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Abstract 1 

Fluid-escape structures within sedimentary basins permit pressure-driven focused fluid flow through 2 

inter-connected faults, fractures and sediment. Seismically-imaged chimneys are recognised as fluid 3 

migration pathways which cross-cut overburden stratigraphy, hydraulically connecting deeper strata 4 

with the seafloor. However, the geological processes in the sedimentary overburden which control the 5 

mechanisms of genesis and temporal evolution require improved understanding. We integrate high-6 

resolution 2D and 3D seismic reflection data with sediment core data to characterise a natural, active 7 

site of seafloor methane venting in the UK North Sea and Witch Ground Basin, the Scanner pockmark 8 

complex. A regional assessment of shallow gas distribution presents direct evidence of active and 9 

palaeo-fluid migration pathways which terminate at the seabed pockmarks. We show that these 10 

pockmarks are fed from a methane gas reservoir located at 70 metres below the seafloor. We find that 11 

the shallow reservoir is a glacial outwash fan, that is laterally sealed by glacial tunnel valleys. 12 

Overpressure generation leading to chimney and pockmark genesis is directly controlled by the shallow 13 

geological and glaciogenic setting. Once formed, pockmarks act as drainage cells for the underlying 14 

gas accumulations. Fluid flow occurs through gas chimneys, comprised of a sub-vertical gas-filled 15 

fracture zone. Our findings provide an improved understanding of focused fluid flow and pockmark 16 

formation within the sediment overburden, which can be applied to subsurface geohazard assessment 17 

and geological storage of CO2. 18 

 19 
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1 Introduction 22 

Greenhouse gases, such as methane (CH4) and carbon dioxide (CO2) may be naturally or artificially 23 

sequestered within porous and permeable subsurface reservoirs (Bachu, 2000; Benson and Cole, 2008; 24 

Ringrose and Meckel, 2019; Global CCS Institute, 2020). Subsurface reservoirs are commonly overlain 25 

by impermeable cap rocks and low-permeability overburden stratigraphy, that prevent the upward 26 

migration of fluids to the seabed (Furre et al., 2017). However, seal bypass, or fluid-escape systems are 27 

geological features that may permit cross-stratal, pressure-driven fluid migration from deeper strata to 28 

the seabed (Cartwright et al., 2007; Løseth et al., 2009; Andresen, 2012). Fluid-escape from the 29 

subsurface may include anthropogenic sources, such as abandoned wells (e.g., Watson & Bachu, 2009; 30 

Böttner et al., 2020), and natural sources, such as migration up-dip along permeable stratigraphic 31 

horizons (e.g., Tóth, 1980; Hindle, 1997; Lloyd et al., 2021), and the formation or reactivation of fluid 32 

escape structures (e.g., Nichols et al., 1994; Frey et al., 2009; Cartwright et al., 2021). The type of fluid 33 

flow which occurs can be dependent on subsurface lithological and stress conditions. Therefore, 34 

constraining the physical properties of fluid pathways and the mechanisms of fluid flow is critical for 35 

the risk assessment of potential subsurface fluid escape. Where fluid-escape pathways extend to the 36 

seabed, understanding the rate of gas release from offshore seeps is required to quantify more accurately 37 

the input of greenhouse gases into the atmosphere and hydrosphere (Ligtenberg & Connolly, 2003; 38 

Leifer & Boles, 2005; Greinert et al., 2010; Shakhova et al., 2010). Annual global methane emissions 39 

sourced from natural geological sources are estimated as 18-63 Mt, with offshore seeps contributing 5-40 

10 Mt and considerable uncertainty in the estimates (Etiope et al., 2019a; Etiope et al., 2019b; Saunois 41 

et al., 2020). 42 

Seismic reflection imaging can identify focused fluid-escape conduits. One class of these features are 43 

seismic chimneys (e.g., Hustoft et al., 2010) or pipes (e.g., Moss & Cartwright, 2010a), collectively 44 

referred to herein as chimneys. Chimneys are vertical to sub-vertical anomalies with circular or elliptical 45 

planforms observed in seismic reflection data (e.g., Løseth et al., 2011; Robinson et al., 2021). Within 46 

seismic chimney structures, seismic amplitude blanking and discontinuous/chaotic reflections are 47 

generally observed (e.g., Løseth et al., 2011; Robinson et al., 2021). Chimneys have been observed 48 
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extensively from seismic imaging, both throughout the North Sea (Hovland & Sommerville, 1985; Cole 49 

et al., 2000; Bünz et al., 2003; Karstens & Berndt, 2015), and globally (e.g., Cartwright et al., 2007; 50 

Gay et al., 2007; Moss & Cartwright, 2010a,b; Løseth et al., 2011; Plaza-Faverola et al., 2017). If fluid 51 

were to migrate from a sub-surface reservoir of CO2/CH4 and reach the base of these chimneys, then 52 

they could act as a pathway for fluids, allowing upward migration towards the seafloor, and ultimately 53 

into the water column (Robinson et al., 2021). However, the geological processes which control the 54 

genesis and spatial distribution of focused fluid conduit formation, and the vertical fluid transmissivity 55 

of these pathways (i.e. permeability), require further constraint. 56 

Chimney formation on a small scale has been observed during a number of controlled subseafloor gas 57 

release experiments, including the QICS and STEMM-CCS experiments (Taylor et al., 2015; Cevatoglu 58 

et al., 2015; Flohr et al., 2021; Roche et al., 2021). Time-lapse seismic reflection data acquired prior to, 59 

during, and after the completion of gas release, were used to observe the development of a chimney 60 

over time. The results of these experiments indicate that these chimney structures form during upward 61 

propagation of the gas through two principal processes - fracture generation, and reactivation of pre-62 

existing fractures in fine-grained sediment (Cevatoglu et al., 2015; Roche et al., 2021). In shallow (low 63 

effective stress), fine-grained, poorly consolidated sediments, conditions for new fracture generation 64 

are favourable, which may be a primary process for chimney formation at shallow depths (Fauria & 65 

Rempel, 2011). Upward propagation of fluids may also occur through capillary flow processes, which 66 

is the favoured mechanism under higher effective stress conditions (Cathles et al., 2010). Additional 67 

process mechanisms proposed for chimney initiation include erosive fluidisation, syn-sedimentary 68 

formation and local subsurface volume reduction (Lowe, 1975; Sun et al., 2013; Cartwright & 69 

Santamarina, 2015).  70 

Large-scale (~100-1000 m wide) chimneys are hypothesised to be comprised of a network of 71 

interconnected fractures oriented sub-vertically or radially. This permits the upward flow of gas in the 72 

sedimentary overburden (Bull et al., 2018), due to the resulting elevated permeability relative to matrix 73 

permeability of the host strata sediment (Cartwright et al., 2007; Marin-Moreno et al., 2019). In this 74 

study, we test this hypothesis using direct observations to gain an improved understanding of large-75 
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scale focused fluid conduit genesis, through the assessment of an active fluid-escape system in the 76 

Central North Sea, the Scanner pockmark complex. 77 

The Scanner pockmark complex was chosen as an ideal site to characterise focused fluid conduits as it 78 

is the location of vigorous and persistent methane venting (Hovland and Sommerville, 1985; Judd and 79 

Hovland, 2009; Gafeira and Long, 2015; Li et al., 2020). Pockmarks are seabed depressions, created by 80 

the release of over-pressured pore-water and/or gas emission from the subsurface (Hovland et al., 2010; 81 

Cathles et al., 2010). The Scanner pockmark complex overlies the East Mey Storage Site, an area 82 

assessed for subsurface CO2 storage potential  (ACT Acorn Consortium, 2018; Alcalde et al., 2019). Li 83 

et al. (2020) used broadband acoustic measurements from the water column to determine the gas flux 84 

from Scanner as between 1.6 and 2.7 x 106 kg/year (272 – 456 L/min at the seafloor conditions). Sub-85 

surface imaging also indicates the presence of bright spots at shallow depth, and chimney structures 86 

have been imaged on seismic reflection data to depths of several hundred metres (Bull et al., 2018; 87 

Böttner et al., 2019). 88 

We used a variety of seismic sources (which include chirp and sparker) to collect high-quality seismic 89 

reflection images at Scanner. We interpreted these images together with industry 3D reflection data and 90 

analysis of sediment cores to constrain the physical characteristics of focused fluid conduits and 91 

determine the primary process mechanisms of fluid flow. The multi-frequency seismic data acquisition 92 

allowed high fidelity imaging of the sub-surface, including a better distinction between seismic artefacts 93 

and real geological structure, which is a major novelty of this study with respect to many previous 94 

chimney characterisation studies (e.g. Karstens & Berndt, 2015; Karstens et al., 2019a). Our direct 95 

observations permit the interpretation of focused fluid conduit genesis and temporal evolution. This 96 

paper has three main objectives:  97 

1) We aim to understand the role and significance of the regional geological setting in the formation 98 

of chimneys and pockmarks, which is achieved through detailed characterisation of the stratigraphy 99 

and structural features at the Scanner pockmark complex. 100 

2) We aim to gain additional insight into the depth and primary sources of gas governing the formation 101 

of chimneys and pockmarks. We address this aim by determining the spatial distribution of 102 
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subsurface gas accumulation to devise an interpretation of active and palaeo fluid migration 103 

pathways. 104 

3) Finally, we aim to synthesise our findings into a schematic model of pockmark genesis and chimney 105 

formation, and discuss how our findings can be used to improve our understanding of focused fluid 106 

conduit and pockmark formation within the shallow overburden, for applications to subsurface 107 

geohazard assessment and CO2 storage. 108 

2 Geological Background  109 

2.1 Scanner pockmark complex 110 

The Scanner pockmark complex is situated in licence block UK 15/25 of the North Sea, close to the 111 

centre of the Witch Ground Basin (Fig. 1a). At this site, chimneys are observed directly below natural 112 

active seabed methane ebullition sites (Fig. 2), which include the Alkor, Challenger, Scanner and Scotia 113 

pockmarks (Gafeira and Long, 2015). The Alkor, Scanner and Scotia pockmarks are all compound 114 

pockmark features, each comprising two adjacent individual pockmarks (Fig. 2a). At the Scanner 115 

pockmark Complex, the large pockmarks (class 1 of Böttner et al., 2019), East and West Scanner are 116 

each >75 m wide, >250 m long and >15 m deep. West Scanner pockmark (Fig. 2c) emits methane (CH4) 117 

into the water column episodically at a flux rate of 1600-2600 kg/day (Li et al., 2020), composed of a 118 

mixed biogenic and thermogenic source (Clayton & Dando, 1996). CH4 venting is additionally 119 

evidenced by the presence of methane derived authigenic carbonates (MDACs) at the seabed (Judd et 120 

al., 1994; Judd & Hovland, 2009). Smaller pockmarks (class 2 of Böttner et al., 2019) are also 121 

distributed ubiquitously across the area (>1500 across 225 km2; Fig. 2a) oriented NNE/SSW, in 122 

alignment with the tidal flow direction (Gafeira et al., 2012). Class 2 pockmark genesis is ascribed to 123 

localised pressure changes and sediment dewatering (Böttner et al., 2019). 124 

2.2 Regional tectonics & stratigraphy 125 

The study area is located within the Witch Ground Graben, which forms part of a Jurassic NW/SE 126 

trending horst-graben system (Fig. 1; Boldy & Brealey 1990). The present day stress field is tectonically 127 

controlled within the Witch Ground Graben, and the minimum horizontal stress direction (σ3) is ~54° 128 
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(Evans & Brereton, 1990; Zanella & Coward, 2003). The Witch Ground Graben was a depocentre for 129 

Late Jurassic to Late Cretaceous sediments, including the Kimmeridge Clay Formation (Ahmadi et al. 130 

2003). The Early to Late Cretaceous stratigraphic units pinch out towards the east, which may provide 131 

a zone of enhanced pore fluid pressure at the Witch Ground basin margins/Fladen Ground Spur (Fig. 132 

1b; Copestake et al. 2003). The stratigraphic units of the Quaternary, Nordland Group and Hordaland 133 

Group prograde towards the east and south (Copestake et al. 2003). Therefore, regional-scale, 134 

buoyancy-driven fluid migration may be expected to occur towards the north and west, up-dip towards 135 

the basin margins (Fig.1b; Tóth, 1980). 136 

 137 

Fig. 1. Regional geological and structural setting of the Witch Ground Basin in the North Sea. 138 

(a) Map and position of regional seismic line (blue line) shown in (c). The study area (yellow box, 139 

licence block 15/25) is highlighted. (b) Structural map of the Witch Ground Graben. In the area of 140 

interest, the horst-graben basement structure is orientated NW/SE. (c) A regional geological cross 141 

section, trending west to east across the Central North Sea and the Witch Ground Graben, after 142 

Copestake et al. (2003). Six stratigraphic zones are highlighted. The study area is indicated by the 143 

vertical yellow line. Dashed arrows indicate regional-scale fluid migration pathways. 144 
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 145 

Figure 2.  Bathymetry map of the Scanner pockmark complex together with the position of 146 

Sparker seismic reflection profiles collected during JC152. (a) Bathymetry map highlights the four 147 

large pockmarks: Scanner, Scotia, Challenger and Alkor, within a 75 km2 area. Black lines show 148 

position of Sparker seismic reflection profiles. Dashed white and blue lines show locations of seismic 149 

data profiles shown in Figs. 4, 7 and 10. White box indicates area shown in b). (b) Seabed bathymetry, 150 

displaying East and West Scanner with GC-15 and GC-17 showing locations of the sediment core 151 

analysed. (c) Forked methane plume at West Scanner imaged by an EM710 multibeam echo sounder 152 

(70-100 kHz), after Li et al. (2020). 153 

2.2.1 Stratigraphy and seismostratigraphic framework 154 

Figure 3 provides a summary of the lithostratigraphy and seismostratigraphic framework of the Scanner 155 

pockmark complex study area. The ~300 m-thick Quaternary sediment succession deposited within the 156 

Witch Ground Basin was previously described by Stoker et al. (2011), Böttner et al. (2019) and 157 

Robinson et al. (2021). The Quaternary succession is underlain by the Nordland and Hordaland Groups, 158 

of Neogene and Palaeogene age respectively, that are composed of claystone with limestone and 159 

sandstone interbeds (Fig. 3; Judd et al.,1994). The top of the Nordland Group marks a regional 160 
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unconformity with the overlying Quaternary sediments, defined as the Crenulate Reflector, CR (Fig. 161 

3). The base Quaternary unit, the Aberdeen Ground Formation (Fm.; unit S1 in Figs. 3-4), is composed 162 

of layered sands, silts and clay-rich sediments deposited in the Early Pleistocene (up to Marine Isotope 163 

Stage, MIS, 13), and displays a layered seismic character (Stoker et al., 2011; Ottesen et al., 2014). The 164 

Ling Bank Fm. (S2) erodes into the top of the underlying Aberdeen Ground Fm. (S1), representing a 165 

regional glacial unconformity, with sediment deposition occurring in the Early to Middle Pleistocene 166 

(MIS 12 to 10; Stewart & Lonergan, 2011; Reinardy et al., 2017; Böttner et al. 2019). Unit S2 is 167 

comprised of two subunits (Fig. 3), which are analogous to the sub-facies in glacial tunnel valley 168 

systems in the North Sea (e.g. Kluiving et al. 2003; Graham et al. 2007). The basal unit (S2.1) represents 169 

the lower unit of tunnel valley sediment infill, composed of coarse sands and gravels. Unit 2.1 displays 170 

a chaotic seismic character, that becomes more layered at shallower depths (Figs. 3-4). Unit S2.2 is 171 

composed of clay-rich sediment displaying no apparent seismic heterogeneities (ii) and coarse sands 172 

characterised by higher amplitude reflections (iii)(Figs. 3-4). 173 

The Coal Pit Fm. (S3) overlies the Ling Bank Fm., and comprises Upper-Mid to Late Pleistocene (MIS 174 

6-3) aged glacial tills (muddy sands; Andrews et al., 1990; Stoker et al., 2011). Units S2.2 (ii) and S3 175 

have similar seismic facies separated in sparker data by a discontinuous reflector and are therefore 176 

indistinguishable in some areas (Figs. 3-4). The Coal Pit Fm. (S3) is conformably overlain by Last 177 

Glacial Maximum (LGM) deposits (S4), which comprises silty-sandy clays with rare pebbles, deposited 178 

during MIS 3 to 2 (Fig. 3). Units S3-S4 extend upwards to the base of Scanner pockmark. Units S3-S4 179 

display a dim and chaotic seismic character, and are conformably overlain by the Witch Ground Fm. 180 

(S5). Unit S5 is composed of silty clay and is deposited during MIS 2 to 1 (Stoker et al., 2011). The 181 

Witch Ground Fm. has two main units: the lower (S5.1) and upper (S5.2) Witch Ground Members, 182 

respectively. Unit S5.2 has an interbedded seismic character, while unit S5.1 displays a uniform seismic 183 

character (Stoker et al., 2011), though the seismic boundary between these does not represent a 184 

significant change in sediment geotechnical properties (Paul & Jobson, 1991). The Scanner pockmark 185 

depression erodes down to the base of unit S5. High amplitude zones interpreted as gas-saturated 186 

sediment layers are observed at three discrete horizons, that include: 1) the Crenulate Reflector (CR), 187 
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2) the top of unit S2.2 (iii) and 3) the base of unit S5 (Fig. 4), as previously described by Böttner et al. 188 

(2019) and Bayrakci et al. (2021). 189 

 190 

Figure 3. Summary of the Scanner pockmark complex chronostratigraphy, seismostratigraphy 191 

and lithostratigraphy. WG - Witch Ground, LGM - Last Glacial Maximum Deposits, CP - Coal Pit, 192 

LB - Ling Bank, AG - Aberdeen Ground, NG - Nordland Group and HG - Hordaland Group (also know 193 

as Stronsay or Westray Group). CR - Crenulate Reflector, which marks the Pliocene to Pleistocene 194 

boundary. The summary has been created from a synthesis of Robinson et al. (2021), Böttner et al. 195 

(2019), Ottesen et al. (2014), Stewart & Lonergan (2011), Stoker et al. (2011), Judd et al. (1994) and 196 

Andrews et al. (1990). The interpreted lithological sub-units of S2 (i, ii and iii) are derived from the 197 

previous classifications of Graham et al. (2007) and Kluiving (2003). The acoustic character column 198 

displays higher frequency surface sparker above CR and lower frequency 3D seismic data below CR. 199 
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 200 

Figure 4. Seismostratigraphy of the Scanner pockmark region imaged using three different 201 

seismic sources along the same profile (location in Fig. 2a). (a) Sub-bottom profiler seismic 202 

reflection data. (b) Squid 2000 sparker seismic reflection profile. (c) Profile from airgun 3D seismic 203 

reflection data. CR - Crenulate Reflector (top of Nordland Group), S1 – Aberdeen Ground Fm., S2 – 204 

Ling Bank Fm., S3-4 – Coal Pit Fm. (S3 – Coal Pit & S4 – Last Glacial Maximum deposits (LGM)), 205 

S5 – Witch Ground Fm. (S5.1 – Fladen Member, S5.2 – Witch Member, S5.3 - Glen Member). Black 206 

dashed line = CR; red line = top S1; orange dot-dashed line = top S2.1; orange dashed line = top S2.2; 207 

pink dot-dashed line = top S3; blue line = top S4; pale brown dashed line = top S5.1 and black line = 208 

top S5.2 / SF = Seafloor. Outline of a chimney is displayed with a sub-vertical white dashed line. 209 

Location and depth extent of gravity cores GC-15 and GC-17 are displayed in (a). Figure after Robinson 210 

et al. (2021). 211 
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3 Data & methods 212 

3.1 Seismic reflection data acquisition and processing  213 

2D seismic reflection data were acquired using two different types of acoustic sources (Chirp sub-214 

bottom profiler and surface sparker) to achieve a depth of penetration between 20 and 300 m below 215 

seabed (Bull, 2017). The multi-frequency seismic data acquisition allows high fidelity imaging of the 216 

sub-surface, including a better distinction between seismic artefacts and real geological structure. The 217 

Applied Acoustics Squid 2000 surface sparker source spans the frequency range between 100-1500 Hz; 218 

the source was fired at 1750-2000 Joules, with a 2 s interval, corresponding to a 4 m spacing, and 219 

recorded by multichannel streamers. Squid sparker profiles were acquired across the Scanner and 220 

Challenger pockmarks and processed using the time-domain workflow detailed in Provenzano et al. 221 

(2020). Each 2D post-stack time migrated section has a horizontal resolution of 2 m (common depth 222 

point, CDP, spacing) and a vertical tuning-thickness resolution of <0.45 m. In addition, single-channel 223 

SBP profiles were acquired using a 2.8-6 kHz bandwidth and 4.4 kHz central frequency. Each SBP 224 

profile has a horizontal and vertical spatial resolution of 2.5 m and <15 cm, respectively. These 2D 225 

high-frequency data were integrated with lower frequency 3D seismic data processed and provided by 226 

PGS (part of the CNS MegaSurveyPlus). The 3D data studied covers an area > 500 km2 and depth of 227 

1.5 s two-way travel time (TWTT), providing significant regional spatial coverage. Detailed analyses 228 

were performed on an area of 75 km2 (Fig. 2). The full stack dataset has a 12.5 m CDP spacing and 229 

approximately 5-10 m vertical resolution. The 2D and 3D seismic reflection data was depth converted 230 

using a velocity model described in Robinson et al. (2020), that is comparable to the velocity model of 231 

Schramm et al. (2019). Seismic data are presented with the SEG European polarity convention, whereby 232 

an increase in impedance yields negative amplitude (soft reflection) displayed in red for the 3D seismic 233 

data and black for the sparker data. 234 

3.2 Sediment sampling  235 

Sediment cores were collected from beneath Scanner pockmark using a gravity corer during research 236 

cruise MSM78 (Karstens, 2019b). A maximum penetration depth of ~6 mbsf (meters below seafloor) 237 



 12 

was achieved beneath the Scanner pockmark. X-ray micro-CT imaging of core sub-sections were 238 

collected, permitting the analysis of sediment structure and texture. Multi-Sensor Core Logging 239 

(MSCL) measurements of density were collected from split cores. In addition, grain size data was 240 

measured with a Malvern grain size analyser. 241 

4 Results 242 

4.1 Structural and glacial features  243 

The multiple seismic reflection datasets were used to identify and map the structural features at the 244 

Scanner pockmark complex, in order to constrain potential focused fluid migration pathways. We 245 

describe our structural observations in stratigraphic order, beginning with the deepest identified 246 

features. 247 

4.1.1 Polygonal faulting – Hordaland Gp. 248 

Polygonal faulting is observed in the 3D seismic data volume at > 860 mbsf depth (950 ms TWTT), at 249 

the top of the Hordaland Gp. (Fig. 3) within the PGS 3D volume (Fig. 5). A total of 983 faults were 250 

measured across a 75 km2 area. A length-weighted histogram reveals that the most common polygonal 251 

fault directions are 050-060° and 090-100° (Fig. 5). Typically, polygonal faults that form due to 252 

compaction and dewatering related phenomena show no preferential fault orientations (Cartwright et 253 

al., 2003). However, polygonal faults that form within a system of active tectonic stresses may show 254 

preferential fault orientations (Cartwright et al., 2003). The fault direction of 050-060° matches the 255 

regional minimum principal stress direction, suggesting that the orientation of the polygonal fault 256 

system is partly influenced by the regional tectonic stresses. The absence of direct hydrocarbon 257 

indicators within the polygonal faulted zone suggests that the polygonal fault system is not part of a 258 

shallow gas fluid migration system.  259 
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 260 

Figure 5. Mapping of the polygonal fault system, located at 1090 metres below seafloor (mbsf; 261 

Top Hordaland Group) from 3D seismic reflection data. (a) Surface attribute map of amplitude 262 

contrast at a constant depth of 1090 mbsf, with high amplitude contrast (white) highlighting the 263 

polygonal faults. Locations of the large pockmarks are displayed using a grey fill and white dotted 264 

outlines. (b) Fault orientation histogram (length-weighted histogram, 10° degree bins) showing 265 

preferential orientations at 050° and 090°. For clarity, figures 5, 6, 8 and 9 are depth maps (mbsf), with 266 

two-way-time (TWT) values only provided to allow comparison to the seismic profiles displayed in 267 

Figures 4, 7, 8 and 10-12. 268 

4.1.2 Regional-scale features – Nordland Gp. and Aberdeen Ground Fm. 269 

Surface maps of the Crenulate Reflector (CR) surface at ~270-305 mbsf depth (500 ms TWTT), have 270 

been generated from the 3D seismic volume to identify structural features (Fig. 6). Overall, this reflector 271 

dips toward the southeast (Fig. 6a). Seismic amplitude analysis of the CR surface reveals high amplitude 272 

lineations oriented at 070° and 160°. In cross section, these features display localised amplification of 273 
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negative amplitude with respect to the regional CR interface (Fig. 4). The localised high amplitude 274 

features have distinct v- and u-shaped cross-sections with lateral thicknesses of > 70 m (Fig. 4), when 275 

observed perpendicular to the lineations observed in map view (Fig 6b). A N-S seismic section provides 276 

an additional perspective of the CR, which displays a higher amplitude response compared to 277 

background reflectivity (Fig. 7). There are breaks in the seismic continuity of the CR surface beneath 278 

both the Scanner and Challenger pockmarks (Fig. 7a). These seismic discontinuities are oriented sub-279 

vertically and extend upwards through unit S1 to high amplitude anomalies within unit S2.2 (Fig. 7a). 280 

Unit S2.2 hosts several seismic amplitude anomalies (Fig 7a) that are connected in planform view, and 281 

extend laterally along the entire margin of a glacial tunnel valley (Figure 8b; see section 4.2.1). In some 282 

areas, the base of the tunnel valley intersects the CR (Fig. 8a). The high amplitude anomalies of unit 283 

S2.2, with amplification by an order of magnitude with respect to background reflectivity, display 284 

reversed polarity and sharp lateral cut-offs in amplitude (Figs. 4,7). An independent controlled source 285 

electromagnetic (CSEM) study by Gehrmann et al. (2021) observed that the high amplitude anomalies 286 

also display a sharp resistivity increase with respect to background values. 287 

We interpret that the amplitude anomalies within unit S2.2 are direct hydrocarbon indicators (DHIs), 288 

which represent a gas-saturated interval. The planform geometry of the interpreted gas-saturated zone 289 

indicates that gas is pooling along the margin of the tunnel valley (Fig. 8b; see section 4.2.1). Below 290 

Challenger pockmark, and adjacent to the tunnel valley, the interpretation of a gas-saturated  layer 291 

located at 340 ms depth (Fig 7a), in addition to the discontinuities that intersect and overlie the CR 292 

suggest that there is a likely hydraulic connection between the CR and unit S2.2 (Fig. 8). We interpret 293 

that the discontinuities are most likely fractures, which can act as migration pathways. The alternative 294 

interpretation that the discontinuities between CR and S2.2 are attenuation artefacts could be assessed 295 

and validated by future seismic undershooting and reprocessing, travel time tomography and seismic 296 

anisotropy studies (Robinson et al. 2021). The localised amplitude brightening within the CR is most 297 

likely to be lithological, and the v-and u-shaped cross sections suggest they are sand-filled furrows, 298 

which can act as high permeability preferential pathways for regional-scale fluid flow. Overall, we infer 299 

a structurally-controlled, hydraulic connection between the CR and the overlying unit S2.2 (Fig. 7b). 300 
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Using the 3D seismic data, a large-scale discontinuity can be identified beneath a glacial tunnel valley 301 

(TV2) adjacent to Challenger pockmark (Fig. 7a). The maximum vertical depth extent of this seismic 302 

feature is not fully clear from the seismic reflection data, but appears to be ~900 ms TWTT (Fig. 7a). 303 

Seismic artefacts are commonly observed beneath tunnel valleys, and are referred to as type-C 304 

anomalies by Karstens & Berndt (2015). We infer that the seismic discontinuity is most likely an 305 

artefact, created by a combination of velocity pull-up beneath the tunnel valley caused by high density 306 

sediment infill of unit S2.1 and velocity pull-down from a gas-saturated horizon within unit S2.2 (Fig 307 

7-8). Velocity pull-up and pull-down beneath areas of increased and reduced seismic velocities, caused 308 

by higher velocity tunnel valley sediment infill (Kluiving et al. 2003) and lower velocity pore-fluid, 309 

respectively, can cause apparent changes in the structural dips observed in time-domain (TWTT) 310 

seismic data, which has created the false appearance of a regional fault structure (Holmes & Stoker, 311 

2005; Frahm et al., 2020). This would also explain why the seismic feature becomes less observable at 312 

increasing depth beneath the tunnel valley.  313 

Additional seismic artefacts interpreted from the N-S reflection profile include surface-related 314 

multiples, peg-leg multiples and acoustic blanking (Fig. 7a; white circles). After discounting these 315 

artefacts, no DHIs are observed beneath the large pockmarks below the Crenulate reflector (CR).316 



 1 

 317 

Figure 6. (a) Depth and (b) amplitude maps of Crenulate Reflector (CR) from 3D seismic reflection data. The reflector CR dips downwards to the south-318 

east, which may permit regional-scale fluid migration northwards and westwards. (b) Displayed is a minimum amplitude map with a 10 ms window of extraction. 319 

High amplitude negative polarity lineations with v- and u-shaped cross sections are interpreted as sand-filled channels. The base of a tunnel valley intersects 320 

this horizon, which may provide a preferential zone for upward fluid-escape/drainage. Locations of the large pockmarks are displayed using a black fill and 321 

white outline. Dotted white line shows the location of seismic data profile shown in Fig. 7. 322 
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 323 

Figure 7. Seismic reflection section from the 3D volume and associated geological interpretation of the Scanner pockmark complex (position shown in 324 

Fig. 2). (a) Annotated seismic profile. (b) Geological interpretation, highlighting areas of gas accumulation at distinct stratigraphic intervals, including reflector 325 

unit S2.2. A hydraulic connection is interpreted between the horizons of reflector CR and unit S2.2. Seismic artefacts are interpreted below reflector CR. The 326 

presence and abundance of seismic artefacts caused by a combination of: 1) Seabed bathymetry/ pockmark geometry; 2) glacial tunnel valley geometry and; 3) 327 

bright spots within unit S2.2, prevents a conclusive interpretation of the presence of fluid pathways below reflector CR. The colour of the reflectors and units 328 

are the same as described in Figs. 3 and 4, respectively. White dashed circles – bright spots; White circles – interpreted bright spot and peg-leg multiples. TV – 329 

Tunnel Valley. 330 
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 331 

Figure 8. Seismic interpretation and mapping of gas accumulation along the margin of a glacial tunnel valley at the Scanner pockmark complex. a) 332 

Annotated seismic profiles highlighting interpreted fluid migration pathways from reflector CR to top of unit S2; b) Amplitude map at 90 metres below seafloor 333 

depth from 3D seismic reflection data, displaying the lateral extent and azimuth of high amplitude zones (blue). Black dashed box highlights the area shown in 334 

Fig. 9. 335 
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 336 

Figure 9. Glacial erosional features at base of the Ling Bank Fm. (a) Base of reflector S2 depth, (b) S2.1 maximum amplitude map, and (c) S2.2 maximum 337 

amplitude map from the 3D seismic reflection data, with windows of extraction over the full depth range of each unit.  Gas has accumulated within the 338 

convergence of the glacial tunnel valleys TV1 and TV2, which act as a stratigraphic trap. Locations of the large pockmarks are displayed using a black/grey fill 339 

and black/white dotted outlines. Dotted white lines in a) show the locations of seismic data profiles shown in Fig. 4b and Fig. 10. The large pockmarks coincide 340 

with a) topographic highs, b) the margins of unit S2.1 and c) high amplitude zones within unit S2.2. TV – Tunnel valley.  341 
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4.1.3 Glacial erosional features – Ling Bank Fm.  342 

Using the 3D seismic data, the base of the Ling Bank Fm. (S2) has been mapped, highlighting the 343 

topography of the erosional surface (Fig. 9). U-shaped glacial tunnel valleys have incised into the top 344 

of the Aberdeen Ground Fm (S1), are over 100 m deep and up to 1.5 km-wide, and represent a large 345 

stratigraphic discontinuity. Two tunnel valleys have converged, oriented NE/SW (TV2) and NW/SE 346 

(TV1). The base of TV2 intersects the CR surface (Fig. 8a). Within the Witch Ground Basin, the wider 347 

dominant flow direction of glaciers at the time of formation was North and West, as divergent ice flow 348 

sourced from the Norweigan Channel extended and terminated along the northern UK Atlantic 349 

continental margin (Graham et al. 2007; Ottesen et al. 2020). Therefore, the tunnel valleys observed at 350 

the Scanner pockmark complex site broadly correlate with the expected orientation. The large 351 

pockmarks (Scanner, Challenger and Alkor) are located proximal to the margins of the glacial channel 352 

features (Fig. 9b). Scotia pockmark appears to be an outlier, as is not located proximal to the tunnel 353 

valley margins. However, it is located adjacent to the deepest area of the glacial outwash channel, which 354 

extends to 130 mbsf (Fig. 9). 355 

4.2 Gas spatial distribution 356 

4.2.1 Gas accumulation – Ling Bank Fm. 357 

Figure 9c displays the maximum seismic amplitude within the depth interval of unit S2.2 from the 3D 358 

seismic data. The presence of gas at this depth interval is interpreted from seismic amplitude maxima, 359 

sharp lateral amplitude cut-offs and polarity reversal along the reflection. Therefore, the spatial 360 

distribution of gas can be assessed within this unit. Gas is present beneath all of the large pockmarks 361 

(Fig. 9c). Gas appears to have been accumulated within the convergence of the two tunnel valleys (TV1-362 

2; Fig. 9c; Judd et al. 1994; Böttner et al. 2019). It appears that gas is also concentrated and laterally 363 

constrained within the channelised features of seismic unit S2.2 (iii). Combining our seismic 364 

observations with understanding of North Sea glacial stratigraphy (Kluiving et al. 2003; Graham et al. 365 

2006), we interpret the gas-charged sediments of unit S2.2 (iii) as coarse sands, sourced from a glacial 366 

outwash fan (Fig. 3; Kluiving et al. 2003; Graham et al. 2006). Further, unit S2.2 (iii) likely represents 367 
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a sandstone reservoir for methane gas accumulation, laterally constrained by clay sediments of unit S2.2 368 

(ii) and vertically by unit S3. Assuming a thickness range of 10-30 m for unit S2.2 (iii) (calculated from 369 

an isochore thickness map, created from the depth-converted 3D seismic volume), an area of 6.43x106 370 

m2, corresponding to the amplitude maxima within unit S2.2 (iii) (Fig. 9c; amplitudes >5000; 371 

Supplementary Fig. S1) and a gas saturation range of 15-35 % (Gehrmann et al., 2021), we estimate a 372 

gas volume within the range of 9.65x106 to 6.75x107 m3 for the reservoir. Based on an average annual 373 

seabed temperature of 7℃ (Shell UK Limited, 2014), geothermal gradient of 30℃/km (Harper, 1971), 374 

seabed depth of 150 m and a 70-100 mbsf depth range of unit S2.2, an average CH4 density of 17 kg/m3 375 

is calculated. Therefore, the total mass of CH4 is estimated to range between 1.64x108 to 1.15x109 kg 376 

(0.16 to 1.15 MT) for the reservoir. 377 

4.3 Shallow structural features 378 

4.3.1 Shallow structural features – Coal Pit, LGM and Witch Ground Fms. 379 

High-resolution surface sparker seismic reflection data provide a more detailed understanding of the 380 

shallow structure beneath the Scanner and Challenger pockmarks, down to a depth of 300 mbsf (450 381 

ms TWTT). Fig. 10a displays a sparker seismic profile oriented N-S, which traverses these pockmarks. 382 

RMS amplitude sections reveals sub-vertical, high-amplitude, linear features at the top of unit S2.2 in 383 

the interpreted gas-saturated layers beneath the Scanner and Challenger pockmarks (Fig. 10b-c). The 384 

average horizontal spacing of these features is >10 m. The feature spacing is at least one order of 385 

magnitude greater than the calculated horizontal (2 m) and vertical (0.425 m) resolution of the seismic 386 

data at this depth interval. Analysis of the sparker profiles reveals no preferential orientation of the high 387 

amplitude lineations. The high amplitude features highlighted by the RMS amplitude sections are 388 

interpreted as fragmented gas saturated zones beneath the pockmarks at the top of unit 2.2 and of gas 389 

pockets extending into unit S3, which could be interpreted as a fracture damage zone. Immediately 390 

below the large pockmarks, the interpreted gas-filled fracture zones extend vertically upwards into unit 391 

S3 between 50-70 mbsf, in contrast with the surrounding gas saturated intervals of unit S2.2 (Fig. 10). 392 

This indicates that active fluid flow occurs from unit S2.2, upwards towards the base of the pockmarks, 393 
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through a zone of fractures. Sparker data also reveal seismic bright spots at the base of the Scanner (Fig. 394 

11) and Challenger (Fig. 12) pockmarks, located within unit S4. We attribute the bright spots to gas 395 

accumulation within this unit, as well as the presence of methane-derived authigenic carbonates.  396 

 397 

Figure 10. Sparker seismic reflection images of gas charged sediment and interpreted fracture 398 

zones within unit S2.2 (iii). (a) Profile across Challenger and Scanner pockmarks (position shown in 399 

Figs. 2 and 9). The colours of the reflectors are described in Fig. 4. Black boxes highlight the areas 400 

shown in b-c). (b-c) RMS amplitude profiles below b) Challenger and c) Scanner pockmarks. 401 

Interpreted gas-filled fracture zones (white dashed lines) are observed beneath the pockmarks at the top 402 

of unit S2 (Ling bank Fm.), extending into unit S3 (Coal Pit Fm.).403 
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 404 

Figure 11. Sparker seismic reflection images of Scanner pockmark. (a-c) A stratigraphic pinch-out of glacial outwash channel sediments creates a 405 

stratigraphic trap, which generates fluid overpressure within unit S2.2(iii) directly below Scanner pockmark, leading to the formation of a gas chimney. The 406 

colour of the reflectors are as described in Figure 4. Black boxes highlight the areas of (e-h). Position of profile lines A, B and C are shown on (d) the bathymetry 407 

map. (e-h) show RMS profiles below Scanner pockmark. 408 
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 409 
Figure 12. Sparker seismic reflection imaging of Challenger pockmark. (a-b) Vertical migration and accumulation of gas adjacent to the glacial tunnel 410 

valley is interpreted as a primary cause of fluid overpressure generation within unit S2.2 (iii), directly below Challenger pockmark, leading to the formation of 411 

a gas chimney. The colours of the reflectors are as described in Figure 4. Black boxes highlight the areas of (d-e). Position of profile lines N/S and NE/SW are 412 

shown on (c) the bathymetry map. (d-e) show RMS profiles below Challenger pockmark. 413 



 1 

4.4 Sediment core analysis 414 

Gravity cores extracted from below West (GC-15) and East (GC-17) Scanner pockmark (Figs. 2b and 415 

Supplementary Fig. S2) are composed of silty clay. The grain size distribution is highly uniform within 416 

the top 5 m, comprising 90-95 % clay, 2-8 % silt and 2-8 % fine sand. The gravity cores represent 417 

material extracted from units S4/S3 (LGM deposits and Coal Pit Formation). The uniformity of the 418 

grain size may partially explain the lack of acoustically prominent seismic reflectors within these 419 

respective units. 420 

A sub-section of gravity core GC-17 from 3.5-4.0 mbsf was assessed using 3D X-ray micro-CT (XCT) 421 

imaging, which revealed the presence of disseminated iron sulphide (FeS) precipitation along slightly 422 

coarser-grained (fine sand) intervals (Fig. 13). Core evidence also reveals the presence of sediment 423 

remobilisation/fluidisation features, which are interpreted as in-situ features and may be attributed to 424 

fluid-escape (Fig. 13b; Supplementary Figure S2). In contrast to the sparker seismic reflection data, no 425 

sub-vertical fractures were observed from the gravity core data (Fig. 13b; Supplementary Fig. S2). The 426 

physical properties of the sediment cores are further described by Gehrmann et al. (2021), which 427 

calculate a modelled porosity decrease in the top 150 mbsf from 50 % (± 10%) to 25 % (± 3 %) due to 428 

sediment compaction. These porosities help facilitate the mass of methane accumulated in the shallow 429 

Ling Bank reservoir described in Section 4.2. 430 
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 431 

Figure 13. Gravity sediment cores recovered from below East Scanner pockmark (GC17; Fig. 2b, 432 

4a and 11d) during the MSM78 expedition. The cores were analysed using (a) Multi-Sensor Core 433 

Logging (MSCL), which includes density data and (b-g) X-ray micro-CT analysis. (b), (d) and (f) 434 

Analysis of a 50 cm length x 12.5 cm diameter core section composed of clay and fine silt. Coarser-435 

grained horizons (lighter grey) show evidence of fluidisation structures and layering, picked out by the 436 

dotted lines. (c) Same image as (b) but with lower density material removed, showing the presence of 437 

disseminated iron sulphide (bright spots, close-ups shown in e) and g) that has precipitated within the 438 

coarser grained horizons. The presence of iron sulphide is indicative of transport of methane-rich fluids 439 

through the coarser grained sediment horizons. Figure after Robinson et al. (2021). 440 

5 Discussion 441 
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5.1 Migration pathways 442 

From the seismic reflection imaging, a major gas saturated horizon has been identified based on the 443 

presence of high amplitude bright spots with reverse polarity and sharp lateral amplitude cutoffs; 1) the 444 

upper Ling Bank Fm. (S2.2; upper reservoir) at ~70 mbsf (300 ms TWTT). A hydraulic connection has 445 

also been interpreted between the upper Ling Bank Fm. and the Crenulate Reflector (CR) at ~270 mbsf 446 

(500 ms TWTT), which may be interpreted as a lower reservoir. In sedimentary basins, fluid flow and 447 

migration takes place preferentially through higher permeability pathways. Figure 14 shows the depth 448 

of maximum amplitude within the range of 55-135 mbsf (265-350 ms TWTT), that covers the depth 449 

range of the upper (S2) reservoir. Maximum amplitudes may correlate to areas of gas-saturated horizons 450 

(max. amplitudes >4000 – bright areas of Fig. 14; Supplementary Fig. S3). Maximum amplitudes may 451 

also correlate to high impedance contrasts created by lithological changes from clay-rich to sand-rich 452 

sediment layers (max amplitudes <4000 – dark areas of Fig. 14; Supplementary Fig. S3). Therefore, the 453 

map permits the identification of preferential fluid migration pathways in the sedimentary overburden 454 

along sand-rich, partially gas-saturated glacial outwash channels (Fig. 14).  455 
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 456 

Figure 14. Distribution of gas-charged sediment across the Scanner pockmark complex from 457 

attribute analysis of 3D seismic reflection data. The map shows the depth to the maximum amplitude 458 

in the depth range 55-135 metres below seafloor. The time window of extraction is 85 ms (265-350 459 

ms). Maximum amplitude is interpreted to correlate with the depth of gas charged sediment, as well as 460 

high impedance contrasts between clay-rich to sand-rich sediment. Therefore, the figure highlights the 461 

primary fluid migration pathways through glacial outwash channel sediments, which charge the shallow 462 

reservoir. Brighter areas represent amplitude maxima corresponding to gas-saturated sediment (seismic 463 

amplitudes > 4000). Black arrows indicate primary flow pathways towards the base of the large 464 

pockmarks. Locations of the large pockmarks are displayed using a black fill and dotted outlines. 465 

At the Scanner pockmark complex, two types of fluid migration pathway are identified; 1) structurally-466 

controlled fault and fracture pathways, and 2) stratigraphic pathways, including capillary flow through 467 
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high permeability sediment. The gas that emanates from the Challenger and Alkor pockmarks derives 468 

predominantly from structural pathways that are adjacent to the tunnel valley TV2, oriented ENE/WSW 469 

(Figs. 9 and 14). Gas is shown to have migrated upwards from more than 120 mbsf to less than 90 mbsf 470 

depth (Fig. 14; blue/purple to green/yellow). In contrast, the gas sourcing the Scotia and Scanner 471 

pockmarks more likely migrated along the glacial outwash fan channels, at depths less than 90 mbsf 472 

(Fig. 14; green to red). These glacial outwash fans represent zones of high permeability, which favours 473 

lateral gas migration from east to west, which correlates with the increase in seismic amplitude 474 

westwards towards the convergence of the tunnel valleys TV1 and TV2. Hence, we find that gas 475 

migration sourcing the large pockmarks is both structurally and stratigraphically controlled at the 476 

Scanner pockmark complex. This finding highlights the importance of considering lateral/horizontal 477 

gas flow as a source to the pockmarks and focused fluid conduits, which contrasts with models where 478 

gas migration is considered only to occur from directly below (e.g. Marin-Moreno et al. 2019). 479 

Acoustic blanking beneath accumulations of gas below Scanner pockmark prevents direct observation 480 

and conclusive interpretation of the structure between the upper reservoir (S2.2) and the CR at these 481 

locations (Figs. 7, 10). However, high-resolution sparker seismic reflection data do permit direct 482 

observation of the sediment structure between the top of the upper reservoir (S2.2) and the pockmark 483 

base (Fig. 10). From the sparker RMS amplitude profiles we interpret gas-filled fracture zones that 484 

extend into the overlying Coal Pit Fm. (unit S3; Fig. 10). The presence of vertical gas conduits directly 485 

beneath Scanner pockmark, with preferential orientations of 70° and 150° was further demonstrated by 486 

Bayrakci et al. (2021) using shear-wave splitting (SWS) seismic anisotropy analysis. Therefore, the 487 

data indicate that the shallow reservoir is actively supplying gas to the pockmark. The SBP and sparker 488 

data also show that gas accumulation and pooling occurs within unit S4 at the base of the pockmark 489 

(Fig. 4a; Bayrakci et al., 2021).  490 

The observed tidal variation of gas fluxes (Li et al., 2020) is consistent with gas transport through 491 

fractures that open at low tide in response to reductions in confining pressure or changes of gas 492 

solubility (e.g. Baghbanan & Jing, 2008; Rutqvist, 2015; Römer et al., 2016). Shallow, clay-rich 493 

sediments in this region are prone to hydraulic fracturing as a result of small changes of confining 494 
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pressure, causing vertical effective permeability increases of up to two orders of magnitude (Falcon-495 

Suarez et al., 2021). The laterally extensive, overpressured reservoir located within unit S2.2 ensures 496 

continuous pore fluid pressure communication to the base of the gas chimneys, ensuring that the upward 497 

pressure gradient is maintained (Figs. 11,12). Therefore, the data indicate that fracture-dominant flow 498 

from the shallow reservoir to the pockmark prevails during low tide at reduced confining pressure. 499 

Gravity core analysis evidences sediment remobilisation structures, but no fracturing within the top 5 500 

m below Scanner pockmark (Fig. 13). The effective stress conditions close to the seafloor favour 501 

capillary-dominant flow (Cathles et al., 2010). In addition, previous core analysis of Witch Ground 502 

basin sediments shows that sand:clay ratios are much lower at shallow depths (<20 mbsf), and therefore 503 

more prone to plastic deformation (Paul & Jobson, 1991). This increase in plasticity would explain both 504 

the lack of fractures and the presence of fluidisation features within the gravity cores. However, given 505 

the small diameter of the cores (~0.1 m) relative to the diameter of the Scanner pockmarks (> 75 m 506 

width and >250 m long), it is probable that if fractured sediment is present in the shallow subsurface (< 507 

5 mbsf), it could have been missed by the core drilling. Therefore, the dominant flow regime at depths 508 

< 5 mbsf remains inconclusive based on our data. 509 

The interpreted lower reservoir CR surface, represents a regional unconformity between Pliocene and 510 

Pleistocene sediments (Fig. 3). This horizon dips downwards to the southeast (Figs. 6-7). Basin-scale 511 

up-dip migration likely occured along this unconformable surface (Fig. 1b), which prevents drawing 512 

conclusions about the original gas source from the seismic volume analysed here. Previous geochemical 513 

analysis by Judd et al. (1994) shows that the gas sourcing Scanner pockmark is predominantly biogenic 514 

gas, with only a minor thermogenic component, while Clayton & Dando (1996) interpret a more mixed 515 

biogenic and thermogenic source. Direct observation of interpreted sand-filled channels within the CR 516 

surface (Fig. 6) further indicates that gas migration through discrete zones of enhanced permeability 517 

may facilitate regional-scale fluid migration from greater depths. Lateral breaks in the seismic 518 

continuity of the CR surface beneath the Challenger and Scanner pockmarks supports the interpretation 519 

that gas from the CR is contributing to the supply of the upper reservoir (Unit S2.2 (iii); Fig. 8a) and 520 

therefore, a connected shallow gas migration system is present. 521 
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The 2D and 3D seismic reflection data provides strong evidence that the lower reservoir (CR) of the 522 

Scanner pockmark Complex is in hydraulic connection with the shallow gas system and large seabed 523 

pockmarks. Determining whether active fluid migration pathways exist below CR is therefore essential 524 

for the assessment of future subsurface CO2 storage sites in the Central North Sea, where seabed 525 

pockmarks are observed in abundance (Fyfe et al., 2003). Seismic reflection data analysis revealed the 526 

presence of polygonal faults at > 860 mbsf (950 ms TWTT), with one of the predominant orientations 527 

comparable to the regional principal horizontal stress (50-60°; Fig. 5). Although the seismic reflection 528 

images display breaks in the lateral continuity of reflections between R2 and R1 (Fig. 7a), the absence 529 

of hydrocarbon indicators (DHI’s) adjacent to the polygonal faults (Fig. 7), as well as the interpretation 530 

of seismic artefacts beneath the tunnels valleys and bright spots, suggests that the shallow gas migration 531 

system is not linked to these faults (Ho et al., 2018). Future seismic undershooting and reprocessing 532 

beneath the glacial tunnel valleys and shallow gas horizons may assist in more accurately resolving the 533 

stratigraphic and structural features of the layers between reflectors R2 and R1, as well as between 534 

reflectors CR and S2. This observation further indicates that an array of geophysical and geochemical 535 

methods are required to improve the characterisation of focused fluid conduits at the Scanner pockmark 536 

complex (Robinson et al., 2021). 537 

5.2 Pockmark and chimney genesis 538 

Several different mechanisms have been proposed to explain focused fluid conduit genesis, including 539 

erosive fluidisation, capillary driven invasion, fracture generation and reactivation (Lowe, 1975), 540 

localised subsurface volume loss and syn-sedimentary formation (Sun et al., 2013; Cartwright & 541 

Santamarina, 2015). However, when modelling focused fluid conduits, it is common to select one 542 

primary mechanism of genesis (e.g. Wangen, 2020). Integrating the seismic and sediment core 543 

observations from the Scanner pockmark complex, we develop an interpretation for focused fluid 544 

conduit and pockmark genesis, including temporal variability in response to changes in pore fluid 545 

pressure (Fig. 15):  546 
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1) Fluid overpressure is created within a shallow sandstone reservoir (unit S2.2 (iii)), comprised 547 

of glacial outwash channel sediments. 548 

2) The reservoir pore-fluids are stratigraphically trapped within the convergence of a glacial 549 

tunnel valley, laterally constrained by the clay sediments of unit S2.2 (ii) and sealed by the 550 

overlying units S3-5. Pore-pressure increases inside the reservoir, caused by the migration and 551 

charge of pore-fluids along the glacial outwash channels towards the trap (Fig. 14).   552 

3) At a critical fluid overpressure, whereby the pore pressure exceeds lithostatic pressure and the 553 

formation fracture pressure, hydraulic fractures are generated within units S3/S4 that extend to 554 

the base of S5.  555 

4) Gas accumulates at the base of the Witch Ground Formation (base of unit S5), and once a 556 

critical overpressure is reached here, erosive fluidisation results in a blow-out event, displacing 557 

the Witch Ground sediments. Further, the exact location of gas accumulations beneath unit S5, 558 

and the consequent formation of large pockmarks, are likely controlled by the local surface 559 

topography of the base of unit S5 (see supplementary Fig. S4a). In addition, the blow out events 560 

are taking place where the overburden has the lowest thickness relative to the shallow gas 561 

reservoir in unit S2.1 (see supplementary Fig. S4b).  562 

5) Once the pockmark has formed and the overpressure has reduced, capillary-dominant seep flow 563 

is likely to be the main flow mechanism from the base of the pockmark. Finally, cyclical, 564 

episodic fracture-dominant flow likely takes place during tidal-controlled reductions in 565 

confining pressure/effective stress.  566 

After chimney genesis, fluid flow through a chimney may vary temporally in response to changes in 567 

pore fluid pressure, observed over shorter timescales as pulsed flow (Fig. 15). Transitions between 568 

capillary-dominant and fracture-dominant flow were also proposed by Roche et al. (2021) and 569 

Cevatoglu et al (2015) during controlled gas release experiments. Understanding temporal variations of 570 

fluid migration through focused fluid conduits is critical for subsurface CO2 storage assessments. 571 
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 572 

Figure 15. Temporal evolution and mechanisms of pockmark genesis and chimney formation. (a) 3D 573 

seismic volume (depth converted) showing migration pathways that led to focusing of gas and 574 

overpressure generation. (b-c) Schematic diagrams showing temporal evolution. (b) Erosive 575 

fluidisation - initial blow-out and pockmark formation, release of overpressure in shallow reservoir, 576 

preferential pathways established. (c) Seep flow - long term capillary flow from gas pooling at base of 577 

pockmark. (d) Episodic pulsed flow - cyclical fracture flow from a shallow reservoir during periods of 578 

reduced confining pressure, controlled by tidal current variations. mbsf – metres below seafloor. 579 
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5.3 Chimney seismic interpretation uncertainties and implications 580 

Vertical seismic anomalies observed on seismic reflection data are commonly interpreted as focused 581 

fluid conduits. However, seismic artefacts, including acoustic blanking, bright spot multiples and 582 

velocity pull-up and pull-down effects can also generate vertical seismic anomalies, which can be 583 

misinterpreted as focused fluid conduits. For example, from the 2D sparker data in this study, acoustic 584 

blanking was observed beneath the gas-charged sediments of the shallow reservoir (unit S2.2; Fig 10). 585 

This acoustic blanking creates apparent chimney-like geometries beneath areas of higher gas-saturation 586 

(Fig. 10). Without data from lower frequency seismic sources, the blanking could have been 587 

misinterpreted as a gas chimney. In addition, bright-spot multiples, as well as velocity pull-up and pull-588 

down effects were observed on the 3D seismic data, which if not correctly identified, may be 589 

misinterpreted as focused fluid conduits extending to depth intervals below the CR reflector (Fig. 7a). 590 

By omitting seismic artefacts from our geological interpretation, a real, physical chimney (i.e. a 591 

cylindrical column of gas-charged sediment) has only been unequivocally proven to occur from the 592 

seabed to the depth of the shallow reservoir at 90 mbsf. Therefore, we recommend that vertical seismic 593 

anomalies must be assessed with a site-specific approach, and put into a regional, geological context, 594 

and should not always be assumed to represent focused fluid conduits. This observation has important 595 

implications for assessments of the role of seismic chimneys in fluid flow for subsurface storage 596 

applications (Robinson et al., 2021). 597 

6 Conclusions 598 

In this study we have used high resolution 2D and 3D seismic reflection data to characterise an active 599 

fluid-escape system in the Witch Ground Basin, North Sea. Overall, the study has provided an improved 600 

understanding of focused fluid conduit process mechanisms, genesis, and temporal evolution. Based on 601 

the work presented, the following conclusions have been obtained. 602 

A study of the regional-scale geology reveals that focused fluid conduits do not always represent a 603 

simplified cylindrical column of gas-charged sediment, sourced from directly below the structure. 604 

Instead, conduits may be fed from multiple depth intervals, including significant lateral migration of 605 

gas. 606 
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Within the overburden, the generation of overpressurised pore fluid required to form focused fluid 607 

conduits can be both structurally and stratigraphically controlled. In this study area, a shallow gas 608 

accumulation was laterally trapped within the convergence of two glacial tunnel valleys and vertically 609 

sealed by low permeability sediments. 610 

The chimneys underlying the large pockmarks comprise a series of sub-vertically oriented gas-filled 611 

fracture zones. Gas-filled fracture zones are observed to extend vertically upwards from a shallow gas 612 

reservoir at <70 mbsf.  613 

The seismic manifestation and interpretation of gas chimneys must be distinguished from seismic 614 

artefacts (false shallow signatures), which include acoustic blanking, bright spot multiples and chaotic 615 

reflections, to ensure that gas chimney presence and maximum depth extent is assessed correctly. This 616 

has important implications for assessments of subsurface storage containment integrity.  617 
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Supplementary Material 901 

Four supplementary figures (Figs. S1-S4) are provided for this article, which are also located in a separate file. 902 

 903 
Supplementary Fig. S1. Glacial erosional features at base of the Ling Bank Fm. (a) Base of reflector S2 depth, (b) S2.2 maximum amplitude 904 

map from the 3D seismic reflection data. (c-d) The white zone highlights the area used for the gas volume calculations in the shallow reservoir. 905 

TV – Tunnel valley. 906 
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 907 
Supplementary Fig. S2. Photographs of gravity cores GC-15 and GC-17, extracted from below West (GC-15) and East (GC-17) Scanner 908 

pockmark (Figure 2b). 909 
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 910 
Supplementary Fig. S3. Distribution of gas-charged sediment across the Scanner pockmark complex from attribute analysis of 3D seismic 911 

reflection data. (a) The map shows the depth to the maximum amplitude in the depth range 55-135 metres below seafloor. Maximum amplitude 912 

is interpreted to correlate with the depth of gas charged sediment, as well as high impedance contrasts between clay-rich to sand-rich sediment. 913 

Black arrows indicate primary flow pathways towards the base of the large pockmarks. Locations of the large pockmarks are displayed using a 914 

black fill and dotted outlines. (b) brighter areas represent amplitude maxima corresponding to gas-saturated sediment (seismic amplitudes > 915 

4000). Maps a) and b) are combined to make figure 14. 916 
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 917 
Supplementary Fig. S4. (a) Depth map of reflector base S5 (Witch Ground Fm) and (b) isochore thickness map from reflector base S5 to top 918 

S2.1 (basal unit of Ling Bank Fm). a) Near the large pockmarks, a 5 m depth increase is observed for reflector base S5. The comparatively sharp 919 

depth change (black dashed line) may cause localised focusing of fluid flow and subsequent overpressure generation in this stratigraphic interval. 920 

b) Areas of reduced isochore thickness correspond to the location of the large pockmarks. Therefore, it may be inferred that the pockmarks have 921 

formed in areas of reduced confining pressure/ overburden thickness. 922 
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