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1. Introduction

The Clay Tectonics project (2023-2025) is a cSBO-project funded by Flanders Innovation and
Entrepreneurship (VLAIO) through the Blue Cluster (DBC). The project aims to investigate the nature and
origin of Clay Tectonic Features (CTFs) in the Kortrijk Formation (Early Eocene) within the planned Princess
Elisabeth Zone (PEZ) for Offshore Windfarms (OWF), as well as their potential influence on the foundation
design and installation of offshore wind turbines. The project partners (VLIZ, UGent, VUB - OWI-Lab) will
apply a multidisciplinary approach, combining geophysical, geological and geotechnical methods.

The scope of the first work package in this project (WP1) is to design and execute an innovative field
measurement and processing strategy to generate ultra-high-resolution, pseudo-3D! acoustic/seismic
data volumes, in which the different types of CTFs occurring in the Kortrijk Formation can be adequately
visualised. In a first deliverable (D1.1; Mestdagh et al., 2023), the selection of the location for these
pseudo-3D volumes was documented, including a discussion about the constraints and used selection
criteria; the thus selected survey areas (block A, B and C)? and suggested track patterns are shown in
Figure 1 and summarized in Table 1.

Table 1. Overview of the survey grids selected for pseudo-3D seismic/acoustic profiling, as shown in Figure 1. See
Figure 1 for the definition of the grid corners for which coordinates are given in this table (in WGS84).

Name Location Dimensions Line spacing Priority
SE side of central PEZ
1 51° 26.67702' N 2°27.39218'E 40m (in- and
BlockA | 2 51°26.18736' N 2°28.52902'E 1.6x 1.6 km m {in-an 1
- S - crosslines)
3 51°26.89773' N 2°29.31281'E
4 51°27.38752' N 2°28.17581'E
S side of northern PEZ
1 51°35.38599' N 2°30.30605' E 50 m (in- and
BlockB | 2 51°34.75705' N 2°32.22025'F 2.5x2.5 km m {in-an 1
) ; crosslines)
3 51°35.94934' N 2°33.23057'E
4 51°36.57856' N 2°31.31576'E
NW side of central PEZ
1 51°30.92075' N 2°23.47615'E 60 m (in- and
BlockC | 2 51°32.06041' N 2°25.31683'E 2.4x3km m {in-an 2
) ; crosslines)
3 51°31.14153'N 2°26.77820'E
4 51°30.00213' N 2°24.93755'E

1 The term pseudo-3D is used in this document, since the adopted approach was to collect dense grids of 2D seismic
and acoustic profiles in in- and crossline direction, with line spacings that are small enough to generate adequate 3D
representations of the envisaged subsurface features (as opposed to full 3D seismic/acoustic systems that are
designed to generate 3D volumes in a single pass).

2 It is already noted that, although originally three pseudo-3D sites were planned (as outlined in D1.1), a fourth
pseudo-3D block (block D) was completed in the course of the project. This is further discussed in sections 2.2 and
2.3.
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Figure 1. Map showing the selected study sites for pseudo-3D seismic and acoustic profiling within the Princess
Elisabeth OWF, including a detailed line planning for each of the selected areas (block A, B and C), as suggested in
Clay Tectonics project deliverable 1.1 (Mestdagh et al., 2023).

The goal of this second deliverable (D1.2) is twofold:

(i) To describe the adopted survey and data collection strategy for the selected survey
tracks/areas (Figure 1; Table 1), focusing on how the available geophysical instrumentation was
configured and used to optimize the amount and quality of data visualising CTFs (section 2).

(i) To provide an overview of how the acquired seismic and acoustic data were subsequently
processed with the aim to facilitate the data interpretation and analysis addressed in work
package 2 of the project (section 3).



2. Acquisition of seismic and acoustic data at sea

2.1. Available geophysical methods and systems

Before outlining the survey and data collection approach, this section first details the geophysical methods
and specific systems that were used in WP1 of the Clay Tectonics project to perform the desired
measurements at sea.

2.1.1. Sub-seabed information

Sub-seabed information is typically acquired using seismic and/or acoustic geophysical systems. These
systems come with a trade-off between depth penetration and vertical (layer) resolution, determined by
the frequency content of the emitted signals (a higher frequency content leads to a higher vertical
resolution but shallower depth penetration, whereas a lower frequency content allows to increase the
depth penetration at the cost of lowering the vertical resolution). Given that the depth interval of interest
(i.e. the occurrence of the Kortrijk Formation and associated CTFs) is rather wide (ranging from 0 to
>100 m below sea floor), a combination of seismic/acoustic techniques is recommended in order to
retrieve both deep and shallow subsurface information at the highest possible resolution. Therefore, both
acoustic sub-bottom profilers and (sparker) seismic systems are used in the Clay Tectonics project.

Acoustic sub-bottom profiling

Acoustic sub-bottom profilers allow to image strata, structures and objects in the shallow subsurface
(upper meters to tens of meters) with deci- to centimetric vertical resolution. Two types of sub-bottom
profilers have been considered and tested for the detection of CTFs in the selected study areas:

(i) Parametric sub-bottom profiler (SBP): the Innomar Quattro system of VLIZ is a multi-transducer
parametric sub-bottom profiler consisting of four small (21 x 21 cm) transducers (Figure 2). The multi-
transducer set-up provides a certain versatility, as the transducers can be mounted and configured in
various ways, depending on the scope of the survey. For the imaging of CTFs in the Princess Elisabeth
OWF, only the ‘single beam mode’ is considered, in which the transducers are mounted in a square (2x2)
array and ping/receive simultaneously (with the received signals being summed), in order to optimise the
penetration and signal-to-noise ratio. The system is typically mounted on a pole and can be deployed from
small to large vessels using an over-the-side system (Figure 2). The system emits primary high frequencies
of ca. 100 kHz, which results in a secondary low frequency band of 2 — 22 kHz with (user-selectable) center
frequencies in the range of 4 — 15 kHz. Making use of the parametric effect, narrow beam widths are
achieved (ca. 1.5° for the 2x2 transducer array), which, together with a high ping rate (between 10 and 20
pings/s for the water depths in the PEZ), allows small footprints and a high spatial resolution. The (primary)
source level is max. 245 dB (re 1 pPa at 1 m).

A second option for parametric sub-bottom profiling is the hull-mounted Kongsberg TOPAS PS18 system
on board RV Belgica. This system emits primary high frequencies around 18 kHz, resulting in user-
selectable secondary low frequencies between 0.5 and 6 kHz. As such, this instrument offers a deeper
penetration than the Innomar Quattro, yet with a ping rate of maximum 5 pings/s and beam width around
5°, it has a lower horizontal resolution. The (primary) source level is max. 243 dB (re 1 pPa at 1 m).

(i) Chirp sub-bottom profiler: the Autonomous Underwater Vehicle (AUV) Barabas of VLIZ (Figure 3) is a
modular, torpedo-shaped vehicle (Teledyne Gavia) with a depth rating of 1,000 m. One of the available
modules is a Benthos chirp SBP, which emits a linear sweep between 14 and 21 kHz, with a (user-



selectable) sweep length between 1 and 30 ms and a ping rate of up to 15 pings/s. The beam width of
chirp systems is significantly higher than for parametric SBPs (for this specific chirp module around 40°),
but reducing the altitude of the AUV above the sea floor provides a chance to keep the footprint relatively
limited. The source level can be adjusted by changing the relative transmit power index (0 = highest
power; 7 = lowest power).

Figure 2. Pictures showing the Innomar Quattro parametric sub-bottom profiler: (A) View on the four transducers
mounted in a square array (single beam mode). (B) Deployment of the instrument using an over-the-side system on
board RV Simon Stevin. (C) Topside unit.
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Figure 3. (A) Picture of the modular AUV Barabas (Teledyne Gavia) of VLIZ equipped with the Side Scan Sonar module.
(B) Schematic configuration of the vehicle when used for testing the chirp sub-bottom profiling module in the PEZ.
The length of the vehicle in this configuration is 3.02 m with a diameter of 0.2 m. (C) Schematic configuration of the
vehicle when used for testing the side scan sonar module in the PEZ. The length of the vehicle in this configuration is
2.87 m with a diameter of 0.2 m.



Sparker seismic reflection profiling

Seismic reflection profiling using sparker sources allows to image the upper tens to hundreds of meters
of the subsurface with a vertical resolution of several decimetres to a few meters. The source deployed
for the measurements in the Clay Tectonics project is a GSO-360 sparker (Figure 4), in combination with
an Applied Acoustics Csp-Nv power supply unit (both available within VLIZ). The energy output is user-
selectable between 50 and 2400 J, and by adjusting the amount of used sparker tips (either 90, 180, 270
or 360), the amount of energy per tip (determining the achieved penetration/resolution) can be further
finetuned. The shot rate is also user-selectable, provided that the charging rate of the power supply unit
(max. 2000 J/s) is respected. On the receiving end, two types of streamers are available: (i) a SIG dual-
channel streamer (channel 1 containing 8 hydrophones at 15 cm, channel 2 containing 10 hydrophones
at 30 cm, 2.85 m channel spacing), and (ii) a SIG 24-channel streamer (every channel containing 4
hydrophones at 20 cm, 2 m channel spacing). The data is recorded using a Delph analogue acquisition unit
(24-bit). The sparker source and streamer(s) can be deployed from coastal or oceanographic vessels, and
are both towed (typically several tens of meters) behind the ship.

Figure 4. (A) Picture of the GSO-360 sparker of VLIZ. (B) Picture of the bottom of the GSO-360 sparker, showing 4
rows of electrodes (in red sleeves). (C) The SIG 24-channel streamer (on the left, transparent section) and GSO-360
sparker (on the right, with orange high-voltage cable) on the deck of RV Belgica before deployment.



2.1.2. Seabed information

Although the primary focus of the Clay Tectonics project is visualising CTFs in the subsurface, it is also
worth exploring if these features have an expression on the seafloor itself. To investigate this, the
following seafloor-scanning methods/systems have been considered and tested:

(i) Multibeam echosounder (MBES): multibeam echosounders are acoustic systems used to map the
seafloor. RV Simon Stevin and RV Belgica each have a hull-mounted Kongsberg EM2040 system, which
provides both bathymetric information (bottom topography) and backscatter information (giving an
indication about the seabed composition). In addition, water column data can be recorded as well.

(ii) Side scan sonar (SSS): this is another acoustic seabed scanning method which uses sideways projected
pulses, generally from a deep-towed sonar (‘fish’) connected to a vessel. More recently, side scan sonar
modules for integration in autonomous vehicles have become available, like the Klein UUV-3500 system
in AUV Barabas (Figure 3C). Although principally used for 2D visualisation of objects and structures on the
seafloor, bathymetric information can also be derived from this sensor through interferometric
calculations.

2.2. Planned survey and data acquisition strategy

Given the goal of WP1, the selected areas/tracks (Figure 1; Table 1) and the considered methods/systems
outlined above, the following data collection strategy was developed:

(i) Step 1: perform on-site parameter tests to establish the optimal acquisition settings (e.g. frequency,
source energy) for the imaging of CTFs in the representative pseudo-3D blocks with the parametric SBP
and sparker seismic system.

(i) Step 2: once the optimal acquisition settings have been determined, survey the pseudo-3D areas/grids
as designed in D1.1 (Figure 1; Mestdagh et al., 2023) according to following plan:

- Simultaneous ship-based measurements with parametric SBP and sparker seismic system (~3 kn
survey speed), using the optimal acquisition settings determined in step 1 (earlier tests have
demonstrated that both systems can run in parallel without major interference);

- Recording of sparker reflection seismics with both dual- and multi-channel streamer, such that
all planned survey tracks have sparker data but with adjacent tracks alternating between a dual-
and multi-channel recording (after all, towing the streamers at the same time poses a too high
risk for entanglement or contact with the sparker);

- Simultaneous recording of MBES data while performing the sub-bottom measurements
(continuously logging both bathymetry and backscatter data; logging of water column data only
on a few selected lines to keep the collected data volume manageable);

- Completion of the suggested track pattern within the survey blocks by repeating more widely
spaced sailing patterns (ideally 150 — 200 m spacing) and progressively filling in gaps in between,
rather than sequentially surveying directly adjacent tracks in the aspired grids with narrow line
spacing (40 to 60 m; Table 1); this has several advantages, like easier navigation, spreading of
lower quality lines in case weather deteriorates, less switching of streamers etc.

- Block A and B have priority level 1; Block C has priority level 2;



- Max. 1 m wave height limitation to be respected (to the extent possible), to ensure a decent
acoustic/seismic data quality.

(iii) Step 3: based on the data acquired in step 2, determine the location for a study area to execute an
AUV pilot study in order to test the performance of the sub-bottom profiling and side scan sonar modules
in the PEZ. The size of the study area and track pattern should be tuned to a few short AUV dives of 1-2 h,
i.e. the typical duration of the windows with minimal tidal currents in the study area. To ensure the
manoeuvrability of the AUV in the relatively strong tidal currents in the PEZ, sub-bottom profiling and side
scan sonar are to be performed in separate dives so that the length of the vehicle can be minimised (using
the configurations shown in Figures 3B and 3C respectively).

(iv) Step 4: collect a few long acoustic/seismic lines across the PEZ and tie lines between the selected
pseudo-3D grids, so that the measurements in the latter can be correlated between the blocks and linked
to the wider, larger-scale stratigraphic and structural framework of the PEZ. Given the length of the lines,
it is recommended to use the hull-mounted TOPAS PS18 on board RV Belgica in this step, since this system
can be deployed at larger survey speeds (up to 6 kn).

(v) Step 5: accommodate additional ad hoc measurements if the ongoing geological analysis of the data
collected in steps 2 to 4 would indicate a need or added value for this, provided that the above steps have
been fully completed and there is ship time remaining.

2.3. Performed surveys and data collection

To execute the above plan, 32 days of ship time (25 for RV Simon Stevin and 7 for RV Belgica) were
requested and granted in 2023 and the first half of 2024. Table 2 provides an overview of the so far
performed surveys and activities. As demonstrated in this table, all the activities that were planned
(section 2.2) have been completed during these surveys; they are chronologically discussed in the
following sections (2.3.1 to 2.3.8).

Table 2. Overview of the performed surveys and activities in the context of the Clay Tectonics project.

Survey Date Activity This report
RV Simon Stevin 23-010 | 09/01/2023 —13/01/2023 | Cancelled due to bad weather
(continuous)

RV Simon Stevin 23-120 | 06/02/2023 — 10/02/2023 | - parameter tests - section 2.3.1
(continuous) - survey Block A - section 2.3.2

- survey Block B - section 2.3.3
RV Simon Stevin 23-300 | 03/04/2023 —07/04/2023 | - survey Block C - section 2.3.4

(continuous)
RV Simon Stevin 23-600 | 31/07/2023 —04/08/2023 | Cancelled due to bad weather
(day trips)

RV Belgica 23-23 20/11/2023 —23/11/2023 | - AUV pilot study - section 2.3.5
(continuous) - survey correlation lines - section 2.3.6
RV Simon Stevin 24-270 | 13/05/2024 — 17/05/2024 | - extra ad hoc survey Block D - section 2.3.7

(continuous) - extra ad hoc survey deep seismics - section 2.3.8




2.3.1. Parameter tests

Parameter tests were performed to establish optimal acquisition settings for the Innomar parametric SBP
and the sparker seismic system, prior to executing the pseudo-3D surveys in Block A, B and C. These tests
were performed in the PEZ, through repeated runs on line AIO800 in Block A (location indicated in
Figure 1).

For the Innomar parametric SBP measurements, the main variable is the secondary low frequency (SLF).
Four SLFs were tested (4, 6, 8 and 10 kHz), demonstrating the loss in penetration and gain in vertical
resolution as the SLF increases (Figure 5). For the objectives set in the Clay Tectonics project, a SLF of 6 kHz
was considered to provide the best trade-off between penetration and resolution. The other selected SBP
acquisition parameters are shown in Table 3.

For the sparker seismic system, the variable with the biggest effect on the achieved penetration and
resolution is the output energy. Output energies equal to 600 and 800 J were tested (in both cases using
all 360 sparker tips), with the latter yielding a better penetration and more clearly defined sub-bottom
reflectors, at the cost of a wider seafloor reflection (Figure 6). Considering that the signal (reflection) width
can be improved in the processing (see section 3), the higher output energy of 800 J was selected. The
other sparker acquisition settings are summarized in Table 3.

Table 3. Overview of the most significant acquisition settings used for the Innomar parametric SBP and sparker
seismic measurements in survey blocks A, B and C. The same settings were eventually used in block D as well, which
was completed later in the project.

Innomar parametric SBP Sparker seismic system
Parameter Value Parameter Value
Secondary low frequency 6 kHz Output energy 800
Trace length 25m Recording length 0.25s
Ping rate Auto-optimized | Shot interval 0.5s
Gain 20dB MC-streamer gain 6 dB
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Figure 6. Raw sparker seismic profile AI0800 (as recorded in channel 5 of the SIG multi-channel streamer), acquired with two different output energies (top: 600 J;
bottom: 800 J). The vertical scale is in milliseconds two-way travel time (twtt).



2.3.2. Survey site 1 (Block A)

In pseudo-3D survey site 1 (Block A), a grid with a total length of 164 km was completed. The Innomar
parametric SBP, sparker and MBES measurements were executed as planned in section 2.2 (Figure 7),
using the settings established in the parameter tests (Table 3). Aided by favourable weather conditions
(waves continuously under 1 m height), all data are of good quality; a representative SBP and sparker
example is shown in Figure 8.
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Figure 7. Maps showing the acquired SBP, sparker and MBES grids in pseudo-3D survey block A.
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2.3.3. Survey site 2 (Block B)

In pseudo-3D survey site 2 (Block B), a grid with a total length of 309 km was completed. The Innomar
parametric SBP, sparker and MBES measurements were executed as planned in section 2.2 (Figure 9),
using the settings established in the parameter tests (Table 3). The data are of good quality, since the
weather conditions were favourable (waves continuously under 1 m height). Representative SBP and
sparker examples are shown in Figure 10.
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Figure 9. Maps showing the acquired SBP, sparker and MBES grids in pseudo-3D survey block B.
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Figure 10. Representative acoustic/seismic data examples from pseudo-3D block B. (A) Innomar SBP profile. (B)
Sparker profile, as recorded with channel 5 of the SIG multi-channel streamer. The vertical scale is in milliseconds
two-way travel time (twtt).

2.3.4. Survey site 3 (Block C)

In pseudo-3D survey site 3 (Block C), a grid with a total length of 290 km was completed. The Innomar
parametric SBP, sparker and MBES measurements were executed as planned in section 2.2 (Figure 11),
using the settings established in the parameter tests (Table 3). The data were acquired under favourable
weather conditions (waves continuously under 1 m height) and are thus of good quality. Representative
examples are shown in Figure 12.
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Figure 11. Maps showing the acquired SBP, sparker and MBES grids in pseudo-3D survey block C.
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Figure 12. Representative acoustic/seismic data examples from pseudo-3D block C. (A) Innomar SBP profile. (B)
Sparker profile, as recorded with channel 5 of the SIG multi-channel streamer. The vertical scale is in milliseconds
two-way travel time (twtt).

2.3.5. AUV pilot study

Two AUV-dives were planned to test the capabilities of the SSS and chirp (SBP) modules in imaging the
seabed and substrate in the Princess Elisabeth Zone. A small (300 x 300 m) area within Block A, showing
interesting bottom topographic features and small-scale subsurface fault splays, was selected for these
tests. During the first dive (~¥40 min duration), the AUV covered a lawnmower grid (300 x 150 m) with the
SSS module as primary payload (Figure 13). The resulting (unprocessed) mosaics yield a good image of the
seabed, showing a dominantly flat seafloor with a few U- to V-shaped ribbons that likely reflect the
presence of small sand accumulations like ripples (Figure 13). An expression of subsurface faults on the
seabed (e.g. as lineaments) could not be observed. The second dive, aiming to test the chirp SBP module
on the same location as the first dive, had to be cancelled due to adverse weather during the allocated
tidal window. However, another SBP-dive could be performed further south (Figure 14), on a location with
a similar water depth and substrate (i.e. Kortrijk Formation) as the originally planned location. This dive
consisted of two lawnmower grids in perpendicular directions, in total covering a 300 x 250 m area with



20 and 30 m line spacing for in- and cross-lines respectively. Between the two grids, the AUV came to the
surface to receive a GNSS position fix. The resulting chirp SBP data show no bottom penetration. This can
be most probably attributed to the fact that the sweep frequency (14 to 21 kHz) is too high. Alternative
ways for automated/uncrewed sub-bottom surveying on very dense survey grids (e.g. with line spacings
down to 5 m that are unachievable for a conventional ship like RV Simon Stevin) are therefore being
considered. Integrating the Innomar parametric SBP onto VLIZ' unmanned surface vehicle (USV) Gobelijn
(Maritime Robotics Mariner X) currently seems to be the most viable option; this approach will be further
explored in the coming months.
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Figure 13. Track and (unprocessed) mosaics completed by AUV Barabas during the side scan sonar test dive.
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Figure 14. Map showing the track of AUV Barabas during the chirp test dive.

2.3.6. Survey correlation lines

Long correlation profiles were acquired using the hull-mounted TOPAS parametric sub-bottom profiler
onboard RV Belgica. The completed grid (with a total length of 240 km; Figure 15) has yielded several high-
quality tie lines, which allow to link the observations in the pseudo 3D-blocks to each other and to the
wider stratigraphic framework of the PEZ. The grid was furthermore extended to the NW of the PEZ, in
order to investigate the potential influence of pre-Ypresian structures (related to the so-called
Noordhinder Deformation Zone?) on the formation of the CTFs. For the acquisition, a 2 kHz Ricker pulse,
0.2 s shot interval, 110 ms recording length (with 5 ms delay) and 64 kHz sampling frequency were used.
These settings were based on experience gained during earlier surveys with the TOPAS system in the

southern North Sea and proved to be satisfactory; a representative example is shown in Figure 16.

3 The Noordhinder Deformation Zone is a collection of structural anomalies (folds, faults) in the Meso-/Cenozoic
cover, occurring in a NE-SW oriented, >75 km wide zone north of the Noordhinder sandbank. These features are
hypothesized to be induced by the tectonic reactivation of older structures in the underlying Palaeozoic basement

of the London-Brabant Massif (De Batist, 1989).
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Figure 16. Example of a TOPAS SBP profile acquired in the PEZ with RV Belgica. The vertical scale is in milliseconds

two-way travel time (twtt).



2.3.7. Ad hoc survey site 4 (block D)

The ongoing geological analysis of the data acquired in 2023 (as described in sections 2.3.1 — 2.3.6)
revealed that an additional pseudo-3D block in between Blocks A and C could add significantly to the
interpretation of the origin of CTFs in the PEZ. An additional dense grid (Block D) with a size of 2.5 x 1.5
km and 50 m in- and crossline spacing (Figure 17) was therefore planned and completed in May 2024.
These measurements adopted the same approach, methodology and acquisition settings as outlined for
pseudo-3D blocks A, B and C (Table 3), with the exception that sparker data were only recorded with a
dual-channel streamer. The resulting grid has a total length of 200 km, with all collected data (Innomar
parametric SBP, sparker, MBES) showing a good quality (see representative examples in Figure 18).
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Figure 17. Maps showing the acquired SBP, sparker and MBES grids in pseudo-3D survey block D.
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Figure 18. Representative acoustic/seismic data examples from pseudo-3D block D. (A) Innomar SBP profile. (B)
Sparker profile, as recorded with channel 5 of the SIG multi-channel streamer. The vertical scale is in milliseconds
two-way travel time (twtt).

2.3.8. Ad hoc survey deep seismic lines

The first analyses of the correlation grid sailed with the TOPAS parametric SBP (section 2.3.6)
demonstrated that large-scale structural deformations (faults, folds) in the deposits underlying the
Kortrijk Formation could have an influence on the expression of CTFs in the PEZ. It was therefore deemed
useful to try to collect sparker seismic profiles aimed at maximal penetration, to test whether these
deformations in the pre-Ypresian (Palaeocene, Cretaceous and Palaeozoic?) strata can indeed be
adequately imaged. These tests were performed over a large-scale grid (Figure 19), similar to the one
completed for the TOPAS correlation lines (Figure 15). In total, 160 km of sparker profiles were acquired,
using the GSO360 sparker source tuned to a high output energy (1750 J) and shot rate of 1 s. The data
were recorded with VLIZ' 24-channel streamer, with a recording length of 0.7 s. The resulting data show
a good quality and penetration (see representative example in Figure 20), but further processing will be
needed to elucidate to which extent they capture the targeted deeper geological structures.
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Figure 19. Map showing the seismic lines aimed at deep penetration, acquired with the sparker seismic system during
RV Simon Stevin survey 24-270.
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Figure 20. Representative example of a sparker profile with large recording length (recorded with channel 5 of the
SIG multi-channel streamer), aimed at imaging deeper geological structures in the wider PEZ region. The vertical
scale is in milliseconds two-way travel time (twtt).



3. Processing of seismic and acoustic data

While the overall quality of the incoming geophysical data and accuracy of the linked positioning
information were continuously monitored during acquisition at sea, the major part of the processing was
performed onshore after the surveys. The overall aim of the processing is (i) to ensure that all data are (as
precisely as possible) located in the correct geographical position (this includes navigation processing,
motion corrections, offset corrections, tidal corrections) and (ii) to optimize the signal-to-noise ratio, with
a particular focus on highlighting the expression of CTF’s in the geophysical data.

Since the Clay Tectonics project focuses on the sub-bottom detection and characterization of CTF's, this
section will only describe the processing of the sparker seismic profiling data (section 3.1) and the
parametric sub-bottom profiling data (section 3.2).

3.1. Sparker seismic data
3.1.1. Multi-channel sparker data

Multi-channel sparker seismic data were recorded using a Delph analogue acquisition unit in combination
with Delph acquisition software. This set-up synchronizes the emission of the seismic signal by the sparker
source, the recording of the reflected signal by the hydrophones in the streamer, and the registration of
the ship’s position through the input of a GNSS system. The result is a raw seg-y file (one per profile),
which is further processed using RadExPro software. The used processing workflow is summarized in
Figure 21.

The raw seg-y data is first loaded and converted into the RadExPro internal processing format, after which
shot, receiver and common depth point coordinates (in UTM) are defined based on the ship’s navigation
(recorded in the data headers) and the known layback and geometry of the source and streamer. It should
be noted that a positioning uncertainty of a few meters exists in this procedure, since the source and
streamer lay-out might occasionally deviate from the assumed straight line behind the vessel due to
currents, waves etc. A first pre-processing flow, including top mute, bandpass filter, spherical divergence
correction, F-K filter, burst noise removal and time-frequency domain (TFD) noise attenuation modules,
is run to remove coherent and incoherent noise from the data.

Next, two types of multiple* elimination methods, surface related multiple elimination (SRME) and zero-
offset demultiple, are applied using a temporary (constant) velocity profile. The thus filtered data are then
stacked (i.e. traces that belong to a common depth point are corrected for normal move-out and summed,
which improves the signal-to-noise ratio), based on a more detailed velocity model established using the
‘Interactive Velocity Analysis’ module. A first post-stack processing flow consists of deghosting, an
additional multiple elimination procedure based on predictive deconvolution (using the seafloor pick as
prediction gap), F-X predictive filtering and TFD noise attenuation, in order to further suppress noise and
remaining (short-path) multiple energy in the stacked profile. Kirchhoff (time) migration is then applied
to move reflections to their correct position. Finally, a last post-stack processing flow (with automatic gain
correction and top muting), tidal correction and seg-y output are performed, which results in a processed
seg-y file that is ready for importing in the interpretation software (i.e. Kingdom — S&P Global). A

4 Multiples are unwanted (noise) reflections that originate from travel paths along which the emitted
seismic/acoustic signal incurs more than one reflection. These extra, repeated reflections occur predominantly at
the air-water interface, but can also happen between sediment interfaces in the subsurface (giving rise to so-called
‘interbed multiples’) (Dondurur, 2018).



comparison of a brute stack (i.e. stacked profile without pre-stack filtering, multiple elimination, post-

stack processing and migration) and a fully processed, stacked profile (according to the flow shown in
Figure 21) is shown in Figure 22.

Appendix A provides a more detailed, step-by-step description of the above described processing flow,
including all used RadExPro module settings and parameter values. It is finally noted that, with the
exception of the first (data loading) and last (seg-y output) steps in the flow which can be ran in batch
mode (i.e. for all profiles at once), the processing is executed profile per profile. This approach is required

to ensure that adequate seafloor picking, velocity analysis and quality checks can be performed for each
profile individually.
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Figure 21. Processing diagram for multi-channel sparker seismic data.
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Figure 22. Top: stacked sparker seismic profile without applying pre-stack noise filtering, multiple elimination, post-
stack processing and migration (i.e. the so-called brute stack). Bottom: fully processed, stacked profile, following the
scheme shown in Figure 21. In the fully processed profile, multiples are suppressed and primary reflectors overall
show a better lateral coherence and sharper vertical expression (i.e. better vertical resolution).




3.1.2. Dual-channel sparker data

The acquisition and processing of sparker seismic data using a dual-channel streamer is largely similar to
the procedure described in the above section for the multi-channel streamer. Channel 1 of the used SIG
dual-channel streamer is mainly intended for use in very shallow water depths (< 15 m) and is therefore
not considered here. As such, the recorded data in channel 2 of the streamer can be treated as single-
channel reflection seismic profiles, for which the adopted workflow in the processing software (RadExPro)
is provided in Figure 23. This workflow follows the same scheme as used for the multi-channel sparker
profiles (see Figure 21), with the exception that velocity analysis and stacking are not applicable to single-
channel reflection seismic data. In the processing modules where velocity input is required (multiple
elimination and Kirchhoff time migration), a single velocity model per survey block was assumed, based
on the detailed velocity analysis performed during the multi-channel processing.
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Figure 23. Processing diagram for dual-channel sparker seismic data.



3.2. Parametric sub-bottom profiler data

The adopted workflow for the processing of parametric SBP data is schematically shown in Figure 24.
During the acquisition of Innomar Quattro and TOPAS parametric sub-bottom profiling data, the reflected
acoustic signal and the position/motion of the vessel are simultaneously recorded, respectively using the
SESWIN and TOPAS 3.3 acquisition software. This yields raw data files in .ses3 format (for the Innomar
Quattro SBP) or seg-y (.sgy) format (for the TOPAS SBP). In the former case, a conversion to .raw format
and then .sgy is still needed, along with motion and navigation processing (lat/lon to UTM conversion,
offset corrections using imported heading values, coordinate interpolation) using the ISE software (Figure
24). In the latter case, these steps are directly applied online and thus already accounted for in the raw
seg-y file. Since the position of the sub-bottom profilers relative to the GNSS antennas is fixed and
precisely known, the positioning accuracy of the acquired SBP data is usually less than 1 m and therefore
significantly better than for the sparker data (see section 3.1.1).

In the next phase, the seg-y files (both Innomar Quattro and TOPAS) are further processed using the
RadExPro software (Figure 24). All lines are processed collectively using the 'Batch Mode' function, which
saves time by avoiding the need to process each line individually. The first three steps are applied to
prepare the data for the main processing: firstly, the data is converted from seg-y to the RadExPro inner
processing format using the 'SEG-Y Input' and 'Trace Output' modules; then, a navigation quality check is
performed to verify and correct potential remaining navigation outliers; thirdly, tidal heights (derived
from tidal stations or GNSS measurements in case a stable RTK correction was available during acquisition)
are matched and imported to the data headers using the time stamp. In the next step, high-amplitude
noise spikes/bursts are attenuated using the ‘Burst Noise Removal’ module. Subsequently, 2D spatial
filtering is applied to remove additional noise and improve the reflection coherency, whereas the module
‘Amplitude Correction’ is used to correct for spherical divergence. The effects of the burst noise removal,
2D spatial filtering and amplitude correction steps are demonstrated in Figure 25. In the tide correction
step, the imported tidal height is subtracted from the data in order to reference all profiles to the same
level (LAT). Finally, the thus processed datasets are exported as seg-y files using the ‘SEG-Y Output’
module, so they can be imported in any interpretation software.

A more detailed, step-by-step overview of the applied parametric SBP processing, including the used
module settings and parameter values, is provided in Appendix B.
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Figure 24. Parametric SBP processing diagram.
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Figure 25. Example of the processing of an Innomar parametric SBP section in RadExPro, demonstrating the effect of

the different processing modules: (a) raw SBP profile; (b) SBP section after applying burst noise removal; (c) SBP
section after applying burst noise removal + amplitude correction; (d) SBP section after applying burst noise removal

+ 2D spatial filtering + amplitude correction.



4. Conclusions

The current deliverable outlines the tailormade geophysical data acquisition and processing strategy for
the detection and characterisation of clay tectonic deformations in the Princess Elisabeth Zone.

A survey plan was elaborated based on the instrumentation available within the consortium and the
granted ship time. Aided by favourable weather conditions, the surveys could be performed according to
plan, resulting in > 1,300 km of good-quality 2D seismic/acoustic profiles. These data are clustered in four
carefully selected dense grids aimed at generating pseudo-3D reconstructions, and two large-scale grids
(spanning the entire PEZ) intended to facilitate correlations between the pseudo-3D blocks and
extrapolations to the wider regional stratigraphic and structural framework. Furthermore, a first pilot
study with sub-bottom profiling and side scan sonar modules mounted on an AUV was completed.

Post-survey data processing workflows were developed and tailored to the specific characteristics of the
obtained SBP and sparker acoustic/seismic data, and have proven to be highly effective in optimizing the
visualisation of subsurface CTFs in the PEZ.

The result of the work described in this deliverable is an extensive geophysical dataset that can be
considered largely sufficient (both in terms of quantity and quality) for pursuing the aims regarding the
characterization and geological interpretation/analysis of CTFs in the PEZ (tackled in work package 2 of
the Clay Tectonics project) and, following from that, the overall research questions addressed in the Clay
Tectonics project.
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Appendix A. Detailed workflow for the processing of multi-channel sparker reflection seismic data



1 - DATA LOAD & HEADER DEFINITIONS

Firstly, raw SEG-Y format data needs to be imported and converted into the RadExPro internal format for
processing.

SEG-Y Input <- BI0500.5EG
Trace Qutput -> raw

SEG-Y Input module is used for seg-y data reading:
1 - File > Choose the raw SEGY file
2 — When you choose the raw data file, the fields are automatically filled in as below (note: VLIZ
Sparker data has a ‘Sample interval’ of 0.125 and ‘Trace length’ (number of samples per trace) of
2000, so the record length = 0.125 x 2000 = 250 ms).

SEG-Y Input X
Fil Sample format
- ampiE forma Sample interval |0.125
raw_segy_data\BI0500.5EG ‘ [ Take format from file
B | |~ g ope | Numberof traces | 56380
_____ - ¥ IBM Floating Paint Trace length | 2000
[ Take byte order from file Tezieas
(¥ Big-endian byte order (SEG-Y standard) [ weighting

factor
™ Litte-endian byte order

Sorted by FFID:OFFSET

* Getal © Selection

(" 3D Survey f* 2D Survey Profile ID 1

[ Remap header values
RECNO,41,,181/ SOURCE,41,,185/ ILINE_MNO,41,, 185/ XLINE

%, &

File... | Mask... | Delete | Load list... |Savelist...|

[ Frombatchlist [ Use numeric sort [ Save EBCDIC headers to folder: | J

OK | Cancel |

Trace Output converts SEG-Y raw data into RadExPro internal format.

Trace Output *

B single output

Path: Morth Sea\BI0S00Yaw Dataset... |  Location...
o Overwrite
Mode:
(_) Append
[C] From batch list  Batch output settings...




Before continuing, some headers are also (re)defined for clarity and further use in the processing
workflow:

* Other/new headers to (re)define:
Note: Before inserting a new header to database header, all data display windows should be closed!

Go to Database > Header Fields List > Edit

Edit headers fields... window click Add (Ins)

G fuetiedro 2234 55> Avwa A
Databisse Optiern  Took  Windows  Help
e
$aid.. | % Prscuming flwms »» Aren A / AN000/ 01 tata
Treanetry wpiraihihieet s i} =s,~
Geometry speeadihest (DL
Dtaret Mstory
OIF exgon
Pownster ity b . ES }
Eer CineFe Expon J Dupvay
LRI
e
Edit heades fields,, X
EEES
Add (ina) | Type Description
AAXFILT | Real Alas filter frequency
AAXSLOP Real Alkas filter slope
AQFFSET Real Absolute value of OFFSET
BATCH_IND nt32 Dataset/file index in the batch
D INEL Dl Fllenn b P

Give a name, type, and description (not mandatory).

Name: SFLR_PICK
Type: Real

Description: Seafloor Picking in shot domain|

o | Cance




Table A1. Outline of headers added into the RadExPro project manager.

HEADER NAME TYPE DESCRIBTION
SFLR_PICK Real
RMS_SIG Real
RMS_WATER Real
RMS_DEEP Real
RMS_SFLR_ABOVE Real
PICK3 Real
PICK4 Real
WB_TIME Real
MODEL Int32
SRME_GEOM Real
MULT W1 Real
MULT_W2 Real
MULT_W3 Real
MULT_W4 Real




2 -RAW DATA QC

As a first quality check, raw data is quickly displayed in CHANNEL:FFID order. Channel 1 and 15 can be
chosen to verify the correct functioning of the first and second part of the streamer connection.

Trace Input <- raw

Screen Display

Data Sets [~ Sort Felds

&) | o ] [
2 [§] | (R
Add dataset... | Delete |
 Dotasets masks add.. | Deer |
& Seucton
1L15:* -
acdmesh... | : | o R I

™ Loadhesdersanly [~ From basch st -

* | cocn | fe

‘Data sets’; Input data which you want to show.

‘Sort Fields’; Sort data according to header information. First FFID, second CHAN: this means sorting data
up to FFID first and then sort the channels under each FFID. We use CHAN:FFID order.

‘Selection’; 1,15:* (channel 1 with all shots and channel 15 with all shots)

Result

Figure A.01. 15. channel display from line BX2500



3 — MARINE GEOMETRY INPUT AND COORDINATE TRANSFORMATION
3.1 First option (without Python script)
3.1.1 Header Output

The ship track coordinates are used for calculation of CDP locations according to the source and streamer
offsets to the GNSS antenna. Recorded GNSS coordinates value are in decimal seconds, and a conversion
to UTM (metric system) is done for use in Kingdom or other interpretation software. The SOU_X
(longitude) and SOU_Y (latitude) headers contain the vessel track location by default.

SOU_X and SOU_Y headers are exported with their corresponding FFID headers using the below flow. In
the Trace input module, ‘Selection’: all shots in the first channel are enough to export all navigation data.
Add Headers to ‘Export Fields’, choose ‘Export all traces’ and select the save location.

Trace Input <- raw
Header Output -> BI1800_nav.ixt

Teace Input 'Y
Dota Sets Sort Relcs
I t‘ = ‘ t Fumber of Ensentie Feds
[ |
[ | g Mate: Eraenities wd be defned
’ ‘ bry s number of sort fieids
Add datamet Delere
Datasets masks Add Oelete
(v Sgecton
e & |
Acd mask I . L - -
: Select from fie 1 [
W Load headers only From batch kst Y
e Database chgect H
T ok | cwae | B
P s : File  Edit  View
Export Felds Selection Fedde
d | _m | FFID  SOUX  SOUY
o Osiee | | 1 9115. 89400 185788.70400
2 9115.06360 185788. 64900
‘ 3 9115.06800 185788.64900
4 9115.03960 185788.59700
' 5 9115.03960 185788.59700
6 9115.06760 185788.54500
" Selscson 7 9115.06760 185788.54500
8 9114.97560 185788.49300
9 9114.97560 185788.49300
10 9114.94260 185788.44300
11 9114.94260 185788.44300
- 12 9114. 90600 185788.39200
DR b 13 9114. 90660 185788.39200
14 9114.87060 185788. 34000
Cio [ gy ARt VI IR50_rare, Bt 15 9114.87060 185788. 34000
il o 16 9114.83500 185788.28900
Fmaet | 17 9114.83560 185788.28900
o | ced | 18 9114.79960 185788.23900
19 9114.79960 185788.23900




3.1.2 Marine Geometry Input

Using the GNSS antenna locations and offset values of source and streamer, CDP points are calculated and
transferred to the CDP_X and CDP_Y headers automatically. We use the Marine Geometry Input*
(standalone) module. Select ‘Show ship navigation file layout...” to customize columns and select the

coordinate system.

Marine Geometry Input* -> raw

Ship navigation ] Source/streamer geometry

[~ Flow mode

Dataset

North Sea\BI1800\vaw J

[~ From batch list

Coordinates source [¥ Coordinate smooth
" “Dummy” coordinates 5 Window length (points) [15
{* Take ship coordinates from text file Show ship navigation file layout.... |

Rejection percent ’3[':'—

(" Take coordinates from headers SOU_X J |SC"_|_'1' J

Selected file: raw_seqgy_data“BI1800_naw txt
Select matching
11/ 6/2023

" Time match
310

-
¢ Header field match Select header |FFID -
CE—

¥ Shot report

oK | Cancel |

e ‘File name’ shows the exported ship coordinate file (see previous step). This file has coordinates
in decimal seconds, so the columns need to be defined accordingly.

e Change the ‘Matching field’ column value to 1 (FFID), ‘Ship GPS[LAT-Sec]’: 3 (SOU_X), ‘Ship
GPS[LON-Sec]’: 2 (SOU_Y). Column value = -1 means that this field is not used in the data import.

e ‘Lines’ from 2 to 0 means start from row 2 to all.

e ‘Coordinate system’ is lat/long - UTM zone 31



W Edn mavigation yout x

Coume trws Coordnate sywsen
DCefration of FHeid ok 5
Hakcre; Seq 1 * Delewted Fom |2 Lo st
o] i e " - T Zoow rursber [ 31

X 4  Fxed mith s |
S GPS LAT - Seq) 3 U™ UMY
NEY 1
S GPS LON -Degree] -4 Motes
50 GPS [LON -Min] -1
50 GP5 [LON - Sec) ; The v of sreched off fekd vl be padderd by 2ern,
B 4 ik svvtch oY
Set cobemn I

{1 1) Selacton: -

F1D SOU_X S0U_¥
1 9115.00400 1R5788.70400 |
2 9115.06800 18578864909
3 9115.06800 18578864900
n 911503980 18578859709

9115. 03900 18578859700
0115, 08700 18578854509
7 9115.00700 18578854500
911497500 185780 .h9309
U114.97580 18578809309
10 9115.94200 18578844300

11 911R.04200 185768 An300

12 911590600 185788 .39200

Mlerome: | v, sy St LES00 e tit

‘Source/streamer geometry’ (as measured on the ship during acquisition) is defined in the second tab:

Marine geometry input parameters X

Ship navigation Source/streamer geometry |

<
2
4 STREAMER
o
o 1 24
b
Positive vy
2
=
Y
o SOURCE
=
=V
— Streamer shape — Receiver geometry — Source geometry
€ Straight line Frst receiverd ) [34 Source dx (m) |27
i 75.1
& Follow ship track First receiver dy (m) Source dy (m) [63.6
Number of receivers |24
— Heading calculation 5 Constant distance Izi —CDP Binning
between receivers (m)
Choose base I'|5 Bin size {m) I1
" Variable distances (m) |1-4:5:4-7:G.D;

oK I Cancel




3.2 Second option (with Python Script)
3.2.1 Install Python and libraries.

First you need to install the last version of Python on to the suggested default location on your computer.
Be sure to add a path global variable in the installation window. Check the Add Python to Path box.

Install Python 3.10.0 (64-bit)

After Installation, open cmd as administrator, type the path of the installation folder and click ‘Enter’ like
below and install some packets with pip command.

thon\Python3 cripts> pip install pyproj

e pip install pyproj
e pip install numpy
e pip install matplotlib
e pip install mplcursors

3.2.2 Python Proxy

To convert coordinates from decimal seconds to UTM, raw data should be selected as input sorted as
FFID:CHAN (*:*), then put or write the python script as written below in Python Proxy module and add
output again as raw data. If you wish, you can change the output name.

Trace Input <- raw
Python Proxy
Trace Output -> raw




Note that If you work another UTM Zone, in the python script under the DEFINE ZONE +zone=31 and
+north must be changed up to project your project area.

Byehen Presy X

© Python st st @ rocess o heacers | Modfy headers only
# gested by haan santas, homes mestdagh & WLIZ

port matploty

matpoth. uee (TkAgY)

port matthatid Dyl as ot

from proros moort Froj

def exec , h G ¥
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20u_jat = headers[1,s0u_y nd) /3600
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The seismic line starting point is shown with a red dot, the blue line represents the converted seismic line
(ship’s GNSS) in UTM format.

%, Figure 1 = a X

® Start

53717500 ~

5717000 ~

5716500 A

5716000 A

5715500

T T T T T T T T
465600 465800 466000 466200 466400 466600 466800 467000

$+ Q= x=465835. y=6T17705.




3.2.3 Marine Geometry Input

Select ‘Take Coordinates from Headers...” and choose SOU_X and SOU_Y for X and Y header selection,
respectively. In ‘Source/streamer geometry’ tab are filled in as shown in the first option. Then execute

Marine Geometry Input*.

Marine Geometry Input* -> raw

Manne geometry put parameterns
™ Fow mode
Dataset
[Horth Sea 811300 raw |

™ From batch st
Coordrates sousce W Coordrate smooth

7 *Dummy” coudnates f Windew g porea) |15

1 Tahe #3 coodristen bom fent fie J |
Regection percent |30

& Take coominates b haades X [SOU_X ~] v[souy -

Selected Se aaw_seqy_data\B11000 _raw ta
Select matchng PR
)

f

-

& Hender feid match Select header |FFD -

Shot Port Dvection 153
o1 rcremantal, -1 decremental

ok | Cance




4 - SHOT DOMAIN SEAFLOOR PICKING
4.1 First option: automatic picking in common-channel gathers

Seafloor picking is of great importance to remove direct waves and other water column noise from data
in the beginning of processing. This improves the functioning of the next modules applied in the flow that
focus on the elimination of noise in the sub-bottom part of the seismic profile.

Trace Input <- raw
Bandpass Filtering
Amplitude Correction
NMO/NMI

2D Spatial Filtering
Trace Header Math

First Breaks Picking
Header Averager

Trace Header Math
Trace Header NMO/NMI

Header <-> Dataset Transfer -> raw

Trace Input data should be ordered as CHAN:FFID (select all) as it is easier to pick the reflection along
continuous common-channel gather.

Trece Ingat b
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= ‘ T Iavten 1 Crmmecie T e
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Bandpass filtering and Amplitude Correction modules remove unwanted very low and very high
frequencies and allow trace equalization in the seismic data to boost sea floor reflections, respectively.

S Banddpass Fillwing x I8 Ampiitude Conection X
Fiter type Ormsby bondpass filter 9
¥ Fter porameters a
Low-cul ramp: 0%, [He]  100.0 a
Low-cut ramp: 100%, [H2] 1500 a o
High-cut ramg: 100%, [Hz] 25080 9]
High-cut ramp: 0%, [Hz) 5000 v B Trace equalzation
Tapering, (%] o n ’ Bass for scahing MEAN
Numiber of Dweads @ a Time gats start tame, [ms) 50.0
Time gate end tene, [ms] =0

= 12 oK Gncal ) oK Cance




NMO/NMI introduces the normal moveout correction, ‘Single velocity function’ is set to 0-250:1.55 (time
(ms): velocity (m/ms)) for all traces

wvw e | Lzad teplee . arcw

2D Spatial Filtering smooths the data slightly along the trace axis (with a 3-point filter). The 2-D Mean
algorithm averages the samples within the bounds of the filter application window:

‘Number of traces’; number of traces to be used as the width of the operator of the two-dimensional
spatial filter. This value must be an odd integer.

‘Number of samples’: number of samples to be used as height of the operator of the two-dimensional
spatial filter. This value must be an odd integer.

‘Filter mode’; Normal - allows replacing of the initial value in the center of the two-dimensional filter
operator by the calculated value.

G 2D Spatial Filtering X

v Filter type

Type 2-D Mean
Weights type Box Car
v Filter size
Nurfher of traces 1
Number of samples 3 E
Filter mode Hormal

o

Cance

It is needed to give a starting depth for the calculation of the seafloor reflection, so PICK1 header is
assigned as 40 ms in our data via the Trace Header Math module (this can be changed according to the
data contents).

Trace Header Math

PICK1 = 40|




The First Breaks Picking module picks the first amplitude specified by the ‘Threshold’ in the 60 ms window
starting from PICK1 (which was previously set to 40 ms in Trace Header Math) and saves the
corresponding time to the SFLR_PICK header.

03 F et v Pickeng
v Dutput handers Q
8 Fost Beest Time, [ma] SR KX a
Hortzon, [ms) 1 a
ndow length, [mal 000 9]
Con tion method Threshold |
¥  Threshold method parameters Q
Treeshodd 10 9]
Trace event type Threshold a

G T

The Header Averager module averages SFLR_PICK header values in traces that appear in the flow.
Averaging is performed in a sliding window of the given length. As a result of the module operation the
raw header values are rewritten.

I3 Header Averager X
Trace hoader name SFLR_PICX (9]
Window length, [traces] 7 (9]

Honor ensemble boundaries  No (0)

Type Alpha Trimmed 9]
Alpha, (%6 35.0 9]
Mode Normal

0K Cancel

Next, the Trace Header Math module shifts the SFLR_PICK slightly to the top (to make sure it is located at
the start of the wavelet).

Trace Header Math

rﬂa PICK = SFLR_PICK-0.25




The Trace Header NMO/NMI introduces inverse moveout correction to the SFLR_PICK header with the
same water velocity which was used previously. This finalizes the picking.
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The SFLR_PICK header containing the picked travel times is then saved to the raw dataset with the Header
<-> Dataset Transfer module using the headers CHAN and FFID for matching.

Header <->Dataset Transfor X
Header transfer direction  FROM header TO dataset 2
Dotaset North Ses\BX2400\raw
Match by felds CHAN, FFID M.
Assign felds SFLR_PIX | H ..

E [ oKk | cancel

Result

a5

Figure A.02. Quality check of the automated seafloor picking workflow in the shot gathers (note that the
automated picking is performed on common-channel gathers, as described above).



4.2 Second option: manual seafloor picking

Trace Input <- raw
Screen Display

First, the input raw data (ordered as FFID:CHAN for every 20 shots with all channels; 1-9999(20) : *) are
displayed through screen display.

FFID 1 21 a1 61 81 101 121 141 161 181 201 2|

0

Then go to ‘Tools’ in the main tool bar; select Pick > New Pick
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Pick above the seafloor like shown below:
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Go to, Tools > Pick > Project
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With this procedure, the program propagates picks to all shot gather. You must check picks which may
cross the seafloor. In this case, press left shift + right mouse on the seafloor picks to raise all of them at
once, till you are sure that none of the picks cross the seafloor directly. An example is given below.
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Figure A.03. Before shifting the picks, which cross the seafloor (top) and after shifting the picks up
(bottom).

To save; follow Tools > Pick > Save pick as. Enter an object name and choose pick headers as FFID:CHAN,
like shown in the below ‘Save pick to’ window.
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Then arrange the input selection for all shots and all channels (*:*) in the Trace Input module and display
again.

Thacw gt x
Data Se Sart Pk
[ P e of rwestte et
P it T
Ase damset | e |
- 1 Seloctem
L =
st | | -
Sedact e e [
™ Losd bemders mrly |7 From batct it L _—'
I™ sewary resert m‘.m:_ - Dalubage shjecs ”
& ]| o | Cond




Go to Tools > Picks > Load picks w/interpolation and choose the saved picks (named ‘seafloor’).
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All picks will be propagated to all shots.
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Go to Tools > Picks > Save to header(dataset)
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‘Header Field’; select the desired Header to save the picks in (SFLR_PICK), ‘Reflect changes in’; select the
dataset you want to save this header to (raw data), ‘Pick Headers’; select FFID:CHAN order.

Save to header X

Header field BFLR PICK -

Reflect changes in... I

4.2.1 QC of seafloor picking
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sxaTrrre Inm "
frace input raw
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Screen Display

L

Sort the data as FFID:CHAN, select the FFID:CHAN as 1-9999(5):* and display with the ‘Plot headers..” .
Select the parameters as shown below for the SFLR_PICK header view.
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5 — DATA PREPROCESSING AND CDP SORTING

5.1 Data preprocessing

Note: It's important to test the data to see how we can optimize the variables in each module. Then we
can compare the results. Compare the results. It is advised to perform these tests on a selection of shots
before applying the flow to all shots.

Trace Input for FFID:CHAN and *:* (all) selection

v gt X
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—— ‘ L . Pasmter of Fraebe Tecs
Nctw: Crusvates vl be defre
3y Tis number of mart Sk
A dovanet Celetx
Datases rees e (==
- 3
AT vt
— e
Laad haadery wrdy Prom b fut
~ wiabese !
Mery rest e soe T
-
o Carcwl

Trace header math is used for defining the top mute boundary to remove unwanted direct waves and
interferences in the water column, so that other modules can work more effectively on the data. The
header WB_TIME is therefore defined as a 3 ms upward shift of the SFLR_PICK (to prevent any data loss
from the seafloor).

Trace Editing module uses the WB_TIME header as the boundary for top muting.

Trace Header Math

WB_TIME = SFLR_PICK-3




B3 Trace Editing

Processing mode
v Muting parameters

Muting

Horizon

(7))

Muting

Top muting

Taper window length, {ms] 0.0

© wsTME

OK Gancel

Bandpass Filtering is applied using the ‘Ormsby type’ filter which is described by four frequency points on
the frequency-amplitude spectrum. Our sparker source has a range between 0 to 4000 Hz. However, the
0-100 Hz range includes swell noises and very low frequency noise which should be disregarded from the
emitted source spectrum. As such, a low cut frequency of 100 Hz, low cut ramp frequency of 150 Hz, high
cut ramp frequency of 2500 Hz and high cut frequency of 3500 Hz are applied. A tapering value of 10
percent is used (note that the tapering value should be tested for example for values of 10, 30, 60, 90).

3 Bt Fllerng
Fitar type Ormsby bandpass fitar
¥  Fiter parameiers

Low-cut ramp: 9%, [M2] 100.0

Lowcut ramp: 100%, [Hz] 1500

gt out ramp! 100%, (M) 2500.0
Hagh-cut rempn 0%, [k} 1500.0
Tapenng, [%] © »

Number of threads ®

Cancel
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Spherical divergence correction applies a time-variant gain function to the traces. Every sample of each
trace is multiplied by the gain function, which compensates for the amplitude decay due to wavefront
spherical divergence. The gain function is defined by two parameters: the ‘velocity function’, set to O-
250:1.55 (timel-time2: velocity) and the ‘normalization’ (constant time).
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Velooty
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F-K Filter eliminates coherent linear noise and aliasing reflected energy. The signal is transformed from
the time-distance (t-x) domain to the frequency-wavenumber (F-k) domain by applying a mathematical
transformation to the traces, and then converting the results back to the (t-x) domain.

Firstly, The F-K window should be defined in the shot domain. Trace Input is adjusted for every 20 shots
with all channels, with all above mentioned modules applied for the screen display. Select the F-K window
analysis button and draw a rectangle including all channels of a shot until the end of the record time (red
rectangle); then the pop-up F-K filter window appears.

PREPROC

Trace Input <- raw

Trace Header Math

Trace Editing <- [WB_TIME]

Bandpass Filtering

Spherical Divergence Correction < 0-25(:1,55

Screen Display
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F-K analysis window parameters are defined as follows:

‘First and second header’; OFFSET — ‘Manual DX’; group interval value (2 m).

If you want to pass the data inside the drawing polygon, the ‘Filter mode’ should be ‘Pass’.

Gain sliders can be used to increase/decrease the color intensity in the TX and FK view, respectively.
Freview | Undo |

—Filter mode

" Reject (% Pass

—Gain
FK

—Distance between
traces

First header

IOFFSI:—I' vI

Second header

IOFFSEF -I
¥ Manual DX |2

To draw a polygon, click the i button and mark the corners with the left mouse; if you want to change
the point location, drag and drop point with the right mouse button; to delete a point, double click on the
point with the right mouse button. To delete polygon completely, click the i button.
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To see the FK filtering result on the data, click Preview; to get back click Undo. If you draw a new polygon
or change the polygon edges and you want to view the new results, it is needed to first click Undo to re-
display the raw data view first.

I
]

e

Different polygons can be drawn on the same data. After the first polygon, go to Pick > New Polygon. If
you want to adjust one of the polygons, you need to activate it from Pick > Activate polygon.
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The button is used to translate a slope in the t-x domain to a slope in the F-K domain.

o T AR T B

Then save the adequate polygons to use in the F-K filter module, by going to Pick > Save all polygons >
choose save location and enter a name.

7 K andpay (5048 M)
Pk Paametens
Now golyen
Active polygen
Lo>d poiypore

Save polygons.. X

v I North Sea
~ L BIODDO
3 010 data load
Prefix: F&_Fitar]

The F-K filter module is then added to the main flow. Choose the saved polygon under Polygons; the
‘distance between traces’ and ‘operation mode’ must be the same as used in the F-K analysis window.

Other parameters should be tested as a function of the data. A Taper window width of 20 % gives a good
result.
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Figure A.05. Shot gathers without FK filter (left side) and with FK filter (right side). After removing aliasing
from the data, noise-like reflections can appear on the seafloor, but these do not affect the sub-bottom
data. Overall, after the F-K filter, the data has a cleaner view.



Burst Noise Removal is designed for the removal of high-amplitude noise bursts from the seismic traces.
‘Window size for average value calculation (traces)’; number of traces in the sliding window used for
average calculation.

‘Rejection percentage (%)’; This percentage of the highest and lowest amplitudes will be rejected; the
remaining will be averaged.

‘Do not change amplitudes lower than (%) of the average’; When the average over the window is below
this threshold, this sample is skipped and remains unchanged.

‘Modify values when exceed average in more than N times’; When the absolute amplitude of the sample
at the middle trace is N-times higher than the average for this sample over the windows, it is substituted
by the average.

Burst Nolse Removal X

Wirndow size for average value caladaton (races) |ll
Regection percentage (%) |5°
Do not change ampltudes lower than (3] of the average |9

Modify vahues when exceed average n more than N mes | 1

[ox | _coa |

1081 1081

Figure A.06. Shot gathers without Burst Noise Removal (left side) and with Burst Noise Removal (right
side).



TFD Noise Attenuation is designed for attenuation of noise localized in the frequency domain and in the
time domain as well. It allows to remove local narrow frequency band noises without affecting the
spectrum of the remaining record.

TFD Noise Attenuation X
¥ Time domain options
Procassing tima interval, [ms] 70.0 — 2500

Time window width, [ms] 10.0
Tapering, [%] 15.0 a

tse Gauss taper No (0) 9]

¥ Frequency domain options
Processing frequency interval, [Hz] 1200  — 35000
Aperture, [traces] 10 a
Threshold 2s

Use muting o (0) a
Divide by ensembles No (0) 9]
Farallelize by Time windows a
Number of threads 9 1 9]

n ok | Cancel
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Figure A.07. Data without TFD Noise Attenuation (left side) and with TFD Noise Attenuation (right side) in
single channel view. Scatter noise is reduced significantly.



5.2 CDP sorting

Sort data in CDP: OFFSET order in the Trace Input module, so the data can be processed in the CDP domain

in the next processing steps. The input dataset is the preprocessed dataset as described in the above
section. Trace Output is named 2-sort.

JRT
Trace Input <- 1-preproc
Trace Output -> 2-sort
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6 — CDP DOMAIN SEAFLOOR PICKING

For the next steps (such as SRME, predictive deconvolution) it is required to have a precise seafloor pick
in the CDP domain.

NMO introduces a constant normal velocity moveout correction (idem as in the shot domain seafloor
picking), then the Ensemble Stack module stacks all traces within each ensemble of the flow into one
trace.

Trace Input <- 2-sort
NMO/NMI

Ensemble Stack

Trace Editing <- [manual]
Irace Header Math

First Breaks Picking
Header Averager
Amplitude Correction
Trace Header Math

Trace Editing <- [MARKER]
First Breaks Picking
Header Averager

Screen Display

Header <-> Dataset Transfer -> 2-sort

D Ensamble Stack X
Stack mode Maan (9]
Treat zero as the result of muting  Yes{1) &
Number of thraads Q 0

If the seabed is almost flat, Trace Editing can be used with the Specify Text option in the ‘Horizon’ field,
to remove direct waves and some unwanted water column noise. Trace Header Math assigns the value
of the PICK1 header to 40 ms (this value should be close to, but shallower than the shallowest seafloor
depth in the data).

3 Trace idting X
Frocessng mede Mting &

¥ MENG patameles
Muting Top muting (9
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Trace Header Math
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Hoader Avorager X

Trace header name MARKER

Window length, [traces) s

wonor ensemble boundanes  Wo'(0) ]

Type Running Average (9]

Mode Hormal a

Ok | Cancal

With the above flow, a temporary/preparatory seafloor pick is stored in the header MARKER. After this,
First Breaks Picking is applied again, using the MARKER header as a lead. Amplitude correction is also
applied to add gain to the bottom reflections.

v @ Automatc gain control
Operator length, [ms] 50,0
Type of AGC scalar MEAN 9
Basts for scalar applcation CENTERED (2

MARKER header should be shifted up a bit to avoid cutting off the seafloor.

MARKER = [MARKER]-3
I3 frace Editing X
Processing mode Mutey) (D)
¥ Muting parameters
Muting Top muting (9]
Taper vandow length, [ms] 100
Horuzon © MARKER (H) )




Fill in the First Breaks Picking module parameters as shown below. Note that the ‘threshold’ value may
need to be changed in function of the seismic amplitude in the data. The Header Averager module is
inserted to eliminate remaining outliers in the seafloor picking. ‘Window length’ and ‘Alpha’ parameters
are experimental values based on the data. The Header Dataset Transfer module writes the resulting
FBPICK values (assign field) to the dataset using the CDP number as matching fields.
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¥ Output headers a
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Trace header namae FBPICK
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Type Alpha Trimmed
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Figure A.08. The result of automatic CDP picking. Pink horizon is MARKER header which shifted up 3 ms to
calculate FBPICK, yellow horizon is FBPICK header which is true picking.



7 — SRME (SURFACE RELATED MULTIPLE ELIMINATION)

Trace Input <- 2-sort

Trace Header Math

Irace Lditing <- [FRPICK]

'D SRME Interpolation
NMO/NMI

20D SRME Prediction

2D SRME Geometry Return
NMO/NMI

Irace Header Math

Trace Output -> 3-SRME-model

Before starting SRME flow, make sure the SRME_GEOM: Real (type) header has been added into the
header database (see chapter 1). The data must be sorted as CDP: OFFSET.
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Note: SRME will not produce a correct output model if the data has direct arrivals! Therefore, direct
waves must be muted from data at once. FBPICK is shifted 5 ms upward, then Trace editing module is
applied to mute.

Irace Header Math

) uPICK - [ eg-s
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2D SRME Interpolation is used for the interpolation of data onto a regular grid; parameters are filled in
as shown below. The ‘Bin size’ and ‘source and receiver step’ are the CDP interval length (1 m). ‘Max.
output offset(m)’” and ‘Symmetric part length(m)’ are the maximal offset number (for our data: 59 m).

’; )0 SEME Imerpolaton
apwt gathers
fd e rmader
Ensentie header: CI¥
Snsrein) 1
Reference dataset
P S 2S00 et

Raferers header!  SIMNE_CEOM

Ouput gathers

Source and teceiver step (m) ¢

After interpolation, it is needed to apply kinematic corrections to the interpolated traces. In the
NMO/NMI module, choose ‘Partial NMO’, then select ‘Header with desired non-zero offset’ parameter as
N_OFF (this is the original offset, regular offsets are stored in the OFFSET header). ‘Single velocity function’

is filled with 0:1.55 under ‘velocity’ tab.

e

2D SRME Prediction module predicts the multiple wave field based on a regular observation grid. It is
recommended to set a value smaller than or equal to the Symmetric part length parameter in the
prediction module. ‘Apply shaping filter’ is used to restore the original pulse waveform. If ‘Skip virtual
traces’ is selected, the module will output only those traces that are required for restoration of the original

data.
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The predicted multiple wave field must be reverted to the original dataset geometry with 2D SRME
Geometry Return by selecting the same dataset and reference header. Then the second NMO/NMI
module turns real offsets back using the same configuration as shown in the first NMO/NMI module.

20 SRME Guometty Restiirn

Retererce datmet: i Saa BXIS0 G st

Reference header: [GvE CEOM 5 i bakhiie

* 79 ol header

Sefect headers 0 M (S_LINE, FFID, OHAN, CDF, OFFSET are fled by default)

e e

The header MODEL (int32) is used in the Wave Field Subtraction module (see next steps) to get rid of the
multiples calculated by the SRME and Zero Offset Demultiple flows. The MODULE header is added to the

data set before the SRME output. The value of MODEL is set to 1 in the Trace Header Math module. Finally
Trace Output module is used to output the SRME model.

Trace Header Math

}n YOFL = 1
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Figure A.09. CDP collection (left) and SRME output (right). SRME is the output of modeling multiples.
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8 — ZERO OFFSET DEMULTIPLE

Zero-Offset demultiple module is designed for the suppression of multiples in data acquired at (near-
)zero offsets. The algorithm is based on adaptive subtraction of a model of multiples derived from the

original wave field.

The data is sorted as CDP:OFFSET.

frace Input <
NMO/NMI

Zero-Offset DeMultiple
Trace Math
NMO/NMI
[Trace Header Math

[Trace Qutput -> 3-ZOD-model
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The Zero-Offset DeMultiple model is obtained from the data itself by a static shift of the original traces.
This static shift is equal to the arrival time of the seafloor reflection (FBPICK). The model can then be
adaptively subtracted directly inside the Zero-Offset DeMultiple module or can exported to a dataset for
applying the adaptive subtraction later using the Wave Field Subtraction module. Here, the latter option
is used, by selecting the ‘Don’t subtract, output model’ option (this option outputs the shifted traces into

the flow without subtraction).
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Next, the traces are multiplied by -1 using Trace Math to account for the negative sign of the sea surface
reflection coefficient. The previously applied NMO/NMI is also reversed NMO selecting ‘NMI’ option.
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Finally, Trace Header Math is used to assign a MODEL number to this model. This number is later used in
the wavefield subtraction for sorting input data. The model is saved to the dataset 3-ZOD-model.

Irace Header Math

IM'Z

Result

Bv’ e W W i

Figure A.10. Input CDP gathers (top) and the corresponding model of predicted multiples by the Zero
Offset Demultiple module (bottom)



9 — WAVE FIELD SUBTRACTION

Wave field subtraction (or adaptive subtraction) is a technique used in signal processing and data analysis
to remove unwanted components (such as noise or interference) from a primary signal, using an adaptive
algorithm. This method can effectively separate unwanted elements, even in a continuously changing
environment or signal.

Trace Input <- [multiple]

Trace Header Math

Wave Field Subtraction

Trace Output -> 4-SRME+ZOD-out

Datasets for Trace Input are 2-Sort (i.e. the primary wavefield), 3-SRME-model (i.e. the multiple model
generated by SRME) and 3-ZOD-model (i.e. the multiple model generated by zero-offset demultiple). ‘Sort
Fields’ is using the CHAN:FFID:MODEL order. The ‘selection’ is *:*:* (all). It is not compulsory to input the
SRME and ZOD models together (so using either only SRME or ZOD outputs to eliminate multiples).
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The following Trace Header Math module sets the headers used in the windows for multiple subtraction.
MULT_W1, MULT_W2, MULT_W3, MULT_W24 should be added to the header list as Real format before
applying the flow (see chapter 1). MULT_W1 represents the first seafloor multiple horizon. MULT_W2 and
MULT_WS3 are downward shifted copies of MULT_W1. MULT_W4 is the second seafloor multiple. All
MULTI_W#* headers and multiple locations are shown in the below figure.

MIAT_WI = FaPiCK™2
MULT W2 =MUWT Wi*L.17
MULY W3 e MULT WI*L39

MULT W4 = FIIPICK®*3
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Figure A.11. MULTI_W?* horizons and multiples.

Wave Field Subtraction: ‘Number of models’ = 2 (in case of using only the SRME or ZOD model for input,
this number should be 1). Four boundaries for processing windows are entered which were defined above
with Trace Header Math. ‘Multiplication’ parameters stay as default. ‘Window usage’ for ‘window [1]’ is
set to No (this is the window from time 0 to MULT_W1). ‘Windows [2], [3], [4] and [5]’ all have the same
parameters, with the exception that in ‘window [2]’ the ‘maximum shift’ is limited to 10. The ‘Subtraction
parameters’ and ‘usage of adjacent traces’ parameters were applied as shown below. ‘Process by
ensembles’ is set to Yes and ‘Number of threads’ is set to 4 for faster computation. Finally, the Trace
Output module saves the data.
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Figure A.12. Comparing the output views of one channel (number 12) to which no multiple
suppression, only SRME, only ZOD, and SRME+ZOD were respectively applied



10 - VELOCITY ANALYSIS

Velocity analysis is of crucial importance to reveal geological substrata and structures. It comprises four
phases. Each phase is applied sequentially.

Phase 1: QC of the super gathers shows the quality of the velocity semblance and the quality of the
reflections as well. The Super Gather module creates a collection of gathers, defined by CDP Start, CDP
End, Step and Range. The module needs the maximal CDP value in the data (this can controlled by using
the Database Navigator: double click on 2-Sort Output, select CDP column, go to Tools and select Show
Statistics).
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The Interactive Velocity Analysis (IVA) module prepares the input and output velocity files and the
analysis window settings. The output and input velocity files should be the same if you are working with
velocity files for the first time. You can select another input velocity if you have a compatible one in your
database. After running this module, the velocity analysis window will appear, super gather CDPs (SCDP)
can be controlled and the window can be exited without saving. Note: If you wish, you can start picking
velocities directly from this velocity analysis window and skip to phases 2 and 3. The disadvantage of this
method is that the IVA will be calculating semblance each time you switch from one super gather to
another — when the super-gathers are large, this can be time consuming and annoying.
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Phase 2: The Velocity Analysis Precompute (VAP) module is used to pre-compute all super-gathers at
once and then use the Interactive Velocity Analysis module as a stand-alone module that takes the pre-
computed semblances as an input. This makes navigation through the super gathers much faster. Super
Gather, AGC and Bandpass Filtering modules are the same as above. Fill in the ‘Start velocity’ and ‘End



velocity’, ‘Velocity step’, and ‘Time step’ parameters to adjust the semblance window (as determined in
step 1). Enter ‘VAP result’ file a name. Then execute the flow (this might take some time).

Super Gather
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Phase 3: the Interactive Velocity Analysis stand alone module can now be run after setting some
parameters. On the Semblance tab switch on the ‘Use precompute data’ tick-box and select the database

object with the semblances created in step 2. In the ‘Output velocity’ tab, enter a name for the velocity
file.

Interactive Velocity Analysis <- precompute
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In the ‘Input Velocity’ tab there are two options: selecting the velocity file given as output velocity, or
selecting an existing velocity file. In the latter case, all velocity picks in the existing file will be pasted into
the output velocity file. In the ‘Guide velocity’ tab select an existing velocity file to guide new velocity picks
if desired (this is not mandatory and can remain empty).
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The ‘Semblance’, ‘Gather’, ‘STCK’ and ‘CVS Display’ tabs are used to set up the displays in the velocity
analysis view. These can be left as default or can be adjusted during the velocity analysis. Then run the
module to start the velocity picking. A single click with the left mouse button places the velocity pick. A
double-click with the right mouse button on the pick will remove it. Holding the right mouse button down
on the pick will drag and drop the pick to the desired position in the semblance window. When you have
finished picking an SCDP, use the arrows to go to the next or previous SCDP. The SCDP you want to go to
can also directly be selected from the drop-down panel at the top right. Finally click ‘Save’ (saving after
each SCDP is a good idea in case the software crashes during the velocity picking).
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Tool Bars = tab is for adjusting the visualization of the panels. Others are shown below.
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Phase 4: The Velocity Manipulation module is a stand-aloneo module used for smoothing the velocity
picks, as well as for transforming the velocity analysis from RMS to Interval or Average, or to switch
between Time and Depth. Here it is used to smooth the velocity model. Note that this not necessary, but
it is good to distribute the velocity values along the data. As ‘First Input velocity’ select the generated
velocity file, choose the velocity domain and type. Give a name in the ‘Output velocity’ tab and select the



desired domain and type. Fill the ‘Interpolate and smooth output velocity’ parameters as desired
(suggested values shown below)

Velocity Manipulation® -> vel_inl_50_smooth

Velocity Maniputation® X

First input velocity
© velocty ok North Sea\BX2500\el_ind_50
Dataset
Input velocity domam Input velocity type
O Time Depth O ams Interval Average

Combine second velocity function with the first

Output velocity
Nor th Sea BX2500'wed_ind_S0_smooth

Output velocity domain Output velocity type
O Time Depth O ams Interval Average
B Interpolate and smooth output velodty ) Use grid
Tire step 1.00 Soete step 1.00
Time window hatf wadth  2.00 Spatl window half wadth  2.00
oK | Cancel

Displaying the velocity model is not mandatory, but helps to QC the velocity distribution across the data.
The Brute Stack dataset is selected as Trace Input, sorted as CDP:OFFSET. In the Screen Display, the
‘Display velocity’ option should be selected, located under the ‘Data/Velocity’ tab. Click on ‘Set Velocity’
and open the manipulated velocity file, set the minimum and maximum velocity values on the palette
range fileds.

Trace Input <- brute
Screen Display
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Figure A.13. Velocity distribution changing with time on CDPs.



11 - STACK

Now that the velocities are available, NMO/NMI corrections can be applied to the data to create the CDP

stack. The input file in the Trace Input module is the output of the wavefield subtraction flow (see
section 9). Output is named as 5-stack.

Irace Input <- 4-SRME+ Z0D-out
NMO/NMI

Ensemble Stack

Trace Output -> 5-stack
Trace bgunt
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On the ‘NMO’ tab you may wish to set a ‘Mute percent’ (suggested value: 30). This is the stretch muting
parameter: parts of the trace that are stretched by more than 30% because of the NMO-correction will
be muted out. This also allows to mute the direct wave out (although in this data it is not that important,
since the direct wave is not interfering with the data anyway).
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Figure A.14. Stack Output of line BX2500.




12- DE-GHOSTING

De-ghosting is applied to eliminate the effects of ghost reflections, which are unwanted duplicates of the
primary seismic signal that have a negative impact on the resolution of the data.

Trace Input <- 5-SRME-stack
Trace Header Math
Predictive Deconvolution
Bandpass Filtening

Trace Header Math

Trace Oulpul -> 6-Deghost

Trace Input uses the CDP stack data. For the flow to work correctly, the FBPICK values need to be shifted
down using the Trace Header Math module. Predictive Deconvolution uses the FBPICK (seafloor horizon)
and ENS_END (record length) headers as time window parameters. ‘Prediction gap’ value and
‘deconvolution operator length’ are 1ms and 2ms, which are the 1st and 2nd intersection of the
autocorrelation with the zero axis. Bandpass filtering is added for removing residual noise after
deconvolution. Also reset the FBPICK values via the Trace Header Math module and generate the output.
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Figure A.15. De-ghosting processing Output of line BX2500. The main effect of the processing can be
observed just below the seafloor when comparing stack output (in the previous chapter).




13 — PREDICTIVE DECONVOLUTION FOR MULTIPLE SUPPRESSION

This process aims to remove the 1st and 2nd seabed multiple from the stacked data by predictive
deconvolution.

Trace Input <- 6-Deghost
Predictive Deconvolution
Predictive Deconvolution
Trace Header Math

Predictive Deconvolution

F-X Predictive Filtering

TFD Nosse Attenuation

Trace Output -> 7-decon_afstk

Screen Display

it

e D
- e e

Lwa : '

Morwr 1 O wawtme P

aat et -

Ty ma i e

00 beaty 2t " Satd b

The FBPICK header contains the seafloor picking values, which are here used as ‘Prediction Gap’
parameter in the deconvolution and as ‘time window starting’ parameter as well. ‘Deconvolution operator
length’ determines how much data will be rejected from the trace, in ms starting from the beginning of
the multiple. The most appropriate value should be established by testing with different inputs. Since the
first multiple of the seafloor has a very strong reflection, the predictive deconvolution process is applied
twice (consecutively) to eliminate it from the data. The second predictive deconvolution uses the same
parameters as the first has.

c Predictive Deconvalution >
¥ Time window g
Setting mods Vanable 9]
Start time FEFICK 19)
End time END_ENS a
V¥ Predichon gap ﬂ
Type Variable 9]
value FOPICK a
v~ Deconvolution pparator length a
Type Constank
Value, [ms] 60 a
Tapenng length, [mas] 00 1°7)
"winte noue” level, [%] 03 9]
Preserve trace amplitudes Yea (1)
Outpet mode Output traces
Number of thresds 0 0




An additional (single) predictive deconvolution module is applied to eliminate the second seafloor
multiple. This requires multiplying the FBPICK header by two (the result is assigned to the PICK1 header).
This header is now used as ‘Prediction gap’ value, which is the only difference from the first two
deconvolution modules.

Trate Dhscde Malh

MICKY = [FIPICN*2

Fredictive Decorwolition b
¥ Time window
Satting mode Variobie

Start tima FEFICK

End tma END_ENS

V¥ Prediction gap ﬂ
Type Variabile a

Vakse FICK

¥ Decomolution operator length
Type Constant a

Vs, [ms] 0o
Tapering length, [ms] 0o 7}
“White noisa® lewel, (%) 2.1
Preserve trace ampltudes Yes (1) 9
Output mode Output traces 9
Number of threads 9 0

The F-X Predictive Filtering and TFD Noise Attenuation modules are applied for removing noises after
applying the deconvolution. The processing time window interval in TFD is set to the interval between
The first multiple observation time and the end of the recording. The optimal parameters are shown

below:

F-X Predictive Filtering % IS TFD Noise Attenuation b
¥ Time domain opbons
Filter length, [traces] 3

Processng tma mterval, [ms) 100.0 — 3500
White ?mse level, [%) 1.0 7 Time window width, [ms] 100.0 7]
Horlzontal window, [traces] 150 Tapering, [%] 130 2
Gauss Ho (0 (9]

Time window, [ms] © 1000 bovaliacish e . -
v F(?QUC"(Y domain ophions
Time window overlay, [ms] 0.0 (D) Processing fraquency nterval, [Hz]  100,0 — 35000
Start frequency, [Hz]) @ 0.0 2 Aperture, [traces] k!
Threshol > 2
End frequency, [Hz) © oo & s L @
Use muting No (0) (9]

. 9 -
Divide by ensembles o (0) . Onide by snsambles o (0) 9]
Mute hard zeroes No (0) (9]
Number of threads 0O 4 Number of threads @ 3 2




Result
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Figure A.16. The top seismic output shows the data before the processing flow, the bottom picture shows
the data after the processing flow.



14 - POST-STACK TIME MIGRATION

Migration is needed to place reflection boundaries to their real positions. The Kirchhoff Migration module
is used, as it allows both vertical and lateral changes in migration velocities. This is a stand-alone module.

Kirchhoff Migration*

Select decon after stack data (7-decon_afstk) as the input dataset. The Migration velocity file is selected
from the database. The ‘X step’ is the spatial increment between traces, it shall be equal to the CDP
spacing (bin size) that is 1 m. Values for the other parameters are suggested below:

Migration parameters x
irnput Dataset fﬂahxé«ﬁifshd\:?da-n'r'_a“s;- : Srowse |
Defre velodites Dmensicn
"~ manusl r )
[ k<)
& From 08
[vel_ni_50_smooth Sromse

" Velooty dataset

-
|
|
Geometry 3 alk
X step () Y step (n) Smoe Interpolation fm -akaong
T el W Use Antshasng fiter
? " Cosne "~ Trienge (% BoxCar
Increment: 1
e |1 Max freg, to mgrate (Hz) | 3500
Mgy ation apertire x :
Argle spertire (deg) |9 Ange sperture tapering (deg) | 10
X Range aperture {m) [ 100 Y: Range aperture m) |
Range aperture tapering (m) |5 Range aperture taparing (m) |-
Ouput Dataset | North SeaBX2500'8_mig_low_freg tromee

O ] Carcel




Result

Figure A.17. Before (top) and after (bottom) migration.



15 - FINAL DISPLAY

Automatic Gain Control and Trace Editing (top mute) modules are applied, respectively, to equalize the
amplitude distribution of the migration output and erase noise in the water column. The FBPICK value is
shifted slightly upwards to prevent cutting off the seafloor using the Trace Header Math module.

Trace Input <- 8_mig_low_freq
Amplitude Correction

Trace Header Math

Trace Editing <- [FBPICK)

Trace Output -> 9-final_decon+AGC

Screen Display

Amgltude Conrection X
o )
v @ Actomatic gam control 9]
Operator length, [ms) 50 a

Type of AGC scalar MEAN
Bass for scalar apphcation CENTERED k)

Trace Header Math

FBPICK = [FBPICK]-3

[race Editing %
Processing mode Muting 2

¥ Muting parameters 9]
Muting Top muting 2

Taper window length, [ms]  10.0 EJ
Horizon O rFerx (H Y = &




Result

2 MO0t SR SN NS M0 M0 GRS R NS R IR SR NN M DD R INR 1N life U RS Qe D

(top), after AGC + MUTE (bottom).




16 — TIDE CORRECTION & SEGY OUTPUT

Before exporting the processed seg-y file, the tidal correction must be applied. First, tidal values are
imported into the data via the stand-alone Tides Import module. In the ‘Input parameters’ tab, select the
fully processed dataset. In the ‘Tides’ tab, the txt file containing the tidal values at project area and time,
is called by pressing the Files button. By clicking Edit File Layout, the column spacing values of this txt file
can be adjusted. In the ‘Headers’ tab, it is defined to which header the tide values will be. Then, this header
is used in the Apply Statics module.

Tides Import*

Trace Input <- 9-final_decon+ AGC
frace Header Math
Apply Statics <- [TOT_STAT]

SEG-Y Output -> BX2500_final « decon+ AGC sqy
Seismic Display

[ Tdes | Meoden
[l aset
Fioth Sea EXIN00 Mrud_focone A |
[ Froes bateh bt
Save tmrgsde | Load tervidn oK o]
Fides impart* x
rout Parmeters "Nde'\ |
Lines
Dlrtion of Tk [ Ene e -
[Date - ddstmiyryy] 1 W { fom |
[TIME - Hexs] 12 3 To
[TIME - Mn] 15 " o
[TIME - Sec] L 1 v Take date oo fle Tost tabsle type
" Deleted
* Fued man
Tide_Disia F1P_TideiCraction A8t T B Fin Layns
[Tide_Disia FiP_TideiComnction_CT2302_A_B 1t
- sogiste | Load tergiste oK Cancel

A




Tickes bvgpont® *
s Praseters | Tiden
- B e
Doy of yoar |DAY -] [1:366]
Hard dey [HOLR “e] P23
Meue [UNUTE <] B
Sesend [SECOND <] max
'xve'e'c«n{ Loac Senglute OK Carcel

To apply the static correction, the tide values first need to be converted from meters to milliseconds (time)
using the Trace Header Math module. Then use the Apply Statics module to subtract the tidal height
(make sure to select the ‘Subtract static’ option).

Trace Header Math

TOT_STAT = ([TOT_STAT}*2)/1.5

B | Apply Statics X

" Manual TOT_STAT
(¢ Header Word

Browse... |
" Get from database I

" Use file |
I” Relative to time | 0.00

[V Subtract static
I Apply fractional statics Maximum number of threads | 0

Save template | Load template I oK | Cancel I

The last step of the process is to generate a Seg-Y output of the processed data using the Seg-Y Output
module. Give a name for the SEGY file. Scalars are set to -100, meaning that the values of the headers
listed in ‘Multiplied Fields’ will be divided by 100.




Seg-Y Output X

| SEGYIE_Crossine EX2500_final +dacon +AGC 39y Browse...
[~ From batch st |
Sample format _a't:crds

n R 14 (& Bg-endan byt order (SEG-Y standard)
a4 ¥ 15M floatng pont ™ Uttile-endian byte order

Trace weightng

r

s r

Stalers Coordnate uris

Scalsyr for elevations and depths [0 J_“_W
{+ = muitpher, - = dhvsor) = W % o feets
Scalar for coordinates -100 s

{+ = mutpler, - = divigor) 00 u‘_Lm_numm

™ Remap header values

Load remap l Save remap l
SegY headers

™ A8 ESCDIC hoader Edit brary header

[~ Pl EBCDIC header from fe |

_x | o |

Multiplied fields X
[
REC_ELEV,SOU_ELEV,DEPTH,SOU_H200 ,REC_H20D s Defaults

x| Cancel

Multiplied fields X
COP_X,CDP_Y,50U_X,S0U_Y,REC_X,REC_Y »  Defadlts

<
I oK l Cancel l

Overview of exported files:

1) final: No Decon, No AGC

2) final+decon: Decon, No AGC final+decon

3) final+decon+agc: AGC + Decon

Overview of most important header byte numbers:

* shot number (FFID): byte 9

* Source coordinates: bytes 73 and 77 (in WGS84-UTM31, scalar = 0.01)

* Receiver coordinates: bytes 81 and 85 (in WGS84-UTM31, scalar = 0.01)
* CDP number: byte 21

* CDP coordinates: bytes 181 and 185 (in WGS84-UTM31, scalar = 0.01)



Appendix B. Detailed workflow for the processing of parametric sub-bottom profiling data



1. PRE-PROCESSING OF DATA IN INNOMAR FORMAT (ISE software)

The heading was recorded in SESWIN acquisition during the survey, with the motion sensor getting
heading aiding by the VLIZ (portable) Septentrio GPS. The online calculated (offset) positions show
occasional outliers due to input of erroneous heading values. Therefore, the offset calculation is revised
in the processing using the Octans heading (logged in MIDAS), before the conversion to seg-y format.

1.1 Import heading into SIS field 4 (SES3 format)

This overwrites the values in SIS field 4 (GPS quality) with the heading values from the Octans, based on
the time stamp.

(PROCEESING > REPLACE SIS) — select import file with new SIS data (CHOOSE TXT DATA ARRANGED WITH
EXCEL AS DATE, HOUR, COURSE GROUND OVER AND TURNED TO TXT). Example txt output should be:

03.04.2023 08:57:25  322.21
03.04.2023 08:57:30  321.67

TesterepSusana23-03_OctansHeading.ixt - Notepad

File Edit Format View Help

P6.03.2023 10:49:25 251.83
96.03.2023 16:49:30 253.74
06.03.2023 10:49:35 253.84
06.03.2023 10:49:40 252.23
96.03.2023 10:49:45 249.81
06.03.2023 10:49:50 248.33
96.03.2023 10:49:55 248.37
06.03,2023 10:50:00 248,34
06.03,2023 10:50:05 248,190
06.03.,2023 10:50:10 247 .35

Note: formatting of import text file:
- no title above columns!
- date as dd.mm.yyyy (year with four digits!)
- time as hh:mm:ss



Replace SIS

[ b locs Duk (T:) » Users » Swmasmestdagh » Deshtcp » TEMP

- " d. %’8":’“‘ Fles 'V

Remerks Al

Fies StrtTime StopTme Sae Profie Ares
Testerep Sisara _20720006_351445_ .., I21%45 15:17:38 7R 1 Testerep...
Testerep-Susana_2020306_181736_... 181738 15:1@&19 10.780 s Testerep...
Testerep-Susana_20220306_153819_., 5:18:19 15:18:25 1425 3 Testerep. .,
Testecep-fusana_2020006_185825_,., 18:18:25 183130 01484 4 Testerep...
Testerep-Susana_20230306_18323)_,., 3233 18354 452 5 Testecen..,
Testersp-Susane _20230006_183525_,., 18;3525 18:52:1) 2147 6 Testerep...
Testerep-Susera_20230306_185213 ... &:Sx13  19:09:0) M2147 € Testerep...
Testerep-Gusane _20230306_150901 .., 19:0%:0) 191106 30599 & Testerep..,
Testerep-Susara _20230306_151307 ... 91107  5114:3) 8L ? Testerep.., v
[Zuse & prefix to gererate new fles: ii- ;1 Prevew SIS...
ImoortData  Mfe Structre  Dats Gaps  Regloce  Options
Nz Selecton
SIS in SES data fes(s) with Sme for synchvonazaton: "T?] [ Juse 2C-Time
Sefect mmport Sié with new SIS data:
|2 Wmers shoman mestdagh Deskiop TesterepSusarad3 03 0ct| o
Allmport Fie contars cokamn with dete nformator]
noce [ B ]
Reglace SIS X

| b LocDsk ) » Usen » Smesmestdagh » Deskiop » TEMP

<

v ¢y | SEsIFies

Fles
TesterepSisana 20230310 074131 ..,
: O_074811
Testerep-Susana_20230310_ 075919
Tesorep Susana_20230310_080952_..
Testerep Susara_20230310_BB1I6SS ..,
mmm,.
TesterepSusana_70230310_083023 ..
Testerep Ssara_20230310_083305_...

5%0 Tine
0710

0h58:14
08:05:51
DR 1654
08:27:07
08:20:22
08:31:04
02:39:43

EEEYNEY

:
;f

“
=3

£ Use 2 prefix to ganerate new fles: {L |

Import Dats e Sructre  Data Gaps
Select tent fle with new 515 data:

Column with time vahues: B’—‘:-‘-ﬁ -
3| Formet: daMMyvyy

Reglace Optons

Cokmn with date vaves: |1

1 -date
06.03.2023
06.03.2023
06.02.2023
| 06.03.2023

LA 0. 0%

2-tme 3 4 5
10145225 51.83
0430 5374
$0:49:35 253,84
$0:9-%0 /223

SO AONAF AR

CLICK ‘CHECK IMPORT FILE"!!




Replace SIS

» localDek (C:) » Users » thomes.mestdegh ¢ Desktop » TEMP >t dl _*

g
P
x
H

s StwtTme StopTime Soe

Testerep Susana 2020310074131 ... OPAL31  07:4%10 64436
Testerep Susana_20230310 074511, 074511 07584 07842
TesterepSusane_2020330_075915_.. OMSHIS  0SOWSI 158,095
TesterepSusans 20230310 080952, 08:08:52 (08:16:34 126,413
Testerep Sutena_2020330_081655_.., ORIESS  08:27:07 165865
Testerep Susans_ 20230310 082737, 08:22:37 08:30:22 38.998
TesterepSusane_0230310_083023_.. 023 OEIL0A 9512
Testerep-Susans 20230310 083105 .. 08:31:0% (83541 136,614

EE!!;!E!

AR

[ use a prefix to generate new fles: [1-4' ——

Doport Dsta  Fle Structure  Data Gaps  Reglace  Optiorn
Descripbon
Hardle Column 1 from SIS fle as: |« ship - v N n
Pom ST e e
pande Column 3 from SIS fie asi M v
foiric 5 . A o :
) interpolation of data gaps withi Tnput 515 fle

Replace SIS

b LocaiDuk (C:) » Lses » Somasmestdah b Desitop » TEMP % O] S

<!

:
i

file SartTme S5wpTme Sue Remarks

Testereo-Susana_20290310 074131 .. 07431 0B4S10 64435
Testerep-Sumana_M02X030_074511_.. 074511  ORS8:14  207.842
Testerep Susara 20230110 075819 _.. ORS:19 080951  158.095
Testerep-Susana_20230310_080952_.. 0SI0%5 08:1S:54  126.413
Testersp Sussna 20230310 081655 .. OB:16:55 08:27:07 365885
Testerep-Susana_20230310_082737_,.. 98:27:37 08:30:12 38.998
Testerep-Susana_20230310 083023 .. OR:30:23 08:31:04 3922
Testereo-Susane_20230310_063105_.. OS:31:05 08:39:43 136614

j

il

[AUs= 8 prefx to generate new Ses- |;_—] Preven Si5...

ImportData  Fle Stucture  Data Gaps  Replace  Optons
Wiite Positions
Cokemr: 1 from 15 fle D SIS0 | wone: v

]

Cokmn 2 from SIS fie 1o SISD:  one- -y "y |
Cokson 3 from SIS fle to SISD; 4 v 3
»

“ g




Replace 55
b Local Dwk (C:) » Users » Somasmestdagh ¢ Deskiop » TEW v by D] SESINes  ~

Fles Strt Time  Stop Tive  Sie Profle Ares Remarks e
TesterepSusara_020310_074131_.. 074131 074510 64435 24 Testerep..,
Testerep-Gusara 20230310 074511, OX45c11 O0XSSi4 207842 208  Testeep.,
Testrep-Susana_ 20230310 075515 ... OR55:19 O2:0%:51 158095 206 Testerep...
Testerep Susang_0230310_ 080952 .. 080952 O:i16:54 126413 07  Testerep.
Testerep-Susana_20230310_081655_,.. 00:16:55 OB 22:07 165865 208  Testerep.,
Testerep-Susara_ 0230310 082737 ,.. 082737  08i30:22 298 200  Testerep..,
Testerep Susara_20230310_083023_,.. 06:30:23 08:31:04 9922 20 Testerep...
Testerep-Susans 20230310 083105 .. 082105 O34} 196614 211 Testerep..,

Fluse a prefix to generate new fles i Prevaaw SIS, .

Import Data  Fle Struchre  Data Gaps  Replace  Cptions
Optons
[l Delete SIS data n SES fle ¥ new 515 stings are not avadable

frevew
06.03.202 v
| S
L —r
|« > Check

Mok | [ x|

1.2 Convert the Lat/Lon in SIS field 1 (i.e. ship’s GPS) to UTM (SES3 format)

This overwrites the original (but imprecise) UTM X/Y positions of the PES in SIS fields 7 and 8 (calculated
online), with the UTM X/Y positions of the ship’s GPS

(PROCESSING > COORDINATE TRANSFORMATION)
(CHOOSE THE DATA STARTS WITH 1_ PREFIX, PUT "2 AS PREFIX)



» LocalDish [C] » Uters » thomas mestdagh » Desktop » TEMP v &y B SESIFles

Files Stat Tme  Stop Time  Sae Prolle Ates Remad A

1_Toseiep Susana_2000310_071626_01 2863 071628 072043 226505
1_Testesep Susana 20230310 07214 Q1 ses3 072214 (74115 135880
1_Testerep-Susana 20030310 074171 _Q15es3 074131 074510 64435

1_Testwop Susana_20230310_074511_Q1see3 074517 075814 207842
1_TestetepSusana 20230710 075313 Q1 te23 075319 (80351 150095
1_Testerep Susana_00H0310_060952 G1vesd 080952  (RIESA 126413
1_Toseop Suzana_20230310_0B1655_ 01 sesd 081655  (BZ707 165865
1_TeseropSusana 20230710 082737 Olse:3 082737 (83022 289%
1_Testerap Susana_20030310_083123 01 see3 083023 (83104 952

IZEEEARRESR

1_Testmep Susana_20230310_053105_ Q1 ses2 083105 083343 136614 Teterep- . v
Data Source ard D C on P,
Pootion Data Source Pasion Dals Destnaten
§I5 Sting for LON Postion: | S151: 0011320834 o] [E | SIS Stirg Numbes for X Postions |7 3
515 Sting for LAT Positior: |j§|§“z_si’24—si§éib vl "ic__;] SIS StingNumber loe Y Postonr |8 104
Input Fomat (WGSE4) DOOMM MMMM [degraes, mites, e g 1225 396 - 5420 656] v
Outpes Format: I Projected Coerversion vl

[ Use & prefix to ganetate new fles 2 '

[ fcoms 1l | B |

Note: don’t forget to select the correct coordinate system in the second tab (default value is often wrong!)

{ » LocslOwk |G| » Users b thomasmesidagh b Deskiop » TEMP v 4y B [SESIFM -
| Fiwy S Tee SnpTew Soe Prdie Aes Renuks ~l
! _Tommep Susana 0020310_071626 01 eesd (71625 070043 26505 202 Testersp
| 1_TeserepSusana M2NN_TINE Gleesd  OFI214 (74115 1530 203 Testeeo
| 1_TessrepSusana 200510 074131 Q1sead  O741N 074510 648 204 Testmep
i | 1, TesmmepSusana 2030310 074511 O1sec3 (74517 (74214 207842 205  Testeep
i 1 TosarepSusona 0WN0 07913 Qlsesd (79519 0RO39T 198095 206 Testersp .
E 1_TemeepSucens 2000 DTH 01163 0BTT  0EX2 2W9W 209 Testwwp

| UTemeepSusns 200210_6XC3_011esd 003023 (93104 82 200 Teslewo
| VTewsepSusns NCWNO_0N05_0laesd  0BIL0S  DRINED 1BHM 211 Tecmep

| ¢

Dals Sowce snd Iy c F
Set peopected Coondnale Symen
Praected Coondinate Spmam (WGS B UTM 2one 71N fapig 2571) 7}
[ Dsterrane UTM Zone o | WET Sehp

Decmal Diges of Dutpat (2 :I

Poston rout ILON} 0001320204 Posson Cutou £41 - 51531163
Posten brput [LAT) 5724 515540 Postion Output (V] 589908249




1.3. Offset coordinates in SIS field 7/8 to the location of the PES (SES3 format)

This overwrites the UTM X/Y positions of the ship’s GPS in SIS fields 7 and 8 with the UTM X/Y positions
of the PES, based on the measured GPS-PES offset and the imported (precise) heading values
(PROCESSING >PROCESS SIS> OFFSET COORDINATES> after finish arrangement and select data PRESS
OFFSET)

» LocalDuk (C) » Usets » thomas mestdagh » Dedkiop » TEMP v 4y 2 SESIFies

Fllet Stat Tane 5300 Tme  Size Piotle  Acea Remarks
21_Tepeap Susans 20230310 073204 01 223 07254 074115 135980 203 Teswsep-
2 _Testmnp-Susara 20030310_07413% Q1sesd 074131 076510 64435 04 Testesp
3 _Testerep Susana 20C0T0_074511_Q1ses3 (74511 075814 207842 205 Testewsp:
21_Testetep-Susana 20230310 075319 Q1 tes3 (75315 020351 156809 206 Tenew
21 _TeseepSusang 20030310 090952 Q11023 DB0SSZ O0B1654 126412 207  Tesewp:
2 _TestmopSusana 20030310 02655 _011ea3 081655 082707 165665 208  Testeep:
2 _Testeep-Susana 20230310 082737 _Qlresd. 082737 003022 3699 200  Tesenp-
21_Testmop-Susang_20230510_ 083023 01 ses3 083023 08N 0 S92 210 Teweep:
2_Testenp Susana 20230310 063105 01 see3 083108 0839341 138614 211 Testwsp. -

B Use a pios to genevate new ller | 3 Preview 515

Intetpolate Single 515 Interpolate Coodinates  Mangedate SIS Combine 515 Offset Cocednater  Cip Coondinates  Caloulate * 1 *

Select SIS Field:

SIS 10 XPoution 7 = ;Offaet Teansduces X unds] 436

SIS 10 Y- Postion $ 5 COftsol Teansduces [Y unds) | 2179
]

Headng Sowce SISID4 . Deca Digts |2 =

Ottent

[e= ]

Note: if SES ID Z-position = 3 (i.e. SIS field where the time stamp is saved), the leading zeroes in the time
stamp get erased for some reason, even if the tick box (next to SIS ID Z-position) in the above window is
not checked = Make sure this field is not = 3!

MAX MIN Coordinates

Open data in GIS extension and check the min x,y max x,y coordinates of the data. If see any anomaly in
the lines or as a point, if it is not big we can delete that data fram folder.

1.4. Clip coordinates (SES3 format)

This step is performed to delete potential coordinate outliers (zero values) from the data. The bounding
box spans the overall survey area. (PROCESSING > PROCESS SIS > CLIP COORDINATE)



(l » Local Disk [C) » Users » thomasmestdsgh » Desktop » TEMP v 43 [ B| SES3Fle: ~

”st Stat Teme  Stop Tme  Size Proftle Ares Femark s ~l
321_TesterepSusana_20230310_073214_ 015223 073274 074115 1353980 203 Testewsp-.
AN _TestsrepSuzana_20230310_074131_01.2e23 074131 074510 54435 24 Testeop
321_Testerep-Susana_20230310_074511_01 se23

321_Testerep-Susana_ 20230310 080952 G1ses3 080352 081654 126413 207  Testerep-.
321 _Testerep-Susana_20230310_081655_014e23 081655 082707 165865 208  Testerep-.
321_Testerep-Susana_20230310_ 082737 Q13223 082737 083022 389338 209  Testerep:.
321 _Testerep-Susana_ 20230310 083023 Q1:e:3 083023 083104 952 210 Testermp-.
321_Testerep-Susana_20230310_083105_013e:3 08:31:05 083343 136614 211 Testetep.. v |

[ Use a prefix to generate new files |4 g

Interpolate Single 515 Interpolate Coordinates  Manipulate SIS Combine SIS Offset Coordinates Tl Coordinales  Calculate ¢ |
Select SIS Fields

SIS ID XPoskon |7 o Mrix (400000
1 M (00000
SISIDY-Poston: (B |3 et (G000 |
‘ MinY: (5000000
MadY: 6000000

Ewt

1.5. Conversion to .raw files (RAW format)

The corrected .ses3 files can now be converted to .raw format (note that .raw files are smaller in size).
Coordinates are not interpolated in this step, but later (see step 7 and conversion to .sgy), meaning that
the individual .raw files are not interpolated.
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Fles

4321 _Testerep-Susana_20230306 ..
4321 _Testersn-Susans_20230306_, ..
4321 _Testerep Susans_20230306_,..
4321 _Testerep-Susana 20230306 ...
4321 _Testerep-Susara_X230306_,..
4321 _Testerep-Susana_0230306_.,.

] interpolate Coordinates based an Tme Stamp

Start Time

18:14:45
18:17:38
18:18:19
18:18:2¢

Stop Time
8:17:38
18:18:19

&2
ng

,,
t

44,522

LEESRE
1414
B L i

PRIV

g 3

Motion seraor  Mobion serwor specl options  Conver son

Array configuration (srangement seen from top):
Transducer spacng - HEM | PEM [m): @
Trarsduces spacing - QEM(W)/TEM [m):
Trarsduces spaang DEM [m]:

Use onine ranscucer 3pacngs

|Single Beam Mode {sBM)

| » LocHDs(C:) b Users » thomas.mestdagh » Desiop b TEN v 4y 8| [sEsaries
Fles StwrtTime StopTime  Siee FlelD Pro.. Aes Remarks
On_mm.. IS MR 4N 1 Testerep... R4ength: 10...
< IR 189 1070 1 2 Testeren.,, Rdength: 10...
dn_mm_,« 1819 123828 L4 3 3 Testorep.,. R4ength: 10...
4021 Testerep-Sussna 20230305 ,.. 18325 1B:3120 001484 1 4 Testeren,, Risngth: 10...
4321 _Testerap Susana_20230306_.. 18:32:33 18364 M52 1 5 Testerep... R4ength: 10...
4021 _Testerep-Susana 20230306, 18:35:25  1MS213 42147 ) 1] Testerep.,. R-dength: 10...
4321 _Testerep-Susens_20230305_,.. 1B:5213  19:09:03 282147 2 6 Testerep.,. R4ength: 10...
AN TesterepSusang 203006 ... 19:09:03  15un06 N9 3 8 Tesierep... Riength: 10...
4321 Testerep-Sussna 20230306 .. 1%:11:07 1:18:33 813490 1 7 Testeren.., Riength: 10...
4321 Testerep Susana_20230306_,.. 19:16:34  1:12:53 19751 1 3 Testerep... Riength 10...
4321 Testerep-Susans 20230306, 19:1%54 1935114 82147 1 s Testersp.,. Rdength: 10,..
A&V TadtwrenSuans WINWE 104 1G-S 98KI8Y ) @ Tastaran D 4 st 10
General Settings et Motion sersor  Motion sansor special optons  Conversion
Progress
Summary Settings:  Interpolate Coordinates s OFf
Lever Arm settngs aways present.

Corverson of fle:  —

File progress:

P I




1.6. Interpolate raw files (RAW format)

Copy and paste new data starts with 1 4321.. and rename all files like being ‘CT-LOTE23-
04_20230404_060211’

This erases remaining ‘empty traces’: in Innomar software they are recognized as empty and hence don’t
appear in the GIS box, but when converted to seg-y with interpolation, they are taken into account which
leads to bad navigation in the resulting seg-y!

« 025uveys » TesterepSusans202303 » 01 PES data » 02 convested PES v 4y D RAWFR: -
Fie: Start Tene  Stop Teme  Size Frofle Asea Remarks g
TP23_ND2vsaw 001302 001313 74858 7% Teslerep-.

TP23_ND3 raw 011505 O23745 97442 79 Testetep-.
TP23 ND3t1aw 023745 024245 58332 1] Testetep.
TP23_NDA rawy 024246 033372 683117 ® Testetep-,
TP23_NOA raw 034020 034304 33784 ®e Testesep-,.
TP23_NDA2 raw 034305 043330 577213 ® Testesep-,
YIEE1Zraw 095224 112412 842838 100 Testeep-.
Z19-HH2E raw 201616 230329 11887, 120  Testmep
Z19HH26  1am 230343 232044 73073 121 Testeep-. v
£/ Use a peafix to generate new fies 51_ Preview SIS

Interpolate Sngle SIS Interpolate Cocedintes  Manipalate SIS Combing 515 Offset Coordinates  Cip Cooidnates  Cakculste * 1 *
Select SIS Fields

SIS 1D XPosihon 7 Decmal Dgts: (2 -5

S5 1D YPosion |9

[e0]

.



2. CONVERSION TO SEG-Y (SESconvert software)

Finally, the interpolated .raw files are converted to seg-y, with following settings:

Navigation Source

Bbact the S35 /0 of the G55 Slew whwww the aagatan Suts weas dornd $ering sccpantion.
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Sy Anvndd o D00 NS 1 OuE P
JEOAT [eg UTW 11090 007 - SR20800 44¥) ‘
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17 rterpeinte twwn aewd mavse rolaoccrts 15 SEG-Y 1rees hewder [Bgtes 235 234]

Coordinale Scale Faclor

SEGY Nl 0 ret ssppert Masting peindt vakees. TR regaoms & aing ! sasedaaiey {3 bocsew
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P

) #priy soma focanr

oo

S5 7 waun g <> asean
B8 SoNMILED - » 3CE38LN

Exprwie of 20l 000N BAeNS

Conversion Parameler

Sabact the Syte ordar OF T IRt rrmeieng on which e SEG-Y Ny ol be groceened. Aerresl
20 umaly regaive e Irde) Awrat, whwrass VNI wartatations megers S Matniris farmet
Pusse rote, the CODA partage staays receares Sy Motorols farmet. Pasthenmore, seect the
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Bow coser 1l1srow ot
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) St end it 0 chirruds)
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scgarwd srd mternaly aredt Sagve futs sl b iand Fartaaemiars, § & poasie %0 redae the
ravder of sarcies per e ¥ iagewd, apply & setwars (e 0 arsier £ decTases the sarpe
e by fector 3.

W fpoty naww rmmucimm

7] Swcruese sarom réte by bacts 2

Range Processing

525 Nt s Cortim 2 vehas withe a rangates A Pebti. saih s TN 2 vishovs, MO Syeey
PG O DO eafgen Thero 30 GO0 30 Bpgdy § SRl COrTattin, Seee Chedh wialwr hoove
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FUTrrend B Oepth A rorge £ ba aetendied with siectebie sslons. Tha is L 1y
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3. FURTHER PROCESSING IN RadExPro
3.1- DATA INPUT (Batch Mode)

Precessng fiow > > Clay Tecsenic Slock € / 2asic Proc / 01 de
= o-3
SEG-Y Input <- [from batch list]
Trace Output -> [from batch list]

Barch moce wihegn

¥ Sen fosntanes reins  wase 540N DO

[ ] cma

SEG-Y Input: Batch list is used to input multiple SEG-Y files at once and convert them to the RadExPro

internal format.

MGY gt
e

Remap Header Values: DELAY, 21,109 ‘\

L | et || s | Jieew |
¥ mamarnan I S ESCDIC fwmtrs S St =
Lo ] o | e | Seeves |
Trace Output: create files in RadExPro format.
Barch mode cutpet parametiny x
n Trace Dutma x S add l
£ Boge oua Cutout path
I7 Seve s ot
e Setect pott... ) | Cay Tectore: Sock ©
- Vitver: Sataaet e v eur
[T Tl S pp—p—— % % Oyt
s
o Corcs Vs v =
(= =



3.2- NAVIGATION QC

j HE~ Ty~
Trace Input <- [multiple]
Trace Output -> merge_headers

crossplot - | Comment line
*=*CrossPiot* «<- Clay Tectonic Block C\merge_headers

Trace Input: Add the datasets in the project and choose ‘Load headers only’.

Tace ngant

Owte Sete St Pkt
CILOTED) 04_N200%% 01159 v | . —
CTAOTEII04_ 0330908 072138 ANy |
CTAOTR23.04_22230408 054,

' ‘ \'m.vmm

Ay A | K |
CTAOVEYS 04_ 20230408 039935 LAY
T4 OTEZI-04_ BINA06_ D26 RAY | I. 3 ‘ Hotw: Ermmsties w8 be Jrfredt
AOTII304 2030400 03243 RAY | J

by e reaviber of surt Sette,

Dwwts |

— 8| J ™ Setect hon e H—
I 9 Load rendery iy I Pram batch et B ——

Ty T Wy e O |0 = Outobns shpnct - (huis . |

(o ] o | B

Note: If the number of files is bigger than 100, the software runs into an error.
Therefore, load the files per 100 and give names (e.g. mergel, merge2, ...) as output.

PES_RP / Clay Tectonics Block A-B / Basic Proc / 02 Nav Check — started Friday, October 13, 2023 11:28:38PM Log

Trace Input - Faled
Trace Output - Not started

««« Al done Friday, October 13, 2023 11:28:383 PM

Trace Output
Trace Dutput x
[ -y
e ==
Pam  Clay Tectonc Sock Cymerge_headers Dataset.. @) Locaton. . [RERERR— v |
© Overnme = o v bt ¢ [
. g CF AUIEE pe JEEIRe0 (N0 1) N 1)
) Append 1 LOMID b JRINOE DML BN AT
CT AITMIS e TRINNE SRIN 1L N A1 oy
[ oombstchist s aaban - TT AT P TETI0 DRI AT
- - O 4 portv-orivng v

1T A IRTIM T TRAE RAN 1
= W1 oy Sermmics Sk 4 4
[ o | b

- —



CrossPlot*: Standalone module. You can plot the shot navigation using SOU_X (x-axis) and SOU_Y (y-
axis). This helps to verify potential navigation issues in the headers.

B 1R #

***Trace input <- [muitiple]

***Troce Qutput -> merge_headers

crossplot S s -
CrossPlot* <- Clay Tectonic Block C\merge_headers

L CrossPiot Manage > Clay Tectonic Block Cumerge_ headurs *

5 | New CrossPlot X

Frst header (X axis) Second header (Y axs)

foux ] I -]

@ furtser of Cor |':3e_r'w-|
s | =] ¢ [ o |
x| Cancel |

I S0U_X we SOULY -+ Chay Tectimic: Bhexk Osrantye_bmachen
Tie Select View Toom

L] el Al Dlals)

9200

P00

:

N g T

L e R O R e T e O e O e e O e e e
430000 A&TRS00 460500

ASSE00 456000 A%E50C 457000 45TH00 45500C 4 41000 4615300 462000 $E2504




3.3-TIDE IMPORT

BREI
Tides Import*

Tide Import*: Import tide information gathered from tidal stations or measured by a RTK GNSS

T e

*
Vet Paven | T | teaten |
Dt
! Al
&
Tidoe ot x
ot P T | b |
Detvaee st il Po [ : |
fo et wn =i W | 1-Choose the tide
LT - n "
P - st W oon © T oo b e correction txt file
{ iy n e p~
5 Taad wilth 2- click here to
arrangement
headers’ location
IF e R -.c-T—-i-é‘i}I | n.;.../ ]

Sovwrwiss| Lontiepion|| 08 | Caew |

= 0

> =R 2 ol

= Tas aew vun e Vot \enis tape
T me—
Sl -

=] 3]

<

(L)

Apply this order for the other
headers: *Time -Hour,
*Time-Min,

*Time-Sec,
*Value




3.4- FILTERING
The main processing flow consists of (i) filtering, which aims to improve the signal/noise ratio, and (ii) tidal

correction, which corrects the data for variations in tidal height during acquisition. It is recommended to
first test the filters on one or a few lines. Once satisfactory results are achieved, the flow can be executed

in batch mode to apply the processing to all files at once.

Trace input « - (from batch list)

Burst Noise Removal
2D Spatsal Filtering

Amplitude Correction

Filter parameters are tested using a line.

Tracw Ingws « - CT-AOTE21-04_ 0020404 (64T RAW LF sy

st NOise Remowad

20 Spatinl 1illovirg

Asphtude € one Do

wcreen Digiay

e N
Rt s P

N

e

Burst Noise Removal: The module is designed for removal of high-amplitude noise bursts from the seismic
traces. This module also helps to remove/attenuate marine swell noise and similar types of noise bursts,
and to remove interference from the (simultaneously deployed) sparker source.

Burst Noise Rermoval

Werdow soe for weerage veiue cekolaton (Tacey) |

Hmpection percecage (%) |30
Do ot change ampitutes lower than (%) of the sverage |5

2.5

Modfy values when extred nverage 1 more $an N tves

= ] _one |




Result
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Figure B.01. The top seismic view is before applying Burst removal noise filter to the test line. The middle
view is after applying the filter and the bottom view is the difference between filtering and no filtering
data.



2D Spatial Filtering: Test and apply different values to finetune the data output in function of the goal of
the research. If more detail needs to be preserved in the data (at the cost of also keeping more noise), the
‘Number of traces and samples’ values should be reduced.

2-D Spatial Filtering X
—Filter type
~ 2-DMean

‘Weights: ' Boxcar € Triangle € Hamming
2D Median

' alpha-Trimmed Mean

Rejection percentage I 1

—Filter size
Number of traces I 13
Number of samples I 9
Filter mode

’7 % Normal " Subtraction ‘

oK | Cancel |

Result
FFID o 1 101 201 301 401 501 601 701 301 501

1 T

h

|

25

LT AN

Figure B.02. Display of a 2D Spatial Filtering applied PES line.



Amplitude Correction

Result

3 Ampbiiche Covrection

@ Ve remaci © poew (L)
(71 Expnarawl comecton [Reg  © 2
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Figure B.03. The result of the Amplitude correction selecting Time raised power option.




3.5- TIDAL CORRECTION

To prevent cutting off data at the top or bottom of the profiles when applying the tidal correction, a new
appropriate trace length is assigned using Trace Length module. The recorded PES data trace length is 37
ms, to which 8 ms is added; the new trace length is thus 45 ms.

NACY
Trace nput « - (fram baech list]

§ XOZA0N04 D6

Bairst Naise Removael
20 Spataal Filtening

Amplitude Correctian

oA ¥
Trace Length
Trace Header Math
Apply Statics <- [PICKY)
Trace Header Math
Apply Statics <- [STAT?]
Irace Header Math

SEG-Y Outpant -> [{rom batch list)

Teacw Langth Daeameteny — x

New i lengih [ (e |

O l Cancel

l’-FlDo 500 600 700 BOO  FFID 500 600 700 800
O

5

104

15

20

25

30

351

8 ms adding.

Figure B.04. Add the trace length before and after. The recording time is extended by 8 ms from the point
where the data length ends.



The difference between the new and the old trace length is assigned as a new header called PICK1 in Trace
Header Math module.

Trace Header Math

PICK1=8

Apply Statics (First): The PICK1 value is used as input in a first static correction (downward shift of the
data). This step ‘creates space’ for the tidal height to be subtracted in the next step.

L Zopy Shh x

Nasow Sl 4
& e Vord
Eoe 3

C et fiver zaldnae

e e __J[

T~ Zalytes o bre I'M::-.*
I sootractatate
I7 tooty actzem eeayce Mwdrurs romber of besase | ©
fwwtorion | loadtogien | T ok | e
FFID 500 600 700 800 FFID 500 600 700 800
8 ms static correction
5 5 l
101 101
15 15
: » 3
E‘-_':- e o ST
0 =N Rk S ad
- :; o ’:.-.— -',':; = —'
an = — R -
e ot L ey : :
251 5:—5‘5 o= o4 25t & ~ -
e L S e e
- ' e = — — - G B = e =
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e e s < = e = 4 —
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T g e . e e S
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s e T
s, s e e
a0, 0 BEEE— o= T
_—~—— e — e
45- 45-

Figure B.05. The new trace length data (left) and the data after applying static correction (right) are shown
above.



In the Tidal Import module, the tidal data were assigned to the STAT1 header. Since these values are
expressed in m above LAT, a conversion to ms TWTT (assigned to STAT2) is required, for which the Trace
Header Math (second) module is used:

STAT2 = (2*STAT1) / 1.5

N T O

Two-way length=2*3=6m
Water vel=1.5m/ms
Two-way time =6/1.5=4 ms

{

~| Tidalvalue =3m

Trace Header Math

STAT2=(2*STAT1)/L5

The value in STAT2 is now used in the Apply Statics (second) module. Important: this value needs to be
subtracted from the data (i.e. upward shift). As such, variations in tidal height during data acquisition or
corrected for.

(M=} Apply Statics

" Manual STATZ
{* Header Word

Erowse...
(" Get from database

" Use file |
[ Relative to time 0.00

¥ Subtract static
[ Apply fractional statics Maximum number of threads |0

Save template | Load template ‘ Ok | Cancel |
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ST 1.79867 iisecon
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Figure B.06. Tidal correction in millisecond

In the final step, the first downward static shift (stored in PICK1) is compensated, by subtracting this value

from the DELAY using Trace Header Math (second). As such, the only static completed at the end of this
flow, is the tidal correction.

Trace Header Math

DELAY=DELAY-PICK1




3.6-SEG-Y OUTPUT

Firstly, open the batch mode to select all datasets and arrange the Trace Input module as shown below.
Then activate all modules in the flow (except Screen display) with the parameters as established above.

1
= o -l &

waytr Rated wode optuas
Trace Input «- |from batch list) I—bﬁm

se*Troce eput « - TTSLOTES. 04 2023008 (1948 RAW_LF wy

Tesce bapat x
Coeten vt P
I 'r e o e by
L i 3
' [ 3 ] e e et
i | ]
Coeh sams |

I Ledsessuxom W S beat it

[ r—eromt  aaamon [T Rt o

Qo | o | i

I mect fom i i
S |

Select the option ‘From batch list’ and define the file location and suffix. Scalars of 0.01 are used (so enter
value -100) and the DELAY header is remapped to byte 109 (2 byte Integer).

[ Segv Outpet %
s vt @
P-l- Fatin midde OuApW parwwsters B
: e  Bgencien byts oder (G- wndard]
34 P oamteargpant T utteendan byt order St I
Ouzas ower
lr: r ™ S o ront
feect ot | [C =

Sy e — st e s Des i Faremerc Sossaoe

('.n’*‘--o:) ] haa _l (& Lengh in metery o Soste 'h:!::::--v—-—zx

Somw S ordeetes - t e~

(4 = mtcher, - = dvscr) l w0 bl Langth n @t mcancs r o

" Save o

| w-ﬂr—w } Save remeg I l
fegthestes —

1™ PEEBCDIC tencer

[™ PEECOIC bmacer Fam e |

)| ot |

> @] ocnm

Overview of exported files:
* Big-endian byte order
* FFID in byte 9
* X'in byte 73 (scalar = 0.01)
*Yin byte 77 (scalar =0.01)
* DELAY in byte 109




