5 Conclusions

/ﬂv Presented case study shows ﬁ\ﬁat crustal-scale FWT of OBS data can significantly improve depth migrated images inferred from
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towed-streamer data. Firstly,\_\ nal FWT model provides reliable information about the've‘locity not only at Sh;iuo\%idepms (<5

km) but also at depths down to the upper mantle, which are beyond the mﬁgtygi-cai lengthof streamedr.‘1 jlsfwse more re-
liable velocities Lrans]ate}(to better-focused PSDM at depth. Sccondly,.?igh—reso[ution FWI velocity model brings quantitative
information on the seismic properties of the main structural units at long-to-intermediate scales, which are complementary to
the short scales mapped in the PSDM image. This justifies us‘i;fula}gs)éﬁof tl}g'crustal-scale FWI models derived from wide-angle
data for geological interpretation. We believe that further development of crustal-scale imaging toward 3D OBS acquisition
and 3D multi-parameter visco-elastic FWI will bring us closer to better understanding of the deep crustal targets through the

joint wide-angle and reflection data processing.
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