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Abstract

Understanding the physical properties of fault zones is essential for various subsurface applications,
including carbon capture and geologic storage, geothermal energy, and seismic hazard assessment.
Despite improvements in fault imaging and visualisation, predicting the physical properties of faults and
fault zones in the subsurface remains challenging, even with high-quality seismic reflection data. In this
study, we use borehole and high-quality Post-Stack Depth Migrated (PSDM) seismic reflection and Full-
Waveform Inversion (FWI) velocity data to investigate the characteristics of fault zones in the Samson
Dome in the SW Barents Sea. We analyse the variance attribute of the PSDM and FWI volumes,
revealing linear features that consistently appear in both datasets. These features correspond to
locations of rapid velocity changes and seismic trace distortions, which we interpret as faults. These
observations demonstrate the capability of FWI in recovering fault zone velocity structures. Our findings
also reveal the natural heterogeneity and complexity of fault zones, with varying P-wave velocity
anomalies within the studied fault network. We propose that these anomalies may indicate differences
in fault transmissibility. Our study highlights the potential of FWI velocity models in predicting fault zone
physical properties and improving subsurface interpretations. By integrating seismic reflection data and
FWI models, we can enhance our understanding of fault zone architecture, which has implications for
energy transition policies, carbon storage, geothermal energy development, waste disposal, and seismic
hazard mitigation.

Supplementary material: Additional seismic depth slices are available at https://doi.org/xxxx.


mailto:a.alghuraybi19@imperial.ac.uk

27
28
29
30
31
32
33
34
35
36
37
38
39

40
41
42
43
44
45
46
47
48
49
50

51
52
53
54
55
56
57

Faults play a major role in controlling subsurface fluid flow by juxtaposing impermeable lithologies against
permeable ones, or by containing fine-grained, low-permeability (i.e., sealing) fault rocks (e.g., Welbon et
al., 1997; Bailey et al., 2006). Determining the sealing potential of faults typically involves the integration
of seismic reflection and wellbore data (e.g., Manzocchi et al., 2010; Yielding et al., 2010). Historically,
understanding the variability in fault permeability played a major role in hydrocarbon exploration,
production and in determining compartmentalisation, and overall economic viability of hydrocarbon
reservoirs (e.g., Bailey et al., 2002; Jolley et al., 2010; Fisher et al., 2018). However, a better understanding
of the subsurface and more specifically the hydraulic properties of faults, is increasingly required to
comply with government-mandated regulations and to provide public assurances of several net-zero
solutions (e.g., Kaldi et al., 2013), whether this relates to carbon capture and geologic storage, producing
geothermal energy, designing radioactive waste disposal sites, locating water resources, or mitigating
seismic hazards (e.g., de Laguna et al., 1968; Morris et al., 2004; Chiaramonte et al., 2015; Morell et al.,

2018; Daniilidis et al., 2021; BGS, 2022).

Seismic reflection data have been widely used to reveal the presence, geometry, and evolution of
subsurface structures, including normal faults (e.g., Boyer & Elliott, 1982; Childs et al., 2003). Traditionally,
those studies involve seismic interpretation workflows to map discontinuities in seismic sections that
delineate offsets in stratal reflections (e.g., Wernicke, 1995). Although often expressed as discrete, planar
features, field data show that faults comprise zones of deformation (e.g., Kim et al., 2004; Childs et al.,
2009). Previous studies using seismic reflection data have demonstrated that normal faults are expressed
as seismic disturbance zones (sensu lacopini et al., 2016). The extent of the related fault damage zone can
be visualised using seismic attributes, and it has been shown to be of comparable width to exposed
damage zones (e.g., Alaei & Torabi, 2017). The way a fault is expressed in seismic reflection data depends
on the frequency and quality of the seismic data, with faults appearing as planar features at low

frequencies and as zones or extractable bodies or volumes at higher frequencies (e.g., Botter et al., 2016).

It has been long recognised that mapping faults using seismic reflection data is a relatively
subjective exercise, especially in terms of defining fault geometries in map-view and the displacement
distribution across a faults surface (e.g., Freeman et al., 1990). This appreciation of subjectivity caused
several authors to focus more on finding robust and perhaps more objective interpretation methodologies
that utilise the full extent of the imaging power of seismic reflection data (e.g., Freeman et al., 1990;
Hesthammer et al., 2001; Braathen et al., 2009). For example, seismic attributes have been developed to

identify faults and permit more detailed analysis of their geometries (e.g., Jones & Knipe, 1996; Randen
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et al., 2001; Chopra & Marfurt, 2005; lacopini & Butler, 2011) and the style and magnitude of related (i.e.,
offset) strain (e.g., Freeman et al.,, 2008; Braathen et al., 2009; lacopini et al., 2016). More recently,
machine learning and increased computational power have allowed the development of data-driven,
automated fault interpretation workflows (e.g., Meldahl et al., 2001; An et al., 2021; Wrona et al., 2021;
An et al., 2023). However, despite these improvements in fault imaging and visualisation, predicting the
physical properties of faults and fault zones (i.e., fault zone width, shale/clay smear content,
transmissibility, and fluid content) in the subsurface remains challenging, even with high-quality seismic

reflection data.

Full-waveform inversion (FWI) is an advanced method of seismic imaging that aims to recover
high-fidelity physical property models of the subsurface using the full recorded wavefield (i.e., both
reflection and refraction waves) from seismic surveys, as opposed to traditional velocity modelling
workflows based on first-arrivals (e.g., Virieux & Operto, 2009; Morgan et al., 2013; Warner et al., 2013
for more details). Theoretically, any physical properties of rock units that influence seismic waves (such
as P-wave, S-wave velocities, and density) can influence the recorded seismic wavefield and, therefore,
be revealed by FWI models (e.g., Warner et al., 2013; Tromp, 2020; Davy et al., 2021). However, in
practice, the majority of FWI studies, particularly in 3D, have focused on the recovery of P-wave velocity.
Some of these FWI studies in subduction zones and sedimentary basins have qualitatively demonstrated
the ability of FWI models to image fault zones characterised by varying velocities relative to their
surrounding host rocks (e.g., Morgan et al., 2013; Gray et al., 2019; Davy et al., 2021). We hypothesise
that this velocity variability is related to changes in fault zone hydraulic properties, as captured by
parameters such as Shale Gouge Ratio (SGR). As such, the FWI itself may be a potential ‘screening’ tool to
assess fault transmissibility within a fault network. In this study, we test this hypothesis by using high-
quality, depth-migrated 3D seismic reflection and FWI data from the Samson Dome, SW Barents Sea,
offshore Norway. We compare our recovered fault velocities with modern stress-field orientations and
the results of tradition shale-gauge ratio methods (the current state-of-the-art in determining fault
transmissibility; e.g., Bretan, 2023). Ultimately, we showcase initial attempts to improve our
understanding of the physical properties of fault zones by combining seismic reflection and FWI velocity

data.
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Geological Setting

The Barents Sea is a shallow continental shelf that encapsulates an area of c. 1.3 million km2 offshore
Norway between the Arctic Ocean to the north and the Russian and Norwegian coastlines to the south
(e.g., Gabrielsen, 1984; Doré, 1995). The large-scale structures in the region were formed as a result of
multiple phases of rifting from the Devonian to the opening of the Norwegian and Greenland seas and the
onset of seafloor spreading in the Eocene (Faleide et al., 1984, 1993, 2008; Gabrielsen, 1984; Gabrielsen
et al., 2016). Our study area is located over the Samson Dome, a structure thought to have formed due to
salt movement during the Middle to Late Triassic (e.g., Breivik et al., 1994; Mattos et al., 2016). The
stratigraphy in the Samson Dome is dominated by siliciclastic rocks, with minor carbonate intervals,
particularly in the Lower Permian (e.g., Breivik et al., 1994). A detailed lithology report for wellbore
7224/7-1 can be found on the Norwegian Petroleum Directorate (NPD) webpage
(https://factpages.npd.no/en/wellbore/PageView/Exploration/All/1245). A major unconformity likely
formed in the Late Cretaceous to Paleogene, eroding part of the Upper Cretaceous capping the Samson
Dome (e.g., Faleide et al., 2008). The sediments overlying the unconformity are associated with high

seismic reflection amplitudes that are potentially caused by shallow gas (e.g., Jones et al., 2013).
Data

We used the BG1002R13 seismic reflection survey acquired by CGG and processed by BG Geophysical
Operations in 2013. The data <can be retrieved from the DISKOS database

(https://portal.diskos.cgg.com/whereoil-data/). The survey is a 3D Narrow Azimuth (NAZ) seismic

reflection survey acquired using a dual marine airgun source with 10 six-kilometre-long streamers and 480
receiver groups, defining a full-fold area of c. 1100 km?2. The group and flip-flop shot intervals were set to
12.5 m, whereas the spacing between cables was 100 m. A high-cut frequency filter of 200 Hz was applied
along with a bandpass filter of 2-7 Hz. Additional filters and pre-processing steps applied to the raw data
include swell noise attenuation and linear random de-noise with top and bottom mutes. The total

recording length and initial sampling intervals are 5050 ms and 2 ms, respectively (Jones et al., 2013).

Various approaches were used to generate a good starting velocity model for the FWI, including
a 1-D wellbore-derived blocky model, first arrival refraction tomography-based model and a constrained
Dix inversion model of the stretched-to-depth pre-stack-time-migration root-mean-square velocity field
(Jones et al., 2013). The FWI velocity model is then used to generate the final full-stack depth volume that
runs from 0 m to 6000 m sampled every 10 metres. The data was processed using a zero-phase wavelet

and displayed in reverse SEG polarity convention, i.e., a downward increase in acoustic impedance is


https://portal.diskos.cgg.com/whereoil-data/

118
119

120
121
122
123
124
125

126

127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

147
148

represented by a trough (coloured blue) and a decrease by a peak (coloured red). The seismic resolution

is 10- 70 m.

In this study, we also used data from wellbore 7224/7-1, which was drilled in 1988 to evaluate the
hydrocarbon reservoir potential of the Lower Jurassic and Upper Triassic sandstones and to improve
previous structural and geophysical interpretations to better the understanding of the area (NPD, 2023).
The wellbore drilled a total depth of 3067 m and provides age and lithological constraints down to the
Lower Triassic (Olenekian). The age and lithological constraints allowed us to understand the character of

the seismic reflection data and FWI expression of the faults.
Method

Our results are derived from two main approaches: 1) seismic interpretation, and 2) statistical analysis of
seismically imaged fault properties, which we later consider in the context of the present regional stress
field and calculated SGR. First, we mapped horizons and faults and generated seismic attributes using
Petrel seismic interpretation software. In total, we mapped 15 horizons (11 tie to age-constrained
formation tops proven by wellbore 7724/7-1, one marks the top of the acoustic basement, and three
define regionally mappable intra-formational horizons; Fig. 1a). Our horizon mapping approach involved
a coarse, first-pass interpretation with an in-line and x-line spacing of 100 x 250 (i.e., 1250 m x 3125 m).
In areas where the seismic quality was poor or the reflections less-prominent and continuous, we mapped
the horizons every 32 and 50 in-lines and x-lines, respectively (i.e., 400 m x 625 m). After this initial
systematic mapping, we used 3D auto-tracking to populate the interpretation across the study area to fill
gaps in our grid. We then manually interpreted (at 12.5 m spacing) reflections into areas where auto-
tracking was not possible because they were discontinuous and characterised by low amplitude. In terms
of fault mapping, we generated a variance seismic attribute to highlight signal discontinuities in the
seismic reflection data (e.g., Randen et al., 2001). We computed the variance attribute for key depth slices
and along key horizons. The variance attribute helped reveal the fault network and aided fault mapping.
We also compared the variance attribute generated from the depth volume (PSDM) with variance time
slices computed from the time volume (PSTM); this helped ensure the fault network geometry was
consistently imaged and not unduly influenced by processing or depth conversion steps. Overall, we
mapped 48 faults by combining the variance data and seismic cross-sections taken perpendicular to the

local strike of each fault.

Following the seismic interpretation stage, we examined the FWI velocity volume to note any

lateral velocity changes that could relate to faults. To do this, we first compare FWI velocity in-line and x-
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line sections with corresponding seismic reflection depth surfaces (Fig. 2). This step revealed the expected
general velocity increase with depth, but also shows some lateral changes in velocity along horizons and
other linear features that correlate with faults interpreted in the seismic reflection data. We then
extracted FWI velocity values along key horizons mapped in the PSDM volume (Figs. 3a, 4a). The two
velocity surfaces showed clearly defined linear features with different velocities compared to the
surrounding areas. These features align with mapped faults, which are observed in variance slices taken
along H3 and H7, extracted from both the FWI velocity and PSDM volumes (Figs. 3, 4). While the
application of the variance attribute on seismic reflection data (PSDM volume) detects edges or signal
discontinuities that are often correlated to faults (e.g., Randen et al., 2001), computing the variance of
the FWI volume highlights sudden changes in velocity. The application of the variance to FWI models is a
novel approach that has not been reported previously as far as we are aware and, in this study, we

attempted to test the reliability and performance of the variance on FWI models.

After visually confirming the correlation between the linear features in the FWI velocity volume
and the fault network mapped in the PSDM volume, we then extracted the velocity values from the FWI
model along each horizon as spatially positioned point data (i.e., XY coordinates with corresponding
velocity data), thus allowing us to quantify any potential relationship. We also extracted velocity data
along individual fault traces. This resulted in individual velocity datasets for each mapped fault and for
each horizon. Given the fault trace geometries from the previous step, we could then extract the velocities
for a defined fault zone width (i.e., fault damage zone; sensu Kim et al., 2004; Childs et al., 2009) and
compare them to velocities at a set distance around the fault zone (i.e., to capture the velocity of
unfaulted host-rock). In this study, we determined fault zone width from our mapped fault planes (i.e.,
the fault polygon width determined from our mapping of footwall and hangingwall cut-offs) and host rock
width of 200 m taken around the fault zone polygon (Fig. 5). To compare the velocities between the two,
we calculated and compared a moving average value for each. We also used representative strike-
perpendicular profiles to detect any changes in velocity across fault zones, given the lack of obvious
methods of determining the width of a fault zone using seismic reflection data and to account for any

uncertainty in our defined fault zones (see Fig. 7.g as an example).

Lastly, we generated a combined attribute by computing a dip-steered, discontinuity-enhancing
attribute from the FWI velocity volume and multiplying it by a PSDM variance volume. The newly
generated combined attribute helps in 1) highlighting the faults and 2) detecting whether the fault zone

velocity is higher (+) or lower (-) than the surrounding host rock velocity. We then compared the results
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of our velocity analysis with regional present-day stress orientation and Shale Gauge Ratio (SGR) results
(Alghuraybi et al., 2023), which provide insights into fault sealing potential. A summary of the workflow

we used here is shown in Fig. 6.
Results

We studied a total of 48 faults and focused our analysis on the interval between H3 and H7 (Lower Jurassic
to Upper Cretaceous) (Fig. 1a). This is because most faults tip out upwards into Lower Cretaceous strata
and the resolution of the FWI velocity volume (as expected given the narrow-azimuth nature of these
data) drastically decreases below 1.5 km (Appendix 1). The upper 1.5 km portion of the FWI model
resolves linear features that are consistent with apparent faults on the corresponding PSDM seismic
sections (Fig. 2). These linear features appear to locally have higher or lower P-wave velocities, whereas

in other locations they appear to simply offset two blocks of different velocities (Fig. 2b).

By extracting the velocities on H3 and H7, we can see the general velocity trend in the area at
each structural level (Figs. 3a, 4a). Overall, we observe a general velocity decrease towards the centre of
the surface (i.e., towards the Samson Dome, where horizons generally become shallower; Figs. 3a, 4a).
The velocity decrease towards the Samson Dome is logical as shallower horizons are expected to have
slower velocities. This general observation provides confidence that the FWI velocity model is showing
useful information about rock properties. However, we can also detect faults dissecting the dome; these
are clearly defined by velocity characteristics that differ to their flanking host rock (Figs. 3a, 4a). The
geometry of the faults seen in the FWI velocity surfaces is consistent with that observed in the PSDM
variance surface (Figs. 3c, 4c). We also note that a variance attribute taken from the FWI velocity volume
detects some of the faults seen on the PSDM variance (Figs. 3b, 4b). Although this qualitative velocity
difference is apparent visually, one might argue that these differences are rather subtle and largely
dependent on the dynamic range of the colour scale used to display the FWI velocity surface. However,
the variance results demonstrate the ability of the FWI model to recover fault zones, as the same fault
patterns are extracted from two largely independent datasets (PSDM- produced solely from reflections
and FWI- driven largely by refracted arrivals). To supplement the variance analysis results, we next present
a detailed quantitative analysis of three selected faults from the studied fault network. We selected these
faults based on their strike, location relative to the dome, and kinematic history. These results are later

compared to regional stress data and traditional fault seal analysis (i.e., SGR).

Fault 23 (F23) strikes NW-SE and is c. 6 km long (Fig. 7). F23 has a clear fault expression on the

PSDM variance surfaces (Fig. 7b) and appears as a continuous zone of relatively low velocity on both FWI
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velocity surfaces (Fig. 7c). Our combined fault zone velocity attribute shows F23 as a laterally continuous
band of blue colour (i.e., lower fault zone velocity; Fig. 7d). The cross-plot of FWI velocities in and around
F23 shows general agreement with the combined attribute results (Fig. 7d, e). However, our statistical
analysis of the velocities reveals greater along-strike heterogeneity, with local zones of relatively high
velocity occurring within the fault zone (Fig. 7f). For example, the SW end of F23 at the structural level of
H3 shows a higher velocity as indicated by the positive difference between fault zone and host rock
velocities (Fig. 7f.1). Similarly, at the structural level of H7, F23 appears to have a higher velocity towards
its north-western end, and generally shows more fluctuation or scatter in the velocity difference between
fault zone and host rock velocities at this structural level (Fig. 7f.2). These statistical differences can be
confirmed by closely examining the FWI velocity surfaces (Fig. 7c), where minor velocity changes along-
strike can be detected. Equally, variable velocity difference between fault zone and host rock velocities
observed in the velocity analysis of F23 might be attributed to the fact that the fault is at the edge of the
survey where the FWI model (and the PSDM) is more poorly constrained (Fig. 3c). These along-strike
velocity variations might be interpreted as a result of noise or data artefacts. However, we observe similar
velocity variations along faults which are not at the edge of the survey (Fig. 4.a). Therefore, it is more likely
that these variations in velocity along-strike of the fault are recoding a physical response that reflects

along-strike variations in fault displacement, fault zone width, and/or shale/clay smear content.

Unlike F23, Fault 30 (F30) is in the centre and is thus fully imaged within the dataset (Fig. 3c). F30
strikes ENE-WSE and is on top of the dome (Fig. 8). Even though we can see the expression of F30 on the
PSDM variance surfaces, we also note the complex and more highly discontinuous nature of the PSDM
variance surface at this location (Fig. 8b). This is likely a result of the highly faulted nature of the dome
crest, which can be seen by the PSDM variance slice in Fig. 3c. In terms of FWI velocities, F30 shows an
overall higher velocity compared to the host rock. We observe these high velocities in the FWI velocity
surfaces (Fig. 8c) and combined attribute (Fig. 8d). These observations are supported by our statistical
analysis that shows F30 to generally have higher velocities along the fault (Fig. 8e, f) and across the fault
(Fig. 8g). The fault zone velocity signature is much clearer in the case of F30 compared to F23, where the
velocity difference between the fault zone and host rock is largely positive along-strike of the former (Fig.

8f).

Finally, Fault 26 (F26) is in the SW of the study area, away from the dome (Fig. 3c). F26 strikes ESE-
WNW and is associated with several synthetic and antithetic faults in its hangingwall (Fig. 9a). F26 is clear

in the PSDM variance surfaces, although a NNW-trending background fabric is also observed (Fig. 9b). This
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fabric might be an acquisition footprint as it is aligned with the direction of the survey in-lines (see
orientation of the blue dashed line in Fig. 1c). Unlike F23 and F30, F26 has different velocity expressions
at the structural levels of H3 (i.e., low) and H7 (i.e., high) (Fig. 9c). The variable velocity with depth is also
observed in the combined attribute, which defines F26 as a strong, laterally continuous red (positive) band
at H7 level (Fig. 9d.2), whereas a generally blue, relatively less laterally continuous band is observed at
the structural level of H3 (Fig. 8d.1). The dual behaviour of the fault zone is confirmed by our statistical
analysis that shows F26 at the structural level of H3 is defined by velocities that are distinctively lower
than surrounding host rock velocities (Fig. 9e.1, f.1). In contrast, at the structural level of H7, our statistical
analysis confirms the overall higher velocity character shown by the other analysis, but also reveals more

along-strike variability (Fig. 9e.2, f.2).
Discussion

We document changes in fault zone velocities that can be discerned both qualitatively (i.e., by visually
examining velocity slices) and quantitatively (i.e., by extracting fault zone velocities and comparing them
to surrounding velocities). Our results confirm that an FWI velocity model is capable of detecting fault
zones (down to depth 1.5 km in our study area, limited only by a 6 km streamer length) as shown by the
FWI variance that closely resembles the structures highlighted by the more traditional, PSDM variance
slice (Figs. 3; 4). Along with detecting faults zones, the FWI velocity volume also captures variations in the
physical properties of individual faults within the studied fault network and along-strike of individual
faults. These differences in P-wave velocity within fault zones may be related to the presence of gases or
fluids (i.e., gas clouds) potentially masking or amplifying velocity differences. Nonetheless, we argue that,
when combined with other analyses (i.e., structural, stratigraphic analysis using seismic reflection
datasets), FWI velocity models can reveal valuable information about the physical properties of fault
zones. Mainly, we show that the FWI model shows differences in P-wave velocities among the studied
fault network, which might be valuable not only to predicting fault’s sealing potential (e.g., Welbon et al.,

1997; Bailey et al., 2006), but also in capturing changes in fault zone architecture.

Across all scales, normal faults can have complex internal architecture, with variable fault core
width, continuity (continuous along fault zone or discontinuous and patchy fault zones) and multiple slip
surfaces (e.g., Michie & Haines, 2016). Previous studies show a range of factors can control fault zone
architecture, including fault growth history (e.g., Childs et al., 2009), host rock lithology, pre-existing
fabric, and the depth at which the fault is buried (e.g., see review by Wibberley et al., 2008). Laboratory

experiments have also demonstrated the rheological differences in fault rocks can also result in variable
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fault strength and stability (e.g., Bedford et al., 2022). The geometry and internal architecture of fault
damage zones can also be controlled by slip mode at the fault’s tips and the overall three-dimensional
geometry of the fault plane (e.g., Kim et al., 2004). Regardless of the exact mechanism that determines
fault zone architecture or extent of fault’'s damage zone, our current understanding of fault zone
properties supports their variable and heterogeneous nature. We propose that the P-wave velocity
anomalies we observe (Figs. 7-9) are likely a manifestation of the documented complexity of fault zone
architecture and fault damage zones (e.g., Kim et al., 2004; Wibberley et al., 2008; Childs et al., 2009;
Michie & Haines, 2016). Furthermore, the P-wave velocity anomalies might also reflect variability in fault
seal condition within fault zones, which is something that needs to be considered in subsurface fluid flow
models (i.e., during the characterisation of CCS sites or geothermal exploration targets, for example).
Given the expected variation in P-wave velocities within faults zones, we investigate whether there are
any overall correlations between high/low P-wave velocity anomalies with: i) regional present-day stress

field and ii) conventional fault seal analysis results (SGR).

Previous studies in the Samson Dome have related fault opening and increased leakage to the
present-day stress direction for faults offsetting shallow strata on the crest of the dome (e.g., Mattos et
al., 2016). We hypothesise that faults that are likely leaking will show lower fault zone P-wave velocities.
As leaking faults are often associated with increased permeability and/or fluid content, which lowers their
P-wave velocities. By quantitively demonstrating the velocity differences between fault zones in the
Samson Dome, we show that, overall, faults that strike NW-SE (i.e., parallel to the present-day maximum
stress orientation; Heidbach et al., 2016) tend to have lower fault zone velocities (c. 3130 — 3140 m/s)
compared to their surrounding host rock (c. 3180 — 3200 m/s; Fig. 7). In contrast, faults that strike E-W
(i.e., perpendicular to the present-day maximum stress orientation) are characterised by higher fault zone
velocities (up to c. 80 — 120 m/s higher fault zone velocities compared to host rock velocities; Fig. 8).
However, our results also show that not all fault zone velocities of the studied fault network show a
relationship to the present-day maximum stress orientation. For example, Fault 26 trends perpendicular
to the present-day maximum stress orientation and instead of having higher fault zone velocities, shows
variable fault zone velocities across different structural levels (Fig. 9). This variability might relate to the

presence of interacting faults near the upper tip of the main fault.

Fault sealing potential and transmissibility are traditionally calculated using SGR (e.g., Manzocchi
et al.,, 2010; Yielding et al., 2010). In this study, we explore the correlation between SGR and the observed

P-wave velocity anomalies revealed by the FWI model. Alghuraybi et al. (2023) study the evolution of the
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Samson Dome fault network and calculated SGR. They show that the studied fault network can be
subdivided into two main subgroups: i) faults with vertical linkage and ii) faults that show no evidence of
vertical linkage. The faults that show vertical linkage are generally associated with lower SGR (i.e., more
likely to be leaking than sealing). These faults include F23, which we show here to have lower fault zone
velocities across both H3 and H7 stratigraphic levels (Fig. 7). In contrast, F26 shows no evidence of vertical
linkage and exhibits higher SGR values than F23 (Alghuraybi et al., 2023), which we show has higher fault
zone velocities across the H7 stratigraphic level (Fig. 9.e2-g2). However, across the H3 stratigraphic level,
F26 shows lower velocities than surrounding host rock (Fig. 9.e1-g1). The inconsistency between velocities
across stratigraphic levels might hint at different factors controlling the studied fault zone properties, such
as the natural heterogeneity in fault zones observed in outcrops (e.g., Kim et al., 2004; Wibberley et al.,
2008; Childs et al., 2009; Michie & Haines, 2016). For instance, F26 has lower displacement at H3
compared to H7 (Alghuraybi et al., 2023). The lower displacement might result in thinner fault rock and

narrower damage zone (e.g., Childs et al., 2009) at the H3 stratigraphic level compared to H7 for F26.

Even though interpretation workflows using seismic reflection data have significantly improved
over the last decades (e.g., Jones & Knipe, 1996; Randen et al., 2001; Chopra & Marfurt, 2005; Fredman
et al., 2008; Braathen et al., 2009; lacopini & Butler, 2011; lacopini et al., 2016), given the nature of the
data used in these workflows, they are prone to be limited to only revealing fault geometries, fault facies
and generally improve the imaging and visualisation of the fault networks. Our results demonstrate the
potential of FWI models in recovering P-wave velocity within fault zones, which is something that cannot
be achieved by using seismic reflection data alone. We suspect that the recovered P-wave velocities within
fault zones are related to fault transmissibility. The variance attribute of the FWI model clearly highlights
locations of rapid changes in P-wave velocity that coincides with the location and geometry of distortions
in the PSDM volume, which we interpret as faults. However, not all of the faults we mapped in the PSDM
volume are seen in the FWI model (Fig. 10. a, b). This may be related to the fact that some fault zones are
too small to be resolved by FWI, or that some fault zones do not present as faster or slower velocity
anomalies compared to the surrounding host rock. Outcrop data of fault zone thickness and displacement
show a broad positive correlation between the two (e.g., Childs et al., 2009). Our results show that faults
that have weak or no FWI signature tend to have average displacements of < 12 m, whereas those clearly
visible on the FWI variance have an average displacement of c. 50 m (Fig. 10. c). We propose that by
incorporating the information from the FWI velocity models, we can increase the fidelity of our subsurface
interpretation by drawing from two separate datasets. Where two independent datasets converge, we

can have more confidence in our subsurface interpretations and resulting models. The increased reliability
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is something that is needed, especially in the field of subsurface geoscience to help the community meet
energy transition policies and demands while providing essential public reassurance to the wider society
about future implementations of carbon capture and geologic storage, geothermal energy, radioactive
waste disposal sites, and mitigating seismic hazards. However, to fully test the hypothesis that FWI can
serve as a screening tool for fault transmissibility, it is crucial to obtain pressure data from sites of fluid
injection in the subsurface. This direct constraint on fault transmissibility would provide more conclusive

evidence.
Conclusions

Our study demonstrates the effectiveness of Full-Waveform Inversion (FWI) velocity models in recovering
the velocity structure of fault zones. By analysing the variance (i.e., edge attribute) of both the Post-Stack
Depth Migrated (PSDM) seismic reflection volume and FWI model, we observe 'edges' with identical
locations and geometries. These 'edges' correspond to locations of rapid changes in velocity and
distortions in post-stack seismic traces, which we interpret as faults. However, not all faults visible in the
PSDM are detectable in the FWI model. This discrepancy may be due to certain fault zones being too small
to be resolved by FWI or not exhibiting significant velocity anomalies compared to the surrounding host
rock. Many fault zones display variability in their P-wave velocity structure, reflecting the natural
heterogeneity observed in faults from outcrop studies. In the FWI model, some faults (or parts of faults)
appear as low-velocity anomalies, while others exhibit high velocities compared to the host rock. We
hypothesise that this variability may be attributed to fault transmissibility. Furthermore, there is a partial
correlation between fault velocity anomalies, the regional present-day stress field, and the results of Shale
Gouge Ratio (SGR) analysis. However, it is important to acknowledge the presence of large uncertainties
in the SGR analysis, which may limit its ability to provide a reliable indication of fault transmissibility in
the Samson Dome. To fully test our hypothesis, we need more data (i.e., pressure and core data) from
wellbores that are drilled across some of the faults where the FWI model exists to test predictions of fault
transmissibility derived from FWI P-wave velocity models. Nonetheless, the results from our study are

promising in terms of the effectiveness of FWI as a tool to predict physical properties of fault zones.
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Figure captions

Figure 1. (a) Stratigraphic column summarising the seismic stratigraphic framework and horizon names
and ages as constrained by wellbore 7224/7-1. (b) Location map for the study area. (c) Depth map at the
H3 level highlighting the outline of the Samson Dome and some of the faulting in the area. The location
of wellbore 7224/7-1 is denoted by a blue star and the blue and red dash lines outline the location of
the depth and FWI sections shown in Fig. 2.

Figure 2. Representative in-line (a) and cross-line (b) with FWI data (top) and seismic reflection depth
data (bottom). The sections show the faulted nature of the area that can be seen in both FWI and depth
sections. Also, these sections highlight the lateral velocity changes across faults especially in (b). The
dashed circle shows a case where a fault is offsetting two blocks of different velocities while the dashed
rectangle highlights faults with apparent detectable fault zone velocities that are different than adjacent
strata.

Figure 3. (a) FWI velocity data extracted along the L. Cretaceous H3 surfaces showing a general decrease
in velocity towards the centre (towards the dome) but also highlights velocity variations along and
across faults. (b) FWI variance attribute revealing some of the faults. The geometry of the fault network
can be seen clearly by the variance surface extracted along the H3 level (c).

Figure 4. (a) FWI velocity data extracted along the L. Jurassic H7 surfaces showing a general decrease in
velocity towards the centre (towards the dome) but also highlights velocity variations along and across
faults. (b) FWI variance attribute revealing some of the faults. The geometry of the fault network can be
seen clearly by the variance surface extracted along the H7 level (c).

Figure 5. A cartoon illustration of the fault zone velocity extraction methodology used in this study.

Figure 6. A summary of the workflow used in this study to map and analyse the fault network
and FWI velocity variations.

Figure 7. (a) a cross-section view of fault 23 using FWI (a.1) and PSDM (a.2) data. (b) A variance
slice showing the lateral extent and geometry of fault 23 along H3 (b.1) and H7 (b.2) levels. The
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yellow dashed line in (b.1) shows the location of the cross sections in (a) and velocity profile in
(g). (c) FWI slices showing the velocity differences between the fault zone and surrounding
area. (d) Velocity detection attribute showing lower fault zone velocity on both H3 (d.1) and H7
(d.2) levels. The results from (d) are compared with quantitative analysis of the fault zone
velocity along the fault (e & f) and across the fault (g). Fault zone velocities are shown in blue
while host rock velocities are shown in grey colour in (e). (f) shows the difference between the
two velocity categories. The location of the fault zone is shown by the shaded yellow colour in
(g) and the length of the profile is denoted by L.

Figure 8. (a) a cross-section view of fault 30 using FWI (a.1) and PSDM (a.2) data. (b) A variance
slice showing the lateral extent and geometry of fault 30 along H3 (b.1) and H7 (b.2) levels. The
yellow dashed line in (b.1) shows the location of the cross sections in (a) and velocity profile in
(g). (c) FWI slices showing the velocity differences between the fault zone and surrounding
area. (d) Velocity detection attribute showing higher fault zone velocity on both H3 (d.1) and H7
(d.2) levels. The results from (d) are compared with quantitative analysis of the fault zone
velocity along the fault (e & f) and across the fault (g). Fault zone velocities are shown in blue
while host rock velocities are shown in grey colour in (e). (f) shows the difference between the
two velocity categories. The location of the fault zone is shown by the shaded yellow colour in
(g) and the length of the profile is denoted by L.

Figure 9. (a) a cross-section view of fault 26 using FWI (a.1) and PSDM (a.2) data. (b) A variance
slice showing the lateral extent and geometry of fault 26 along H3 (b.1) and H7 (b.2) levels. The
yellow dashed line in (b.1) shows the location of the cross sections in (a) and velocity profile in
(g). (c) FWI slices showing the velocity differences between the fault zone and surrounding
area. (d) Velocity detection attribute showing lower fault zone velocity on H3 (d.1) and higher
velocity on H7 (d.2) levels. The results from (d) are compared with quantitative analysis of the
fault zone velocity along the fault (e & f) and across the fault (g). Fault zone velocities are
shown in blue while host rock velocities are shown in grey colour in (e). (f) shows the difference
between the two velocity categories. The location of the fault zone is shown by the shaded
yellow colour in (g) and the length of the profile is denoted by L.

Figure 10. (a) FWI variance attribute extracted along the H7 level. (b) The spatial distribution of
the studied fault network colour-coded by response strength on the FWI variance attribute.
Fault names are labelled on the map in (b). (c) Box plots showing the displacement distribution
of the faults grouped by strength of FWI variance signature.
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Figure 1. (a) Stratigraphic column summarising the seismic stratigraphic framework and horizon names and ages
as constrained by wellbore 7224/7-1. (b) Location map for the study area. (c) Depth map at the H3 level high-
lighting the outline of the Samson Dome and some of the faulting in the area. The location of wellbore 7224/7-1
is denoted by a blue star and the blue and red dash lines outline the location of the depth and FWI sections
shown in Fig. 2.
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Figure 2. Representa-
tive in-line (a) and
cross-line (b) with FWI
data (top) and seismic
reflection depth data
(bottom). The sections
show the faulted
nature of the area
that can be seen in
both FWI and depth
sections. Also, these
sections highlight the
lateral velocity chang-
es across faults espe-
cially in (b). The
dashed circle shows a
case where a fault is
offsetting two blocks
of different velocities
while the dashed
rectangle highlights
faults with apparent
detectable fault zone
velocities that are
different than adja-
cent strata.
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Figure 3. (a) FWI velocity data extracted along the L. Cretaceous H3 surfaces showing a general decrease in velocity towards the centre (towards the dome) but also
highlights velocity variations along and across faults. (b) FWI variance attribute revealing some of the faults. The geometry of the fault network can be seen clearly by the
variance surface extracted along the H3 level (c).
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Figure 4. (a) FWI velocity data extracted along the L. Jurassic H7 surfaces showing a general decrease in velocity towards the centre (towards the dome) but also
highlights velocity variations along and across faults. (b) FWI variance attribute revealing some of the faults. The geometry of the fault network can be seen clearly by the
variance surface extracted along the H7 level (c).
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Figure 5. A cartoon illustration of the fault zone velocity extraction methodology used in this study.
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Figure 6. A summary of the workflow used in this study to map and analyse the fault network and FWI velocity
variations.
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Figure 7. (a) a cross-section view of fault 23 using FWI (a.1) and PSDM (a.2) data. (b) A variance slice =
showing the lateral extent and geometry of fault 23 along H3 (b.1) and H7 (b.2) levels. The yellow
dashed line in (b.1) shows the location of the cross sections in (a) and velocity profile in (g). (c) FWI 3100 3100
slices showing the velocity differences between the fault zone and surrounding area. (d) Velocity WSW L=2.7km ENE WSW L=2.7 km ENE

detection attribute showing lower fault zone velocity on both H3 (d.1) and H7 (d.2) levels. The results
from (d) are compared with quantitative analysis of the fault zone velocity along the fault (e & f) and
across the fault (g). Fault zone velocities are shown in blue while host rock velocities are shown in
grey colour in (e). (f) shows the difference between the two velocity categories. The location of the
fault zone is shown by the shaded yellow colour in (g) and the length of the profile is denoted by L.
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Figure 8. (a) a cross-section view of fault 30 using FWI (a.1) and PSDM (a.2) data. (b) A variance slice showing the lateral extent g
and geometry of fault 30 along H3 (b.1) and H7 (b.2) levels. The yellow dashed line in (b.1) shows the location of the cross
sections in (a) and velocity profile in (g). (c) FWI slices showing the velocity differences between the fault zone and surround-
ing area. (d) Velocity detection attribute showing higher fault zone velocity on both H3 (d.1) and H7 (d.2) levels. The results 2700 2750
from (d) are compared with quantitative analysis of the fault zone velocity along the fault (e & f) and across the fault (g). Fault NW L=2km SE NW L=2km SE

zone velocities are shown in blue while host rock velocities are shown in grey colour in (e). (f) shows the difference between
the two velocity categories. The location of the fault zone is shown by the shaded yellow colour in (g) and the length of the
profile is denoted by L.
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Figure 9. (a) a cross-section view of fault 26 using FWI (a.1) and PSDM (a.2) data. (b) A variance slice showing the lateral extent and geometry of fault 26 along H3 (b.1) and H7 (b.2) levels. The yellow dashed line in (b.1)
shows the location of the cross sections in (a) and velocity profile in (g). (c) FWI slices showing the velocity differences between the fault zone and surrounding area. (d) Velocity detection attribute showing lower fault
zone velocity on H3 (d.1) and higher velocity on H7 (d.2) levels. The results from (d) are compared with quantitative analysis of the fault zone velocity along the fault (e & f) and across the fault (g). Fault zone velocities
are shown in blue while host rock velocities are shown in grey colour in (e). (f) shows the difference between the two velocity categories. The location of the fault zone is shown by the shaded yellow colour in (g) and
the length of the profile is denoted by L.
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Figure 10. (a) FWI variance attribute extracted along the H7 level. (b) The spatial distribution of the studied fault network colour-coded by
response strength on the FWI variance attribute. Fault names are labelled on the map in (b). (c) Box plots showing the displacement distribution
of the faults grouped by strength of FWI variance signature.
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Appendix 1. Depth slices at 400 m, 800 m, 1200 m and 1600 m across the PSDM and FWI volumes and their associated variance
attributes. These depth slices showcase the dramatic decrease in the FWI resolution after 1.5 km.
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