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Increased greenhouse gas emissions entering the atmosphere and hydrosphere are causing 
changes to global climate. Geological carbon sequestration is a proven technology, used to reduce 
anthropogenic emissions from the atmosphere. However, there are concerns about the unintended 
migration of CO2 from sub-surface storage reservoirs. Fluid-escape structures, which act as conduits 
for pressure-driven fluids, are observed in sedimentary basins globally. These structures can extend 
over 500 m across and intrude vertically through kilometres of sedimentary overburden. The 
quantitative assessment and nature of fluid-escape conduits are currently poorly constrained. Here 
we sample and characterise analogous onshore field outcrop analogues in Panoche Hills, California 
and Varna, Bulgaria to complement the study of active structures in the Witch Ground Basin, 
Central North Sea. A key aim is to quantify permeability and determine the process mechanisms of 
fluid flow through focused fluid conduits. Here we generate an accurate, repeatable and upscalable 
3D X-ray micro-computed tomography (XCT) image-based methodology workflow to calculate 
porosity, effective porosity, and permeability of fluid-escape conduit samples. During fieldwork and 
sampling, the geometry, distribution, physical interaction with host-rocks and 3D properties are 
determined. Given the large scale of the structures (>150 m wide), porosity and permeability 
transects are performed across the intrusions and their host sediments, to characterise natural 
variability and identify preferential fluid flow pathways.  
  Studies of sand intrusions in the Panoche Hills reveal permeability heterogeneity is largely 
controlled by silica cementation processes linked to the drainage of pore waters from silica-rich 
host rock sediments during intrusion formation. Sub-vertically orientated intrusions have reduced 
permeability due to the incorporation of clay and silt host rock sediments into the matrix of 
intrusions, and subsequent dewatering, grain compaction and silica Opal-A to Opal-CT 
transformation. Further, the investigation of fluid-escape structures in Varna and Panoche Hills 
highlights a three orders of magnitude reduction in permeability of unconsolidated host rock 
sediments caused by the transformation of methane gas by anaerobic oxidation to carbonates. The 
mapping of carbonate pipes revealed that focused fluid flow process mechanisms are not restricted 
to fine-grained host rock strata, and can occur in unconsolidated sediments.  
  High-resolution 2D and 3D seismic reflection data, integrated with sediment core data, are used 
to characterise the Scanner Pockmark Complex, Central North Sea. The study has revealed that gas 
flows vertically upwards through chimneys, directly observed as a series of interconnected 
fractures. Previous studies interpret seismic chimneys as vertical conduits in hydraulic connection 
to a single, deeper zone of overpressured fluid. Here we observe that fluid overpressure generation, 
leading to chimney and pockmark genesis, represents a complex system with gas-bearing zones at 
multiple depth intervals. When integrated into a multi-disciplinary approach, these findings can 
improve our understanding of focused fluid flow within the shallow overburden, for applications to 
shallow geohazard assessment and carbon sequestration. 
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Chapter 1 Introduction 

Part of this chapter (section 1.1) is based on the following paper: 

Callow, B.*, Robinson, A.H.*, Böttner, C., Yilo, N., Provenzano, G., Falcon-Suarez, I.H., Marin-

Moreno, H., Lichtschlag, A., Bayrakci, G., Gehrmann, R., ...& Reinardy, B. (in press). Multiscale 

characterisation of chimneys/pipes: Fluid escape structures within sedimentary basins. 

International Journal of Greenhouse Gas Control, STEMM-CCS Special Issue. (*Joint first 

authorship) 

1.1 Introduction 

1.1.1 Carbon capture & storage / Fluid flow in sedimentary basins 

Carbon dioxide (CO2) capture and subsurface storage (CCS) within sedimentary basins has been 

identified as an effective solution for reducing anthropogenic CO2 emissions in the atmosphere 

(IPCC, 2005; Global CCS Institute, 2019). CCS must form a key component of present and future 

global climate policy, in order to meet anthropogenic greenhouse gas emission reductions of 80-

95% by 2050, and limit model predictions of likely warming to <2 °C relative to pre-industrial 

levels (IPCC, 2014). Requirements for wide-scale implementation of CCS include: 1) cost-effective 

CCS technologies; 2) government policy/incentives for negative emissions technologies; and 3) the 

need for public acceptance/confidence, all of which are intrinsically linked. The primary 

technological requirement to widespread implementation of CO2 storage is subsurface site 

characterisation and containment assurance. Legal regulations governing CCS in Europe exist in 

the form of the EU CCS Directive on Geological Storage of Carbon Dioxide 2009/31/EC (2009), 

which defines requirements for CO2 storage across the lifetime of a storage site, including closure 

and post-closure obligations. Factors which must be considered for the characterisation and 

assessment of potential CO2 storage complexes and their surroundings include the role and 

impacts of potential fluid migration pathways causing loss of containment, and the potential flux 

rates through these pathways. 

CO2 can be sequestered into porous and permeable subsurface sandstone reservoirs (Bachu, 

2000; Benson and Cole, 2008), such as depleted oil and gas reservoirs and saline aquifers. 

Sandstone reservoirs of this type are commonly overlain by impermeable cap rocks and 

overburden stratigraphy, which together provide an effective seal that prevents the upward 

migration of CO2, ensuring safe and permanent storage. Offshore CO2 storage in sandstone 

reservoirs has been successfully demonstrated in Europe and globally (e.g., Sleipner, North Sea; 
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Tomakomi, Japan). Several other commercial-scale offshore CO2 storage projects are also in 

planning or development stages, such as the Northern Lights project (e.g., Furre et al., 2019a; 

Global CCS Institute, 2019). 

The location and potential intensity of any possible loss of CO2 containment from the storage 

reservoir are dependent on the distribution of fluid pathways in the cap rock and overburden, and 

the ability of these pathways to transmit dissolved, liquid, and/or gaseous CO2, depending on the 

pressure-temperature conditions and presence of other fluids. Potential pathways may include 

anthropogenic sources, such as abandoned wells (e.g., Watson & Bachu, 2009), formation level 

inherent structures, including natural migration up-dip along permeable stratigraphic horizons 

(e.g., Tóth, 1980; Hindle, 1997), and the formation or reactivation of fluid escape structures (e.g., 

Nichols et al., 1994; Frey et al., 2009). Such fluid escape, or seal bypass, structures permit 

pressure-driven, focused fluid flow, which hydraulically connects deeper strata with the seafloor 

through inter-connected faults, fractures and porous-permeable sediment layers (Cartwright et 

al., 2007). Fluid escape can occur as single blow-out events, episodic/pulsed flow, or continuous 

seepage flow. The type of flow can vary depending on the subsurface pressure, stress and 

lithological conditions. Therefore, the activity of a fluid escape structure may exhibit temporal 

variability, which may be cyclical over both short timescales such as tidal cycles (e.g., Boles et al., 

2001, Rollet et al., 2006) or longer-term sea level changes (e.g., Plaza-Faverola et al., 2011; 

Riboulot et al., 2014). Therefore, the combined understanding of the presence of fluid pathways 

and their fluid flow regime is critical for the risk assessment of potential subsurface CO2 escape. 

1.1.2 Focused fluid conduits in seismic data 

Seismic chimneys (e.g., Hustoft et al., 2010) or pipes (e.g., Moss & Cartwright, 2010a), referred to 

hereafter only as chimneys, are observed in seismic reflection data as vertical to sub-vertical 

anomalies with circular or elliptical planforms, displaying seismic blanking and discontinuous or 

chaotic reflections (e.g., Løseth et al., 2011). Where free gas is present in the chimney, high 

seismic amplitude reflection, known as bright spots, may be observed at discrete intervals, 

indicating gas accumulation in layers of porous sediments while migrating upwards (e.g., 

Ostrander, 1984). Pull-up of reflectors may also be observed, caused by high seismic velocities, 

which are commonly attributed to authigenic carbonate accumulations, or where located in the 

gas hydrate stability zone, to the presence of gas hydrate (e.g., Plaza-Faverola et al., 2010). If CO2 

migrates from a sub-seafloor storage reservoir and reaches the base of these chimneys, and if 

their permeability is sufficiently high, they could act as CO2 pathways towards the seafloor and 

overlying water column. To provide a reliable prediction of potential seafloor seep sites, the 
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degree to which these pathways can transmit fluids (i.e. permeability) needs to be better 

understood. 

Chimneys have been widely observed from seismic imaging globally (e.g., Løseth et al., 2011; 

Trincardi et al., 2004; Cartwright et al., 2007; Gay et al., 2007; Moss & Cartwright, 2010a,b; Plaza-

Faverola et al., 2017), including extensively in the North Sea (Hovland & Sommerville, 1985; Cole 

et al., 2000; Bünz et al., 2003; Karstens & Berndt, 2015). A comprehensive analysis of 3D seismic 

reflection volumes in the South Viking Graben, North Sea (an area of 2850 km2; Karstens & 

Berndt, 2015) identified 46 large-scale (~100-1000 m-wide) chimneys within the shallowest 1000 

m of the overburden. 

Chimney-like features can also be the result of seismic imaging artefacts. Seismic imaging 

artefacts may arise both due to data acquisition and/or processing (e.g., Tucker & Yorston, 1973). 

In particular, for locations where gas is present in the subsurface, the effect this has on seismic 

velocity determination can significantly impact both time and depth migration. An example 

locality where a seismic artefact was interpreted as a chimney is the Goldeneye field, a 

prospective CO2 storage site in the Central North Sea. Following high resolution 3D seismic 

processing, a feature previously interpreted as a fluid escape conduit was later reinterpreted as a 

seismic imaging artefact caused by a glacial tunnel valley (Dean et al., 2015). 

1.1.3 Formation of chimneys 

Chimney formation was observed on a small scale during a controlled sub-surface CO2 release 

experiment known as QICS (Taylor et al., 2015; Cevatoglu et al., 2015). In this experiment, CO2 

was released into sediments at an increasing rate of 20 to 210 kg/day, at 12 m depth below the 

seabed in shallow water (5-30 m) in Ardmucknish Bay, Scotland. Repeated seismic reflection data 

acquisition before, during, and after the gas release showed the temporal development of a 

chimney, formed by gas propagating upwards by fracture generation and reactivation in fine-

grained sediment (Cevatoglu et al., 2015). Conditions for hydraulic fracture generation are 

favourable in shallow (low effective stress) unconsolidated, fine-grained sediments, and may be 

considered a primary mechanism for chimney initiation (Fauria & Rempel, 2011). The upward 

propagation of fluids may also be facilitated by capillary driven invasion, most prevalent in 

conditions of high effective stress (Cathles et al., 2010). Further mechanisms for chimney genesis 

include: erosive fluidisation, localised subsurface volume loss and syn-sedimentary formation 

(Lowe, 1975; Sun et al., 2013; Cartwright & Santamarina, 2015). 

Based on the observations from QICS, and other experiments (e.g. Fauria & Rempel, 2011; Räss et 

al., 2018), a conceptual model for the formation mechanism and structure of chimneys in the 
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shallow overburden has been developed (Bull et al., 2018). In this model, the first phase of 

formation is the hydraulic fracturing of low permeability sediments due to high fluid overpressure 

(Arntsen et al., 2007; Cartwright et al., 2007; Løseth et al., 2009; Rodrigues et al., 2009). Seal 

breaching occurs due to reduced effective stress and leads to either opening of new fractures 

and/or reactivation of pre-existing fractures, generating a localised connected fracture system. 

These pathways may permit vertical buoyancy-driven migration of gas-rich pore fluids through the 

fracture network. Large-scale chimneys (~100-1000 m wide) are therefore hypothesised to 

represent a series of interconnected sub-vertical or radial fractures, which allow the vertical flow 

of gas in the shallow subsurface (Bull et al., 2018) due to the elevated permeability relative to the 

normal ‘background’ permeability of the host sediment (Cartwright et al., 2007). A transition from 

fracture to capillary dominant flow behaviour may be observed with increasing depth, due to 

increased overburden thickness (higher effective stress).  

In addition to the role of the geometric structures of chimneys in governing fluid flow, coupled 

physical and chemical processes act within fractures and pores, resulting in complex feedback 

mechanisms between porosity-permeability and CO2/CH4 reactivity, which may affect the hydro-

mechanical response of the system. From a quantitative perspective, little is known regarding the 

impact that chimneys have on the upwards migration of CO2 and CH4 to the seabed (Karstens et 

al., 2017; Liu et al., 2019; Marin-Moreno et al., 2019). 

1.1.4 STEMM-CCS/Chimney projects / Scanner Pockmark Complex 

This study forms a part of the European Union Horizon 2020 project 'Strategies for the 

Environmental Monitoring of Marine Carbon Capture and Storage' (STEMM-CCS; 

http://www.stemm-ccs.eu), together with a partner project CHIMNEY (Characterization of major 

overburden leakage pathways above sub-seafloor CO2 storage reservoirs in the North Sea; Bull et 

al., 2018). A primary aim of STEMM-CCS (work package 3) and CHIMNEY focussed on determining 

the permeability of sub-surface fluid pathways and developing better techniques to locate fluid 

escape structures, so that they can be better quantified and constrained, with relevance to 

potential fluid flow at CO2 storage complexes. The focus here is on applying these techniques at a 

location where there is active natural venting of methane at the seafloor (Scanner Pockmark). CO2 

and methane are both greenhouse gases that behave as buoyant fluids within the subsurface. For 

conventional carbon geological storage, CO2 is stored in former methane gas siliciclastic 

reservoirs. Therefore, understanding the nature of methane escape can be used as a suitable 

analogue for understanding the processes of CO2 escape within the sedimentary overburden. 
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The investigation area is an exemplar natural fluid escape system located near the centre of the 

Witch Ground Basin, located 190 km off the north-east coast of Scotland, within licence block 

15/25 of the North Sea. Here, chimneys are observed, which underlie active natural methane 

venting sites at the seabed, within ~150 m water depth - the Scanner, Challenger and Scotia 

pockmark complexes (Gafeira and Long, 2015). Pockmarks are seabed depressions, created by the 

release of over-pressured pore-water and gas from the subsurface (Hovland et al., 2010). In this 

area of the North Sea, large pockmarks (>6 m deep, >250 m long, and >75 m wide; class 1, Böttner 

et al., 2019) are continuously active. Evidence for active methane venting at the Scanner 

pockmark Complex is provided by water column imaging, and the presence of methane derived 

authigenic carbonates (MDACs) at the seabed (Judd et al., 1994; Judd & Hovland, 2009). The West 

Scanner pockmark releases methane at 1600-2600 kg/day (Li et al., 2020), derived from a 

combination of biogenic and thermogenic sources (Clayton & Dando, 1996). Smaller pockmarks 

(class 2) are also distributed across the area with a dominant NNE/SSW orientation (>1500 across 

225 km2) and are interpreted as dewatering features attributed to localised pressure changes 

(Böttner et al., 2019). The Scanner Pockmark Complex overlies a prospective CO2 storage area in 

the North Sea, the East Mey Storage Site. (ACT Acorn Consortium, 2018). In support of this study, 

onshore outcrop analogues are also studied to develop a further understanding of fluid-escape 

systems. 

1.1.5 Outcrop analogues 

In addition to the direct study of an actively venting system, further characterisation and the long-

term development of fluid escape structures can be derived from analysis of onshore outcrop 

analogue systems. Formed in the subsurface, field outcrops are now exposed subaerially due to 

uplift and erosion. Field outcrops permit characterisation of physical structure, geometry, physical 

properties and understanding of past physical, chemical and hydro-mechanical processes, through 

direct observation and sampling.  

Outcrop analogues of active CO2 leakage can be used to assess and characterise fluid-escape 

processes, such as in Utah, U.S (e.g. Kampman et al., 2012) and Italy (e.g. Roberts et al., 2017). 

Whilst being suitable analogues due to the presence of reservoirs, trapping mechanisms and seals 

(Miocic et al., 2016), natural CO2 reservoirs are most commonly sourced from volcanic degassing 

(Frezzotti et al., 2009). Additionally, onshore outcrop analogues of past methane escape from 

sandstone reservoirs into sedimentary overburden have been studied, that are more comparable 

to prospective sandstone CO2 storage reservoirs in the North Sea. Observable at sub-seismic scale 

(mm-scale), palaeo-fluid-escape structures of sand-filled fractures (intrusions) and seep structures 
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are observed at field outcrops, such as in Panoche Hills, California (Hurst et al., 2011) and Varna, 

Bulgaria (De Boever et al., 2006a), that are the focus of this study. 

Outcrop analogues of fluid-escape present a unique challenge for comparative analysis with active 

sub-surface systems. Following the cessation of active fluid flow, a number of diagenetic and 

surface processes may alter the physical properties of the rocks, which can include post-

dewatering compaction, cementation, groundwater-induced geochemical alteration, weathering 

and erosion. Conversely, given that geological analogues provide a characterisation of the physical 

structure following the cessation of fluid-flow, they can also potentially provide a unique 

understanding of long-term containment assurance, which is pertinent to CO2 subsurface storage 

projects.  

There is often a discrepancy between the scales of fluid flow features observed in onshore 

outcrops and their seismic manifestation, whereby chimneys observed in seismic data can extend 

several hundreds of meters in diameter and up to 1000 m in height (Berndt, 2005; Cartwright et 

al., 2007; Løseth et al., 2009; Andresen, 2012; Karstens & Berndt, 2015). Outcrops of sand-filled 

fractures in California, which are sand intrusions that form due to exceedance of lithostatic 

pressure and subsequent remobilisation and fluidisation of sediments (Huuse et al., 2010; Hurst 

et al., 2011), have been observed to reach similar dimensions to their corresponding seismic 

discernible features (Huuse et al., 2005; Ross et al., 2014), and therefore are a focus of the 

outcrop analyses within this thesis. 

The lack of outcrop evidence for fracture systems that extend up to 1000 m in vertical height, 

with large spatial extent, and resulting absence in the literature, is likely a consequence of the 

preferential preservation of hard parts in the geological record, as suggested by the observed 

sand-filled fractures and carbonate pipes in California and Varna, respectively (Hurst et al., 2011; 

De Boever et al., 2006a). Sand-filled fractures and carbonate pipes may have some distinct 

structural and compositional differences to chimneys. However, a benefit of field outcrop 

analogues is that sub-vertical structures can be mapped at mm-scale resolutions, which is not 

possible using seismic reflection imaging. Consequently, more accurate quantification of 

fault/fracture properties, such as measurement of aperture, cement infill type etc., is achievable 

using outcrop based studies. In addition, field sampling from outcrop and subsequent 

experimental analysis permits the quantification of physical properties, such as permeability. This 

can further enable understanding of the primary controls of permeability of fluid-escape 

structures, as well as determining changes of permeability over longer temporal scales. 

Furthermore, the study of outcrops can be complemented with the mapping of a target area, 

using unmanned aerial vehicles (UAVs) that allow mapping over large distances (km-scale) at very 
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high accuracy (cm-scale). These data can then be used to calculate digital elevation models (DEM), 

image mosaics and high-resolution point clouds which, once geo-referenced using ground control 

points, can help close the observational gap between seismic data and geological field sampling. 

1.2 Fieldwork and datasets 

The fieldwork and data acquisition undertaken as part of this thesis includes: 

• Fieldwork in the Panoche Hills, California, conducted in October 2016 and October 2017. 

Detailed field observations were made at three main localities: Escarpados Canyon, Marca 

Canyon and Moreno Gulch. Field sampling took place at discrete stratigraphic intervals 

within Moreno Gulch. 

• X-ray micro-CT image acquisition of field samples was conducted at beamline I13-2, 

Diamond Synchrotron, Oxford. 31 scans of samples from the Panoche Hills, California, 

were undertaken in May 2018. Image reconstruction, processing and image-based 

modelling were completed to quantify porosity, absolute permeability and pore network 

properties of the samples. The samples’ physical parameters were further analysed at the 

National Oceanography Centre using physical laboratory tests, including He-pycnometry 

and permeability to nitrogen (i.e. absolute permeability). 

• Fieldwork in Varna, Bulgaria, was undertaken in August 2019. Detailed field observations 

were made at two main localities: Pobiti Kamani and Beloslav Quarry. Field sampling took 

place at each site, in addition to unmanned aerial vehicle (UAV) imaging conducted by 

GEOMAR. 

• Further petrographic analysis of samples collected at the Panoche Hills and Varna field 

locations was conducted using Scanning Electron Microscopy (SEM) and transmitted light 

microscopy. 

• Four research expeditions were undertaken for data collection at the Scanner Pockmark 

Complex, North Sea. 2D seismic reflection was acquired using a GI gun source and 18 

ocean bottom seismographs (OBS) by RV Maria S Merian cruise MSM63 (Berndt et al., 

2017), in addition to multi-beam bathymetry data, and Parasound sub-bottom profiling 

data. RRS James Cook cruise JC152 conducted a wide frequency-ranging seismic 

experiment over the Scanner and Challenger pockmarks. Five different seismic sources 

were used (Bolt and GI airguns, Squid and Duraspark surface sparkers, and a deep towed 

sparker; which were recorded by an array of 25 and 7 OBSs, at the Scanner and 

Challenger pockmarks, respectively (Bull, 2017). The seismic sources were also used to 

generate multichannel (GI guns, surface sparkers) and single-channel (deep tow sparker) 

seismic reflection profiles. During cruise MSM78 (Karstens et al., 2019a), sediment cores 
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for geological and geochemical analysis were taken from beneath the Scanner pockmark 

and a reference site using a gravity corer and rock drill (RD2) which acquired core to 

depths of ~6 and ~33 meters below seafloor (mbsf), respectively. Sediment core analysis 

was conducted using a Multi-Sensor Core Logger (MSCL) and lab-based X-ray micro-CT 

imaging. Additionally, data from a 3D seismic survey conducted by PGS (CNS Mega Survey 

Plus) further supported the study. 

The outlined methods used in this study integrate into a multi-scale, multi-disciplinary study of 

subsurface focused fluid conduits (Robinson/Callow et al., in press), that directly contributes to 

the STEMM-CCS and Chimney projects, and also supports previous research. Robinson/Callow et 

al. (in press) highlights the multi-method approach required for the comprehensive understanding 

of focused fluid conduits, and further contextualises this study. 

Studies of prospective CO2 storage reservoirs commonly focus on the reservoir depth interval, 

which leads to two shortcomings. Firstly, the methodological approaches are often not designed 

to constrain the near-surface sedimentary overburden accurately. Consequently, models of the 

overburden are often oversimplified and assumed to represent an isotopic, homogenous medium 

(e.g. Marin-Moreno et al. 2019). Using the methodology outlined above, I seek to characterise 

and constrain the geometry and compositional complexities of the sedimentary overburden in 

greater detail, to ensure that the nature of fluid-flow within the shallow subsurface is better 

understood. 
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Figure 1.1: Location map of fieldwork areas and research collaboration network. A) Scanner Pockmark 

Complex, Witch Ground basin, North Sea, B) Panoche Hills, California, U.S.A. and C) Varna, 

Bulgaria. 

My research collaborations include: 1) University of Southampton, 2) National Oceanography Centre, 

Southampton, 3) GEOMAR Helmholtz-Centre for Ocean Research Kiel, Germany, 4) Diamond Synchrotron, 

Oxford, 5) University of Aberdeen, Scotland, 6-7) University of Edinburgh and Heriot-Watt University, 

Scotland, 8) Shell, Netherlands, 9) University of Grenoble Alpes, France, 10) Norwegian Geotechnical 

Institute, Oslo, Norway, 11) UiT The Arctic University of Norway, 12) Stockholm University, Sweden and 13) 

Colorado School of Mines, U.S.A.  

1.3 Research aims 

The primary goal of this thesis is to determine the permeability temporal evolution and physical 

structure of fluid-escape systems by studying and comparing ancient outcrop analogues with 

modern, active, offshore systems. The characterisation of outcrop analogues of fluid-escape 

structures are documented in chapters 3-4. Drawing upon a more developed understanding of 
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fluid flow in the sedimentary overburden, chapters 5-6 then seek to constrain an active, 

subsurface fluid-escape system in the North Sea using seismic techniques. The ultimate aim is to 

improve our understanding of the physical structure and processes governing the formation of 

focused fluid conduits. The approach to addressing the overall thesis goal was to have five 

research objectives:  

1. Devise a methodology for quantification of rock/sediment sample permeability that is 

accurate, repeatable and upscalable (Chapter 2). 

Previous research has used X-ray micro-CT image-based modelling to quantify the absolute 

permeability of sandstone, however the accuracy, repeatability and upscalability of this 

approach have not been fully assessed and optimised.  

2. Quantify permeability heterogeneity of subsurface fluid-escape systems by direct 

sampling of onshore outcrop analogues (Chapters 3-4).  

3. Determine the key physical-chemical mechanisms and processes controlling permeability 

heterogeneity of fluid-escape systems (Chapters 3-4). 

To achieve the following research aims, I build on the previous geological characterisation of sand 

intrusion outcrop analogues at the Panoche Hills field site, California, using high-resolution X-ray 

micro-CT imaging of samples, enabling the improved understanding of permeability heterogeneity 

at pore- to field-scale. Outcrop analogues of carbonate pipe structures in Varna, Bulgaria, are also 

assessed. Previous research has conducted extensive geochemical analyses of these ancient fluid-

escape features (De Boever, 2006). This study builds on previous work by acquiring unmanned 

aerial drone imaging, combined with field observations and SEM image analyses.  

4. Using established and novel seismic techniques, characterise the physical structure of an 

active fluid-escape system (Chapters 5-6). 

To achieve the following research aims, S-wave anisotropy and high-resolution 2D and 3D seismic 

reflection imaging are used in combination, for the detailed understanding of the structure and 

genesis of active, focused fluid conduits at the Scanner Pockmark Complex, North Sea. Previous 

studies have either been limited by the use of low resolution seismic (e.g. Holmes & Stoker, 2005), 

or have instead focused primarily on the size and spatial distribution of the pockmarks (e.g. 

Böttner et al. 2019). 

5. Directly compare ancient outcrop analogues with offshore, active systems, to gain a more 

comprehensive understanding of fluid-escape system genesis and temporal evolution 

(Chapters 3-7). 
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This final research aim brings together the main findings of each chapter, and a summary of 

comparisons between active and ancient fluid-escape systems is presented in chapter 7. 

 

Figure 1.2: Flow diagram that highlights the five main research aims of the thesis, and the corresponding 

chapters that address these research aims. 

Blue – research aims; black – methods used to address the research aims. 

1.4 Thesis overview 

Chapter 2 presents an improved methodology for the calculation of absolute permeability and 

porosity of sediment samples using state-of-the-art X-ray micro-CT image-based modelling 

techniques. The chapter provides an uncertainty analysis of key image acquisition and processing 

parameters that include: Image resolution, segmentation method, mesh density, representative 

elementary volume size, and a direct comparison of image-based finite element modelling 

methods with conventional laboratory methods. The chapter provides an improved image 

processing workflow to ensure that repeatable and accurate calculations of absolute permeability 

and porosity are achieved. This paper was published in Geophysical Journal International (see 

Callow et al. 2020). 

Chapter 3 uses geological field mapping and sampling, in combination with X-ray micro-CT image 

analysis to quantify permeability heterogeneity of sand intrusions at an outcrop analogue in 

Panoche Hills, California. The results reveal significant permeability heterogeneity and temporal 

evolution attributed to compaction and cementation processes, that are intrinsically linked to the 
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formation of sand intrusions. The findings also highlight the importance of considering diagenetic 

effects when making direct comparisons of physical properties measured from ancient outcrop 

analogues and modern offshore systems. The chapter will be submitted to an international 

scientific journal. 

Chapter 4 uses unmanned aerial drone imaging, together with detailed field observations and 

scanning electron microscopy of sediment samples to assess carbonate pipe structures, observed 

as outcrop analogues in Varna, Bulgaria. The chapter provides detailed observations, leading to a 

greater understanding of the process mechanisms of fluid flow through unconsolidated 

sediments, that lead to the formation of carbonate pipes. The chapter reveals that the pipes were 

likely formed from advection of methane gas sourced from an underlying fault, forming a focused 

fluid conduit, that later reacted to form methane derived authigenic carbonate within 

unconsolidated sediment. This chapter has been submitted to an international scientific journal. I 

led the geological fieldwork, SEM analysis and interpretation. Böttner, C. led the UAV-based 

analysis and interpretation. Authors are listed in order of contribution to writing. 

Chapter 5 presents a study of shear-wave anisotropy measurements and high-resolution 2D and 

3D seismic reflection data, to assess the structure beneath the Scanner Pockmark Complex, an 

active fluid-escape system in the Central North Sea. The chapter provides a detailed analysis of 

the physical structure and glaciogenic stratigraphy of the Witch Ground Basin Quaternary 

sediments. This work reveals that gas-charged sediment at the base of Scanner Pockmark, in 

hydraulic connection with underlying fractures, is the most likely cause of azimuthal variations in 

anisotropy. The chapter has been submitted to an international scientific journal. I led the seismic 

reflection analysis and interpretation. Bayrakci G. led the seismic anisotropy analysis and 

interpretation. Authors are listed in order of contribution to writing. 

Chapter 6 investigates the processes and mechanisms of focused fluid migration at the Scanner 

Pockmark Complex, North Sea. The study uses multi-frequency 2D and 3D seismic reflection data, 

as well as sediment core sampling, to constrain subsurface fluid migration pathways. The results 

highlight that the overpressure conditions defining the location of focused fluid conduits is 

structurally and stratigraphically controlled. A key finding is that gas-filled fractures are located 

beneath the pockmarks, which are interpreted as focused fluid migration pathways that feed the 

active pockmarks. Fracture aperture, and consequently gas flux, are likely controlled by cyclical 

variations in confining pressure. The chapter will be submitted to an international scientific 

journal. 



Chapter 1 

13 

Chapter 7 provides a summary of the main conclusions of the study. The chapter will also discuss 

the broader implications of the study, including the relevance and application to geological carbon 

sequestration. The chapter also highlights potential areas of future research. 

There are three appendices. Appendix A is a paper that investigates the CO2 storage potential of 

basalt rock using X-ray micro-CT and physical laboratory measurements. This paper was published 

in the International Journal of Greenhouse Gas Control (Callow et al., 2018). This paper, a 

development of my Master’s thesis work, formed a key part of my early doctoral training, and 

introduced key themes that are present within my PhD thesis, that include: 1) Correlating physical 

properties calculated from X-ray micro-CT imaging with more traditional physical laboratory 

measurements; 2) Understanding the effect of cementation processes and the challenges of 

upscaling physical property measurements from pore- to field-scale and; 3) Addresses the 

research theme of geological carbon sequestration and storage integrity. Appendix B is a 

fieldwork summary for the investigation of sand intrusion outcrop analogues in Panoche Hills, 

California. Appendix C is a fieldwork summary for the investigation of carbonate pipe outcrop 

analogues in Varna, Bulgaria. 
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Chapter 2 Optimal X-ray micro-CT image based 

methods for porosity and permeability quantification 

in heterogeneous sandstones 

This chapter is based on the following paper: 

Callow, B., Falcon-Suarez, I., Marin-Moreno, H., Bull, J.M., & Ahmed, S., 2020. Optimal X-ray 

micro-CT image based methods for quantification of porosity and permeability in heterogeneous 

sandstone. Geophysical Journal International, 223(2), 1210-1229. 

https://doi.org/10.1093/gji/ggaa321. 
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Abstract 

3D X-ray micro-CT (XCT) is a non-destructive 3D imaging method, increasingly used for a wide 

range of applications in Earth Science. An optimal XCT image-processing workflow is derived here 

for accurate quantification of porosity and absolute permeability of heterogeneous sandstone 

samples using an assessment of key image acquisition and processing parameters: Image 

resolution, segmentation method, representative elementary volume (REV) size and fluid-

simulation method. XCT image-based calculations obtained for heterogeneous sandstones are 

compared to two homogeneous standards (Berea sandstone and a sphere pack), as well as to the 

results from physical laboratory measurements. An optimal XCT methodology obtains porosity 

and permeability results within ± 2% and vary by one order of magnitude around the direct 

physical measurements, respectively, achieved by incorporating the clay fraction and cement 

matrix (porous, impermeable components) to the pore-phase for porosity calculations and into 

the solid-phase for permeability calculations. Two Stokes-flow finite element modelling (FEM) 

simulation methods, using a voxelised grid (Avizo) and tetrahedral mesh (Comsol)  produce 

comparable results, and similarly show that a lower resolution scan (~5 µm) is unable to resolve 

the smallest intergranular pores, causing an underestimation of porosity by ~3.5 %. 

Downsampling the image-resolution post-segmentation (numerical coarsening) and pore network 

modelling both allow achieving of a representative elementary volume (REV) size, whilst 

significantly reducing fluid simulation memory requirements. For the heterogeneous sandstones, 

REV size for permeability (≥ 1 cubic mm) is larger than for porosity (≥ 0.5 cubic mm) due to 

tortuosity of the fluid paths. This highlights that porosity should not be used as a reference REV 

for permeability calculations. The findings suggest that distinct image processing workflows for 

porosity and permeability would significantly enhance the accurate quantification of the two 

properties from XCT. 

Keywords: Microstructure, Permeability and porosity, Numerical modelling, Core, Image 

processing. 

2.1 Introduction  

3D X-ray micro-CT imaging (XCT) is a non-destructive, volumetric imaging technique used for 

understanding the internal structure of materials. XCT has a wide range of applications in Earth 

Science, including palaeobiology (Tafforeau et al., 2006), volcanology (Zhu et al., 2011), mining 

(Ghorbani et al., 2011), hydrocarbon recovery and environmental applications such as carbon 

sequestration (Krevor et al., 2015). XCT for core image analysis has grown in use due to the wider 

availability of XCT scanners at academic institutions and industrial facilities (Shearing et al., 2018), 
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and the easier access to high memory workstations and supercomputers, capable of performing 

the calculations required for 3D reconstruction and image processing of large tomographic 

datasets. Synchrotron-based X-ray sources are becoming more greatly accessible, which produce 

faster scans at high resolution and phase contrast, generating higher quality images (Fusseis et al., 

2014).  

A number of standard physical laboratory methods can be used for quantifying the porosity and 

absolute permeability of rock samples, such us He-pycnometry, Hg-porosimetry and N2-

permeability. Each method introduces uncertainties derived from the testing procedure and the 

accuracy of the sensors used.  For instance, for permeability measurements, rock plugs have to be 

subjected to a minimum confining stress to ensure advective gas/water flow (e.g., Falcon‐Suarez 

et al., 2018), which may particularly affect measurements for unconsolidated samples. 

Furthermore, these tests are intrusive and can partially alter the original sample properties, 

including dissolution/precipitation effects during permeability to water/brine tests (e.g., Canal et 

al., 2012), incongruencies due to slip-flow effects between gas and water flow-through (Tanikawa 

and Shimamoto, 2009), or the inability to reuse samples after mercury porosimetry (Falcon-

Suarez et al., 2018, Tanikawa and Shimamoto, 2009, Pittman, 1992).  

XCT analysis is a non-destructive technique that allows a greater understanding of why porosity-

permeability variations exist in each sample, due to detailed visualisation of the pore- and grain-

size distributions and orientations. XCT core image processing and analysis can be performed to 

calculate the physical properties of rocks and sediment (e.g. Callow et al., 2018). There is a 

common trade-off between image resolution and sample volume, which can lead to induced error 

and uncertainties of the calculations. However, robust XCT image processing workflows and 

pipelines can be used to optimise the accuracy, repeatability and computational efficiency of the 

calculated physical properties (e.g. Berg et al., 2018). 

Porosity and permeability of rock are determined using XCT image processing by classifying the 

rock into solid- and pore-phases. However, accurately distinguishing between solid and pore (void 

space) phases in granular materials that contain clays, cements and metastable solids able to 

precipitate in the pores (e.g., salt or hydrate), becomes more challenging. All natural sediments 

have some degree of heterogeneity, determined by complex variations in sediment erosion, 

transport, deposition and diagenetic processes, resulting in grain size and compositional 

variability (Worden and Burley, 2003). The majority of previous XCT-derived porosity-permeability 

assessment studies focus on the analysis of homogeneous sandstone samples for determining 

optimal image processing pipelines (e.g., Mostaghimi et al., 2013; Andra et al., 2013b; Saxena et 

al., 2017a). The degree of homogeneity is defined by the grain uniformity and pore size 
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distribution, as well as the reduced proportion of clays and cement matrix. However, 

heterogeneous samples with a wider grain size range, a large proportion of clays and cement 

matrix, are more susceptible to errors associated with image processing. Heterogeneous samples 

may also demonstrate a greater spatial variation of measured physical properties. However, it 

remains unassessed the extent to which the image processing techniques used for porosity and 

permeability determinations of homogeneous sandstones can be readily applied to more 

heterogeneous samples. 

The main sources of error and uncertainty for XCT image acquisition and processing are derived 

from the image resolution, image segmentation method, representative elementary volume (REV) 

size and the fluid flow simulation method. Image spatial resolution dictates the smallest feature 

that can be visually resolved and identified, which has been previously addressed by a number of 

authors using compositionally homogeneous sandstone samples (e.g. Saxena et al., 2017; 

Soulaine et al., 2016; Shah et al., 2016). Ideally, samples would be imaged at the highest image 

resolution and for the largest possible sample diameter. However, XCT imaging is limited to a 

length-scale which represents a trade-off between achievable image resolution and imageable 

sample diameter (Cnudde and Boone, 2013). This trade-off creates errors associated with image 

resolution, REV size and segmentation. Image resolution and REV can be defined as functions of 

average pore throat diameter (Dd) and effective grain size (Deff), respectively, for suitable 

comparisons between samples with varied grain and pore size distributions, as well as 

comparisons with other digital rock physics (DRP) studies (Eq. 1-2). 

𝑁𝑁𝐼𝐼 = 𝐷𝐷𝑑𝑑
Δ𝑥𝑥

           (1) 

𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅 =  𝐿𝐿
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒

          (2) 

Where 𝑁𝑁𝐼𝐼  is the ratio of Dd to voxel size (Δx), whilst 𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅 is the ratio of the cubic length of the 

sample (𝐿𝐿) to Deff. A NREV value of one is equivalent to one grain diameter. For more 

homogeneous sandstones, a study by Saxena et al. (2018) showed that 𝑁𝑁𝐼𝐼 values above 10 and 

NREV values above five are required to accurately resolve the smallest pore throat diameters and 

achieve representative porosity-permeability calculations, respectively.  

Image segmentation is the process used to separate and distinguish between the solid and pore 

(including fluid) phases. A large number of segmentation methods are available (Iassonov et al., 

2009, Schlüter et al., 2014), though this study focuses on using a 3D weka segmentation method 

that utilises open-source software, is adaptable and is computationally efficient (Arganda-
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Carreras et al., 2017). The Trainable Weka segmentation method performed the best in an 

independent study of seven different segmentation methods, conducted by Berg et al. (2018). 

When quantifying the porosity and permeability of a rock sample, the REV size is the volume 

above which the derived porosity-permeability values no longer change significantly (Bear, 2018). 

Sample REV has also been previously addressed by multiple authors for more compositionally 

homogeneous sandstone (Ovaysi et al., 201; Saxena et al., 2018; Mostaghimi et al., 2013). 

The lack of a standardised single method for quantifying permeability using XCT image-based 

technology has triggered the development of a number of flow solvers, which include both 

commercial and open source softwares. The software may be categorised into Voxel-Based 

Solvers (VBS) and Lattice-Boltzmann Method (LBM) solvers. This study focuses on the former and 

compares two Stokes-flow finite element modelling (FEM) methods for calculation of 

permeability: A voxelised grid (Avizo) and tetrahedral mesh (Comsol). Additionally, this study also 

calculates permeability quantified and upscaled using pore network modelling (Avizo) and 

MATLAB Reservoir Simulation Toolbox (MRST), respectively. 

The ultimate aim of this study is to devise a reliable, repeatable, computationally efficient and 

robust XCT image processing methodology for the quantification of porosity and permeability of 

heterogeneous sandstones. To do this, we present an assessment of the main XCT image 

acquisition and processing parameters using four heterogeneous sandstone samples, which are 

compared to two homogeneous standards (Berea sandstone and a sphere pack), to understand 

the sensitivity of the porosity and permeability outputs to each parameter. We then compare four 

different image-based methods used to quantify permeability, to determine their validity and 

accuracy. The XCT results are also compared to laboratory physical measurements acquired from 

the same sample block (twin samples). 

2.2 Materials and Methods 

2.2.1 Sample description 

The samples used in this study consist of two homogeneous sandstones (St1 - Berea sandstone, 

and St2 - a sphere pack acquired from Andra et al. (2013a)) and four heterogeneous sandstones 

(A, A2, B and C) collected from a geological field site in Panoche Hills, California, USA (Vigorito and 

Hurst, 2010). The main component of the samples A-C were quartz mineral grains and a clay 

mineral fraction. Samples A, A2 and B are uncemented and C is cemented with silica (opal-CT) 

(Figure 2.1). All samples were imaged using an XCT scanner and subjected to physical laboratory 

tests (except for St2 and A2). 
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For the physical laboratory tests, 25 mm length, 50 mm diameter samples were cored from a 

sample block representative of the samples A, B and C (Figure 2.1). Each sample was first oven-

dried (at 50 °C), before being used to determine porosity by He-pycnometry and permeability to 

nitrogen (i.e., absolute permeability) under minimal confining pressure conditions (~0.8 MPa). 

Both determinations were repeated three times per sample. Thereafter, we refer to these tests as 

physical measurements. For the XCT study, 25 mm length, 10-12 mm diameter samples were also 

prepared from the same precursor sample blocks (Figure 2.1). 

 

Figure 2.1: Images of the samples (A,B,C) used in laboratory physical measurements at different scales.  

From left to right: (a) 2D greyscale images in the horizontal plane of the sample sub-volumes, 

(b) Thin section images indicating predominantly quartz grains (pastel yellow), pore space (light 

blue), as well as clay minerals and cement matrix (brown-black), (c) The 10 mm diameter 

samples used for X-ray micro-CT (XCT) image analysis and (d) The 50 mm diameter core plugs 

used for the laboratory physical measurements, cored from the same block as the XCT samples. 
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2.2.2 X-Ray Micro-CT analysis 

2.2.2.1 Image acquisition and reconstruction 

3D X-ray micro-CT (XCT) scans of samples A-C were conducted using synchrotron X-ray imaging 

(Figure 2.2)(Bodey and Rau, 2017). The synchrotron has a parallel beam X-ray source. The 

specimens were pre-mounted on Scanning Electron Microscopy (SEM) stubs. The SEM stub holder 

at I13-2 was used to place the specimens in the path of the X-ray beam (Figure 2.2).  

3D reconstruction of the projections was performed using python-based Savu (Atwood et al., 

2015). The reconstructed data for samples A-C had an isometric voxel size of 0.81 µm, while for 

St1 and St2 had a size of 5 µm and 3.5 µm, respectively (Figure 2.3). The sample volumes A-C are 

further processed using open-source software Fiji (ImageJ) (Schindelin et al., 2012). Following 

conversion from 32 bit to 8-bit greyscale data, 1728 voxel (1.4 mm in length) cubic volumes were 

extracted from each cylindrical sample for further analysis (Figure 2.2d). The reconstruction 

method used ensured the minimal presence of noise, blurring and imaging artefacts, which may 

have affected the accuracy of the subsequent image segmentation process (Figure 2.2c,d). See 

Supplementary material 2A for further details of the image acquisition and reconstruction 

process. 
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Figure 2.2:  Photographs of the experimental setup at Diamond Synchrotron beamline I13-2.(a) The 

experimental hall showing the parallel beam source. (b) Sandstone sample mounted to the 

stage using a SEM stub, placed between the source and a pco.edge 5.5 scintillator-coupled 

detector with 4x objective lens, providing a 1 µm (0.81 µm) pixel size and 2.1 x 1.8 mm field of 

view. (c-d) Acquired images reconstructed using Savu with poorly optimised settings (c) and 

optimal settings (d).Image segmentation 

Image segmentation is conducted to isolate and characterise the pore phase. Image segmentation 

is often challenging due to the partial volume effect, where boundaries between phases in an 

image are blurred to an amount directly dependent on resolution size (Wildenschild and 

Sheppard, 2013). Prior to image segmentation, a non-local means filter was applied to the 

sandstone sub-volumes (Avizo, 2018). The use of a non-local means filter ensures the removal of 

white noise (scatter), a common noise artefact generated by Compton scattering, while 

preserving boundary edges (Buades et al., 2005, Ketcham and Carlson, 2001). The samples A-C are 

comprised of a solid phase, which includes quartz, feldspar and lithic grains, and a pore phase. 

Two additional solid components are present and distinguishable, comprising clay minerals and a 

cement matrix. The clay mineral and cement matrix components are initially assumed to have 

zero intragranular porosity, so are added to the solid phase.  
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Image segmentation was conducted using a 3D Weka segmentation (TWS) method (Arganda-

Carreras et al., 2017), a machine-learning tool built into Fiji. The TWS involved training a classifier 

using a small number of manual annotations of the two main phases (solid and pore) on a small 

sub-volume (100 cubic voxels) of sample A. An iterative approach was adopted until an accurate 

segmentation result was achieved on the sample sub-volume using the Weka training features 

structure, edges, mean and variance (Rao and Schunck, 1991, Canny, 1986). The structure and 

edges training features used FeatureJ (Meijering, 2019). The trained classifier was then used to 

segment samples A-C automatically. A tiling algorithm was adopted to ensure an efficient 

segmentation on 3D datasets (Arganda-Carreras, 2018), formerly a limitation of this segmentation 

method (Garfi et al., 2019; Berg et al., 2018). The selected tile size dictates the memory 

requirements of the segmentation. For example, a tile size factor of six divides the volume into 

216 (63) cubic subvolumes, reducing the memory requirements by a factor of 216. The final 

segmentation results are qualitatively displayed in Figure 2.3. Furthermore, a watershed 

segmentation method (Beucher, 1992) was also used when assessing the effect of changing image 

resolution. 

 

Figure 2.3: Scanned images and the result of segmentation for the samples analysed.2D orthoslices in the 

horizontal plane of the sample sub-volumes displaying greyscale images prior to segmentation 

(left) and binarised images post-segmentation (right). The binarised images display pore space 

in black and the solid phase in white: (A-C) Heterogeneous sandstone samples which are 
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uncemented (A, A2, B) and silica cemented (C) respectively. Two standards were also used in 

the study: (St1) Berea sandstone and (St2) a sphere pack (Andra et al. 2013a).Pore properties 

Voxels assigned to the pore phase define the total porosity and voxels assigned to the pore phase 

which are connected by a common face define the connected (effective) porosity of the samples. 

Total porosity can be quantified from the segmented images of the pore space as follows: 

∅t = �𝑅𝑅𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

� × 100         (3) 

Where Øt  is total porosity, Vvoid is total void space volume and VROI is total region of interest (ROI) 

volume. 

A pore network model can be generated using two main methods: A maximal ball method (Dong 

and Blunt, 2009) and a distance ordered homotopic thinning method (Youssef et al., 2007), this 

study uses the later to quantify pore throat diameter (Dd). Using a skeletonization algorithm in 

Avizo, a one voxel thick, centred, homotopic skeleton is created, which is subsequently separated 

into individual pore segments to produce a pore network model. As Dd was measured using 

image-based methods, whereby Dd is directly dependent on voxel size, the measured Dd of 

samples A-C (average 25 µm) represents an upper estimate of true pore throat diameter (Saxena 

et al., 2019a). In addition, effective grain size diameter (Deff) was quantified in 3D using a 

watershed separation method of the segmented image volumes in Avizo. Accurate quantification 

of grain size was validated with the Berea sandstone sample (St1), as well as standard (St2) of 

known grain diameter (100 voxels). A 3D quantification of grain size was preferred to a 2D 

method, as the latter resulted in significant inaccuracies (Van Dalen and Koster, 2012). 

Table 2.1 shows the maximum sample dimensions, porosity, effective grain size diameter (Deff) 

and pore throat sizes (Dd) for the homogeneous sandstone samples (St1-2) and the 

heterogeneous sandstone samples (A-C). The heterogeneous samples have lower Deff and Dd 

values relative to the homogeneous sandstones, with a greater percentage of lower grain size 

fractions (Figure 2.4). To assess a REV size for quantifying porosity and permeability, sample 

lengths ranging from 0.04 to 1.4 mm (NREV of >0-10) and 0.04 to 0.5 mm (NREV of >0-3.5) were used 

respectively (Figure 2.5). In addition, sample lengths up to 2.5 mm (NREV of ≤ 13) were used to 

assess REV sizes for porosity and permeability for samples St1-2. Two different subsampling 

strategies are used for the REV analysis: A nested volume sequence (Figure 2.5a-b) and a cartesian 

grid of 0.5 mm (NREV = 3.5) subvolumes (Figure 2.5c-d). Morphology-based methods are not 

considered in this study due to computational constraints. A sample volume of 6003 voxels, 

independent of voxel size, represents the largest volume resolvable using the Stokes-flow 
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simulation methods for all samples within the computer memory limitations of this study (See 

Supplementary material 2B for the computer specifications used for this study). 

Table 2.1: Image dimensions, resolution, grain size, pore throat size and porosity values of samples St1-2 

and A-C used for XCT image analysis. 

Sample no. Image 
Resolution  

Max. 
dimensions  

Max. 
Length 

Deff Dd φt φc 

  (µm) (Voxels) (mm) (µm) (µm)  (%) (%) 

St1 5 1000 5.00 190 34 11.66 11.32 

St2 3.5 788 2.76 350 n/a 34.34 34.33 

A 0.81 1728 1.40 140 24 15.70 15.31 

A2 0.81 1728 1.40 140 24 15.14 14.83 

B 0.81 1728 1.40 140 27 13.69 13.43 

C 0.81 1728 1.40 140 23 9.58 8.32 

Cubic volumes were used in this study. φτ and φχ are total porosity and connected porosity, respectively. Deff 
and Dd are average grain and pore throat diameters, respectively. 

 

Figure 2.4: Grain size distribution comparisons of XCT samples for homogeneous standards St1-2 and 

heterogeneous samples A-C. The frequency histograms are binned into 15 µm intervals. Orange 

lines show cumulative frequency percentage. The images show the result of the 3D grain size 

process, implemented using a watershed separation method. 
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Figure 2.5: Sample subvolume A, displaying different volume sizes used for the representative volume 

(REV) study, ranging from 0.04 – 1.40 mm width (equivalent to sample lengths NREV <1 to 10). 

Two different volume configurations are used for the REV analysis. (a-b) A nested volume 

sequence, shown by black solid lines with blue squares at the corners and edge centres. (c-d) A 

cartesian grid of 0.5 mm (NREV = 3.5) subvolumes. 1.40 mm width (NREV = 10) is the maximum 

sample lengths of A-C. 

To understand the effect of varying image resolution on the output values of porosity and 

permeability, the reconstructed 8-bit grey-scale images for samples A-C were coarsened by a 

factor of six, creating XCT images with a 5 µm (4.86 µm) voxel size (Figure 2.6). Downsampling to a 

resolution of 5 µm was used for comparison, as this is the resolution achievable using a 

conventional laboratory X-ray micro-CT scanner with 2000 x 2000 pixel detector elements, for a 

sample diameter of 10 mm (du Plessis et al., 2017). The 5 µm resolution images are segmented 

using manual annotations of the new 5 µm image, as well as with the same 3D weka classifier 

trained using the 1 µm (0.81 µm) voxel size images for direct comparison (Figure 2.6). 
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Figure 2.6: Demonstration of the impact of down-sampling image segmentation in characterising 

intergranular micro-pores. (a,c). 2D orthoslice of sample A showing the 3D weka segmentation 

result at the original voxel size of 1 µm (0.81 µm). (b,d) A coarsened / downsampled voxel size 

of 5 µm (right). Red and green indicates areas classified as pore phase and solid phase 

respectively. The arrows in (d) indicate small intergranular pores which are unresolved by the 

segmentation method at 5 µm, and are inaccurately classified to the solid phase. 

2.2.2.4 Absolute permeability simulations – Voxelised grid (Avizo) 

Absolute permeability, the ability of a porous media to transmit a single-phase fluid, is an intrinsic 

property of the porous medium that can vary depending on the flow direction. Herein, absolute 

permeability will be referred to as permeability. The Avizo 9.3.0 software has been used for 

quantifying vertical (kv) and horizontal (kh) permeability of the connected pore networks of each 

sample by applying a finite element image-based simulation method (Avizo, 2018). For this 

method, each voxel corresponds to one mesh element, thus no additional meshing process is 

required (Zhang et al., 2012). The simulation method has been previously validated using a glass 

bead pack and theoretical models (Zhang et al., 2011), and successfully applied in previous studies 

(e.g., Callow et al., 2018, Peng et al., 2014, 2015). Bernard et al. (2005) developed the basis for the 

permeability simulation algorithm. The velocity of the simulated fluid flow through the sample is 

calculated by solving the Stokes flow equation: 
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𝜇𝜇∇2𝐮𝐮 − ∇p = 0
              ∇ ∙ 𝐮𝐮 = 0

�           (4) 

where u is the fluid velocity vector, p is the simulated fluid pressure and μ is the dynamic viscosity 

of the fluid.  

Once Eq. (4) is solved through a convergence of the simulation and the volumetric flow rate (Q) is 

calculated, the permeability (k) can be estimated from Darcy's law:    

𝒌𝒌 = 𝝁𝝁𝝁𝝁𝝁𝝁
∆𝑷𝑷𝑷𝑷

           (5) 

where L is the sample length in the flow direction, Q is the volumetric flow rate, ∆P is the pressure 

difference across the sample and A is the cross-sectional area. For the experimental design, 

additional volume is added onto the two sample faces perpendicular to the main flow direction 

(Avizo, 2018). This ensures the simulated fluid can spread freely onto the input face of the sample 

volume, referred to herein as experimental setups (Avizo, 2018). The purpose of the experimental 

setups are to generate a stabilisation zone where pressure is quasi-static. See Supplementary 

material 2B for further details. 

2.2.2.5 Absolute permeability simulation – Tetrahedral mesh (Comsol) 

The Comsol permeability simulation uses the creeping flow physics module, which uses a variation 

of the Stokes flow equation (Eq. 4). The boundary conditions used are the same as for the Avizo 

simulation. A fully-coupled direct solver was used to quantify fluid flow, and then permeability 

was calculated using Darcy’s law (Eq. 5).  

To quantify permeability using the Comsol multiphysics software (Comsol, 2018) a finite element 

tetrahedral mesh was used. Tetrahedral mesh grids were generated for the segmented pore 

phase using Avizo and ScanIP software (Avizo, 2018; Simpleware, 2019). Firstly, a surface of 2D 

triangular elements is generated on the walls of the voxelised pore volume. Secondly, surface 

quality tests are performed to check the following properties: 1) Intersection of elements; 2) 

orientation of elements; 3) closedness of the surface; 4) dihedral angle of elements; and 5) aspect 

ratio (see Avizo, 2018; Simpleware, 2019 for further details). Finally, a 3D tetrahedral mesh grid is 

generated from the 2D surface.  

In addition, boundary layer elements can be applied to a mesh grid, which are layers of 

anisotropic hexahedral mesh elements of constant thickness at the pore-solid interface walls. 

Boundary layers are commonly applied in computational fluid dynamic (CFD) simulations to 

more accurately resolve curved walls with defined boundary conditions. 



Chapter 2 

29 

The number of mesh elements per unit volume (mesh density) can influence the output value of 

absolute permeability. The number of mesh elements used for a sample volume can be defined 

as:  

𝑁𝑁𝑀𝑀𝑅𝑅𝑀𝑀𝑀𝑀 = 𝑅𝑅𝑙𝑙
∆x

           (6)  

where 𝐸𝐸𝑙𝑙  is the mean edge length of a tetrahedral mesh element and ∆x is the image voxel size. 

Decreasing values of 𝑁𝑁𝑀𝑀𝑅𝑅𝑀𝑀𝑀𝑀  correspond to an increased mesh element density. A 𝑁𝑁𝑀𝑀𝑅𝑅𝑀𝑀𝑀𝑀 value of 

one represents a sample volume with tetrahedral elements equal in length to the image voxel 

size.  

A test varying the 𝑁𝑁𝑀𝑀𝑅𝑅𝑀𝑀𝑀𝑀 value of a tetrahedral mesh grid of sample St1 was conducted to 

observe the effect on permeability (Figure 2.7). The test was performed on a 1003 voxel 

subvolume (NREV of 2.6), with and without a boundary layer (Figure 2.7). Without a boundary 

layer, a difference of 30 millidarcys (mD), equivalent to a 10 % error, was observed between the 

highest and lowest 𝑁𝑁𝑀𝑀𝑅𝑅𝑀𝑀𝑀𝑀 value, equivalent to ~50,000 and ~350,000 mesh elements respectively 

(Figure 2.7). A difference of up to 20 mD was observed between the mesh grids generated by 

Avizo and ScanIP software. A mesh composing of one boundary layer is optimal, as permeability is 

independent of the number of mesh elements (Figure 2.7). However, due to the complexity of the 

pore network geometry, boundary layers using ScanIP and Avizo software are only possible on 

volumes with less than 1503 voxels; unless you apply a gaussian filter to the segmented volume, 

which greatly simplifies the pore network geometry. For this study, mesh grids with a NMESH of 2.6 

and no boundary layer were used (Figure 2.7), due to computer memory limitations and sample 

volume size constraints. 
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Figure 2.7: Mesh element study on a 1003 voxel sub-volume of St1 (Berea Sandstone) showing (a) the 

change of permeability with increased number of tetrahedral elements. NMESH is a function of 

mean mesh edge length / image voxel size (∆x), and is not volume size dependent. NMESH ranges 

from 2.6 to 1.35, equivalent to a mean mesh edge length of 13 to 7 µm, or an approximate 

linear range of (b) 50,000  to (c) 350,000 tetrahedral elements. Zoomed in image shows a 

comparison of a mesh without (solid line) and with (dotted line) a boundary layer. A NMESH 

value of 2.6 with no boundary layer was used for the fluid simulation comparison analysis. 

2.2.2.6 Absolute permeability simulation – Upscaling (MRST) 

Absolute permeability calculations have also been determined in this study using MATLAB 

Reservoir Simulation Toolbox (MRST)(Lie, 2019). Within this software package, predefined 

porosity-permeability values can be assigned to cells of a cartesian grid to determine single 

upscaled calculations. An adapted version of the MRST single-phase upscaling module has been 

used in this study (Lie, 2019). 

2.2.2.7 Absolute permeability simulation – Pore network model (Avizo) 

Further to the pore network model (PNM) generation process described in 2.2.2.3, PNM’s can also 

be used to calculate absolute permeability (e.g. Zahasky et al., 2020; Raeini et al., 2019). PNM’s 
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for permeability calculation are being used increasingly due to their improved computational 

efficiency compared to conventional FEM solvers (Raeini et al., 2019).  

The number of individual pore segments the connected pore volume are separated into may 

influence the output value of permeability (known in Avizo as the marker extent). Therefore, it is 

advisable to calibrate the degree of pore separation until an absolute permeability value is 

obtained that is comparable to the FEM methods, which can be done on a small sample 

subvolume (i.e. less than 4003 voxels). A marker extent of four was used for the samples in this 

study. 

The permeability of the network is calculated using Darcy’s law (Eq. 5), whereby total flow rate is 

deduced from a linear system of equations of flow rate between each pore: 

𝑄𝑄 =  ∑(𝑃𝑃𝑃𝑃 − 𝑃𝑃𝑃𝑃)𝑔𝑔𝑖𝑖𝑖𝑖           (7) 

where 𝑄𝑄 is the volumetric flow rate, P is the pressure in each pore pair i,j and 𝑔𝑔𝑖𝑖𝑖𝑖  is the hydraulic 

conductance of the throat between each pore pair i,j, given by: 

𝑔𝑔𝑖𝑖𝑖𝑖 =  � 𝜋𝜋
8µ

𝑟𝑟𝑣𝑣𝑖𝑖
4

𝑙𝑙𝑣𝑣𝑖𝑖
�            (8) 

where µ is fluid viscosity, and the throats are represented by cylindrical pipes of radius r and 

length l between each pore pair i,j.  

It is assumed that the PNM is filled with a single-phase, incompressible fluid, with steady-state, 

laminar flow, with mass conservation for each pore body (Avizo, 2018). 
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2.3 Results 

2.3.1 X-Ray micro-CT results 

2.3.1.1 Absolute Permeability Simulation Comparison: Avizo vs Comsol 

 

Figure 2.8: Volume rendering of sample A, showing the two finite element modelling (FEM) Stokes-flow 

simulation methods used in this study. (a, b) Avizo displaying a (a) 3D greyscale volume and (b) 

generated fluid velocity profile. Experimental set-ups are added onto sample faces 

perpendicular to the main flow direction to achieve a quasi-static pressure state. (c, d) Comsol 

displaying a (c) 3D tetrahedral mesh of the pore phase (NMESH value of 2.6 with no boundary 

layer) and (d) the pressure gradient profile of the simulation. Colours in (d) represent pressures 

from 30,000 Pa (dark red) to 0 Pa (dark blue). 

The Avizo and Comsol finite-element fluid simulation methods, using a voxelised grid and 

tetrahedral mesh respectively, are directly compared (Figure 2.8). Figure 2.9 shows good 

correlations for both the Avizo and Comsol simulations with slight deviations in the latter case. 

Slight permeability underestimations for the Comsol simulation relative to Avizo within the 1-

1000 mD range can be explained by the selected mesh used for the simulations (𝑁𝑁𝑀𝑀𝑅𝑅𝑀𝑀𝑀𝑀 of 2.6 

with no mesh boundary layer) (Figure 2.7). 
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Apparent overestimations of permeability by the Comsol simulations are observed within the 

1000-10000 mD range for sample A2. The apparent discrepancy between the two simulation 

methods observed within the 1000-10000 mD range cannot be explained by the selected mesh 

grid properties, which lie within an uncertainty range of 10-20 % (0.1-0.2). For the three 

subvolumes that display the anomalous permeability values, where permeability (k) has been 

simulated in three planes of direction (subscripts x,y and z), ky has an error below 50 % (0.5), 

whereas errors above 200% are observed for kx and kz (2). The sample faces perpendicular to the 

main flow direction for the kx and kz simulation have pore volume across the entire input and 

output faces. The Comsol simulation does not have experimental setups added onto the faces 

perpendicular to the main inflow and outflow direction, to ensure that the simulation achieves a 

quasi-static pressure state. Therefore, the lack of experimental setups is likely the cause of the 

error. 

 

Figure 2.9: Direct comparison of absolute permeabilities from Avizo and Comsol, the two finite element 

modelling Stokes-flow simulation methods used in this study. The black solid line indicates the 

identity line (Y=X) where both methods produce the same permeability. The dashed lines 

represent uncertainty intervals of 20% (black), 50% (dark grey), 100% (grey) and 200% (light 

grey). 99 simulations are compared, comprising of samples: St1 (black circle), St2 (grey circle), A 

(blue square), A2 (green square), B (yellow triangle) and C (red diamond). 
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2.3.1.2 Representative Elementary Volume REV and Image Resolution 

2.3.1.2.1 Porosity and Permeability REV  

Using a nested volume sequence (Figure 2.5a-b), porosity calculations appear to be resolved at 

NREV values ≥ 5 for all samples (equivalent to sample lengths ≥ 0.5 mm for A-C) (Figure 2.10). 

Permeability measurements appear to be resolved at NREV ≥ 3.5 for samples A-C and NREV ≥ 5 for 

samples St1-2 (equivalent to sample lengths ≥ 0.4 mm and ≥ 1 mm, respectively). Therefore, 

sample lengths of NREV ≥ 5 can be considered a REV size for permeability for homogeneous 

sandstone.  To observe a smaller permeability REV size for heterogeneous sandstone samples 

compared to more homogeneous sandstones would be highly unexpected. Therefore, the REV 

size for permeability calculations may not be accurately determined from one sub-volume for 

samples A-C, so a larger number of subvolumes will be further analysed. 

 

Figure 2.10: Plots of connected porosity (Øc) and permeability (k) vs sub-volume size (the cubic length) for 

samples A-C (a-b) and St1-2 (c-d). The permeability results are from the Avizo Stokes-flow 

simulation method. NREV is the ratio of sample length to effective grain size, i.e. a NREV value of 

one is equal to one grain diameter. 

Using a cartesian grid of subvolumes (Figure 2.5c-d), sample St1 subvolumes lie within a narrow 

permeability range of 421- 467 mD and porosity variations of ± 1.1 % when using sample lengths 

of NREV ≥ 10 (2.5 mm length) (omitting one outlier; Figure 2.11). Conversely, sample lengths 
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equivalent to NREV ≥ 3.5 (>0.5 mm length) for samples A-C display variations of permeability over 

two orders of magnitude and porosity up to ± 16.8 % (Figure 2.11). The large scattering shown by 

samples A-C suggests that using only one sub-volume of sample length equivalent to NREV ≥ 3.5 is 

an inadequate permeability REV size for the heterogeneous sandstone cases.  

For samples A-C, linear best fits are plotted for permeability in the vertical (kv) and horizontal (kh) 

directions, to obtain estimates for each sample using the known connected porosity (Øc) 

calculated from the maximum sample volume size (NREV ≥ 10; Figure 2.11). The interpolated 

permeability values from the porosity-permeability curves are shown in Table 2.2. 

 

Figure 2.11: Log-linear plots of permeability (k) against connected porosity (Øc) for homogeneous samples 

St1 and heterogeneous samples A, B, and C. St1 shows 8 sub-volumes from the maximum 

sample volume. A, B and C show 27 sub-volumes from the maximum 1.4 cubic mm sample 

volume. For each sample, best fit lines for vertical (kv) and horizontal (kh) permeabilities are 

obtained using the known Øc from the maximum sample volumes (NREV = 10). COV is the 

coefficient of variation expressed in percentage (standard deviation/mean). 
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Table 2.2: Results of permeability calculated from 27 XCT image sub-volumes of samples A-C and eight 

sub-volumes of sample St1, used to further understand the REV (representative elementary 

volume) size of each sample. 

Sample No. of  Sub-Vol.  Sub-Vol.  min. kh max. kh int. kh min. kv max. kv int. kv 

 sub-vol. (voxels) (mm3) (mD) (mD) (mD) (mD) (mD) (mD) 

A 27 5763 0.473 4 1414 262 25 760 306 

B 27 5763 0.473 5 651 184 3 1137 385 

C 27 5763 0.473 0 178 25 0 296 31 

St1 8 4003 2.53 235 467 423 164 511 416 

Sub-Vol, sub-volume; min. and max., minimum and maximum; kh and kv, permeability in the horizontal and 
vertical directions; int. kh and int. kv, interpolated values of permeability calculated from the porosity-
permeability plots displayed in Figure 2.11. 

The cartesian grid of subvolumes have also been put into MRST. Upscaled permeability 

calculations are obtained for the volume-averaged arithmetic, arithmetic-harmonic and harmonic 

means, respectively (Table 2.3; Supplementary figure S2.4; Lie, 2019). In fluid mechanics, 

harmonic and arithmetic averaging are considered the correct method of upscaling in a stratified 

isotropic medium with layers perpendicular and parallel to the direction of pressure drop, 

respectively. The calculated arithmetic mean closely matches the interpolated permeability values 

(within 3-23 mD)(Table 2.3). 

Table 2.3: Results of upscaled permeability calculated from 27 XCT image sub-volumes of samples A, B, C 

and eight sub-volumes of sample St1 using Matlab Reservoir Simulation Toolbox (MRST). 

Volume averaged calculations of the arithmetic, harmonic and harmonic-arithmetic means are 

determined. 

Sample No. of  Sub-Vol.  Sub-Vol.  Ar. kh H.-Ar. kh H. kh A. kv H.-Ar. kv H. kv 

 sub-vol. (voxels) (mm3) (mD) (mD) (mD) (mD) (mD) (mD) 

A 27 5763 0.473 248 103 42 294 208 136 

B 27 5763 0.473 181 83 31 379 227 39 

C 27 5763 0.473 22 6 0 28 7 0 

St1 8 4003 2.53 235 467 423 164 511 416 

Sub-Vol, sub-volume; Ar., Arithmetic mean; H.-Ar., Harmonic-Arithmetic mean; H., Harmonic mean; kh and 
kv, permeability in the horizontal and vertical directions. 

The effect of downsampling image resolution for samples A-C is also assessed (Figure 2.12). The 

TWS method has been used to segment the downsampled 5 µm images and classify the solid and 

pore phases using manual annotations of the 5 µm images. Compared to calculations at the 
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original resolution (0.81 µm), porosity is underestimated by ≤ 3.5 % (Figure 2.12). Permeability 

values are also slightly underestimated by ≤ 16 mD, except for sample C which overestimates 

permeability by 83 mD. These slight underestimations may be due to incorrect classification of the 

pore phase at 5 µm voxel resolution, highlighting the importance of having sufficient image 

resolution to segment and classify the smallest pores accurately. The higher permeability 

calculated for sample C may also be explained by the omission of the smallest pore throats. 

Furthermore, when applying the TWS method, a newly trained classifier is required for sample 

images scanned at two different image resolutions. When the classifier trained for the 1 µm 

images is applied to the 5 µm images, significant inaccuracies are observed, with porosity and 

permeability variations of up to 10 % and two orders of magnitude, respectively (Figure 2.12). 

 

Figure 2.12: Demonstration of the impact of down-sampling image resolution on porosity-permeability. 

Comparison of (a) total porosity (Øt) and (b) vertical permeability (kv) for original (1 µm) and 

downsampled (5 µm) images for samples: A (blue), A2 (green), B (yellow) and C (red). Sample 

sub-volumes of 1.4 mm and 0.5 mm cubic length (NREV = 10 and 3.5) are used for calculations in 

a) and b), respectively. Original images – straight lines; downsampled images segmented using 

a classifier trained with the 5 µm images– dashed lines and 1 µm images – dot-dashed lines, 

respectively. 
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2.3.2 Laboratory physical measurements vs X-ray micro-CT  

The interpolated XCT permeability values (Table 2.2) vary by one order of magnitude around the 

physical measurements (Table 2.4). However, the physical porosity measurements are up to 

18.3 % higher than the total porosity obtained using XCT (Table 2.4). This large discrepancy is 

likely related to the intragranular porosity fraction of the clays and cement matrix in the samples. 

The presence of intragranular porosity for the clays and cement matrix, which lies below the 

resolution of the XCT image, was assigned to the solid phase for the original XCT image analysis. 

Reassigning part of the mineral clay fraction and cement matrix to the pore phase produces XCT 

total porosity values closely matching the physical measurements (Supplementary figure S 2.3). 

For this calculation, it is assumed that clay and silica (Opal-CT) cement contain up to 60 % and 

70% intragranular porosity, respectively, which aligns with upper estimates derived from previous 

studies (Hurst and Nadeau, 1995, Alansari et al., 2019), as well as mass balance considerations 

used in this study (online supplementary data; doi: 10.1093/gji/ggaa321). 

Table 2.4: Laboratory experimental results of porosity calculated by He-pycnometry, as well as results of 

permeability calculated from a helium flow through-test at 800 kPa confining pressure. 

Sample St1 (Berea) A B C 

Cementation Minor Uncemented Uncemented Silica 

φt (%) 19.8 29.9 23.8 27.9 

std. n/a 0.068 0.163 0.078 

kv (mD) 275 83 25 50 

std. n/a 3.924 1.549 3.363 

φt is total porosity, kv is permeability in the vertical direction, and std. are the standard deviation values of 
the porosity and permeability measurements. Each permeability experiment was repeated three times.  

2.4 Discussion 

2.4.1 Absolute Permeability Simulation Comparison: Avizo vs Comsol softwares 

The two simulations are comparable for the 1-1000 mD range. The overestimation of permeability 

using the Comsol Stokes-flow simulation within the 1000-10000 mD range evidences the 

importance of the experimental setup added to the inflow and outflow direction for the Avizo 

simulation, which is used to achieve a quasi-static pressure state at the input and output faces of 

the sample volume. 
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The error of 20% induced by the chosen NMESH (mesh density) value could be mitigated by 

reducing the NMESH value, but this significantly increases the computational requirements of the 

simulation. The error could also be mitigated by introducing a boundary layer to the mesh (Figure 

2.7). However, a boundary layer for complex pore geometries and volume sizes >1503 voxels 

cannot be generated without simplifying the pore geometry using a gaussian filter (Bird et al., 

2014). This study suggests a finite element solver not requiring an additional meshing process 

would be a preferred simulation method due to the increased time efficiency and the omittance 

of a mesh density (NMESH) induced error. The ability to introduce experimental setups for the 

creeping flow module in Comsol may also greatly improve the accuracy of the permeability 

calculations using this method. 

2.4.2 Representative Elementary Volume versus Image Resolution 

Saxena et al. (2018) show that for homogeneous sandstones a 𝑁𝑁𝐼𝐼 value > 10 is required to resolve 

the smallest pores accurately. For a 𝑁𝑁𝐼𝐼 value of 10, the upper limit of voxel size required to 

resolve the dominant pore throats is 2.5 µm for heterogeneous samples A-C (Eq.2), which is 

achieved in this study (0.81 µm). At a resolution of 0.81 µm, the maximum NREV achievable is 3.5. 

However, for the downsampled image at 5 µm, the maximum 𝑁𝑁𝐼𝐼 value is 5. This study has shown 

that acquiring XCT image scans at a lower resolution (i.e. 𝑁𝑁𝐼𝐼 < 10) will lead to an underestimation 

of porosity (Figure 2.12). An important aspect to consider is microporosity, defined here as 

intergranular porosity lying below sub-voxel resolution. The quantification of microporosity for 

samples A-C at 5 µm resolution is ≤ 3.5 % but is unclear for 1 µm resolution. Shah et al. (2016) and 

Saxena et al. (2017b) show up to ± 4 % of the total porosity attributed to the microporosity 

fraction is commonly omitted when compared to the true porosity of the samples if image 

acquisition is conducted at a lower resolution, in agreement with our study. This error range is 

also within limits observed in this study when using a watershed segmentation technique (online 

supplementary data; doi: 10.1093/gji/ggaa321). 

This study shows that using a 3D weka segmentation technique produces accurate segmentation 

results, in agreement with Berg et al. (2018), but shows the image classifiers are highly sensitive 

to changes in greyscale image resolution (Figure 2.12). The same trained classifier can be applied 

to sample images with comparable petrophysical properties and obtained using the same image 

acquisition parameters, spatial resolution and reconstruction process. At a single image 

resolution, samples A, A2 and B used the same trained classifier. These are important 

considerations for future machine-learning-based image segmentation studies. 
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This study has also shown that acquiring XCT image scans at a lower resolution may lead to slight 

underestimations of permeability. This directly contrasts studies conducted on homogeneous 

sandstones such as Saxena et al. (2018), which commonly show that lower resolution leads to 

overestimations of permeability, in agreement with calculations of sample B. Overestimations 

occur as the smallest pores are unresolved, leading to an increased flow velocity through the 

porous media. Overall, permeability values at 1 µm and 5 µm are in close agreement (Figure 2.12).  

This study shows a lower REV for porosity than for permeability, which agrees with Mostaghimi et 

al. (2013) and Saxena et al. (2018). A larger REV may be required for permeability to incorporate a 

suitable amount of tortuosity into the simulation. From Figure 2.10, it appeared that for samples 

A-C, a REV size might be achieved due to the apparent lowered change in permeability with 

increased sample length up to a NREV of 3.5. Coefficient of variation (COV) is used as a statistical 

measure of determining whether a REV size is achieved for permeability calculations. A COV (100 

x standard deviation/mean) percentage value of less than 15 % is determined to be 

representative (Saxena et al., 2018). Shown in this study and Saxena et al. (2018), for 

homogeneous samples a NREV of > 5 achieves a COV % of < 15 %, showing that a REV is achieved 

(Figure 2.11). However, for the heterogeneous samples (A-C) at a NREV of 3.5, the COV values are 

98 %, 89 % and 177 %, respectively (Figure 2.11). These values far exceed the COV % values 

required to achieve a REV size. Therefore, to overcome the trade-off between 𝑁𝑁𝐼𝐼 and NREV, further 

image processing is conducted. 

Quantifying permeability is much more computationally intensive than porosity using XCT images, 

as the fluid flow simulations require high computer memory. The best solution for obtaining REV 

permeability measurements whilst preserving image resolution is to downsample the XCT image 

volume post-segmentation, referred to herein as numerical coarsening (NC) (Figure 2.13). Shah et 

al. (2016) showed that numerical coarsening might be an effective solution. NC by a factor of 

three allows the full 1.4 mm length sample volume to be simulated (NREV of 10) without inducing 

significant changes to the pore network geometry (Figure 2.13). The results of NC are summarised 

in Table 2.5. Quantitatively, minor permeability changes are observed for a NC factor of 3-8 (≤ ±50 

mD), while porosity reduces linearly below 2 %. The interpolated values of porosity-permeability, 

acquired from the plots of 27 subvolumes (Table 2.2) closely match the permeability values 

obtained from numerical coarsening (NC). For samples A, A2, B and C, a revised NREV of ≥ 7 is 

determined (Figure 2.13). The simple process of NC allows permeability to be quantified on a 

more representative elementary volume (REV) size without compromising the accuracy of the 

result, whilst reducing processing time by a factor of ~ 500 (20 times faster simulation and 26 

times fewer voxel volumes required). 
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Table 2.5: Results of porosity and permeability, which have been calculated for the XCT image volumes 

following downsampling / numerically coarsening by a factor of 1-8 post-segmentation. 

Sample N.C. 
Fac. 

Image 
Res. 

Volume  Volume  φt φc kh  kv  Time 

   (µm) (voxels) (mm3) (%) (%) (mD) (mD) (minutes) 

A 1 0.81 17283 1.43 15.70 15.31 n/a n/a n/a 

 2 1.62 8643 1.43 14.68 14.22 n/a n/a n/a 

 3 2.43 5763 1.43 15.56 14.95 290 355 60 

 4 3.24 4323 1.43 14.70 13.88 279 335 20 

 6 4.86 2883 1.43 14.35 13.29 286 348 5 

 8 6.48 2163 1.43 13.87 12.43 279 350 3 

B 1 0.81 17283 1.43 13.69 13.43 n/a n/a n/a 

 2 1.62 8643 1.43 12.69 12.39 n/a n/a n/a 

 3 2.43 5763 1.43 13.56 13.16 355 479 60 

 4 3.24 4323 1.43 12.76 12.10 341 461 20 

 6 4.86 2883 1.43 12.48 11.50 351 503 5 

 8 6.48 2163 1.43 12.01 10.73 318 530 3 

C 1 0.81 17283 1.43 9.58 8.32 n/a n/a n/a 

 2 1.62 8643 1.43 8.46 6.95 n/a n/a n/a 

 3 2.43 5763 1.43 9.33 7.17 78 57 60 

 4 3.24 4323 1.43 8.35 5.50 67 46 20 

 6 4.86 2883 1.43 7.84 4.52 67 38 5 

 8 6.48 2163 1.43 7.16 3.45 61 25 3 

N.C. fac. is the numerical coarsening / downsampling factor applied to the XCT images post-segmentation. 
Post-segmentation refers to XCT images which have already been segmented at 1 µm (0.81 µm) image 
resolution. φt  and φc are total porosity and connected porosity respectively, kh and kv are permeability in the 
horizontal and vertical directions. Image Res. is image resolution. Values described as n/a were not 
computable as they exceed computational memory limits. 

Another solution for obtaining REV permeability calculations whilst preserving image resolution is 

to simplify the pore geometry using pore network modelling (PNM). Permeability calculations 

using a PNM of the full 1.4 mm length sample volumes (NREV of 10) correlate well with the 

calculations determined using numerical coarsening (NC), and also determine a NREV of ≥ 7 for 

samples A, A2, B and C (Figure 2.13). 
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Figure 2.13: Determination of sample representative elementary volume (REV) using Pore network 

modelling and Numerical Coarsening of the image (downsampling post-segmentation). (a) Pore 

network model (PNM) of sample A. Pores – red spheres; pore throats – white sticks. (b) 2D 

binarised orthoslices of sample A coarsened by a factor (NC. Fac.) of 6. Pore phase – black; solid 

phase - white. (c) Plot of horizontal permeability (kh) vs sub-volume size (the cubic length) for 

samples: A (blue square), A2 (green square), B (yellow triangle) and C (red diamond). REV is 

determined as NREV ≥ 7 for all samples. NC. Fac. 6 – dashed line; PNM. – dotted line; 0.81µm – 

solid line. Vertical black dashed line represents the maximum sample size (NREV = 3.5) that can 

be calculated at an image resolution of 0.81 µm within current computational constraints, see 

Figure 2.10. 

2.4.3 Comparison of physical measurement and X-ray micro-CT image-based methods 

The major discrepancy between the XCT analysis and physical measurements was the original 

difference in total porosity (up to ± 18.3 %). Pore space within the clay mineral fraction and 

cement matrix is highly dominated by non-connected/disconnected intragranular pores (Hay et 

al., 2011; Milliken and Curtis, 2016). Therefore, when computing porosity from XCT, the clay 

mineral fraction and cement matrix should be assigned to the pore phase. Table 2.6 shows 

porosity and permeability output for re-segmented XCT images, whereby clay minerals and 

cement matrix are assigned to the pore phase (Supplementary figure S 2.3). By doing this, the 

computed porosity is closer to the physical measurement of porosity (within ± 2 %). For the 



Chapter 2 

43 

revised total porosity calculations, the clay minerals and cement matrix are estimated to contain 

60 % and 70 % intragranular porosity respectively, based on literature estimates (Hurst and 

Nadeau, 1995, Alansari et al., 2019) and mass balance considerations (online supplementary data; 

doi: 10.1093/gji/ggaa321). Menke et al. (2019) and Lin et al. (2016) demonstrated that conducting 

two scans, differential imaging of a dry scan and brine saturated scan, can be used to determine 

sub-resolution microporosity. Future studies to quantify the precise intragranular microporosity 

of different clay minerals and cement types will be required, if XCT is to be used as the primary 

method for total porosity calculations of heterogeneous sandstone samples.  

The intermediate phase of rock and sediment sample scans is commonly assumed to comprise 

sub-resolution intergranular pores, connected to the connected macro-pore volume (e.g. Soulaine 

et al. 2016; Lin et al. 2016; Bultreys et al., 2015). However, the large proportion of disconnected 

intragranular clay and cement matrix generates an additional peak within the intermediate phase 

range for heterogeneous sandstones. (Supplementary figure S 2.3), therefore it is not reasonable 

to assume that the grey values between the solid grains and macropores only consist of sub-

resolution connected microporosity. This is demonstrated by using a simple thresholding 

segmentation. By applying a simple interactive thresholding (or watershed) segmentation 

technique and assigning the physical measurement of porosity to match the threshold, a 

segmented image can be created with an identical calculated porosity to the physical 

measurement, a technique adopted in previous studies (Vogel et al., 2005, Iassonov et al., 2009, 

Wu et al., 2017). However, when using the same re-segmented volume for permeability, the 

obtained values are significantly overestimated (by up to two orders of magnitude; Table 2.6), in 

agreement with Leu et al. (2014). Therefore, for the calculation of permeability from XCT images 

of heterogeneous sandstones, the clay minerals and cement matrix should be assigned to the 

solid phase, as their intragranular pores are non-connected. 

Table 2.6: Results of porosity and permeability for the XCT images if the clay mineral fraction and cement 

matrix are re-assigned to the pore phase, compared with the experimentally derived results. 

Sample  A B C  

Cementation Uncemented Uncemented Silica  

φt  - Pore phase + clay fraction & cement matrix (%) 28.97 23.10 27.11  

kv - Pore phase+ clay fraction & cement matrix (mD) 2352 2415 1345  

φt - Core experiment (%) 29.88 23.75 27.90  

kv - Core experiment (mD) 83 25 50  
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φt  and kv are total porosity and vertical permeability respectively. The top two rows show the output values 
of porosity and permeability when the XCT images are re-segmented to include the clay mineral fraction and 
cement matrix. The bottom two rows show the experimentally derived values, previously shown in Table 3. 

For the purposes of this study, the distinction has been made between more homogeneous and 

heterogeneous sandstones based on the textural and pore properties of the samples. In reality, 

this distinction is not well defined due to the wide spectrum of their petrophysical properties. A 

porosity of 11.7 % was originally assigned to the Berea sandstone (St1), following an optimal 

image processing workflow that considered the intermediate clay and cement fractions as part of 

the solid phase. After reassigning the clay and cement fractions to the pore phase, the porosity 

increases to 15.82 %, but is still ~4% below the experimental porosity (19.8 %). The ~ 4% 

underestimation of the total porosity is explained by the spatial resolution of 5 µm used for this 

sample (Section 4.2; Figure 2.13b). This observation suggests that for all sandstone sample types, 

the clay fraction and cement matrix should be assigned to the solid phase for permeability 

calculations, and to the pore phase for total porosity calculations. 

Applying this particular assignment, porosity and permeability can be obtained using XCT with an 

associated error of ± 2 % and one order of magnitude, respectively, compared to the physical 

measurements using standard laboratory testing methods. Therefore, despite an optimal XCT 

workflow using high resolution and high-phase contrast scans, samples A-C and St1 still show a 

slight underestimation of total porosity relative to standard laboratory measurements (Figure 

2.14a; Table 2.7). The porosity underestimation can be explained by a portion of the intergranular 

microporosity remaining below the maximum voxel resolution (Saxena et al. 2019b). An 

associated error may also be explained by conservative estimates of the clay and cement 

intragranular microporosity fractions, and associated mass balance considerations. To further 

address this uncertainty, previous works have undertaken Hg-injection porosimetry analysis to 

obtain the pore size distribution and porosity fraction below the maximum image resolution (e.g. 

Swanson, 2013, Saxena et al., 2019b). Falcon-Suarez et al. 2019 report Hg-injection porosimetry 

analysis for heterogeneous sandstones, which show that up to 25 % of the total porosity is 

attributed to the combined intergranular and intragranular microporosity fraction (i.e. throat 

diameter < 1.6 µm). These values further explain the original discrepancy observed between XCT 

and the physical laboratory measurements, and support the calculation enhancement derived 

from the proposed (clay fraction and cement matrix) phases reassignment during image 

segmentation. 

The three XCT voxelised grid image-based methods used for permeability calculation (i.e. 

numerical coarsening, pore network modelling and upscaling using interpolation of multiple 

subvolumes) show a good agreement (Figure 2.14b; Table 2.7). However, an overestimation of 
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permeability for the XCT images relative to the physical measurements is common, despite the 

implementation of accurate XCT image processing techniques (Saxena et al., 2017a; Figure 2.14b). 

One reason for permeability overestimation is the sample volume size. The maximum volume size 

for the XCT image was 1.4 cubic mm, whereas the volume size of the sample used in the 

experiment was ~200,000 mm3. Furthermore, the sample used for the laboratory experiment is 

~20 times larger in vertical length (25 mm) than the maximum vertical dimension of the XCT 

image. The greater length may result in greater tortuosity, which may cause a reduced 

permeability for the physical measurements, relative to the XCT image-based calculations. From 

the MRST upscaled calculations, the harmonic mean most closely matches the laboratory 

measurements. Therefore, over a larger sample volume, the less permeable mm-scale sub-regions 

may have a greater effect on the output permeability at the core scale. Furthermore, this study 

uses separate samples for the laboratory measurements and XCT calculations, despite being from 

the same sample block. Therefore, it is likely that heterogeneities (observed even at NREV > 10) are 

contributing to the discrepancies between the XCT calculations and physical measurements. This 

source of error is less evident where the physical porosity has been measured on identical sub-

volumes, demonstrated in a few well-controlled studies such as Pini and Madonna (2016) and 

Jackson et al. (2020). 

Table 2.7: Results summary of calculated porosity and permeability, showing the comparison of the XCT 

image-based calculations and laboratory measurements, [2] vs [3] and [5-8] vs [9]. For samples 

A-C, XCT permeability and porosity calculations can be achieved within one order of magnitude 

and porosity values <1 % of laboratory physical measurements. Image based methods [5-8a] 

show strong agreement. 

Sample A B C St1 

Cementation Uncemented Uncemented Silica Minor 

[1] φt  - Pore Phase (%) 15.7 13.69 9.58 11.66 

[2]  φt  - Pore phase + clay 
fraction & cement matrix (%) 

28.97 23.10 27.11 15.82 

[3]  φt  - Core experiment (%) 29.88 23.75 27.90 19.82 

[4] kv - One sub-volume (mD) 275 [25-760] 185 [3-1137] 1 [0-296] 448 [164-511] 

[5] kv - Maximum sample 
volume with NC Factor of 3 (mD) 355 479 57 n/a 

[6] kv - Maximum sample 
volume with PNM (mD) 291 500 23 235 

[7] kv – Interpolated from 
multiple sub-volumes (mD) 306 385 31 416 
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[8a] kv – MRST Upscaling – 
Arithmetic mean  (mD) 294 379 28 393 

[8b] kv – MRST Upscaling – 
Harmonic-arithmetic mean (mD) 208 227 7 379 

[8c] kv – MRST Upscaling – 
Harmonic mean  (mD) 136 39 < 1 350 

[9] kv - Core experiment (mD) 83 25 50 275 

φt  and kv are total porosity and vertical permeability respectively. Described for clarity: [1] is the total porosity 
of the air phase calculated from the maximum XCT image volumes shown in Table 2.1.[2] is the total porosity 
of the pore phase calculated from re-segmentation of the XCT images to include the clay mineral fraction and 
cement matrix. [3] is the total porosity of the pore phase calculated from the laboratory experiments. [4] is 
the vertical permeability calculated from one subvolume of each XCT image. The permeability range is shown 
in square brackets, calculated from 27 sub-volumes, as shown in Table 2.2. [5] is the vertical permeability 
calculated from the maximum XCT image volumes using numerical coarsening. To compute permeability of 
the maximum XCT image volume size, the XCT image was downsampled post-segmentation by a numerical 
coarsening (NC) factor of 3, as shown in Table 2.4. [6] Is the vertical permeability calculated from the 
maximum XCT image volume using pore network modelling (PNM). [7] is the interpolated vertical 
permeability value calculated from multiple subvolumes, as shown in Table 2.2. [8] is the upscaled vertical 
permeability calculated and modelled using the MATLAB reservoir simulation toolbox (MRST), derived from 
a cartesian grid of the multiple subvolumes. The arithmetic [8a], harmonic-arithmetic [8b] and harmonic 
means [8c] are calculated. [9] is the vertical permeability calculated using physical laboratory measurements, 
as shown in Table 2.3. 
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Figure 2.14:  Comparison plots of total porosity (øt) and vertical permeability (kv) comparing calculations 

obtained from X-ray micro-CT (XCT) image-based methods and laboratory physical 

measurements (Lab.). The horizontal (and vertical) error bars for the laboratory data in both 

plots correspond to the standard deviation of the repeated physical measurements. (a) For the 

XCT data points, øt is calculated for voxels classified to voids only (white markers), and voxels 

classified to the combined void, clay mineral fraction and cement matrix (coloured markers). 

Clays and silica (Opal-CT) cement are estimated to contain 60 % and 70 % intragranular 

porosity, respectively. XCT øt vertical error bars correspond to a combined segmentation-based 

error (hence the anomaly for sample St1 imaged at 5 µm) and error associated with a 10 % 

uncertainty in the clay and cement intragranular porosity estimates. (b) XCT kv data points are 

shown for five different image-based calculations described in Table 6: Interpolated from 

multiple subvolumes – blue square, numerical coarsening – blue cross, pore network modelling 

– red cross and upscaling using Matlab Reservoir Simulation Toolbox (MRST) – harmonic-

arithmetic mean (green diamond) and harmonic mean (green triangle). XCT kv vertical error 
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bars correspond to the permeability values estimated and extrapolated from the lines of best 

fit from Figure 2.11, within a porosity error range of ±2 %. 

The small confining pressure of 0.8 Mpa used to conduct the physical measurement is a further 

reason for the discrepancy between the XCT and physical measurements of permeability. Despite 

being relatively small, the applied stress may cause the closure of microcracks. This alteration of 

the pore geometry and grain configuration may be enough to reduce the permeability (e.g., 

Falcon-Suarez et al., 2017). For our relatively high permeability rocks, this minor low stress-

induced microcrack closure is commonly neglected. However, the results from the physical lab 

tests are being compared to the high precision XCT method, and therefore any source of 

permeability fluctuation has to be considered. In this regard, Farrell et al. (2014) report data of 

measurable stress-induced permeability changes in high permeability (cracked) sandstones even 

for minimal changes in the state of stress. In addition, simple single-phase Stokes-flow simulations 

omit rock-fluid interactions, such as the effect of clay swelling, further highlighted in previous 

studies directly comparing XCT and physical laboratory measurement results (Callow et al., 2018). 

Transform functions could be performed to attempt to fit the XCT image calculations to the 

laboratory measurements (e.g. Saxena et al., 2019a), however this approach is beyond the scope 

of this study. 

2.5 Conclusions  

This study has addressed the uncertainties associated with 3D X-ray micro-CT (XCT) image 

processing of heterogeneous sandstones to define an optimal XCT methodology for the 

quantification of porosity and absolute permeability at the pore scale (Figure 2.15). Overall, the 

XCT image-based calculations show good agreement with the physical measurements following 

careful consideration of the uncertainties associated with the parameters of the XCT image-

processing methodology. The main findings of this study are: 

• A 3D weka segmentation can accurately distinguish between the solid- and pore-phases. 3D 

weka classifiers are highly sensitive to changes in image spatial resolution, therefore should 

only be used on samples acquired using the same scanning acquisition and reconstruction 

parameters. 

• Clay minerals and cement matrix must be assigned to the pore-phase for porosity calculation, 

and the solid-phase for permeability calculation, due to the presence of poorly-connected 

intragranular porosity. Incorrect assignment of the clay minerals and cement matrix can cause 

porosity underestimations up to 18.3 % and permeability overestimations up to two orders 

of magnitude. Future work to constrain precise clay and cement matrix intragranular 

microporosity values is required to more accurately quantify total porosity using XCT. 
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• For heterogeneous sandstone rocks considered in this study, representative elementary 

volume (REV) size for permeability (NREV > 7) is larger than for porosity (NREV > 5), showing that 

porosity should not be used as a reference REV for permeability calculations. 

• Scanning at a lower image resolution (5 µm compared to 1 µm), can result in underestimation 

of porosity by up to 3.5 %, due to the inability to resolve and classify pores that are sub-voxel 

size resolution. 

• The use of Stokes-flow simulation results derived from voxelised grids (Avizo) and tetrahedral 

meshes (Comsol) are in reasonable agreement. However, the use of meshes that are not fine 

enough to accurately resolve the flow paths may induce permeability errors of up to 20%. A 

careful experimental design is required for the flow simulations to ensure a quasi-static 

pressure state at the input and output faces of the sample volumes. 

• Results derived from optimal XCT calculations and standard physical laboratory 

measurements show good agreement, producing porosity and permeability values within ± 

2% and one order of magnitude, respectively. Differences in porosity-permeability results 

between the two methods are predominantly attributed to scaling effects, use of twin 

samples, and the omission of rock-fluid interactions and stress effects in the numerical fluid 

simulations. 
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Figure 2.15: An optimal image processing workflow devised for porosity-permeability analysis of sandstone 

rock. NREV is the ratio of sample length (L) to effective grain size diameter (Deff), and NI is the 

ratio of dominant pore throat size (Dd) to image voxel size (∆x). See Eqs (1-3) in the main text. 
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Additional Supplementary Material – Chapter 2 

Supplementary material 2A. Additional Image acquisition and reconstruction information  

Data was acquired using a pink beam in the energy range of 20-30 KeV. At this energy, the 

absorption was around 80%. Region of interest (ROI) scans were performed using a 4x optic and 

PCO Edge 5.5 scintillator-coupled detector in full-frame mode (2560 x 2160 pixels) with a 

magnification of 0.032, resulting in a pixel resolution of 0.81 μm. 4000 equiangular projections 

were acquired through 360° with an exposure time of 0.5 s per projection. Each scan took ~ 30 

minutes. In addition, flat-field and dark-field correction images were taken before and after the 

data acquisition. 

After a dark- flat-field correction, a dezinger filter was applied with a tolerance of 0.4. A paganin 

filter was applied (Delta/Beta = 150), a method of propagation-based phase retrieval, to improve 

image contrast. No raven filter was applied, as this created ring artefacts. A lens distortion 

correction was also applied to the scans. In addition, padding was used to remove the cupping 

effect at the outer edge of the images introduced by ROI scanning. The reconstruction was 

outputted to 32-bit Tiff files, totalling 57 GB per sample. 

Supplementary material 2B. Additional Flow solver information 

Flow simulations were computed using a Linux-based High Performance Computing (HPC) cluster 

(Iridis, University of Southampton), conducted using single node, 192 GB memory systems, and 

one GTX1080 GPU card with 32 GB memory. The memory size constrained the maximum volume 

sizes possible to use for the flow simulations. The larger Comsol mesh simulations were 

performed on high memory nodes, which required up to 360 GB memory. The Stokes flow 

equation used for the Avizo flow simulation Eq. (4) assumes laminar flow conditions (low Reynolds 

number), and a single-phase incompressible Newtonian fluid. For the boundary conditions of the 

simulation, a no-slip surface is defined between the pore-solid interface. In addition, a solid plane 

of one voxel width is introduced parallel to the main flow direction, to ensure that fluid is 

contained within a closed system. Finally, an experimental set up is added onto the faces 

perpendicular to the flow direction to simulate a quasi-static pressure state, and to ensure the 

fluid flows through the whole cross-sectional input/output areas. To ensure a reliable, repeatable 

value of permeability, the Stokes-flow simulations should convergence using a low tolerance 

error. For the Avizo fluid simulation, a convergence coefficient of 10-5 was used. 
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Supplementary figures  

 

Supplementary figure S 2.1: Grain Separation result for samples St1-2 and A-C. From left to right shows (1) 

Segmented image of pore phase (black) and solid phase (white), (2) Separated grains and 3) 3D 

volume of separated grains (grey). 
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Supplementary figure S 2.2: Pore separation and pore network model result for samples St1-2 and A-C. 

From left to right shows (1) 3D volume of separated grains (grey), (2) 3D volume of separated, 

connected pore phase and (3) 3D pore network model view of the connected pore phase 

(Pores – red; Pore throats – white). 
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Supplementary figure S 2.3: Segmentation Grey-level intensity result for samples A-C (voids – black; clay 

fraction – red; silica cement – blue). 



Chapter 2 

56 

 

Supplementary figure S 2.4: Upscaled permeability calculations of samples A, B, C and St1 using Matlab 

Reservoir Simulation Toolbox (MRST).  

Volume averaged calculations of the arithmetic, harmonic and harmonic-arithmetic means are 

determined. 
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Supplementary figure S 2.5: Image comparison of a 0.81 μm and 0.33 μm image spatial resolution, 

respectively. 

 





Chapter 3 

59 

Chapter 3 Permeability evolution of fluid-escape 

systems, an outcrop analogue assessment, Panoche 

Hills, California: Implications for subsurface storage 

This chapter is based on the following paper: 

Callow, B., Hurst, A., Falcon-Suarez, I.H., Gernon, T., Bull, J.M., Grippa, A. & Ruffell, S., (in prep.) 

Permeability evolution of fluid-escape systems, an outcrop analogue assessment, Panoche Hills, 

California: Implications for subsurface storage, Planned submission to Earth & Planetary Science 

Letters. 
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Abstract 

Safe and permanent CO2 storage in underground reservoirs requires detailed site 

characterisation. However, fluid-escape pathways in the overburden of prospective CO2 storage 

reservoirs are poorly characterised because their geometry and internal structure can only be 

fully resolved at sub-seismic scale. Here we investigate outcrop analogues from the Panoche Hills 

in Central California to improve our understanding of the geometry, permeability and composition 

of fluid-escape structures. The field study comprised of transects across the 600-800 m 

stratigraphic depth range, to constrain the geometry and compositional variability of the fluid-

escape system using structural measurements and field observations. Samples were collected 

along the transects to constrain the pore network properties, as well as the spatial variability and 

temporal evolution of permeability across the system using X-ray micro-CT imaging. The fluid-

escape system comprises sand-filled fractures and carbonate seep structures, providing a 

permeable pathway through otherwise low permeability siliceous mudstones. At decreasing 

depth, sand-filled fractures reduce in thickness and become carbonate cemented, terminating at 

carbonate mounds, resulting from methane gas escape at the seafloor. The field observations 

provide strong evidence for a connected, ancient fluid-escape system, and is directly comparable 

to the structures observed from seismic imaging within the North Sea. The measured sand-filled 

fractures have connected porosity and permeability ranges of 1.2-18.6 % and ≤ 1 to 538 mD. 

Compared to modern, active systems in the Central North Sea, this study has shown that the 

inactive fluid-escape system has reduced in permeability by up to three orders of magnitude due 

to the presence of clay matrix and silica cementation, derived from the mudstone host strata. This 

study demonstrates the control of cementation on sand intrusion permeability, which has 

implications for long-term safe and permanent CO2 storage.  

3.1 Introduction 

Seal bypass systems are geological features that permit pressure-driven focused fluid flow in the 

subsurface, within sedimentary basins globally (Cartwright et al., 2007). Seal bypass systems may 

provide leakage pathways within the overburden when overlying prospective reservoirs for 

subsurface energy or waste storage (Karstens et al., 2017). A detailed understanding of the 

geometry, permeability and composition of seal bypass structures is crucial to improving risk 

assessments of subsurface fluid-escape. 

Sand injection complexes are regionally developed seal bypass features (10’s to 1,000’s km2) that 

form in the very shallow crust in response to short-lived (hours to weeks) periods of supra-
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lithostatic pore-fluid pressure (Vigorito and Hurst, 2010). They form by the forceful injection of 

fluidised sand, largely in turbulent flow, into actively propagating hydraulic fractures (Hurst et al., 

2011). Once emplaced they form highly connected networks of sandstone intrusions, in otherwise 

low permeability host strata, that may transfer fluids from within the host strata and from greater 

depth toward Earth’s surface (Hurst et al., 2003a; Cartwright et al., 2007; Grippa et al., 2019). 

Sand intrusions may enhance fluid transmissivity perpendicular to bedding, creating high 

permeability pathways within intrinsically low permeability fine-grained strata (Grippa et al., 

2019). Individual sandstone intrusions are frequently composite (Hurst et al., 2007; Scott et al., 

2009; Satur et al., 2020) and vary in size from km-scale width and 10’s m thickness to cm-scale in 

width and thickness. Grain size in sandstone intrusions is typically fine to medium-grained, and 

independent of the size and geometry of individual intrusions (Hurst et al. 2003b; Hurst et al., 

2011). Discordance with bedding is a key diagnostic of all sandstone intrusions and at all scales of 

observation. Three-dimensional seismic surveys resolve the characteristic discordance of low-

angle to bedding intrusions but thin (<5-10 m) and steep (>40° to bedding) intrusions are rarely 

resolved and frequently undetected (Huuse et al., 2007; Grippa et al., 2019). 

Using seismic reflection imaging, sand intrusions become more difficult to detect with increasing 

discordance to host strata bedding (Huuse et al., 2007; Grippa, et al., 2019). Resolving sand 

intrusion presence and thickness is challenging from 3D seismic surveys because constructive and 

destructive tuning effects caused by varying angles of bedding discordance cause increases or 

decreases of apparent external geometry (Grippa et al., 2019). Borehole data may fail to 

differentiate between parent depositional units and sandstone intrusions when they have similar 

mineralogy (Briedis et al., 2007; Lonergan et al., 2007). Borehole image data can identify 

discordance between bedding and intrusions with greater confidence, particularly if some 

borehole core is available for calibration (Duranti et al., 2002; Satur et al., 2020). 

Petrographic and mineralogical characterisation of subsurface sandstone intrusions receives little 

attention (Duranti et al. 2002) but outcrops somewhat more (Scott et al., 2009; Bouroullec and 

Pyles, 2010; Scott et al., 2013; Hurst et al., 2017; Zvirtes et al., 2020). Petrographic studies of 

sandstone intrusions (Duranti & Hurst, 2004; Scott et al., 2009; Hurst et al., 2020) demonstrate in 

two dimensions (2D) their textural immaturity and high content of detrital mudstone, relative to 

depositional parent sandstone. To elucidate three dimensional (3D) relationships between 

textural characteristics, porosity and permeability data are acquired using 3D X-ray micro-CT (XCT) 

imaging. Advances in XCT image acquisition systems (Bodey & Rau, 2017), combined with more 

robust XCT image-processing methods (Callow et al. 2020). provide an opportunity to quantify the 

physical and textural properties of heterogeneous sediment samples non-invasively, and with 

improved accuracy. XCT data allow investigation of minus-cement porosity and permeability in 
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3D, and its effect on the spatial heterogeneity of permeability, that was previously limited to 2D 

analysis (Scott et al. 2013; Ravier et al. 2015). 

Onshore outcrop analogues can be used to resolve and characterise sub-seismic scale features 

(e.g. Zvirtes et al., 2020). A number of field outcrops of sandstone intrusions are known, that 

include Santa Cruz (Yellowbank Creek), California (e.g. Scott et al., 2009; Sherry et al., 2012), 

Vocontian basin, France (e.g. Ravier et al. 2015), Kodachrome basin, Utah (e.g. Huuse et al., 2005; 

Ross et al., 2014), and the Karoo basin, South Africa (Cobain et al., 2015). Here, we study an 

outcrop analogue of sand intrusions in the San Joaquin basin, Panoche Hills, Central California 

(Schwartz et al., 2003). The Panoche Giant intrusion Complex (PGIC) is the largest known outcrop 

exposure of sand intrusions, observed on a spatial scale of > 400 km2 and 1.5 km depth (Vigorito & 

Hurst, 2010). We constrain the geometry and compositional variability of the fluid-escape system 

using structural measurements, field observations, and XCT analyses on collected samples. 

Altogether, the data allows us to develop a combined permeability, spatial heterogeneity and 

temporal evolution assessment of sand intrusions. 

The paper has three key aims. Firstly, we analyse the micro-texture and composition of the host 

strata and sand intrusion samples, identify diagnostic textural features of intrusions, and 

understand the significance of mineral and cement phase composition. Secondly, we calculate the 

porosity, permeability and pore network properties of sand intrusion samples, including digital 

removal of the cement, to identify the primary controlling mechanisms that create permeability 

heterogeneity. Finally, we discuss how our findings can improve our understanding of sand 

intrusion formation and temporal evolution. The findings have an application to hydrocarbon 

containment, subsurface geohazard assessment and carbon/energy storage. 

3.2 Geological setting 

We use the Panoche Hills field outcrop as an exemplar case study of a naturally occurring, fluid-

escape system. The field site is located on the western margin of the San Joaquin basin in Central 

California (Figure 3.1). The Panoche Hills comprise Mesozoic strata of the Great Valley Group, 

originally deposited in a forearc basinal setting (Figure 3.1) (Ingersoll, 1979). This basin was part of 

a compressive system related to subduction of the Pacific plate, which commenced during the 

Late Jurassic (Figure 3.1C) (Ingersoll, 1979). The tectonic system evolved gradually into a 

transform margin during the mid-Oligocene, during the formation of the San Andreas transform 

margin (Atwater, 1970). Uplift of the western margin of the Great Valley basin commenced in the 

Quaternary and continues to the present day.  
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Marine sediments of the Great Valley Group were deposited from the Late Cretaceous 

(Cenomanian stage) to the Early Palaeocene (Danian stage), and are unconformably overlain by 

further sediment deposition in the Late Palaeocene to Middle Eocene (Ingersoll, 1982; McGuire, 

1988;). The Upper Cretaceous to Early Palaeocene (Danian stage) aged succession of the Panoche 

Hills comprises two main formations (Figure 3.1). Firstly, the top of the Panoche Fm. (also termed 

Uhalde Fm.) is composed of interbedded sandstone sub-marine fan deposits, separated by 

mudstone intervals (Bartow, 1996). The Panoche Formation is conformably overlain by the 

Moreno Fm., representing a transition from a deep marine to shelf setting (Figure 3.1B). The 

Moreno Fm. comprises four main members: (1) Dosados Member, (2) Tierra Loma Member, (3) 

Marca Member and (4) Dos Palos Member, which contains the sub-unit Cima Lentil (Figure 3.1B) 

(Payne, 1951; Bartow, 1996; Vigorito et al. 2008). 

Emplacement of the PGIC in the early Palaeocene was caused by pore-fluid overpressure in the 

sandstone-rich lower part of the Moreno Formation exceeding the lithostatic gradient (Vigorito 

and Hurst, 2010). A period of regional tectonic compression preceded formation of the PGIC but 

causal relationships between the regional compression and sand injection are not established. 

Intense hydraulic fracturing of the mudstone host strata occurred as an immediate precursor to 

sand injection. Sandstone intrusions in the PGIC have steep discordance (dykes) and shallow 

discordance (sills) to bedding, and dykes have a crudely orthogonal orientation (Smyers and 

Peterson, 1971; Vigorito and Hurst, 2010). Sandstone in the PGIC is a hydraulically-connected 

system, comprising a lower dyke zone, sill zone and upper dyke zone (Figure 3.2)(Vigorito et al., 

2008; Vigorito and Hurst, 2010). Injected sand was a fracture proppant, creating permanent fluid-

escape pathways that extended through 100’s m of overburden, and in some cases reaching the 

palaeo-seafloor (Vigorito et al., 2008; Minisini & Schwartz, 2007). 

Sand extrudites and methane-derived authigenic carbonates (MDACs) within the Cima Lentil 

Member are the shallowest stratigraphic level associated with the PGIC (Vigorito et al., 2008; 

Vigorito and Hurst, 2010). MDACs are commonly observed at active seabed methane ebullition 

sites (Judd & Hovland, 2009). Dating of the carbonates (MDACs) therefore constrains the timing of 

sand injection to 66 Ma (61.7-65.5) (Danian; Schwartz et al., 2003; Minisini & Schwartz, 2007; 

Blouet et al., 2017), and indicates that seabed gas seeps remained active for a long duration (~2 

Ma; Minisini & Schwartz, 2007). 
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Figure 3.1. Regional geological map and stratigraphy of the Panoche Hills field site, central California.  

 a) A Geological map of the Panoche Hills is overlaid onto a Google Earth satellite map. There is 

a regional 35° north-easterly dip of the rock units towards the San Joaquin Valley. b) A 

lithostratigraphic column, for the Panoche Giant Injection Complex (PGIC), a sequence of sand 

intrusions is present within the Moreno Formation. c) A simplified diagram of the regional 

tectonics of the Great Valley forearc basin during the Late Cretaceous to Palaeogene. The PGIC 

is located on the western margin of the Great Valley forearc basin. The diagram is adapted 

from Ingersoll (1979). 

3.3 Materials and methods 

3.3.1 Rock samples 

Fieldwork observations were conducted in Moreno Gulch, Marca Canyon and Escarpados Canyon 

(Figure 3.3), across a 600-800 m vertical stratigraphic succession of the Moreno Fm. (Figure 3.2; 

Supplementary Figure S3.1A). Moreno Gulch was selected as the primary field sample location, as 

the vertical extent of the exposure permitted sampling across the full 600 - 800 m stratigraphic 

range. Sand intrusion samples were collected from Moreno Gulch, along transects parallel to 
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bedding (along strike), at multiple stratigraphic depth intervals (Figure 3.2). A total of 15 samples 

were collected from three selected intervals of the dyke zone (D1-D7), and one interval of the sill 

zone (S1-S2). In five locations, two samples were collected (e.g. D1 and D1a), to account for 

localised (cm to m-scale) heterogeneity. Oriented samples were collected from buried, 

unweathered surfaces to minimise the effects of surface weathering processes. Field observations 

and structural measurements were also recorded, that included sandstone intrusion orientation, 

thickness and spacing (Appendix B). In addition, an independent study collected three mudstone 

host strata samples from Right Angle Canyon (Hurst et al. in review), that are representative of 

each main host rock member (Tierra Loma, Marca and Dos Palos). 

From each sample collected in the field, we extracted ~2.5 cm length, 5 cm diameter core plugs 

for porosity and permeability determinations in the laboratory (Callow et al. 2020), and 1cm 

diameter plugs for 3D X-ray micro-CT (XCT) image analysis (Supplementary Figures S3.1-S3.2). 

Additionally, thin sections were prepared for transmitted light microscopy and Scanning Electron 

Microscopy (SEM), permitting a detailed assessment of sample texture and composition. SEM-EDS 

(Energy Dispersive Spectrometry), and independent XRD (X-ray diffraction) and XRF (X-ray 

fluorescence) analyses, verified the identification of minerals and the bulk chemistry of the 

samples (Hurst et al., in review). 
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Figure 3.2. Sand intrusion sampling locations, collected in Moreno Gulch, Panoche Hills.  

 The Google Earth satellite map (left) displays the three primary sampling locations within 

Moreno Gulch: A) The upper dyke zone; B) The sill zone and C) A sample locality of a 

depositional (parent) sandstone unit. Individual sampling locations of dykes (D1-D7) and sills 

(S1-S2) are indicated with coloured circles (see Supplementary Figure S3.1 for a closer view of 

the dyke zone shown by (A). 

3.3.2 X-ray micro-CT imaging 

XCT image acquisition was conducted using an X-ray synchrotron source, resulting in high 

resolution (0.81 µm) and high phase contrast. Phase contrast is determined by the relative X-ray 

attenuation of each solid grain and pore-filling phase (Ketcham & Carlson, 2001). Thus, the high 

phase contrast achieved in this study permitted the accurate segmentation and determination of 

each mineral grain and cement phase (air, quartz, clay matrix, silica cement, carbonate and iron-

oxide) (Supplementary Figure S3.3). XCT image-based analyses were used to quantify the physical 

properties of each sample, following a workflow outlined in Callow et al. 2020 (Supplementary 
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Figure S3.2). The calculations acquired included; 1) total and connected (effective) porosity; 2) 

pore and grain size distribution, and; 3) horizontal and vertical absolute permeability 

determinations using a Naiver-Stokes flow solver (Avizo, 2018). Porosity and permeability 

calculations are accurate to +/- 1 % and within one order of magnitude, respectively (Callow et al. 

2020). The high phase contrast of the XCT images, enabled the calculation of each pore property, 

both with and without the clay matrix and cement digitally removed. This allows quantification of 

the changes to the calculated pore properties resulting from cementation, a key advance of this 

study. 

3.4 Results 

3.4.1 Field observations 

Fieldwork observations were conducted in Moreno Gulch, Marca Canyon and Escarpados Canyon 

(Figure 3; Appendix B), across a 600-800 m vertical stratigraphic succession of the Moreno Fm. 

(Figure 3.2). The geometric and textural changes have been observed for the fluid-escape system, 

from sand intrusions at depth, to carbonate seep structures adjacent to a Palaeo-seafloor. The 

relationship between these two main types of fluid-escape structure have been assessed. 

Outlined below is a brief summary of the key field observations from the three main localities. (A 

more detailed description of field observations from the three main field localities, that support 

the interpretation of a fluid-escape system, can be found in Appendix B). 

3.4.1.1 Moreno Gulch 

The sand intrusions within the Tierra Loma Mbr and Marca Mbr of the Moreno Fm. are discordant 

to bedding (dykes)(Figure 3.3B). The stereonet shows a rose diagram and poles-to-plane of dyke 

orientation, showing that the dykes are perpendicular to the strike of the host rock strata (Figure 

3.3A). It is common to observe distinct vertical layers within individual intrusions (Figure 3.3C). 

Dykes increase in thickness towards greater depths to decametre-scale thickness. At greater 

depth within the Tierra Loma Mudstone Member, sandstone intrusions are also observed 

concordant to bedding (sills). The sandstone sills typically have convex upper margins interpreted 

as previous episodes of the erosive, sub-horizontal flow of fluidised sediment. 

3.4.1.2 Marca Canyon 

The sand intrusions extend to the top of the Dos Palos Member of the Moreno Fm. At shallower 

depth, the thickness of the sandstone dykes decreases to cm-scale thickness, and are more 

carbonate cemented (Figure 3.3D-G). Despite the reduced thickness, the sandstone intrusions are 
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observed to extend to a palaeo-seafloor, terminating at carbonate mound structures (Figure 3.3E-

G). 

3.4.1.3 Escarpados Canyon 

Within the Cima Sandstone Lentil Member, the carbonate mound structures extend laterally 

along one main stratigraphic (Figure 3.3I). Thin section analysis reveals the carbonate has 

precipitated in successive layers (Figure 3.3H). Burrow fossils, preserved in life position, provide 

evidence that the carbonate structures likely formed at the seafloor (Figure 3.3K). 13C geochemical 

analysis by Blouet et al. (2017) showed that the carbonates are methane-derived authigenic 

carbonates (MDAC). MDACs are commonly observed at active seabed methane ebullition sites 

(Judd & Hovland, 2009). 
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Figure 3.3. Images from the Panoche Hills field study, highlighting some of the main field observations 

from three main localities: Moreno Gulch (a-c), Marca Canyon (d-g) and Escarpados Canyon (h-

k). 

 Moreno Gulch: a) Stereonet showing a modal ENE/WSW trend of dyke orientation in Moreno 

Gulch. b) A view of the upper section of Moreno Gulch, with dykes oriented perpendicular to 

bedding. c) A cross section through a sandstone dyke showing vertical layering, that may be 

interpreted as multiple pulses of fluidised sediment flow. Marca Canyon: d) A thin section 

image of a sandstone dyke, displaying angular quartz grains and carbonate cement. e) An 

image showing sandstone intrusions terminating at the carbonate mound horizon. f) Evidence 

for a sandstone intrusion terminating within a carbonate mound. g) A carbonate cemented 

sandstone dyke. Escarpados Canyon: h) A thin section image from a carbonate mound sample, 

showing carbonate precipitated in discrete layers, which are interpreted to have accreted onto 
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open fracture surfaces. i) A view of the carbonate mounds observed in Escarpados Canyon, 

shown to have formed along one main horizon. j) A closer view of a carbonate mound, showing 

a sandy core, enveloped by an outer carbonate crust. k) An escape burrow (fugichnia) observed 

within the sandy core of a carbonate mound. 

3.4.2 Host strata properties 

SEM analyses of the host strata reveal that grain size increases from older to younger strata, 

transitioning from clay to silt-sized grains (Figure 3.4). Sub-angular to angular quartz grains are 

matrix-supported (Figure 3.4). SEM-EDS and XRD analyses reveal that sample matrix are 

composed of silica and smectite clay (Table 3.1). Smectite comprises ∼90 % of the phyllosilicate 

components, with minor illite and kaolinite. Silica is more enriched in the two deeper host rock 

members, comprising ∼80 % of the non-phyllosilicate components, respectively (Table 3.1). 

Moulds of fragments of diatom tests are common (Figure 3.4; Hurst et al., in review), which 

explains the silica enrichment of the sample matrix (Figure 3.4). 

XRD analysis also shows the relative proportions of the silica mineral phases (Table 3.1). The 

proportion of opal-CT increases significantly with depth, by up to 17% of the total sample volume. 

Conversely, Opal-A is not detected in any sample (Table 3.1). SEM imaging reveals 3-20 µm sized 

blade-like crystals that form sub-spherical features, observed on relic diatom microfossil tests 

(Figure 3.4). The features are interpreted as opal-CT, and new crystal growth immediately 

following opal-A dissolution. 

Table 3.1. XRD analysis of the host strata mudstones 

 Non-Phyllosilicates Phyllosilicates 

Member Qtz Op CT  Op A Crist k-feld Pl Sm Ill Kao ∑Phy 

Dos Palos 14.0 0.0 0.0 3.3 4.8 9.2 60.6 2.1 6.0 68.7 

Marca 13.4 13.8 0.0 4.5 1.8 5.3 57.5 2.5 1.8 61.8 

Tierra Loma 13.1 17.2 0.0 2.2 3.4 6.4 55.4 2.0 0.4 57.8 

Qtz = quartz; Op Ct = opal-CT; Op A=opal-A (amorphous silica); Crist = cristobalite; k-feld = K feldspars; Pl=plagioclase 
feldspar; Sm=smectite; Ill=Illite; Kao=kaolinite; ∑Phy=sum of phyllosilicates. Data used from Hurst et al. (in review). 
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Figure 3.4. Scanning Electron Microscopy images displaying the texture of the fine grained host strata of 

the Moreno Formation.  

 a) Dos Palos Member - Siltstone; b) Marca Member - Silty mudstone; c) Tierra Loma Member - 

Mudstone. SEM-EDX analysis reveals that all samples are siliceous (silica-rich), composed of 

sub-angular quartz grains in a cement matrix of smectite  clay and silica. d-g) Marca Member – 

evidence of fully recrystallised diatom tests, which highlights a transition from Opal-A to Opal-

CT. 
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3.4.3 Sandstone intrusion properties 

3.4.3.1 Grain size 

Textural properties of sandstone intrusions are evaluated using 3D XCT image data (Figure 3.5-

3.6). The samples are primarily composed of sub-angular to angular quartz grains. The mean grain 

sizes are comparable between the sill and dyke samples (∼ 140 𝜇𝜇m), with the former having a 

greater proportion of grains ≥300 𝜇𝜇m diameter (Figure 3.6). Hence, the sill samples are poorly 

sorted (𝜎𝜎 > 1), relative to the moderately sorted (𝜎𝜎 < 1) dyke samples. Grain micro-fracturing is 

commonly observed in the dyke samples, in contrast to the sill samples (cf. Figure 3.5A and C). All 

sample grain size distributions display a positive skewness (sk > 0.4), due to a high proportion of 

finer grains relative to the mean (Figure 3.6). Petrographic analyses confirm that the cement and 

clay matrix comprises of silica (opal-CT) and smectite, which is identical to the mudstone host rock 

composition (Table 3.1; Figure 3.4). The dyke samples displayed in Figure 3.5A-B, represent two 

end-member samples of high (above 30%), and lower (below 30 %) cement and clay matrix 

volume, respectively. The dyke samples have a higher proportion of cement and clay matrix 

volume (20-30 %), relative to sill samples (12-16 %) (Table 3.2; Figure 3.5). 

 

Figure 3.5. 2D images displaying the textural and compositional variability of sandstone intrusions.  
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 a-c  top row) X-ray micro-CT images. The grey scale reveals areas of low (black) to high (white) 

X-ray attenuation. qtz – quartz; por – pore space; kf – k-feldspar; bt – biotite mica; lit – lithic 

grain. See Supplementary Figure S3.3 for additional details. a-c  bottom row) Thin section 

images using a-c) plane polarised light microscopy. d-f) The clay matrix and cement is 

composed of a mixture of smectite clay and silica. 

 

Figure 3.6. Grain size distributions of sand intrusions.  

 Grain size distributions are shown for weakly cemented and cemented sub-vertical intrusions 

(dykes), as well as a sub-horizontal intrusion (sill). All samples display a significant fine grained 

component below 50 µm. Compared to the dykes, the sill sample has a unimodal grain size 

distribution (above 60 µm) and a slightly larger coarse grained component (above 300 µm). The 

dyke samples have a reasonably comparable grain size distribution. 

3.4.3.2 Porosity-permeability 

Sandstone intrusion physical properties, derived from 3D XCT analysis calculations, are 

summarised in Table 3.2. Sandstone intrusions show connected and total porosity ranges 

between 1.2-18.6 % and 16.6-26.8 %, respectively (Table 3.2). Sills have higher connected porosity 

(av. 16.4 %) relative to the dykes (av. 8.6 %), however their total porosity is comparable (av. 23 

and 22%; Table 3.2). For dykes, non-connected (intragranular) pores represent ∼60 % of the total 

pore volume (and up to 95 %), while only 30 % on average for sills. This indicates that a significant 

proportion of dyke sample pore volume is impermeable. Absolute permeability ranges between 
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∼400 to 500 mD for sills, decreasing by up to two orders of magnitude for dykes (1 to 275 mD). 

Further, the samples do not display any significant permeability directional anisotropy 

(Supplementary Figure S3.4). 

The sample physical properties are also calculated with the cement and clay matrix volume 

digitally removed (CDR) (Figure 3.7; Supplementary Figure S3.5). Here, we show that the CDR 

results in a permeability increase of one to three orders of magnitude (Figure 3.7). The increase of 

sample permeability is directly proportional to the volume of CDR, which indicates that cement 

and clay matrix is a key controlling factor of sand intrusion porosity and permeability.
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Table 3.2. Sand intrusion physical properties calculated from X-ray micro-CT image analysis 

Sample D1 D1a D2 D2a D3 D3a D4 D4a D5 D6 D7 S1 S2 S2a 

Φc (%) 12.9 15.3 1.2 3.5 7.5 6.1 8.9 7.8 8.8 8.3 14.8 13.4 17.1 18.6 

Φt (%) 23.6 26.8 18.7 16.6 20.5 20.2 25.2 22.9 21.2 22.1 26.6 21.5 23.4 24.7 

Clay/Cement (%) 20.5 22.1 29.8 22.9 23.9 25.5 31.3 28.6 23.1 25.0 22.8 15.7 12.1 11.9 

DD (𝜇𝜇m) 69 70 n/a n/a 67 68 69 68 69 69 69 73 69 70 

Av. k (mD) 274 307 ≤ 1 ≤ 1 42 36 73 72 74 52 177 401 388 538 

kv/kh 0.8 1.2 n/a n/a 2.4 3.1 0.6 1.1 2.4 0.8 0.9 1.4 1.0 1.1 

CDR Φt (%) 33.9 37.8 33.7 28.1 32.5 32.9 40.8 37.2 32.8 34.6 38.0 29.4 29.5 30.6 

CDR Av. k (mD) 3209 4501 2098 1200 2439 2370 6274 4564 1872 2233 4535 3046 2505 2798 

Φc = Connected porosity; Φt = total porosity, where it is estimated that the clay matrix and cement phases have a microporosity of 50% (Callow et al. 2020); Clay/Cement = clay matrix and cement fraction;  DD = 
Mean pore diameter; Av. k=Mean permeability, an average of vertical (kv) and horizontal (kh) permeability; CDR = Clay matrix and cement digitally removed. mD = millidarcies.
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Figure 3.7. Porosity-permeability plot, highlighting the permeability reduction caused by clay matrix and 

silica cementation.  

 The permeability has been calculated for samples D1-7 and S1-2 with (black) and without (red) 

the clay matrix and cement digitally removed. The connected porosity (Φc) for all data points 

(red and black) is calculated without the clay matrix and silica cement digitally removed, so that 

the permeability reduction can be observed more clearly. See Supplementary Figure S3.3 to 

observe the combined change in porosity-permeability with the matrix and cement digitally 

removed. Circles - sub-vertical sand intrusions; diamonds - sub-horizontal sand intrusions. 

3.4.3.3 Pore network modelling 

The pore properties of a dyke sample are assessed with and without CDR, using 3D XCT image 

data (Figure 3.8). For the dyke sample, pore size diameter ranges from <4-180 𝜇𝜇m, with a 70 𝜇𝜇m 

mean pore size. (Figure 3.8; Table 3.2). There is a bimodal pore size frequency distribution (peaks 

at 55 and 75 𝜇𝜇m), with an additional peak below 20 𝜇𝜇m, that represents a portion of smaller 

pores. A comparison with the CDR pore distribution (Figure 3.8; black), suggests that cement and 

clay matrix infills the modal pore size, indicated by an increased frequency percentage within the 
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60-80 𝜇𝜇m range. In addition, the mean pore connectivity of the dykes increases by a factor of two 

(4.2 to 9.5), following the CDR. 

 

Figure 3.8. Pore statistics of a sampled sand intrusion, highlighting the effect of the clay matrix and silica 

cementation.  

 A) A frequency percentage histogram of pore diameter. A comparison with (black) and without 

(red) the clay matrix and cement digitally removed suggests that cement infills the modal pore 

size (as opposed to preferential cementation within the largest pores). B) A frequency 

percentage histogram of pore connectivity. A comparison suggests that clay matrix and silica 

cementation causes a significant reduction in pore connectivity. 3D Pore network models 

(PNM) are shown (top and bottom right), derived from the processed 3D X-ray micro CT 

images, that were used to obtain the pore statistics. The PNMs display throats/pore 

connections (grey) and pores (red), on a scale that shows relative pore volume size (scale factor 

of 3.3E-8) and relative throat equivalent radii (scale factor 0.15). 

3.5 Discussion 

3.5.1 Insights from the porosity-permeability data 

This study has enabled the calculation of sand intrusion porosity and permeability in 3D using 

non-invasive X-ray micro-CT image-based methodology. This method provides three key benefits 
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that include; 1) no sample mechanical alteration and/or compaction, that commonly takes place 

with more invasive methods, such as thin section preparation or triaxial testing, which can cause 

significant changes to grain fabric of poorly consolidated samples (e.g. Falcon-Suarez et al., 

2020a); 2) minus-cement porosity and permeability can be calculated in 3D, which is a key novelty 

of this study and; 3) horizontal (kh) and vertical permeability (kv) can be calculated on the same 

sample, and directly compared (permeability directional anisotropy - kv/kh). 

3.5.1.1 Comparisons with previous PGIC outcrop data 

We calculate sandstone intrusion average connected (visual) porosity values of 8.6 % (1.2-15.3 % 

range) for dykes and 16.4 % (13.4-18.6 % range) for sills (Table 3.2). The calculations are 

compared to previous work on the PGIC outcrop. Scott et al. (2013) calculated sand intrusion 

connected (visual) porosity on a larger sample set (n = 72 dykes and n = 49 sills) using 2D thin 

sections; calculated average connected porosities of 7 % (5-11 %) for dykes and 13 % (12-19 %) for 

sills, agree with our study. 3D XCT analyses of a sandstone intrusion sill sample by Wu et al. (2017) 

calculated connected porosity values of 24.5-26.6 %. However, the study of Wu et al. (2017) set 

an XCT greyscale image threshold to match laboratory measurements of porosity. Laboratory 

porosity measurements include the intragranular, non-connected pores present within the clay 

matrix and silica cement, which account for above 30 % of the total pore volume. This explains the 

closer agreement of these values (24.5-26.6 %) with our total porosity values (up to 24.7 %). 

We also calculate sandstone intrusion average permeability values of 100 mD (1-307 mD range) 

for dykes and 442 mD (388-538 mD range) for sills. Scott et al. 2013 calculated sand intrusion 

permeability of samples using a probe permeameter. Average permeability measurements of 81 

mD for high angle dykes and 629 mD for sills are also in close agreement with our study. Wu et al. 

(2017) calculated a permeability range of 100-800 mD within a single sill sample on sub-volume 

sizes of 0.3 mm cubic length. This sample size (NREV = 2) is now understood to be significantly 

lower than the representative elementary volume size (REV) size required for accurate 

permeability determination of this sediment type (NREV ≥ 7; Callow et al., 2020). Therefore, our 

results are comparable with a larger sample size (Scott et al., 2013), and improve upon 

preliminary XCT analysis of sandstone intrusions (Wu et al., 2017). 

3.5.1.2 Permeability directional anisotropy 

From petrographic data, Scott et al. (2013) determined that an average kv/kh = 1.5 for intrusions 

in PGIC, indicative of enhanced vertical fluid transmissibility. By contrast, a nearby depositional 

turbiditic sandstone, in the Dosados Member, displayed increased permeability concordant to 

bedding (kv/kh < 1), caused by lamination formed during grain settling and enhanced during 
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mechanical compaction (Wu et al., 2017). Using XCT imaging, sandstone intrusion is calculated as 

kv/kh≈ 1 (Supplementary Figure S3.4). Isotropic permeability distribution (kv/kh ≈ 1) supports the 

interpretation of pervasive grain reorganisation due to the action of turbulent flow during the 

sand injection.  

Micro-fractured quartz and feldspar grains are characteristic of the dyke samples (Figure 3.5A-B) 

and are analogous to those identified in other sandstone intrusions and extrusions (Scott et al., 

2009; Bouroullec and Pyles, 2010). Well-developed micro-fractures are also observed from nearby 

Eocene intrusions (>30 % micro-fractured grains; Zvirtes et al., 2020). In sandstone intrusions, 

micro-fractures form by intergranular collisions at high velocity in dilute suspensions (Hurst et al., 

2020). Using XCT image-based calculations, sandstone intrusions of the PGIC have average grain 

sizes of 140 µm, therefore, the minimum fluidisation velocity required for sediment entrainment 

is ~0.01 cm/s (Jonk et al., 2010; Lowe, 1975). The micro-fractures stop at individual grain 

boundaries, and collectively they lack a similar orientation, therefore are unlikely to contribute to 

permeability anisotropy. 

3.5.2 Insights from the minus-cement porosity-permeability data 

CDR (the digital removal of clay matrix and cement volume) resulted in permeability increases of 

up to three orders of magnitude (Table 3.2; Figure 3.7). CDR calculations of permeability range 

between 1200-6274 mD (av. 3120 mD; Table 2). CDR calculations of total porosity ranges between 

28.1-40.8 % (av. 34 %; Table 3.2; Supplementary Figure S3.5). 

3.5.2.1 Comparisons with subsurface field data 

Porosity and permeability data obtained for subsurface sandstone intrusions is very limited. Core 

data are used to derive permeability curves for sandstone intrusions in the Volund field, 

Norwegian North Sea (Townsley et al., 2012; Satur et al., 2020). Here, average (arithmetic mean) 

total porosity-permeability values of 34 % and 3203 mD are measured, respectively. Further, a 

cluster of data is present between porosity-permeability values of 30-40 % and 1000-8000 mD, 

respectively (Townsley et al., 2012; Satur et al., 2020). Satur et al. (2020) documents no evidence 

of significant silica cement or silica diagenesis within the Volund Field. Porosity-permeability 

measurements from the Volund field are closely comparable to calculations of the PGIC outcrop 

analogue, after CDR.  

In addition, core data of sandstone intrusions are assessed for the Alba Field, Witch Ground 

Graben, North Sea (Duranti & Hurst, 2004). Here, porosity and permeability were measured from 

535 core plugs (2.5 cm diameter). Average porosity values of 35 % are measured, ranging from 30-
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40 % (Duranti et al. 2002). Further, the average permeability values of 3300 mD are measured, 

with data clustered between 1000-10000mD (Duranti et al. 2002). Duranti & Hurst, (2004) 

document a lack of detrital and authigenic clays (usually < 2%) within the sandstone intrusions of 

the Alba Field. Porosity-permeability measurements of sandstone intrusions from the Alba field 

are directly comparable to calculations from the Volund field, and the PGIC outcrop analogue 

after CDR. Overall, it is clear that CDR for the outcrop analogue samples results in porosity-

permeability calculations that are now more directly comparable with measurements obtained 

from subsurface field data. 

The PGIC outcrop was buried to a maximum depth of 1.5 km (Hurst et al. 2017), which is directly 

comparable to the present-day burial depths of the North Sea fields (Hurst et al. 2003a). Sand 

intrusion formation is a short-lived process of supra-lithostatic pore-fluid pressure (days to weeks; 

Vigorito and Hurst, 2010). Therefore, processes that directly occur after sandstone intrusion 

formation, such as grain compaction and pore-fluid dewatering, are expected to have occurred for 

intrusions at both outcrop and subsurface fields. Therefore, we rule out mechanical compaction 

as a primary cause for the mismatch between outcrop data (prior to CDR) and subsurface field 

data. However, further dewatering will be expected for outcrop data subjected to uplift and 

exhumation. This may explain the difference between the uppermost permeability ranges 

observed for the field data (10,000 mD) and outcrop data (6274 mD), respectively. Overall, 

differences between the physical properties of sandstone intrusions from outcrop analogue data 

and subsurface field measurements are, therefore, most directly attributed to clay matrix and 

cementation of the PGIC. 

3.5.2.2 Clay matrix and silica cementation processes 

The proportion of clay matrix and silica cement has been interpreted as a unique characteristic 

feature of the outcrop data when compared with the subsurface field data. Sand intrusion 

permeability reduces by up to three orders of magnitude as a result of clay matrix and silica 

cementation. Clay matrix and cement comprises 20-30 % of the dyke sample volumes and only 

12-16 % of the sill samples. The clay matrix and silica cementation is compositionally identical to 

that of the mudstone host strata (Table 3.1; Hurst et al., in review), and is therefore interpreted to 

be directly sourced from the host strata (Figure 3.9). During sand injection and fluidisation into 

hydraulic fractures, erosion of the bio-siliceous mudstone host strata occurs, and is reworked by 

the detachment of angular fragments of the host strata from the margins of fractures during their 

propagation and filling with fluidised sand (Figure 3.9). Spalling of mudstone into fractures 

continued throughout fluid flow but was likely greatest during the early period of hydraulic 

fracturing (Zvirtes et al., 2020). The mudstone clasts are observed in all samples, and their greater 
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abundance in dyke samples is explained by the increased prevalence of the erosion process for 

intrusions discordant to bedding (Figure 3.5). 

Pore network model analysis showed that the silica cement infills the modal sized pores (Figure 

3.8). Given that the precipitation appears independent of pore size, we interpret that the silica 

precipitated en masse. Therefore, silica-rich pore fluids of the host strata were drained into the 

intrusion during formation (Figure 3.9). This interpretation is supported by an observed reduction 

in permeability with increased spacing between dykes (Supplementary Figure S3.6B). Increased 

spacing between dykes equates to a greater host rock volume available for pore drainage into 

each sandstone intrusion (Supplementary Figure S3.6B). 

Large-scale sand injectites are also observed within Cenozoic aged bio-siliceous sediments from 

the Northeast Atlantic margin, including 1) The Faeroe-Shetland Basin; 2) North Viking Graben 

and 3) Møre Basin. (Davies et al., 2006). Within the Faeroe-Shetland Basin, seabed pockmark 

depressions are observed overlying focused fluid conduits, that emanate from opal-A to opal-CT 

conversion zones (at depths of 200-800 m depth). Water release due to opal-A to -CT conversion 

has been directly attributed to the formation of fluid-escape features (Davies et al. 2008). This 

agrees with the focused fluid conduits on the Chatham Rise, offshore New Zealand, that are also 

attributed to water expulsion from silica diagenesis fronts (opal-A to -CT conversion depths) 

(Klaucke et al. 2018).  

In the form of opal-CT, silica is present within the host strata of the Moreno Fm., and locally 

abundant within the Marca Member (Hurst et al. in review). A silica transition from opal-A to -CT, 

was interpreted from the observation of 3-20 µm sub-spherical crystals, observed on diatom 

microfossil tests using SEM image analysis (Figure 3.4; Hurst et al. in review). Opal-A transitions to 

opal-CT through a dissolution-reprecipitation reaction, which causes the release of water and 

porosity reduction (i.e., overall volume loss) (Isaacs, 1981). Previous studies indicate that opal-A 

dissolution and opal-CT precipitation occurs sharply at ~40-50 °C and depths of ~0.5-2 km (Isaacs, 

1981; Behl and Garrison, 1994). Further, previous studies of the Monterey Formation in California, 

estimate volume reductions of up to 45 % (Eichhubl and Behl, 1998). Pore-fluid expulsion 

promotes fracture generation within the host strata by decreasing effective rock strength 

(Eichhubl and Behl, 1998). However, our SEM image observations suggest that the opal-A to opal-

CT conversion most likely took place after sand intrusion formation (Figure 3.9). Future studies to 

constrain the precise temperature of the bio-siliceous host strata at the time of sand intrusion, 

could provide further validation of the relative timing of silica diagenesis (opal-A to -CT 

conversion). 
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3.5.3 Permeability distribution 

Thinning and bifurcation of dykes upward is recorded in the PGIC (Vigorito et al., 2008; Vétel and 

Cartwright, 2010; Vigorito and Hurst, 2010; Grippa et al., 2019; Figure 3.3; Appendix B) and in the 

adjacent Eocene Tumey Giant Injection Complex (Zvirtes et al., 2019). A general reduction in gross 

transmissivity is inferred upward in giant injection complexes, but despite this, in the PGIC dykes 

leaked fluid onto the palaeo-seafloor for ~2 Ma (Minisini and Schwartz, 2007). Outcrop 

observations of dykes show sub-vertical layering and variations in lithification between layers 

(Figure 3.2-3.3, Appendix B). Onlapping of the internal layers, from approximately north to south, 

reveal less consolidation of individual dykes toward their southern margins. An order of 

magnitude increase in permeability was observed on the southern side of a dyke (D7; 177 mD), 

relative to its northern side (D6 ; 52 mD). Southward fracture opening is inferred, and subsequent 

filling by successively later pulses of injected sand (Figure 3.2-3.3; Figure 3.9).  

Below the Marca Member dykes are commonly >0.5 m thickness (Figure 3.2-3.3; Appendix B) but 

thin upward in shallower stratigraphic levels (Vigorito et al., 2008). Approaching the palaeo-

seafloor in the Dos Palos Member (Figure 3.2), dykes thin and are prone to carbonate 

cementation (Figure 3.3D-G; Figure 3.9), which in combination reduce their permeability. 

Carbonate forms due to the anaerobic oxidation of methane, a process limited to shallow 

stratigraphic depths; it fills pore throats, preventing advective flow upward (Figure 3.9). This 

process has been observed above a subsurface sandstone intrusion system, the Gryphon field, 

North Sea (Mazzini et al. 2003). 

These observations highlight that sandstone dykes not only become less permeable as they thin 

(Scott et al., 2013), but when layers are present, permeability may vary spatially within them. 

When considering permeability and networks of sandstone dykes, it is not appropriate to assume 

homogeneous reservoir quality. In quantitative models of mudstone-dominated seal lithologies, 

where dykes are present and detected on seismic surveys, they are associated with a higher 

probability of seal failure (Cartwright et al., 2007). If present but unresolved on seismic data, this 

could have detrimental effects on the prediction of seal effectiveness (Grippa et al., 2019). Data 

herein provide input for dynamic models of dykes’ potential influence on seal effectiveness. 

3.5.3.1 Sand intrusion conceptual model 

Integrating the pore- to field-scale observations from the Panoche Hills, California, we develop an 

interpretation for sand intrusion formation, and process mechanisms that control sand intrusion 

permeability, spatially and temporally (Figure 3.9): 

I. Fluidisation and sand remobilisation from the overpressured parent unit. 
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II. Sand propagates into hydraulic fractures, erosion (corrasion) of the fine-grained host 

strata occurs at the fracture margins; fragments of smectite clay are incorporated into 

the intrusion, and the incursion of siliceous pore waters from the host strata into the 

intergranular pore space of the sand intrusion. 

III. Post-fluidisation compaction and de-watering of the remobilised sediment, as well as 

silica transformation from opal-A (amorphous silica) to opal-CT due to increased 

pressure-temperature conditions during burial diagenesis.  

IV.  Methane flows upwards through the sand intrusion network, resulting in carbonate 

cementation forming proximal to the palaeo-seafloor by the process of methane-

derived anaerobic oxidation. 

V. Following exhumation (tectonic uplift), groundwater circulation induces precipitation of 

gypsum and iron oxide cement at the interface between the sand intrusion and host 

rock (Appendix B). 

 

Figure 3.9. Schematic diagram of the temporal evolution of rock texture and pore properties following 

sand remobilization and intrusion.  

 a) The temporal development of sand intrusion formation generates a fluid-escape system 

which extends vertically upwards to the seafloor through mudstone host strata b) The 

temporal evolution of rock texture and pore properties (i-iv) are highlighted, and positions are 

shown on a): i) Fluidisation and sand remobilisation from overpressured parent units. ii) Sand 

propagates into hydraulic fractures, erosion (corrasion) of the fine grained host strata occurs at 
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the fracture margins; fragments of smectite clay are incorporated into the intrusion, as well as 

incursion of siliceous pore waters from the host strata into the intergranular pore space of the 

sand intrusion. iii) Post-fluidisation compaction and de-watering of the remobilised sediment; 

silica transforms from opal-A (amorphous silica) to opal-CT due to increased temperature- 

pressure conditions during burial diagenesis; iv) Methane flows upwards through the sand 

intrusion network; carbonate cementation forms proximal to the seafloor by the process of 

methane-derived anaerobic oxidation. 

Overall, the main difference between the PGIC with respect to the North Sea sandstone intrusions 

is the proportion of clay matrix and silica cement. In our analysis, when the cement is digitally 

removed, porosity-permeability values are more closely comparable to those reported for North 

Sea sandstone intrusions (Duranti & Hurst, 2004; Satur et al. 2020). This key finding supports the 

validity of our proposed model to explain fluid-escape systems, both spatially and temporally. 

Evidence from field observations within Moreno Gulch, Marca Canyon and Escarpados Canyon, 

indicates that the PGIC represents an ancient fluid-escape system from km-scale depth to the 

palaeo-seabed surface. The cross-stratal fluid flow within the PGIC extends over a stratigraphic 

thickness of > 600 m, which is a comparable vertical scale to observations made within the North 

Sea, South Viking Graben region by Karstens and Berndt (2015), with sediment remobilization 

observed at depth and seep-structures in the near-surface (Figure 3.10). 

 

Figure 3.10. Seismic profile from the South Viking Graben (SVG) area of the North Sea.  

Sand remobilization is observed at depth (shown by V-shaped brights), and seep structures 

/ gas pipes (seismic anomaly C03) are observed in the near-surface sediments. B) Diagram 

of the fluid migration regime interpreted for an area within the SVG, North Sea (within the  

coordinate area 58°20’N to 58°35’N, 1°35’E to 2°05’E). The field localities from Panoche 

Hills displayed on the right are interpreted as being representative geological analogues of 

different stratigraphic depth ranges of the modern, offshore, subsurface fluid-escape 

system. The Utsira sandstone Fm. overlain by the Nordland shales in the SVG can be 



Chapter 3 

85 

directly compared to the Panoche and Dosados sandstone units overlain by the mudstone 

members of the Moreno Fm. for the PGIC (Figure 3.1B). The figure is adapted from 

Karstens & Berndt (2015). 

3.6 Conclusions 

This study used a novel 3D X-ray micro-CT methodological approach to determine pore- to field-

scale permeability heterogeneity of an ancient fluid-escape system, in the Panoche Hills, 

California. Overall, the study has provided an improved understanding of the controlling 

mechanisms of permeability heterogeneity and temporal evolution. The main findings of our 

study are: 

1) The Panoche Hills is an exemplar outcrop analogue of a subsurface fluid-escape system, 

with comparable spatial scales to active systems in offshore, marine sedimentary basins. 

2) Sandstone intrusion samples contain up to 30 % (smectite) clay matrix and silica cement, 

that are incorporated into sandstone intrusions, as a result of host strata erosion and 

silica-rich pore fluid drainage. 

3) Sandstone intrusion samples have connected porosity and permeability ranges of <1-

18.6 % and 36-538 mD, respectively. Dyke samples have lower permeability than sill 

samples, due to reduced textural maturity (grain micro-fracturing), as well as increased 

clay matrix and cement content (up to 30 %). 

4) Clay matrix and silica cementation is the primary control of sandstone intrusion porosity-

permeability at the PGIC. The digital removal of clay matrix and cement (CDR) results in 

permeability increases of up to three orders of magnitude; resulting in more closely 

comparable calculations to modern, offshore systems. 

5) Overall, our 3D X-ray micro-CT methodology provides improved quantitative comparisons 

of outcrop analogues with active, offshore systems, that have broad significance for 

studies of siliciclastic sediments, and fluid-escape systems in sedimentary basins, which 

has implications for safe and permanent subsurface carbon/energy storage. 
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Additional Supplementary Material – Chapter 3 

Supplementary figures 

 

Supplementary Figure S3.1. Sand intrusion sampling locations, collected in Moreno Gulch, Panoche Hills.  

(A) Google Earth satellite map highlighting the sand intrusion network - dark red dashed lines, 

oriented perpendicular to bedding strike direction - black dashed lines. B-D) 5cm diameter core 

plugs were sampled (C) and analysed using 3D X-ray micro-CT imaging (B). At five locations, two 

samples were collected (e.g. 1-1a). Red circles - sub-vertical sand intrusions - D; Red diamonds - 

sub-horizontal intrusions - S; Depositional (parent) sandstone - P. Figure 2 provides a more 

detailed version of this figure, that includes exact locations of samples S1-S2a and P1. 
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Supplementary Figure S3.2. A summary of the 3D X-ray micro-CT image processing and analysis used in this 

study. A) A 1.4 mm cubic length subvolume/region of interest (ROI) is acquired from the full 

sample volume. A cube of length 1.4 mm (using an image resolution of 0.81 um) has been 

determined to be a representative elementary volume (REV) for the calculation of porosity and 

permeability for heterogeneous sandstone samples (Callow et al. 2020). B) The cropped ROI is 

segmented, whereby C) the connected pore phase is isolated and characterised - shown in 

blue. During the segmentation process, five phases could be accurately distinguished: 1) Air; 2) 

solid grains (that include quartz feldspar, lithic grains and heavy minerals); 3) clay matrix and 

silica cement and; 4) carbonate cement. Therefore, pore properties could be quantified with 

and without the clay matrix and cement digitally removed. D) A pore network model could be 

created from the connected pore volumes, allowing individual pores (red) and throats/pore 

connections (grey) to be separated and quantified. The pores and throats are displayed on a 

scale that shows relative pore volume size (scale factor of 3.3E-8) and relative throat equivalent 

radii (scale factor 0.15). E) Image-based finite element modelling (FEM) was used to calculate 

the absolute permeability of the sample pore volumes using a Navier-stokes flow solver (Avizo). 
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Supplementary Figure S3.3. Greyscale intensity curves, highlighting the segmentation and distinction of 

different phases during 3D x-ray micro-CT image processing. The following phases could be 

accurately distinguished: 1) Intergranular pores (air) - black; 2) solid grains (that include quartz 

feldspar, lithic grains and heavy minerals) - light grey; 3) clay matrix - red; 4) silica cement - blue 

and; 5) carbonate cement - yellow. 
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Supplementary Figure S3.4. A comparison of sand intrusion sample horizontal and vertical permeability (k). 

Vertical k - blue triangles; horizontal k - green crosses. The samples display minimal 

directionally dependent permeability anisotropy. Samples D3 and D5 are omitted as their in-

situ orientation (way-up) is not known. 
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Supplementary Figure S3.5. Porosity-permeability plot, highlighting the porosity and permeability reduction 

caused by clay matrix and silica cementation. The total porosity (Φt) and permeability has been 

calculated for samples D1-7 and S1-2 with (black) and without (red) the clay matrix and cement 

digitally removed. Circles - sub-vertical sand intrusions (dykes); diamonds - sub-horizontal sand 

intrusions (sills). 
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Supplementary Figure S3.6. Plots used to determine correlation between sand intrusion permeability, 

intrusion thickness and distance to neighbour intrusions. a) A plot of sand intrusion 

permeability vs intrusion thickness. The permeability has been calculated for samples D1-7 and 

S1-2 with (black) and without (red) the clay matrix and cement digitally removed. Overall there 

is a weak positive correlation (R2 - 0.19) between intrusion thickness and permeability. 

However, the number of samples may be a limiting factor. b) A stronger correlation is observed 

between sand intrusion permeability and distance to nearest neighbour intrusion as a function 

of intrusion thickness (R2 - 0.86). The exponential correlation can be explained by the fact that 

intrusions act as drainage cells for host rock siliceous pore waters. Therefore, intrusions with 

the largest available host rock catchment/drainage area contain the greatest portion of 

precipitated silica cement, and hence permeability is reduced more greatly. 
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Supplementary Figure S3.7. Pore statistics of sampled sand intrusions, that provides a comparison between 

a silica cemented dyke and a sill. A) A frequency percentage histogram of pore diameter. A 

comparison shows that the sill has a more unimodal pore size distribution and a lower 

proportion of pores below 20 µm. B) A frequency percentage histogram of pore connectivity. A 

comparison shows that the sill has a greater pore connectivity than the cemented dyke. 3D 

Pore network models (PNM) are shown (top and bottom right), derived from the processed 3D 

X-ray micro CT images, that were used to obtain the pore statistics. The PNMs display 

throats/pore connections (grey) and pores (red), on a scale that shows relative pore volume 

size (scale factor of 3.3E-8) and relative throat equivalent radii (scale factor 0.15). 
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Chapter 4 Focused methane migration formed pipe 

structures in permeable sandstones: Insights from 

UAV-based digital outcrop analysis in Varna, Bulgaria 

This chapter is based on the following paper: 

Böttner, C., Callow, B.J., Schramm, B., Gross, F., Geersen, J., Schmidt, M., Vasilev, A., Petsinski, P., 

Berndt, C., (2020, in Review) Focused methane migration formed pipe structures in permeable 

sandstones: Insights from UAV-based digital outcrop analysis in Varna, Bulgaria. Journal of 

Sedimentology. 

My author contribution statement for this chapter: Investigation (Geological fieldwork and 

sampling), Data curation, Methodology, Formal Analysis (Field observation interpretation and 

SEM analyses), Validation, Visualisation & Writing. I led the geological fieldwork, SEM analysis and 

interpretation (that includes figures 4.5-4.8). Böttner, C. led the UAV-based analysis and 

interpretation. Authors are listed in order of contribution to writing. 
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Abstract  

Focused fluid flow shapes the evolution of marine sedimentary basins by transferring fluids and 

pressure across geological formations. Vertical fluid conduits may form where localised 

overpressure breaches a cap rock (permeability barrier) and thereby transports overpressured 

fluids towards shallower reservoirs or the surface. Here, we study field outcrops of an Eocene 

fluid flow system at Pobiti Kamani and Beloslav Quarry (~15 km West of Varna, Bulgaria), where 

large carbonate-cemented conduits formed in highly permeable, unconsolidated, marine sands of 

the northern Tethys Margin. Using an uncrewed aerial vehicle with an RGB sensor camera we 

produced ortho-rectified image mosaics, digital elevation models, and point clouds of the two km-

scale outcrop areas. Based on these data, geological field observations, and petrological analysis 

of rock/core samples, we mapped and analysed fractures and vertical fluid conduits with 

centimetre accuracy. Our results show that both outcrops comprise several hundred carbonate-

cemented fluid conduits (pipes), oriented perpendicular to bedding, and at least seven bedding-

parallel carbonate interbeds which differ from the hosting sand formation only by their increased 

amount of cementation. From these observations, we conclude that carbonate precipitation likely 

initiated around areas of focused fluid flow, where methane entered the formation from the 

underlying fractured subsurface. These first carbonates formed the outer walls of the pipes and 

continued to grow inward, leading to self-sustaining and self-reinforcing focused fluid flow. Our 

results, supported by literature-based carbon and oxygen isotope analyses of the carbonates, 

indicate that ambient seawater and advected fresh/brine water were involved in the carbonate 

precipitation by microbial methane oxidation. We propose that similar structures may also form 

in modern settings where focused fluid flow advects fluids into overlying sand-dominated 

formations. The proposed mechanism has substantial implications for our current understanding 

of focused fluid conduit formation in sedimentary basins, with broader implications for shallow 

geohazard assessment and energy storage. 

4.1 Introduction  

Fluids play an essential role in the evolution of marine sedimentary basins. Fluid abundance and 

composition are governed by flow along permeable beds or focused flow across geological 

formations (Whitaker, 1986; Berndt, 2005). Seismic data have revealed focused fluid flow 

conduits in various geological settings around the world, manifesting themselves in a wide range 

of seismic anomalies (Cartwright et al., 2007; Løseth et al., 2009; Andresen, 2012; Karstens & 

Berndt, 2015). Seismic imaging is an effective way to investigate fluid flow systems as acoustic 

impedance and seismic wave attenuation are highly sensitive to pore space filling (White, 1975). 
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This sensitivity allows the imaging and interpretation of basin-scale fluid flow systems, subsurface 

geometries, fluid accumulations and permeability barriers (Berndt, 2005; Cartwright, 2007). 

However, there is an observational gap between seismic data (several m-scale) and geological 

field mapping (mm to cm-scale) of natural fluid flow systems. 

Field observations and geological sampling from exhumed ancient fluid-flow systems can 

constrain their internal architecture, the diagenetic interaction of fluids with the bedrock, and 

physical properties of flow processes (De Boever et al., 2006a; Huuse et al., 2010; Capozzi et al., 

2015; Nelson et al., 2017). The comparison of field observations from ancient fluid flow systems 

with seismic data from modern marine sedimentary systems can narrow the interpretation gap 

between seismic and sub-seismic scales, e.g. below 4 m vertical resolution of high-resolution 3D 

P-cable seismic data (Planke & Berndt, 2007). 

Uncrewed aerial vehicles (UAVs) equipped with high-resolution optical RGB sensor cameras 

represent a cost-effective and efficient way to map complex geological patterns in 3D providing 

km-scale maps of fluid flow features in terrestrial outcrops with cm-resolution (e.g. Bemis et al., 

2014). This yields valuable information on the spatial distribution patterns and internal 

architecture. Combination with field observations and rock sampling provides further insight into 

the interaction between fluid flow and the bedrock and hydraulic properties, especially 

permeability (Bisdom et al., 2017). 

Pobiti Kamani, located 20 km northwest of Varna, Bulgaria, hosts several hundred ancient 

carbonate-cemented tubular concretions (hereafter referred to as pipes) which are up to 10 m 

high (De Boever et al., 2006a, 2006b). The cemented pipes are the largest exposed hydrocarbon-

derived carbonate conduits known globally and are well-exposed in the unconsolidated sands and 

sandstones of the Dikilitash Formation (Sinclair et al., 1998; De Boever et al., 2006a; Capozzi et al., 

2015). At Beloslav Quarry, an old sand extraction quarry near the Village of Beloslav, the pipes 

outcrop along a ~ 40 m high cliff which provides the opportunity to map their spatial distribution 

and vertical extent (De Boever et al., 2009a). 

Focused fluid flow in marine settings, which is primarily dependent on the hydraulic parameters 

of the hosting sediments, is predominantly observed through faults and fracture networks in low 

permeability silty to muddy sediments or lithified rocks (e.g. Judd & Hovland, 2009; Böttner et al., 

2019). It is far less clear how fluids can stay focused in permeable sandstones because the high 

permeability should allow fluids to disperse. Nevertheless, the hydrocarbon-derived carbonate 

conduits unequivocally document focused fluid flow in the unconsolidated sands of the Dikilitash 

Formation in our study area (De Boever et al., 2006a, 2006b). Similar but much smaller pipe 
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structures also exist in the Kattegat, Denmark and on the Montenegrin margin, Adriatic Sea 

(Jørgensen, 1992; Angelleti et al. 2015). 

The study aims to analyse the pipe-forming processes within sand formations using the two 

outcrops at Beloslav Quarry and Pobiti Kamani. Our objectives are to first evaluate the structural 

control on seep location and determine the influence of regional and local tectonic deformation 

on pipe location. Second, we characterise the involved fluids and identify pre-conditions that are 

key requisites for focused fluid flow and subsequent formation of pipes in sand formations. This 

includes constraining the temporal evolution of such pipe formation during the Eocene. Thirdly, 

we determine the geological setting in which such pipes may form. 

4.2 Geological setting 

The Pobiti Kamani natural park covers about 253 ha within the Varna depression, along the 

eastern side of the Alpine Balkanides. It forms a section of the Moesian Platform, a tectonic unit 

that extends from northern Bulgaria to southern Romania (Bergerat et al., 1998; Georgiev et al., 

2001). The Moesian Platform was likely part of a block-faulted Triassic to Oligocene siliciclastic 

shelf and carbonate succession along the northern Tethys margin (Sinclair et al., 1998). Several 

hundreds of calcite-cemented tubular concretions (hereafter referred to as pipes) (Figure 4.1; 

Botz et al., 1993; De Boever et al., 2006a, 2006b, 2009a, 2009b, 2011a, 2011b) are hosted in the 

Dikilitash Formation. This formation comprises alternating sequences of unconsolidated silt to 

sand sediments with interbeds of carbonate-cemented sandstones (Figure 4.1). The Dikilitash 

Formation is ~ 40 m thick and was deposited in the Early Eocene in a mid to outer ramp 

depositional system at water depths around 100 m (De Boever et al., 2006a, 2009a, 2009b). 

The pipes are 0.5-3 m in diameter and up to 10 m high. Groups of pipes have been documented at 

several locations dispersed over 70 km², including the Central, Strashimirovo, Beloslav quarry, 

Banovo and Teterlik groups (Figure 4.1; De Boever et al., 2009a, 2009b, 2011a, 2011b). These 

groups align along Palaeogene NNE-SSW trending transtensional faults with up to 80 m vertical 

displacement (Bergerat et al., 1998; De Boever et al., 2009b). The colocation of the groups with 

the Palaeogene faults suggests a structural control on the location of the pipes (De Boever et al., 

2009b). 
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Figure 4.1: (a) Stratigraphic column with the main lithologies (with formations in which the pipes appear 

highlighted) and (b) simplified geological setting of the survey area.  

 BNF= Beloslav North fault (modified after De Boever et al., 2009b). The small inset shows a red 

dot with the location of the simplified geologic map. 

Geochemical analyses of the calcite-cemented tubular concretions show that they formed from 

ascending methane-rich fluids resulting in low-Mg carbonate precipitation (Botz et al., 1993; De 

Boever et al., 2006a, 2006b, 2009a, 2009b). Stable carbon isotope composition of carbonates of 

about -43 to -45 ‰ V-PDB (Botz et al., 1993; De Boever et al., 2006a) and heavily depleted δ13C 

isotope ratios of archaeal biomarker (δ13C -123‰ to -81‰ V-PDB, De Boever et al., 2009a) 

indicate that the exposed pipes and carbonate interbeds likely formed because of microbially 

mediated anaerobic oxidization of methane at or below the seafloor. The corresponding fluids 

likely migrated along the transtensional faults into the Dikilitash Formation (De Boever et al., 

2009b). Based on oxygen isotope ratios of carbonates, the environmental conditions during 

formation were correlated with Lower Eocene marine environment (age ~50 Ma; De Boever et al., 

2006a). There are two distinct groups of pipes with differing δ13C and δ18O isotope ratios. Group 1 

carbonates (δ13C ~ -45 to -35‰ V-PDB & δ18O ±1‰ V-PDB) likely formed because of fluids from 

below that included biogenic methane and ancient sea (salt) water. Group 2 carbonates (δ13C <-
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25‰ V-PDB & δ18O <-6.5‰ V-PDB) are characterised by alteration of the isotope ratios likely due 

to mixing of ascending methane with marine DIC (δ13C ~ 0‰) and/or δ13-enriched CO2 and 

recrystallisation because of percolating Cenozoic meteoric water (De Boever et al., 2009a). These 

distinct groups appear in alternating concentric bands from the centre of the carbonate conduits 

(De Boever et al., 2006a). 

4.3 Methods  

We used the uncrewed aerial vehicle (UAV, DJI Inspire 2), equipped with a 20.8 MP Zenmuse X5S 

(RGB channels) camera and a DJI MFT 15mm/1.7 ASPH lens, to acquire images of the Pobiti 

Kamani area and Beloslav Quarry (Figure 4.2). The images were stored in jpg format. We designed 

the flight surveys with DJI GroundStationPro, and the surveys were subsequently flown 

automatically by the UAV. This procedure results in a very regular flight pattern and good overlap 

of neighbouring images (Overlap: Front 90%, Sides 60%; Shot interval: 2 s; Speed: 2.6 m/s). For 

the Beloslav Quarry, we also conducted manually-controlled surveys to achieve better coverage of 

the cliff, representing the 80 m-high surface expression of a transtensional fault. The average 

flight time was ~25 minutes with the rolling shutter set to 2-3 s resulting in a data set of more 

than 4500 images (~42 GB) for the 200 by 600 m wide Pobiti Kamani area and more than 2000 

images (~25 GB) for the 400 by 1200 m-wide area of Beloslav Quarry. 

The commercial software Pix4D™ was used to calculate the digital elevation model (DEM), a point 

cloud, and an ortho-rectified mosaic (RGB) by the structure from motion (SfM) approach. For the 

Pobiti Kamani area, the derived ortho-rectified mosaic, point cloud and DEM resolution is ~1 cm 

per pixel. We used ten ground control points to adjust the geo-referencing of the results. Real-

time kinematic (RTK) service was not available during the acquisition campaign, resulting in a 

minimum accuracy of the location of the overall model of 1.3 m ± 0.6 m. The Beloslav Quarry area 

is hard to access because of the high relief and thus ground control points could not be 

established, resulting in a location accuracy of ~ 2 m. The resolution of the Beloslav Quarry model 

is ~2 cm per pixel. 
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Figure 4.2: Overview map of the survey areas located 20 km west of Varna, Bulgaria. 

  (A) Regional map showing the location of the investigated areas in a red box. (B) Local map of 

the two investigated outcrops of Pobiti Kamani and the Beloslav Quarry. (C) Ortho-rectified 

image mosaic of Beloslav Quarry and (D) corresponding derived digital elevation model (DEM). 

(E) Ortho-rectified image mosaic of Pobiti Kamani and (F) corresponding DEM. Red dots 

indicate measured ground control points (GCPs) and red crosses the picked GCPS. 

We manually picked surface fractures and pipes in the ortho-rectified mosaic to analyse the 

spatial distribution of the pipe structures and fractures. The manual picking of in-situ pipes was 

validated with outcrop observations, ensuring the omission of eroded pipes which are not in situ. 

We further used multiple ESRI ArcGIS (version 10.6) geoprocessing tools to delineated the 

outlines of the pipes. In the first step, we calculated the inverse of the DEM and filled all 

depressions. Subsequently, we calculated a differential grid by subtracting the original DEM from 

the filled DEM and classified all regions that had changed by more than 0.1 m. After automatically 

drawing outlines around the classified areas, we removed all generated polygons that did not 

include one of the manually picked pipe structures. This step was necessary to remove trees and 

houses which were also picked and outlined by the workflow. In a final step, all polygons were 

manually inspected and some were edited due to their proximity to trees or eroded pipe 

fragments, which resulted in enlarged polygons. During the analysis of the spatial distribution of 

pipes, the pattern analyses tool ‘z-score’ was used. The z-score is the standard deviation that a 

given population distribution deviates from a normal distribution. It provides a measure of 
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clustering. A z-score below –2.58 indicates the presence of clustering, with a below 1 % likelihood 

that the clustering is statistically random. 

UAV-based photogrammetric SfM allows rapid mapping of pipes and tectonic deformation 

structures over large areas (tens of square kilometres). However, ground-based geologic mapping 

and sampling is necessary to analyse the composition, texture and geometry of the pipes, to 

understand further the relationship between the pipes with the surrounding host sediment and 

the sub-horizontal interbeds. Field samples were collected with a hand-held drill with a 32 mm 

diamond drill bit to compare the composition and texture of the pipes with the surrounding host 

rock and the carbonate beds. We took the samples along vertical and horizontal transects across 

single well-exposed pipes to a maximum depth of 25 mm into the carbonates and documented 

the sample orientation. Thin sections (30 μm thickness) were prepared and mounted onto glass 

slides, for petrological analysis and scanning electron microscopy (SEM). The samples were 

impregnated with blue epoxy resin, highlighting the pore space. A total of 18 thin sections were 

prepared and analysed using a polarising microscope. SEM imaging was conducted with a Carl 

Zeiss Leo 1450 VP SEM with an energy dispersive spectrometer (EDX). The samples were carbon 

coated and imaged at a spatial resolution of 700 nm. From the SEM image data, the contrast 

between mineral phases are determined by their relative X-ray attenuations (Ketcham and 

Carlson, 2001). There was a significant image contrast between each mineral phase, allowing the 

calculation of each phase, accurate to the nearest per cent. SEM-EDX analysis verified the 

elemental composition of each phase. Using the method approach described in Callow et al. 

(2020), image processing of the SEM images was done using ImageJ software to obtain 

calculations of porosity, mineral area fractions, as well as grain and pore size distributions. 

4.4 Results 

4.4.1 Mapping and analyses of spatial distribution 

4.4.1.1 Pobiti Kamani 

The data set comprises 672 individual pipes, 42 individual carbonate interbed exposures covering 

at least 945 m² and 1016 individual fractures with a total length of 1471 m and a mean length of ~ 

1.45 m (Figure 4.3). These fractures are predominantly oriented in an NNE-SSW strike direction 

with a ~90° dip, validated with field measurements (Figure 4.3A). The pipes in Pobiti Kamani are 

highly clustered (Average nearest neighbour, z-score: -13.33) with an average distance between 

nearest pipes of 3.58 ± 3.38 m (Maximum 43.16 m; Figure 4.3B). The pipe distribution is densely 

spaced with a maximum of 1 pipe per 14.3 m² (Mean: 1 pipe per 36.7 m²). There is no 
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predominant pipe cluster strike direction nor can we discern a direct relationship between 

fracture geometries and pipe location (Figure 4.3A. vs B, Figure 4.3D) as suggested by De Boever 

et al. (2009b). 

For Pobiti Kamani, approximately one-fifth of pipes in the Pobiti Kamani show predominantly 

solidified inner cores (~22%). The majority of pipes (~78%) have unlithified inner cores (Figure 

4.3E). The outlines of the pipes allow assessing geometric parameters from the high-resolution 

DEM. The average, maximum and minimum values are summarised in Table 4.1. The horizontal 

eccentricity and area versus perimeter parameters indicate less complex, sub-rounded circular 

features. 

Table 4.1: Geometric parameters from high-resolution DEM and polygons of pipes within Pobiti Kamani  

 include area, perimeter, maximum height, minimum and maximum width and derived 

parameters such as the ratio between area and perimeter, the eccentricity and volume as well 

as spatial information on the distance to their nearest neighbour. 

Geometric 

parameter 

Area 

[m²] 

Perimeter 

[m] 

Maximum 

height 

 [m] 

Minimum 

width 

[m] 

Maximum 

width 

 [m] 

Area/Perimeter 

 [m] 

Eccentricity 

 [ ] 

Volume 

[m³] 

Nearest 

neighbour 

[m] 

Minimum 0.05 0.76 0 0.24 0.24 0.06 1 0 0.58 

Mean 1.03 3.49 1.08 0.96 1.24 0.26 1.32 1.58 3.58 

Maximum 2.56 13.53 5.83 2.95 4.2 0.66 2.63 24.75 43.16 

The extent of the surveyed area limits our data analyses of the pipes. There are more pipes to the 

North and the South, which are not part of our orthomosaic map. The DEM suggests that the 

pipes occur in the hanging wall side of the NNE-SSW striking Paleogene transtensional faults. 

However, the fault contact that would constrain the pipe location towards the West is not visible 

in the orthomosaic or DEM maps. 
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Figure 4.3: UAV-based orthomosaic map from Pobiti Kamani.  

 (A) Scatterplot for fractures of their strike direction against measured length and 

corresponding histograms showing the frequency of both per unit. (B) Scatterplot for pipes and 

their nearest neighbour direction against nearest neighbour distance and corresponding 

histograms showing the frequency of both per unit. (C) UAV-based ortho-rectified image of 

Pobiti Kamani with manually picked pipes and fractures. Black boxes show the location of (D) 

and (E), PK means Pobiti Kamani, red triangles show pipe location and black lines fractures. (D) 

The pipe location with respect to the fractures and (E) the location of pipe with respect to each 

other and the appearance of single pipes (loose inner core & solid inner core). 

4.4.1.2 Beloslav Quarry 

The 3D point cloud was used in combination with the original RGB-images to pick the pipes on 

different elevation levels manually. The point cloud shows that the pipes are separated by at least 

seven distinct interbeds, separating the pipes into tiers (colour coded triangles between I1-I7, see 

Figure 4.4B). These interbeds show sub-horizontal bedding with a slight dip of less than 10° in 

south-eastern direction (Figure 4.4B) and consists of carbonate-cemented sandstones that 

separate the beds of unconsolidated silt to sand sediments which host the pipes. 

The data set comprises 1066 individual pipes and large carbonate interbed exposures covering 

more than 1600 m², but the coarser resolution of this data set and denser vegetation prohibit 

digital analyses of fractures. Spatial analyses of the pipes show that they are highly clustered 
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(Average nearest neighbour, z-score: -37.84) and have a neighbouring distance of 2.24 m ± 3.38 m 

(Max. 55.47 m, Min. 0.04 m). The pipes are densely spaced with an average of 1 pipe per 13.6 m² 

(Max. 1 pipe per 4.6 m²). There is no preferred pipe cluster orientation. 

 

Figure 4.4: UAV-based photogrammetric results from Beloslav Quarry. 

 (A) Scatterplot for pipes and their nearest neighbour direction against nearest neighbour 

distance and corresponding histograms showing the frequency of both per unit. (B) Point cloud 

image of one prominent cliff showing six tiers of pipes (coloured triangles) corresponding to 

the intervals between the seven carbonate cemented interbeds (I1-I7). See (D) for location. (C) 

UAV-based ortho-rectified image of Beloslav Quarry with manually picked pipes and fractures. 

Black boxes show the location of (D) and (E), red triangles show pipe location, turquoise circle 

the location of Figure 4.5. (D) Pipes picked in the point cloud separated by their elevation. 

Yellow dot marks the viewing location of (B). (E) Close-up of the densely-spaced pipes in the 

southern part of the outcrop. 

4.4.2 Geological fieldwork 

Figure 4.5 shows a representative cliff outcrop section within Beloslav Quarry looking NNW 

towards the exposure. Carbonate pipes of meter-scale diameter (Figure 4.5A) protrude from a 

light grey sand bed. The lack of bedding in the host sediment intervals is evidence for significant 

bioturbation or sediment reworking. The carbonate pipes are orientated sub-vertically and 

perpendicular to the carbonate horizons (Figure 4.5B-C). The pipes are meter-scale in width and 
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appear to occur in discrete clusters (Figure 4.5D). There is no evidence that the spatial distribution 

of the individual clusters follows any regular pattern and the distance between individual pipes 

(~2-4 m) fits the results from the orthomosaic analyses. Many carbonate pipes bifurcate upwards 

(Figure 4.5E) confirming interpretations based on the UAV raw imagery. However, the 

convergence of pipes also occurs in some places (two pipes merging into one; see Figure 4.5). 

More complex geometries where pipes appear intertwined are also observed. 

All pipes show a more globular or bulbous outer surface towards their top (Figure 4.5F), which 

often correlates with overlying carbonate cemented interbeds. The interbeds dip down slightly 

towards the pipes, highlighting a direct relationship between the pipes and carbonate interbeds 

(Figure 4.5G). There appears to be two primary carbonate interbeds of meter-scale thickness, 

comprising an upper (Figure 4.5G) and lower interbed (Figure 4.5H). Furthermore, the base of the 

carbonate interbeds display a branching network of burrows, similar in morphology to the 

interpreted vertical burrows on the outer margin of the pipes (Figure 4.5-L). 

The colour of the host sand bed is the same as that of unweathered pipes (Figure 4.5I). The outer 

boundary between the carbonate pipe and the surrounding host rock is sharp in weathered 

examples, but slightly more diffuse in unweathered examples (Figure 4.5I-K). The host sediment is 

composed of poorly consolidated, quartz sandstone with minor micritic cement (Figure 4.5I). The 

overall bed is heavily bioturbated, with an abundance of shell fragments and Nummulites, ranging 

from 0.5-25 mm in diameter, providing evidence for an outer ramp depositional environment 

(Figure 4.5M). 
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Figure 4.5: Vantage point looking NNW within the Beloslav Quarry, providing an understanding of 

carbonate pipe geometry, and the relationship of the pipes with the surrounding sandy host 

rock, and the upper & lower carbonate horizontal interbeds.  

 The letters A-H correspond to the main field observations described above. Detailed analyses 

indicated by black box: (I) Two carbonate pipes observed, one less weathered (in the 

foreground) and one more weathered (the dark grey coloured pipe). (J) The interface between 

the top of the carbonate pipe and the upper carbonate bed. The carbonate pipe emanates into 

the upper carbonate bed, despite the false appearance of a sharp contact due to a sub-

horizontal fracture and white staining of the upper carbonate bed. (K) Another view of the 

carbonate pipe, appearing to have intruded vertically upwards through the poorly consolidated 

sand host rock. (L) Horizontal branching burrow network at the base of the upper carbonate 

bed. (M) An abundance of shells and shell fragments 0.5-25 mm in size within the carbonate 
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pipe, highlighting the similarity in composition between the pipe and the surrounding 

sandstone host rock. 

To ground-truth the orthomosaic map and DEM, we measured fracture distribution, orientation, 

and dip in the field. For Pobiti Kamani, 36 fractures are measured which strike in NNE/SSW 

direction and dip steeply to the east, matching the NNE/SSW trend of the 1016 fracture 

orientations measured from the orthomosaic map (Figure 4.7A). The observed fractures cross-cut 

the carbonate pipes, suggesting that the fractures post-date the pipes. From geological field data 

at Beloslav Quarry, the carbonate pipes display sub-vertical carbonate veining within open 

fractures (Figure 4.7B-C). The veins are linear in shape, displaying no degree of sinuosity and no 

evidence of veins branching. The veins are commonly secondarily infilled with carbonate into 

previously open fractures. The veins appear to display a predominant N/S orientation. Within a 

(lower) carbonate bed, S-shearing is observed (Figure 4.7D). Overall, there appears to be no clear 

diagenetic link between the fractures that cross-cut the pipes and formation of the pipes within 

the Dikilitash Formation. 

4.4.3 SEM analyses 

Light microscopy and SEM imaging show that the host sediment and pipes have identical 

composition, differing only by the amount of carbonate cementation (Figure 4.6). The host 

sediment and pipes are composed of quartz grains (92 %), with minor plagioclase feldspar (8 %) 

and opaque minerals (0.1%). The grains are well-sorted and subangular, ranging from 100-140 µm 

diameter. The host sediment has a very high porosity of 44.3 %, reducing to 6.7 % in the pipe, 

with precipitated calcite cement occupying greater than 85 % of the total pore volume. Using the 

known calculated porosity and average pore diameter (100 µm) values, the permeability of the 

uncemented sediments (𝑘𝑘𝑘𝑘) is estimated using the Kozeny-Carman equation: 

𝑘𝑘𝑘𝑘 = � 1
180
� � 𝑛𝑛𝑣𝑣3

(1−𝑛𝑛𝑣𝑣)2� 𝑑𝑑
2          (1) 

Where 𝑛𝑛0 is total porosity and d is average pore diameter. While for cemented samples, the 

permeability (𝑘𝑘𝑘𝑘) is given by  

𝑘𝑘𝑘𝑘 = 𝑘𝑘𝑘𝑘 � 𝜀𝜀
𝜀𝜀0
�
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          (2) 

Where 𝜀𝜀 is the total porosity of cemented sediments (new porosity), and 𝜀𝜀0 is the total porosity 

of the uncemented sediments (initial porosity). With increased calcite precipitation inside the 

pipes, the permeability reduces by three orders of magnitude to 1.9 x10-14 m2 (0.02 Darcy) relative 

to the surrounding host sediment of 1.5 x10-11 m2 (15 Darcy). This equation is based on the 
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reduction of porosity relative to the uncemented sample, which is commonly used to estimate the 

effect of cementation on permeability (Philips & Wilson, 1991; Lichtner, 1996). The precipitation 

of calcite cement occurs progressively (Figure 4.6A-C). Pre-existing grain surfaces commonly act as 

a substrate for the aggregation of calcite cement grains, though mineral precipitation 

independent of grain surfaces is also observed (Figure 4.6A-C). 

 

Figure 4.6: SEM images displaying the textural similarity of the uncemented host sediment and the 

carbonate cemented pipes at Beloslav quarry. 

  (A) Well sorted, poorly consolidated quartz sediment (100-140 µm grain size) with high 

porosity (∅t) and estimated permeability (k) of 44.3 % and 1.5 x 10-11 m2 (15 darcy), 

respectively. Nummulite bioclasts are present in both samples. (B) Carbonate cement 

precipitation, occupying greater than 85 % of the total pore volume, reducing permeability by 
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three orders of magnitude (0.02 darcy). (a-c) shows the progressive cementation process of 

granular calcite within the intergranular pores. 

 

Figure 4.7: Field-scale observations of structural features at Pobiti Kamani & Beloslav Quarry. 

  (A) NNE trending fracture network on a carbonate interbed surface, at higher elevation than 

the carbonate pipes observed to the East. PK = Pobiti Kamani. Red dot in mini map indicates 

the location of the picture within the outcrop. (B) Meter-scale carbonate pipes displaying 

secondary sub-vertical carbonate veining within fractures. The veins are orientated NNE/SSW. 

BQ = Beloslav Quarry. Red dot in mini map indicates location of picture within the outcrop. (C) 

Fractures and carbonate veins observed, cross cutting both the carbonate pipes and 

surrounding host rock, with no clear orientation trend. (D) S-shaped shear fabric within a 

carbonate horizon, indicating the presence of active N-S shear stress during the formation of 

this interval. Pictures C and D were taken at the same location. 
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4.5 Discussion 

4.5.1 Distribution of pipes 

Pipe distribution and spacing can provide an insight into the possible relationship between 

tectonic stress and pipe formation. Orthomosaic image analysis reveals comparable pipe 

diameters and spacings at Pobiti Kamani (3.58 m ± 3.38) and Beloslav Quarry (2.24 m ± 3.38 m), 

indicating that the controlling mechanisms for pipe formation are the same for both study areas. 

In both areas, the pipes are located along the N-S trending transtensional faults, within the 

Dikilitash Formation sediments. The pipes are situated on the eastern side hanging wall of the 

transtensional faults, that indicates a regional tectonic control on pipe location and genesis 

(Figure 4.3). When observed on a localised scale, individual groups of pipes in both study areas 

are highly clustered (z-scores below -13). However, the orthomosaic maps and DEM reveal no 

apparent preferential orientation of the pipe clusters (nearest neighbour) (Figure 4.3). The 

findings oppose a localised structural control of pipe formation along pre-existing faults or 

fractures within the Dikilitash Formation, as suggested by De Boever et al. (2009b). Regionally-

developed fractures with an orientation of NNE-SSW are observed across the study areas (Figure 

4.3). The fractures cross-cut the pipes, and therefore post-date the pipes.  Therefore, we interpret 

that regional-scale tectonic deformation is the controlling factor for the presence of pipes 

proximal to transtensional faults, however the pipes are unlikely to have formed along pre-

existing planes of weakness within the Dikilitash Formation. 

4.5.2 Pipe formation 

Subaerial outcrop exposures of pipes provide an improved understanding of the conditions at the 

time of pipe formation. The host sediment of the Dikilitash Formation was deposited in a mid- to 

outer ramp environment, evidenced by the lack of sediment bedding laminations, as well as the 

presence and clustering of Nummulite fossils. This depositional environment lays above the storm 

wave base and is prone to the frequent reworking of sediments (Sinclair et al., 1998). The large 

height and the well-preserved status of the pipes (Figure 4.5), therefore, argue against a 

formation within the water column as bottom currents in the mid- to outer ramp environment 

would likely have resulted in erosion and low preservation potential. The subsurface formation of 

the pipes is further supported by SEM imaging, showing the pipes and host sediment have an 

identical grain composition and texture. The only difference between the pipes and surrounding 

sediment is the presence of low-Mg carbonate that is observed to infill above 80% of the 

sediment pores, that causes reductions in porosity and permeability by up to 40% and three 

orders of magnitude, respectively. Therefore, our analysis demonstrates that pipe-forming 
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methane-derived authigenic carbonates (MDAC) likely precipitated within the unconsolidated 

sands of the Dikilitash Formation below the seafloor. Previous work by De Boever et al., 2009a 

further showed that the MDACs precipitated due to the microbially mediated anaerobic 

oxidisation of methane (AOM). 

Carbonate interbeds also observed in the study area reveals further information about the active 

history of the methane-seep system. The presence of burrow (trace) fossils on the base of the 

carbonate interbeds provides key evidence to interpret that the horizons formed on the seabed, 

and hence represent the paleo-seafloor. Additional field observations at Beloslav Quarry showed 

that the upper sections of pipes thicken and emanate into the overlying carbonate interbeds, 

showing a direct relationship between pipes and the carbonate interbeds (Figure 4.5). 

Orthomosaic image mapping identified at least seven carbonate-cemented bedding-parallel 

interbeds separating the vertically stacked tiers of pipes (Figure 4.4, Figure 4.5). If each of these 

interbeds represents a paleo-seafloor, we can deduce that there have been at least seven phases 

of methane emission from the methane seep-system, and hence at least seven phases of pipe 

formation during the Early Eocene. 

The assessment of pipe morphology and the physical properties of the host sediment may permit 

a further understanding of the nature of fluid flow that led to pipe formation. The high 

permeability (1.5 x 10-11 m2) unconsolidated sands of the Dikilitash Formation should permit the 

advective flow of fluids. DEM and orthomosaic image mapping reveal that the pipes have a 

cylindrical (tube-like) geometry, displaying a large height to diameter ratio and low eccentricity. 

Further, the pipes also have a sub-vertical orientation, and are oriented perpendicular to bedding. 

The pipe morphology observations, correlated with the physical property measurements 

calculated from the SEM image analysis, further support an advective, capillary-dominant flow 

regime. We further suggest that the pipes formed due to the focused, buoyancy-driven ascent of 

fluids (De Boever et al., 2006a; De Boever et al., 2009a). However, the sub-vertical ascent of fluids 

may also have been overpressure-driven. In turn, we do not expect high overpressure that would 

result in high flow velocities and turbulent flow, which is not supported by any observations of 

erosive fluidisation (sediment remobilization; Lowe, 1975). The propagation of pressure waves or 

viscous creep of rising gas bubbles into the Dikilitash Formation may explain the formation of 

tube-shaped zones of vertical fluid flow (Boudreau et al., 2005; Räss et al., 2018). 

Field observations show that the pipes have an outer layer of carbonates with a moderately 

diffuse boundary to unconsolidated sands in the interior (Figure 4.5). Further quantified using the 

orthomosaic map, the pipes display predominantly unlithified cores (78%), and less commonly 

lithified inner cores (22%). Supported by the field observations, we interpret that carbonate 
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precipitated on the outside of bubble streams, and likely resulted in a self-sustaining, positive 

feedback of focused fluid flow towards pipe centres (Clari et al., 2004). Where methane flux rates 

were higher, the focused flow of methane likely prevented carbonate precipitation in the pipe 

centres (Luff & Wallmann, 2003). The observed large fraction of unlithified cores (78%), as well as 

the common field observation of bifurcation and merging of pipes, could be further used to 

interpret that fluid supply to the methane seep system from below was likely diverted rapidly to 

other migration pathways, that may include other pipes or the regional transtensional fault, which 

would be in accordance with the findings by De Boever et al. (2011b). Supported by the evidence 

of pipe clustering, we interpret that fluid flow was mainly focused along the Palaeogene 

transtensional faults and surrounding fractures beneath the Dikilitash Formation (e.g. within the 

Beloslav Formation, Sinclair et al., 1998, Figure 4.1), that provided a source for the methane that 

entered the Dikilitash Formation at discrete zones.  

The pipe formation processes interpreted in the study areas in Varna, Bulgaria, can be directly 

observed at modern, active seep systems. For example, focused fluid flow in marine sand 

formations is also documented from the “bubbling reefs” in the Kattegat, offshore Denmark 

(Jørgensen, 1992). These pipes show ongoing discharge of methane and have formed below the 

seafloor. Constant erosion because of post-glacial isostatic uplift has exposed these features in 

10-12 m water depth. The bubbling reef pipes can only be distinguished from their host sandstone 

by the amount of cementation. Some of the pipes are almost 4 m tall and 1.5 m in diameter 

(Jensen et al., 1992). Carbon-isotope studies of the pipes identified a probable link between the 

bubbling gas (δ13CCH4: -63 to -75‰), the carbonates (δ13C: -26 to -63‰), and the methanotrophic 

bacteria (δ13COM: -43.4‰) (Judd & Hovland, 2009). We suggest that focused fluid flow in sands 

and sandstone formations is not an exceptional case but also likely in other marine settings at the 

transition between tectonically faulted low permeable formations and overlying and higher-

permeable formations (shale-sand-interface). The focusing of fluids and subsequent formation of 

vertical conduits in high permeability formations largely depends on the focused advection of 

methane-rich fluid from below, e.g. through pre-existing faults and fractures (Figure 4.8A), the 

flux rate and progressive inward growth of carbonates (Figure 4.8B, C, D). 
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Figure 4.8: Conceptual Model showing the carbonate pipe formation through time  

 (B-F modified after Clari et al., 2004). (A) Methane ascends from below possibly along pre-

existing planes of weakness in the subsurface due to transtensional tectonism in the 

Palaeogene. (B) Buoyancy driven focused upward migration of methane (CH4) through poorly 

consolidated sandstone of the Dikilitash Formation. (C) Carbonate precipitation on the margins 

of methane gas seeps, forming the outer walls of the carbonate pipe. Progressive precipitation 

of carbonate towards the centre of the pipe through time (1 to 2). (D) Continued carbonate 

precipitation, widening at the seabed interface. Cold-seep benthic communities, such as 

tubeworms, form at the seabed around the methane release site. Benthic organisms may form 

vertical burrows or roots to allow uptake of hydrogen sulphide from the seep sediments. 
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Episodic submarine groundwater discharge (SGD) leads to depleted oxygen isotope ratios in 

precipitated carbonates (1 to 2). (E) Bottom water currents provide additional sediment into 

the system, within an outer-ramp depositional setting. An outer carbonate crust forms at the 

seabed, interpreted to form from continued methane flux and precipitation of carbonate. (F) 

The process of pipe formation in the near subsurface repeats, methane continues to flow 

through preferential pathways created by older pipe structures. (G) Schematic model of 

coupled methane release and episodic submarine groundwater discharge at the shelf of the 

Tethys margin. 

4.5.3 Geological flow model 

There are two alternating carbon and oxygen isotope signatures groups (group 1: δ13C ~-45 to -

35‰ V-PDB & δ18O ±1‰ V-PDB; group 2: δ13C <-25‰ V-PDB & δ18O <-6.5‰ V-PDB; De Boever et 

al., 2009a), which appear in concentric bands around the centre of the pipes. In general, depleted 

δ18O isotope ratios (<-6.5‰ V-PDB) in carbonates indicate freshened, meteoric waters and more 

enriched values that plot closer to 0 ‰ V-PDB indicate the formation in seawater or brine (Hays & 

Grossman, 1991). We argue that the observed alternating isotope signature groups can only be 

partly explained by percolating meteoric waters within the Dikilitash Formation (host sand) (De 

Boever et al., 2009a), as this would have only affected the outside of the pipes, assuming 

progressive precipitation of carbonate towards the centre of the pipe (Figure 4.8). In contrast to 

previous interpretations, we suggest that the two signature groups were captured during 

precipitation and are likely the cause of alternating fluid source characteristics. The alternating 

concentric rings of carbon and oxygen isotope signatures (De Boever et al., 2006a) thus indicate 

episodic fresh/brine water advection that fed the pipe structures from below. 

The alternating carbonate isotope ratios in the pipes indicate that freshwater was episodically 

involved in the precipitation of carbonates (Figure 4.8). Considering the presence and activity of 

the transtensional faults below the Dikilitash Formation, we suggest that the freshwater was likely 

sourced from an aquifer below the Dikilitash Formation (e.g. the Beloslav Formation or deeper; 

Sinclair et al., 1998), which advected fluids from onshore resulting in episodic submarine 

groundwater discharge offshore. A similar coupled groundwater-methane discharge system is 

currently active along the eastern Bulgarian coastal areas documented by ongoing venting of 

methane (Dimitrov, 2002) and elevated Radon isotope ratios (Moore & Falkner, 1999). In order to 

create topography-driven groundwater flow far out into the shelf (Hughes et al., 2009; Morrissey 

et al., 2010; Post et al., 2013), e.g. analogues to the New Jersey Margin (Gustafson et al., 2019), 

tectonic compression in the onshore realm during the Palaeogene (Sinclair et al., 1998) likely 

provided the necessary hydraulic head (Figure 4.8). This topography-driven groundwater flow 

likely forced episodic submarine groundwater discharge in addition to the methane emissions 



Chapter 4 

116 

resulting in the two alternating characteristic isotope groups found in the carbonate pipes (Figure 

4.8). 

4.6 Conclusions 

The carbonate cemented pipes of the Pobiti Kamani and Beloslav Quarry probably formed below 

the seafloor within unconsolidated sands of the Dikilitash Formation due to anaerobic microbial 

oxidation of methane fed by methane-rich fluids that were advected from deeper sources. As the 

pipes occur within the vicinity of major fault deformation of the unit underlying the Dikilitash 

Formation has probably focused the fluid flow at certain points. Efficient microbial turnover of 

methane to carbonate within the shallow marine sediment has maintained the focused flow 

paths. This explains the large diameters and size of the pipes despite their dense spacing. The 

carbonate interbeds likely represent paleo-seafloors. Thus, there have been at least seven phases 

of increased carbonate precipitation during phases of sea-level changes in the past. 

Regional tectonic deformation likely played a key role in controlling the location of the pipe 

clusters on a regional scale. The pipe clusters tend to form towards the eastern side of major 

transtensional fault in the sandstones of the Dikilitash Formation. However, on a local scale, 

tectonic deformation does not govern the distribution of the pipes within the unconsolidated 

sands. 

The calcite cementation of the conduits show two distinct groups of carbon and oxygen isotopes 

that appear in concentric bands around the centre of the pipes. These groups likely represent 

different phases of episodic fluid release with different characters. The isotope systematics 

suggest that the first group of methane-derived authigenic carbonates formed from biogenic 

methane and ambient seawater DIC. The second group of MDAC formed during the episodic 

release of groundwater mixed with methane-rich fluids. 

In analogy to the New Jersey Margin (Gustafson et al., 2019), we propose that groundwater was 

likely advected to the mid-to outer ramp shelf setting through an aquifer driven by topographic 

changes in the onshore realm. Sufficient groundwater heads likely existed because of active 

deformation and uplift during the Eocene. We propose that focused fluid flow in sands and 

sandstone formations is not an exception, but it is also likely present in current marine settings at 

the transition between low and high-permeable formations (e.g. shale-sand-interface) where 

methane seepage is combined with submarine groundwater discharge.
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Chapter 5 Seismic anisotropy within an active fluid flow 
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Bayrakci G., Callow B., Bull J. M., Minshull T. A., Provenzano G., North L., Macdonald C., Robinson 

A. H., Henstock T., and Chapman, M. (2020, in Review) Seismic anisotropy within an active fluid 

flow structure: Scanner Pockmark, North Sea. Frontiers in Earth Science. 

My author contribution statement for this chapter: Conceptualisation, Investigation, 

Methodology, Formal Analysis (seismic reflection data interpretation), Validation, Software, 

Visualisation & Writing. I led the seismic reflection analysis and interpretation (that includes 

figures 5.1-5.3, 5.8-5.10 and 5.12-5.13). Bayrakci G. led the seismic anisotropy analysis and 

interpretation. Authors are listed in order of contribution to writing. 

Abstract 

Understanding mechanisms for fluid flow across the seabed is important for determining 

interactions with ocean chemistry as well as more broadly to define fluid pathways in the 

sedimentary overburden above sub-seafloor CO2 storage reservoirs. Many active seabed fluid 

flow structures are associated with seismic chimneys or pipes, and the processes linking 

structures at depth with the seabed are poorly understood. Here we study a pockmark that is 

actively venting methane (Scanner Pockmark) in the North Sea. We use seismic anisotropy 

techniques applied to ocean bottom seismometer (OBS) data, together with seismic reflection 

profiles collected using various acoustic sources, and core data, to determine the nature of fluid 

pathways in the top tens of metres of marine sediments. The Scanner pockmark is 22 m deep, 900 

x 450 m wide, continuously emits methane into the water column, and sits above a seismic 

chimney imaged on seismic reflection data down to ~1 km depth. Azimuthal anisotropy was 

investigated within the Scanner pockmark and at our reference site in relatively undisturbed 

sediments, using the PS converted (C-) waves from a GI gun-source recorded by the OBS network. 

Shear-wave splitting just below the seabed is observed on an OBS located within the bottom of 

the pockmark, and on a second OBS nearby, whereas no such splitting is observed on 23 other 

instruments, both around the pockmark, and at the reference site. The two OBS which show 

anisotropy have radial and transverse components imaging a shallow phase (55 - 65 ms after the 

seabed) consistent with an arrival which has undergone a PS conversion (C-wave) at 3.7 to 5.4 m 

depth. Azimuth stacks of the transverse component show amplitude nulls at 70° and 160° N 
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indicating that the symmetry axes of anisotropy follows these orientations. The short arrival time 

of the phase does not allow us to identify which is the fast S-wave axis. A fast axis orientation of 

70° N would match the orientation of ice ploughmarks observed within the Witch Ground 

formation whereas the 160° N orientation is perpendicular to the minimum horizontal stress of 

the region (54 ± 10° N) and matches well the expected orientation for crack opening. Because 

ploughmarks are also present at sites without observed anisotropy, we conclude that the most 

likely cause of the anisotropy within the pockmark is fracture opening in response to regional or 

local stresses, which produce connected porosity facilitating active methane venting observed at 

the seabed. 

5.1 Introduction 

5.1.1 Overview 

Subsurface heterogeneities play a major role in controlling fluid flow phenomena and behaviour 

in sedimentary basins. Fluid conduits, such as connected fracture networks, may create focused 

flow in sedimentary systems, by enhancing porosity and permeability, or conversely may cause 

reservoir compartmentalisation. Therefore, fracture azimuth, aperture, spatial density and 

connectivity may be assessed for the improved understanding of subsurface fluid flow. Larger 

fractures can ordinarily be detected and quantified using traditional seismic reflection imaging 

techniques, which may include attribute analysis (e.g., Bahorich and Farmer, 1995). In order to 

constrain and resolve fractures at sub-seismic scale, seismic anisotropy analysis can be employed, 

which utilises the directional variations of seismic velocities and amplitudes. 

The most common form of anisotropy within sediments is vertical transverse isotropy (VTI), 

where the symmetry plane is parallel to the sedimentary layering. The presence of aligned micro-

cracks and vertical fractures is known to produce horizontal transverse isotropy (HTI), where the 

symmetry plane is perpendicular to the sedimentary layering (Wild, 2011). More broadly, HTI can 

in theory be produced by any aligned vertical features pre-existing within a porous media, which 

may include geological structures originating from glaciological processes, such as tunnel valleys, 

striations and iceberg scour marks, known as ice ploughmarks.  

Shear-wave splitting (SWS) is a recognised method for constraining the orientation and spatial 

density of aligned vertical structures within an HTI medium (e.g., Crampin, 1985). SWS analysis 

within shallow sediments normally uses P-to-S converted waves (C-waves), created using an 

active seismic source near the sea surface. When a shear wave (S-wave) enters a HTI medium 

(e.g., vertically fractured sediment), S-waves split into two components. The split S-waves 
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propagate through the anisotropic medium, and are subsequently polarised along (fast, S1) and 

across (slow, S2) the vertical features, resulting in a difference between the detected arrival times 

and signal amplitudes (Lynn and Thomsen, 1990; Thomsen, 1999; Tsvankin et al., 2010). The time 

delay between S1 and S2, and the azimuthal variations in the amplitude of S-waves, can be used 

respectively to constrain the spatial density and orientation of vertically orientated anisotropic 

features (e.g., Crampin, 1985, Bale et al., 2009). 

Here we analyse S-wave splitting at a site of active natural venting of methane, the Scanner 

Pockmark Complex (SPC). Pockmarks occur when fluid flow is focused and escapes from shallow, 

low-permeability, fine-grained surficial sediments (Hovland et al., 2002). The Scanner pockmark is 

a seafloor depression located in the northern North Sea (UK License Block 15/25), within the 

Witch Ground Basin (Figure 5.1). Large pockmarks, including Scanner, are continuously active in 

this area of the North Sea, with vigorous venting of methane (Böttner et al., 2019). At the SPC, the 

seafloor and shallow sediments are also heavily disturbed by smaller pockmarks and palaeo-

pockmarks (>1500 across 225 km2), with a principal NNE/SSW orientation, that are interpreted as 

dewatering features due to localised pressure changes (Böttner et al., 2019; Gafeira and Long, 

2015).  

On seismic reflection profiles, the large active pockmarks are commonly associated with bright 

spots at shallow depth, interpreted as gas-charged sediments, and are underlain by seismic 

chimneys or pipes, referred herein as chimneys. At the SPC, the chimneys are imaged as sub-

vertical columns of acoustic blanking, reaching depths of several hundred meters. Chimneys have 

been interpreted as focused fluid migration pathways, hydraulically connecting deeper 

stratigraphic layers to the shallow sediment overburden (Berndt, 2005; Karstens and Berndt, 

2015). Chimney-like features may also be generated as seismic artefacts due to scattering by 

near-surface features (e.g. Dean et al., 2015). Improved understanding of these shallow fluid flow 

systems is critical for assessing the integrity of future sub-seafloor Carbon Capture and Storage 

(CCS) sites.  
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Figure 5.1: Position of the Scanner Pockmark within the UK Sector of the North Sea.  

 The Scanner pockmark complex is located within the Witch Ground Graben. b) Bathymetry 

map of the Scanner Pockmark Complex. Dashed lines highlight seismic lines used in Figure 5.3 

and Figure 5.8g-h. Dotted square box shows inset c). c) Scanner pockmark, displaying East and 

West Scanner. 

5.1.2 Aims & objectives 

Here, we analyse data from a unique active-source seismic anisotropy experiment conducted at 

the Scanner Pockmark Complex, an exemplar case study site, using ocean bottom seismometers 

(OBSs). We investigate the presence of azimuthal anisotropy from beneath the Scanner pockmark, 

using SWS, and compare with results from a nearby reference site where there is no evidence for 

presence of gas, such as seafloor gas emission, chimney structures or gas-bearing sediment. We 

conduct a multi-frequency seismic reflection analysis of the shallow sub-surface at the Scanner 

Pockmark Complex to constrain the geometry and azimuth of the observed geological features at 

the depth range resolved by the SWS analysis. We compare the seismic images with the results of 

SWS analysis to provide a complete characterisation of the shallow subsurface structure directly 

beneath the Scanner pockmark. The key aim of this study is to develop a further understanding of 

the structural control on fluid-escape at the Scanner Pockmark Complex by resolving the 

orientation and network geometry of the subsurface heterogeneities. In this paper we focus on 
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observations of SWS from very shallow interfaces (< 10 m); future studies will investigate SWS 

over a greater depth range. 

5.2 Stratigraphy and seismostratigraphic framework 

The Scanner pockmark is a composite feature with two overlapping seabed pockmarks (East and 

West), with a combined size of ~900 x 450 m wide and 22 m deep, lying in ~155 m water depth. 

Direct evidence for methane venting is provided by the water column imaging of Li et al. (2020), 

who calculate a gas flux of 1.6 and 2.7 × 106 kg/year (272 to 456 L/min), as well as the presence of 

methane-derived authigenic carbonate (MDAC) recovered from within the pockmarks, which 

formed due to anaerobic oxidation of escaping methane (Judd & Hovland, 2009). 

The seismostratigraphy and lithostratigraphy hosting the SPC, comprise a ~600 m-thick Quaternary 

sediment succession, has been described previously (Stoker et al., 2011; Böttner et al., 2019; 

Robinson et al. in press), and can be sub-divided into five units S1-S5 (Figure 5.2 and Figure 5.3). 

Deposited within the Witch Ground basin, this stratigraphic complex is underlain by the Hordland 

and Nordland Groups, of Palaeogene and Neogene age respectively, which are composed of low-

permeability claystone (Judd et al., 1994). The Scanner pockmark depression erodes down to the 

base of the shallowest unit, S5 (the Witch Ground Formation). 

The Witch Ground Basin was the locus of rapid fine-grained sediment deposition between Marine 

Isotope Stages (MIS) 1-2, around 15-13 ka, after the end of the last glacial period (Stoker et al., 

2011). Following the stabilisation of sea level after the last glaciation, sedimentation into the Witch 

Ground Basin has become negligible, and hence the pockmarks at the current seabed demonstrate 

the effects of active fluid escape over at least the last 8 ka (Böttner et al., 2019). 
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Figure 5.2: Stratigraphy of the Scanner Pockmark Complex. The chronostratigraphy, seismostratigraphy 

and lithostratigraphy of the Scanner Pockmark Complex is described.  

 AG - Aberdeen Ground (purple), LB - Ling Bank (orange), CP - Coal Pit (blue), LGM - Last Glacial 

Maximum Deposits  (green) and WG - Witch Ground (brown). The table has been created from 

a synthesis of Böttner et al., (2019); Ottesen et al., (2014); Stewart & Lonergan, (2011); Stoker 

et al., (2011); Judd et al., (1994) and Andrews et al., (1990). 
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Figure 5.3: Seismostratigraphy of the Scanner Pockmark region. The seismic profiles extend from 

southwest to northeast across the Scanner Pockmark Complex.  

 a) Sub-bottom profiler seismic reflection data. b) 2D seismic reflection data acquired using 

Sparker source. c) 3D seismic reflection data. Interpreted seismic units CR and S1 to S5 are 

shown. CR - Crenulate Reflector (top of Nordland Group), S1 – Aberdeen Ground Fm., S2 – Ling 

Bank Fm., S3-4 – Coal Pit Fm. (S3 – Coal Pit & S4 – Last Glacial Maximum deposits (LGM)), S5 – 

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

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

S2.2; pink dot-dashed line = top S3; blue line = top S4; pale brown dashed line = top S5.1 and 

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

dashed line. TWTT values here are milliseconds below the sea surface. 
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5.3 Experiment and datasets 

In September 2017, we carried out the CHIMNEY broad-band seismic experiment around the 

Scanner Pockmark in the North Sea onboard of RRS James Cook (JC152) survey (Bull, 2017; Bull et 

al., 2018; Robinson et al. in press), where wide-angle and multi-channel seismic and high-

frequency acoustic recordings were acquired.  

5.3.1 Ocean bottom seismometer data 

A total of 25 four-component ocean bottom seismometers (OBSs) were deployed during the 

survey. These instruments were equipped with three orthogonal 4.5 Hz geophones fixed rigidly to 

the instrument frame, and a hydrophone. The OBS sampling rate was 4 kHz. Eighteen of them 

were deployed around the Scanner pockmark, where two of them were located within the 

pockmark (Figure 5.4). The OBS spacing was generally 200 m, with closer spacing within the 

pockmark. Seven OBSs were also deployed with 200 m spacing at a reference site, that displayed 

no evidence for water column venting, or subsurface fluid migration.  

OBSs recorded shot profiles acquired using five different seismic sources: Bolt and GI airguns, 

Squid and Duraspark surface sparkers and a deep-towed sparker. Shots were recorded by the 25 

OBS. For the SWS study, we used the shots acquired with the GI-gun source of 3-300 Hz 

frequency. The geometry of the GI-gun profiles (Figure 5.4) was chosen to be an asterisk to ensure 

even azimuthal coverage at all offsets and for the processing ease. Four profiles were centred on 

the Scanner pockmark at an azimuth interval of 45° and with lengths greater than 10 km (Figure 

5.4). A grid of profiles of 326° and 146° azimuth was also acquired to obtain full azimuthal 

coverage for the SWS study and a well-sampled shot coverage for seismic tomography. The 

shooting interval was 8 s, equivalent to 18.5 m at the mean vessel speed of 4.5 kn.  

The shot positions were calculated initially by back-projecting the ship’s GPS position to the airgun 

position, 84.1 m behind the ship. OBSs were deployed by free fall. Although shallow water 

environment (~150 m) reduced the difference between drop and seabed positions, the small scale 

of our target requires that the positions of instruments and the shots to be defined precisely. 

Therefore we used a grid search algorithm to find the optimal average water velocity (1490 m/s), 

receiver locations and delay time, by minimizing the sum of the squared residuals between 

observed and predicted direct arrival times at every point of the grid. Receiver depths were not 

included in the inversion as the seafloor dips are small and depth differences between 

deployment locations and relocated positions were already within the accuracy level of 0.5 m 

expected from the fitting algorithm. 
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The SEG convention for four-component seismic records (Brown et al., 2000) is used for the 

geophone and hydrophone polarities. Accordingly, the direct wave has positive polarity on the 

vertical geophone and negative polarity on the hydrophone. The up-going P-waves reflected from 

positive impedance contrasts are recorded with negative polarities on vertical geophones. This is 

also the case on the hydrophones that measure the pressure rather than a vector quantity. The x-

geophone is considered to be positive when the distance vector from shot to the receiver is 

positive in Cartesian coordinates and the y-geophone is positive 90° clockwise from the positive x-

direction (Brown et al., 2000). 

5.3.2 Seismic reflection data 

Four different seismic sources (GI guns, Squid and Duraspark surface sparkers and a deep-towed 

sparker) were recorded by two different streamers (60-channel, University of Southampton, 120-

channel, GeoEEL, TTS), operated at times separately and at times simultaneously (Robinson et al. 

in review). In addition a chirp source is used to acquire single-channel seismic data in sub-bottom 

profiler (SBP) mode. The experiment produced a broad-band seismic dataset with frequencies 

from 3 to 6000 Hz. 

Here we used SBP and Squid sparker data to generate the 2D seismic reflection images around the 

Scanner pockmark. The SBP data were acquired using a Chirp sweep lasting 0.035 s with a 

bandwidth of 2.8-6 kHz and a central frequency of 4.4 kHz. Over 100 SBP profiles were produced 

(Figure 5.4). The generated profiles have a trace spacing of 2.5 m and a very high vertical 

resolution of < 15 cm. The Squid surface sparker data were acquired with a 10-1500 Hz source and 

2 s shot interval (~4.6 m at 4.5 kn), recorded by the two streamers and the array of 25 OBS (Figure 

5.4). Thirteen Squid profiles were acquired across the Scanner pockmark (Provenzano et al., 

2018), and have a trace spacing of 2 m and a vertical resolution of < 0.45 m.  

3D seismic data were also provided by PGS (CNS MegaSurveyPlus) for the purposes of this study 

(Figure 5.3c). The 3D seismic survey used in this study covers an area > 500 km2 and a depth of 1.5 

s two-way travel time (TWT). The full-stack data has a trace spacing of 12.5 m and a vertical 

resolution of approximately 5-10 m. 
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Figure 5.4: Map of the CHIMNEY seismic experiment.  

 Black, white and blue profiles represent GI-gun, Squid 2000 sparker and sub-bottom profiler 

shots respectively. The 3D seismic volume extends over the entire area displayed. Yellow dots 

are the OBSs. Red square shows the location of the inset. Inset shows the location of the OBSs 

around the Scanner pockmark and at the reference site. OBSs 1, 8 and 19 shown in Figure 5.5 

to Figure 5.7 are surrounded in red. 

5.4 Methods 

5.4.1 Ocean bottom seismometer data 

P- to S- converted (C-) waves were studied using GI-gun shots on all 25 OBSs of the CHIMNEY 

survey network. We rotated the horizontal seismograms into radial and transverse directions 

trace by trace, minimising the power ratio of the amplitude of radial and transverse components 

(Haacke and Westbrook, 2006). We first flattened the direct water wave by applying a static time 

shift as a function of the shot-receiver offset (i.e. static normal move out). Only shots up to 300 m 

offsets were used because at greater offsets it was difficult to distinguish the direct wave from 
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other arrivals. The power ratios of the amplitudes were calculated on a window of 3 ms half-

length centred on the direct wave arrival flattened to 0 s. The trace by trace minimisation was 

done by stepwise incrementing the optimum orientation angle for x geophone using the Seismic 

Unix (Stockwell Jr, 1997) compatible surttmp software of Haacke and Westbrook, (2006). We 

searched for the optimum rotation angle between 0o and 180 o azimuths to cover the whole range 

of possible azimuths. Instead of using a unique rotation angle for all shots, with the trace by trace 

estimation of the optimum rotation angle we obtained a rotation angle for each shot. Variable 

rotation angle accounts for possible uncertainties in the shot and OBS locations (< 0.5 m) and the 

OBS tilt.  

Radial and transverse components were visualised in a composite plot (Fig. S1), to check the 

efficiency of the rotation. A difference of two orders of magnitude is observed in the amplitude of 

the direct water wave observed on the radial and transverse components of all studied OBSs, 

indicating a successful rotation. The P-wave energy is visible on the radial component, but 

decreased on the transverse component. Then, the radial and transverse components of the OBSs 

were stacked in 9o bins of sagittal azimuth (shot-receiver azimuth). No filtering was applied during 

processing because filters modify the arrival times of short offsets used in this study and C-waves 

are easily identified without filtering (Figure 5.5 and Figure 5.6). 

5.4.2 Seismic reflection data 

The reflection data were interpreted using Schlumberger Petrel (2019) software. Over 5400 

breaks in the lateral continuity of seismic reflectors were observed on a total of 104 SBP lines (Fig. 

S2). Such discontinuities can be created by faults, fractures, and other geological features, such as 

ice ploughmarks. The dense spacing of the 2D data allowed the lateral connectivity of 

discontinuities, which cross-cut the seismic trace directions, to be mapped with confidence. The 

length and net azimuth of the discontinuities (within the range of 0° - north to 180° - south) were 

then derived. Macro-scale geological features and discontinuities (> 12.5 m) were also observed 

on time surfaces of the 3D seismic data. A 2D surface hillshade map of seismic amplitude for unit 

top S4 clearly imaged the discontinuities (Fig. S3). 

5.4.3 Laboratory S-wave measurements 

During RV Maria S Merian cruise MSM78 (Karstens et al., 2019a) sediment cores were collected 

from beneath the Scanner pockmark and a site 6 km northeast of the SPC using a gravity corer 

and rock drill (RD2; British Geological Survey). A maximum penetration depth of ~6 and ~33 mbsf 

(meters below seafloor) was reached beneath the Scanner pockmark and site to the NE, 
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respectively. S-wave velocity measurements were taken in the Rock Physics laboratory of the 

National Oceanography Centre. S-wave velocity measurements were carried out on samples from 

four cores. Measurements were done in the time domain by cross-correlating the input signal 

with the output signal and the travel time of the S-wave was used to calculate the S-wave velocity 

(Fig. S4). Measurements were then repeated in the frequency domain. The input and output 

signals were converted into the frequency domain by a fast Fourier transform and the input signal 

was divided into the output signal and the phase lag of the deconvolved signal was used to infer 

the S-wave velocity.  

5.5 Results 

5.5.1 Seismic anisotropy 

In this paper two-way travel-time (TWT) values are given as milliseconds below the seafloor 

reflector unless stated otherwise. Two potential C-wave reflectors are observed at 45 ms and 65 

ms TWT on the radial component on the OBS1 located within the Scanner pockmark (Figure 5.5). 

Both reflections have apparent velocities of ~1500 m/s, as expected for signals that have most of 

their raypath in the ocean. 

On all OBSs, the direct water wave arrival is affected by instrument ringing, most likely due to 

seabed coupling, which lasts for 25 ms. The ringing is observed on all components in different 

ways (Figure 5.4 to Figure 5.6). The early potential C-wave arrival (45 ms) is visible on the radial 

component of OBS 1 as a phase clearly separated from the instrument ringing but with a lower 

amplitude than the later arrival (65 ms)(Figure 5.5). This phase is not observed on other OBSs 

(Figure 5.6 and Figure 5.7) as a clear arrival separated from the OBS ringing. This early reflection is 

not present on the transverse component of OBS1, suggesting that it is either a P-wave reflection 

or a C-wave propagating within an isotropic medium. We interpret this early phase as a P-wave 

reflection from seismic unit base S3 (base of the Coal Pit Formation), since seismic units 5.1-5.2 

are not present within the Scanner Pockmark, and seismic unit base S4 is too shallow (20 ms 

TWT).  

The second reflection is observed at 65 ms TWT on the stacked radial component of the OBS 1 

and it spans on a time interval between 65 and 90 ms either because of some instrument ringing 

(most likely), or as the dynamic response of a localized shallow heterogeneity (Rubin et al., 2014). 

Polarity changes (Figure 5.5b) and energy nulls at ~90° azimuthal intervals (Figure 5.5b-d) are 

observed on the transverse component as expected for C-waves travelling within an anisotropic 

HTI medium. The energy nulls observed on the transverse component lie at 70° and 160° azimuths 
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suggesting that the anisotropy symmetry axes follow these orientations. The polarity changes and 

the amplitude nulls are best observed at 80 ms instead of 65 ms, possibly because the amplitude 

of this event is too low to be observed at the onset of the phase, but then is amplified later due to 

the ringing. 

If the observed event was a residual direct water wave due to the unsuccessful rotation to radial 

and transverse components, the observed energy nulls would follow the geophone orientations. 

The X-geophone of OBS1 is oriented to the North and energy nulls are observed on the direct 

wave at 90 degree intervals (Figure 5.5d; at 90°, 180°, 270° and 360°). There is a mismatch of ~20° 

between the energy nulls observed on the direct wave and those observed for the C-wave event 

(70°-160°), and therefore we are confident of our C-wave identification. The early arrival time of 

the phase indicates that the S-wave conversion occurs at a very shallow reflector and the short 

travel time of the phase prevents the development of an observable delay between the fast and 

slow S-waves propagating parallel and perpendicular to the orientation of vertical fractures 

respectively. 

 

Figure 5.5: 9 degree azimuth stacks recorded on OBS1 located within the pockmark.  
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 Left and right panels show radial and transverse components respectively. a) Radial wiggle plot. 

The red arrow shows the arrival time (~65 ms) of the C-wave phase on the radial seismogram. 

Red line shows the time at which the event is observed with highest amplitude due to ringing 

(see text). b) Transverse wiggle plot. Red arrows show the polarity changes at 90 degree 

interval. c) Radial envelope (squared root) plot of the amplitudes. d) Transverse envelop plot. 

White arrows show the amplitude nulls of ~ 90 degree interval, corresponding to the 

orientation of the anisotropy axes (70 and 150 degrees). Dashed white arrows (at t=0) show 

the geophone orientations. 

A C-wave phase at 55 ms TWT (Figure 5.6) is observed on the radial component of OBS8. Ringing 

affects both the direct wave and the C-wave phase. Simultaneously, on the transverse component 

of the OBS8, clear polarity changes are observed, with the same azimuths as observed on OBS1 

(70°-160°). Here again, there is a clear mismatch between the geophone orientations and the 

orientations of the anisotropy axes of the C-wave event which rules out the instrument ringing 

effect being interpreted as S-wave splitting within shallow sediments. 

 

Figure 5.6: 9 degree azimuth stacks recorded on OBS8 located on the southwestern rim of the Scanner 

Pockmark.  

 Left and right panels show radial and transverse components respectively. a) Radial wiggle plot. 

The red line shows the arrival time (~55 ms) of the C-wave phase on the radial seismogram. b) 
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Transverse wiggle plot. Red arrows show the polarity reversals. c) Radial envelope (squared 

root) plot of the amplitudes. d) Transverse envelope plot.  White arrows show the amplitude 

nulls of ~ 90 degree interval, corresponding to the orientation of the anisotropy axes (70 and 

150 degrees). Dashed white arrows (at t=0) show the geophone orientations. 

No potential early C-wave phase is observed on the records of the OBSs deployed at the reference 

site. As an exemplar, Figure 5.7 shows the records of OBS19. The only potential C-wave event is 

observed at ~120 ms with an uncoherent, undulating nature on the radial component, and no 

polarity changes are observed on the transverse component. However, since here we focus on 

the SWS within the shallowest sediments, we cannot rule out the presence of deeper S-wave 

anisotropy around the Scanner pockmark and at our background site. 

 

Figure 5.7: 9 degree azimuth stacks recorded on OBS19 located in the reference site.  

 Left and right panels show radial and transverse components respectively. a) Radial wiggle plot. 

b) Transverse wiggle plot. No C-wave event is observed on the records of this OBS. c) Radial  

envelope (squared root) plot of the amplitudes. d) Transverse envelope plot. Dashed white 

arrows (at t=0) show the geophone orientations. 
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5.5.2 Seismic reflection 

SBP, sparker seismic reflection, and conventional 3D seismic reflection data (Figure 5.3) image 

zones with high amplitudes, characteristic of free gas within the near-surface: at 1-2 m (3 ms 

TWT) depth beneath the base of the SPC (Figure 5.3a), and above 48 m (55 ms TWT) depth within 

the Upper Ling Bank Formation (unit S2.2; Figure 5.3b-c). Seismic chimneys are characterised on 

seismic images by a combination of seismic blanking and discontinuous or chaotic reflections (e.g., 

Løseth et al., 2011). Where free gas is present, high amplitudes are also observed at discrete 

intervals. The observed seismic characteristics support the interpretation that a chimney structure 

is present beneath the Scanner pockmark (Figure 5.3b-c). The seismostratigraphy and 

observations of gas in the seismic reflection data are described in more detail by Robinson et al., 

(in press) and Böttner et al., (2019). 

RMS amplitude maps of seismic unit top S4 display nulls orientated at 50-60° (Figure 5.8). These 

nulls are observed underlying several OBSs, including OBSs 1, 6, 8, 9, 14, 16, 17 and 21 (Figure 

5.8b-e). Careful assessment of the sub-bottom profiler data indicates that they are less than 80 m 

in width and U-shaped, with raised lateral berms in cross-sectional view, suggesting that they can 

be interpreted as ice ploughmarks (e.g. Graham et al., 2007). A prominent peak in seismic 

amplitude is also observed at the Scanner Pockmark site, orientated at approximately 40°, and 

beneath OBS 3 (Figure 5.8c). The amplitude peak extends towards the south west, with a small 

change in orientation, and with a 50-60° azimuth at OBS1 (Figure 5.8c). No prominent amplitude 

peaks are observed at the background site (Figure 5.8e-f). From a cross-sectional view, the 

amplitude peaks beneath Scanner pockmark can be interpreted as due to gas-charged sediment 

(Figure 5.8g-h). Sub-vertical discontinuity features can be observed on the sub-bottom profiler 

data within the seismic unit S5.1 (Figure 5.8g-h). The break in lateral continuity of the layers and 

minor resolvable vertical displacement may indicate the presence of fractures. These features are 

not visible in the sparker seismic profiles (Figure 5.3b) possibly because they are below the 

resolution of the sparker data. 
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Figure 5.8: Surface attribute analysis and interpretation of the Scanner pockmark and reference site.  

 Sub-bottom profiler 2D seismic reflection data is used to generate surface attribute maps of 

seismic unit top S4 of a-c) the Scanner Pockmark and d-f) the reference site. a,d) = Bathymetry 

maps of seabed with OBS locations and numbers displayed. b,e) = RMS amplitude maps 

acquired over a time window of ±2.5 ms around the picked horizon; the blue areas highlight 

the spatial extent and orientation of ice ploughmarks. c,f) = Geological interpretation of the 

surface amplitude maps, highlighting  gas-charged sediment (red – high amplitude) and ice 

ploughmarks (blue – low amplitude). g-h) Seismic profile extending from north to south 

highlighting the key geological features of interest. 

At a larger scale (> 12.5 m resolution) features present at the top S4 surface were also mapped 

using the 3D seismic data (Figure 5.9). We observe a clear trend of interpreted ice ploughmarks, 

orientated at 50-80° (Figure 5.9). Whilst less evident on the length-weighted histogram (Figure 

5.9), there is also a series of larger, more linear features orientated at 150-160° to the south west 

of the Scanner pockmark and reference sites. The linear features are interpreted as mega-scale 

glacial lineations (MSGLs), in agreement with previous interpretations of the area (e.g. Graham et 
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al., 2007). Ice ploughmarks and MSGL trends of 50-80° and 150-160°, respectively, correlate with 

the azimuth of energy nulls observed on OBS1 and OBS8. 

 

Figure 5.9: Plan view of glacial features mapped onto seismic unit top S4. 

  The map shows a seismic amplitude contrast (hillshade) image of unit top S4 (base of the 

Witch Ground Formation). Black lines display mapped ice ploughmarks and red lines display 

Mega Scale Glacial Lineations (MSGLs), interpreted using the 2D and 3D seismic reflection data. 

A length-weighted histogram displays the most common orientation of the glacial features 

across the Scanner Pockmark region, binned into 10 degree intervals. 

Between 40 and 55 ms TWT, glacial meltwater channels extend from the east across the Scanner 

Pockmark region (Figure 5.10a-b). A relatively thin channel extends into the north east of the OBS 

configuration with an orientation of 50-60°, underlying OBSs 1 to 4, (Figure 5.10b). The channel 

may be interpreted as a source for the gas-charged sediment that has been observed directly 

beneath Scanner Pockmark, which follows the same orientation (Figure 5.8c). At greater depths 

(60-80 ms TWT; Figure 5.10c), the glacial channels (corresponding to seismic unit S2.2, iii) extend 

further to the west, terminating at the less permeable sediments of an older glacial channel 

(seismic unit S2.2, ii). Gas-charged sediments are present at the stratigraphic boundary of the two 

sub-units (Figure 5.10d). Beneath Scanner pockmark, there is a clear orientation of gas-charged 
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sediments at 50-60°, as well as an orientation of 140-150° associated with gas accumulation along 

the margin of the subunits (seismic units S2.2 ii and iii; Figure 5.10c-d). The gas accumulation 

appears to underlie OBSs 1-5, 9 and 11 (Figure 5.10c-d). The gas-charged sediment trends of 50-

60° and 140-150°, also appear to correlate with the azimuth of energy nulls observed on OBS 1. 

 

Figure 5.10: Surface amplitude time slice maps that provide a regional context for the presence and 

orientation of the shallow gas.  

 3D seismic reflection data is used to generate surface amplitude maps at three time intervals: 

a) 40-45 ms b) 50-55 ms and c-d) 60-80 ms (ms = milliseconds two way travel time of p-waves, 

below seafloor). Black solid lines display boundaries between seismic units or highlight key 

geological features. d) RMS amplitude map highlighting the presence and orientation of gas 

charged sediments; two dominant orientations of 60 degrees and 140 degrees are observed, 

which correspond to the orientation of glacial channels and the stratigraphic juxtaposition of 

seismic units S2.2 ii and S2.2 iii, respectively. 

5.5.3 Core Shear-wave measurements 

S-wave measurements made of the sediment cores beneath the pockmark and at the site 

northeast are consistent and range in value between 57 and 115 m/s over a depth range of 2 to 

22 m, with a broad increase in velocity with depth (Figure 5.11) which is consistent with S-wave 

velocities of water-saturated clay, silty-, sandy-clay sediments (Hamilton, 1976; 1979).  
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Figure 5.11: Laboratory S-wave velocity measurements.  

 Samples surrounded by red ellipses are acquired from the pockmark and blue surrounded ones 

are from the reference site. Black circles are the velocities derived in time domain. Red 

triangles are those derived in frequency domain. The corresponding stratigraphic units from 

below the pockmark (red) and the reference site (blue), are also shown. The cores at the 

pockmark site are extracted from beneath the pockmark, which explains the absence of units 

S5.1 and S5.2, in contrast to the reference site cores. 

5.6 Discussion 

5.6.1 Fast S-wave orientation 

On both OBS1 and OBS8, we observed clear SWS with consistent symmetry axes, with azimuths of 

70° and 160°. The delay between fast and slow S-wave arrivals observed on the radial component 

of the stacked azimuth versus time sections are usually used to infer the fast S-wave direction, 

which is commonly parallel to the fracture orientations. We do not observe significant time 

variations between fast and slow S-wave arrivals on the radial components of OBS1 (Figure 5.5 

and Figure 5.6), likely because their travel-time as S waves is insufficient to allow the 

development of an observable delay. Therefore, we cannot uniquely define the fast S-wave 

orientation from the analysis of the seismograms. Hence, we first analyse potential features 

observed on seismic profiles that may cause anisotropy and shear wave splitting. Due to the 

difference between the P- and S-wave velocities, especially close to the seabed where Vp/Vs is 

typically high (Hamilton, 1979), the up-going S-wave ray path is close to vertical (Gaiser, 2016). 



Chapter 5 

139 

Therefore, any near-vertical features causing the HTI anisotropy that generates the observed SWS 

will be located directly below the corresponding OBSs. 

5.6.2 Possible causes of seismic anisotropy within Scanner Pockmark 

5.6.2.1 Regional horizontal stress 

The regional maximum horizontal stress (σ1) is orientated NW/SE, and the average in-situ 

minimum horizontal stress of the region (σ3) is 54° N ± 11° (Evans and Brereton, 1990). In the 

region, horizontal stress exceeds the vertical stress (σ2) (Evans and Brereton, 1990). Therefore 

extension (tension) fractures, if present, may be expected to form perpendicular to the minimum 

horizontal stress (σ3), i.e. at 150-160°. 

5.6.2.2 Local stress 

Below OBS 1, at the top S4 interface (3 ms TWT), gas-charged sediment is observed, orientated at 

50-60° (Figure 5.8c). Gas-charged sediment is not clearly observed directly beneath OBS 8, but 

may be present below the horizontal resolution of the surface attribute map of 17.5 m x 17.5 m 

(Figure 5.8b-c). Where gas-charged sediment is present, gas-filled fracture corridors may form in 

the direction parallel to the localised overpressure gradient (e.g. Moss et al., 2003). In this case, 

extension (tension) fractures may form with an orientation of 50-60°. The interpretation of gas-

filled fractured sediment can explain the S-wave anisotropy directly beneath OBS 1. 

Gas-charged sediment is also observed between 50-55 ms TWT with an orientation of 50-60° 

below the OBSs 1-4 (Figure 5.10b) and between 60-80 ms TWT with an orientation of 140° below 

the OBSs 1-5, 9 and 11 (Figure 5.10c-d). We do not observe shallow SWS on all these OBSs, but 

further work on OBS records, such as layer stripping, may reveal deeper SWS observations caused 

by gas-filled fractures within deeper gas-bearing sediment. 

5.6.2.3 Ice ploughmarks 

Ice ploughmarks are observed at the top of the unit S4. They directly underlie OBS1 and 8, and 

have an azimuth of 50-70° (Figure 5.9). Ice ploughmarks represent an erosional surface, where 

icebergs have scoured the former seabed surface, within a shallow glacio-marine environment. 

The U-shaped impressions are later filled with younger sediment, so in theory could also create 

anisotropy. Ice ploughmarks can act as both lateral traps and channels for fluid, creating areas of 

focused fluid flow (Haavik & Landrø, 2014; Chand et al., 2016). However, ice ploughmarks also 

directly underlie other OBSs around the pockmark and the reference site (e.g. OBSs 16, 17, 20 and 
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21). Therefore, despite their comparable azimuth to the observed SWS, ice ploughmarks are 

unlikely to be the primary cause of SWS at the Scanner Pockmark site.  

5.6.2.4 Mega-scale glacial lineations 

MSGLs are also observed at the top S4 horizon, oriented at 150-160° (Figure 5.3 and Figure 5.9). 

However, the MSGL features, which represent past grounded ice in a sub-glacial environment, are 

not observed directly beneath the Scanner pockmark site, so we rule them out as a cause of the 

anisotropy observed there. It is curious that the glacial features share a similar orientation to the 

regional stress field of the area, posing the question of whether the two are intrinsically linked. A 

link may have arisen because the stress regime guides the geometry of the Witch Ground Basin 

and the icebergs that generated the ploughmarks were driven by contour currents along the edge 

of the basin.  

5.6.3 Depth of S-wave conversion 

Within the shallow water-saturated silty-clay sediments (S5, ~18 m thick), the P-wave velocity is 

similar to the water velocity (~1500 m/s), as observed in velocities determined by core-logging. 

The S-wave velocities in shallow sediments are expected to be low and to increase with depth 

with a high velocity gradient (Hamilton, 1976; 1979). The top S4 horizon, separating units S5 and 

S4, is the first sedimentary boundary observed as a high-amplitude reflector on the seismic 

profiles. At the depth of this reflector, there are three potential features (gas-charged sediments, 

ice-ploughmarks and MSGLs) with similar orientations to the anisotropic symmetry axes observed 

on OBS1 and OBS8. Therefore, first, we considered this reflector at an average depth of 18 m as 

the depth where the conversion occurs. With a P-wave velocity of 1500 m/s, an S-wave velocity of 

~419 m/s would be required to match the arrival time of 0.055 s of the C-wave event observed on 

OBS 8. The Vp/Vs ratio of water-saturated silty-clay sediment varies between 13 and 7.35 in the 

first 20 m depth (Hamilton, 1979). A Vp/Vs ratio of 3.6 is required here to match the arrival time 

of the C-wave event, which therefore is too low for these sediments. We therefore rule out top S4 

interface as the depth where the specific conversion occurs for the event observed on OBS 8.  

At the NE drill site where we collected core samples, and below OBS8, unit S5 exists with its full 

thickness. At ~23 m depth, near the top S4 reflector, the laboratory-measured S-wave velocities 

vary from 99 to 114 m/s (Figure 5.11). Considering an S-wave velocity of 100 m/s (Vp/Vs = 15), the 

conversion depth for the C-waves events observed on the OBS1 and OBS8 are 6.1 m and 5.15 m 

respectively, suggesting that the conversion occurs at the top S5.1 horizon below OBS 8 instead of 

at top S4 (Figure 5.2 and Figure 5.8g-h). Below OBS 8, the top S5.1 horizon is observed as a bright 

reflector on the SBP data at 4.9 ms TWT (Figure 5.12 and Figure 5.8g-h). Below OBS1 within the 
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Scanner Pockmark, unit S5 has a reduced thickness of 3 ms TWT (Figure 5.12 and Figure 5.8g-h) 

and the sediment has been reworked, as it is exposed at the seafloor (unit S5.3 on Figure 5.8h-g). 

Here, unit S5.3 is underlain directly by unit S4. Within the S4 sediments, a low amplitude reflector 

is present on the SBP data at 7.2 ms TWT (Figure 5.12), which is likely to be the interface where 

the conversion occurs. 

 

Figure 5.12: SBP data sampling the locations of the OBS1 and 8.  

 The white squares are OBS 1 and 8. The low amplitude reflector is shown in black arrows. TWTT 

values here are milliseconds below the sea surface. 

Considering a P-wave velocity of 1500 m/s, the depth to the reflectors observed on the SBP data 

below the OBS1 and OBS8 are 5.4 and 3.7 m, respectively. If the observed C-wave events are 

converted from the reflectors identified on the SBP data, then average S-wave velocities of 88 and 

69 m/s are required to match the arrival times of 65 and 55 ms arrival times observed on OBS1 

and 8 respectively. S-wave velocity measurements on samples from corresponding depths vary 

between 56 and 137 m/s with an average of 83 m/s. Overall there is a good match between 

calculated and measured S-wave velocities. 

Gas-filled fractures are observed within the Coal Pit Fm. (unit S3). Gravity core observations of 

sediment fluidisation features and disseminated iron sulphide indicates active fluid flow directly 

beneath the pockmark (Robinson et al. in review). Evidence of methane-derived authigenic 

carbonates and gas ebullition at this site further demonstrates that active methane venting has 

persisted for the last 27,000 years BP (27 ka before present) (Li et al. 2020; Böttner et al., 2019; 

Robinson et al. in review). As shown by controlled gas release experiments in weakly-consolidated 

sediment (e.g. Roche et al., 2020), mature gas migration from an active, focused source may take 

place through stable open conduits. These conduits represent channels of enhanced permeability 

relative to background matrix permeability (Roche et al., 2020). The very shallow conversion 

depth of P-S waves, together with the evidence of active gas venting within the Scanner 
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pockmark, suggest that the SWS occurs along vertically-oriented gas conduits (Figure 5.13). 

Therefore, two potential causes of anisotropy remain valid from the evidence presented: 1) 

aligned gas conduits, in the form of fractures, opening perpendicular to the regional minimum 

horizontal stress at 150-160o, or 2) gas conduits aligned with a local stress gradient (50-60° 

azimuth) (Figure 5.3 and Figure 5.13). 

 

Figure 5.13: Schematic diagram illustrating the generation of shear-wave splitting from gas bubbles derived 

from underlying gas charged sediments /fractures beneath the Scanner pockmark.  

 Blue arrows show regional maximum (σ1) and minimum (σ3) horizontal stress. Yellow arrows 

show local stress conditions caused by high pore fluid pressure. S1 and S2 are the interpreted 

fast and slow S-wave directions, respectively; though we could not conclusively determine 

which is the fast and slow direction from our analyses. 

5.7 Conclusions 

Shear wave splitting is observed on an ocean bottom seismometer within a pockmark actively 

venting methane, and on another instrument on the southwest rim of the pockmark. Both 

instruments show symmetry axes with azimuths of 70° and 160°. The calculated depths of 

conversion to S-wave are 5.4 m within the pockmark and 3.7 m at the southwestern rim of the 

pockmark. The SWS is interpreted to be caused by vertically-aligned gas conduits facilitating 

ebullition of methane. The gas conduits may either be fractures opening perpendicular to the 

regional minimum horizontal stress, or conduits aligned with the local stress gradient driven by 

overpressure present in a gas pocket at ~50 m depth beneath the pockmark. 
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Additional Supplementary Material – Chapter 5 

Supplementary figures 

 

Supplementary figure S 5.1. The composite plot of radial and transverse components along an inline profile 

recorded by the OBS1. Even traces are the radial component and odd traces are the transverse 

component. 

 

Supplementary figure S 5.2. 2D seismic vertical seismic feature picking method.  

 Individual sub-vertical discontinuities were picked along 104 profile lines (black dots in map 

view – top left; and light blue in seismic cross section view - below). Discontinuities that 

extended laterally across multiple 2D profiles were interpreted (black and red lines in map view 

– top middle and right). The discontinuities correspond to ice ploughmarks (black lines) and 

Mega-scale glacial lineations (red lines), respectively (see Fig. 5.9). 
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Supplementary figure S 5.3. 3D seismic surface of unit top S4, uninterpreted. A seismic amplitude horizon 

surface (left) and hillshade map (right) is displayed. 

 

Supplementary figure S 5.4. Laboratory S-wave measurements. Top: Input signal. Middle: output signal. 

Bottom: Frequency domain estimation of the S-wave velocity. 
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Chapter 6 Seismic chimney characterisation in the 

Witch Ground Basin, North Sea – Implications for fluid 

migration and pockmark formation 

This chapter is based on the following paper: 

Callow, B., Bull, J.M., Provenzano, G., Böttner, C., Roche, B., Lichtschlag, A., Bayrakci, G., 

Robinson, A.H., Yilo, N., et al. (in prep.) Seismic chimney characterisation in the Witch Ground 

Basin, North Sea – Implications for fluid migration and pockmark formation. Planned submission 

to the Journal of the Geological Society, London. 

Abstract 

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

hydraulically connecting deeper strata with the seafloor through inter-connected faults, fractures 

and sediment. Chimneys or pipes are fluid-escape structures observed from seismic reflection 

imaging globally. However, the process mechanisms of chimney genesis and temporal evolution 

remain poorly understood. Multi-frequency seismic reflection data are integrated with sediment 

core data to characterise the Scanner Pockmark Complex, a natural, active site of seafloor 

methane venting in the Witch Ground Basin, North Sea. Here we show that pockmarks are fed 

from two methane gas reservoirs located at 70 and 270 metres below seafloor. The shallow 

reservoir is a glacial outwash fan, that is laterally sealed by glacial tunnel valleys. Overpressure 

generation leading to chimney and pockmark genesis is, therefore, controlled by the shallow 

geological and glaciogenic setting. Below the large pockmarks, we observe gas-filled fractures, 

that extend vertically upwards from the shallow reservoir. The gas flux is proportional to fracture 

aperture, that is dependent on sediment confining pressure, which at shallow depths is tidal 

controlled and cyclical. This highlights that gas flux through chimneys can be variable on short 

temporal scales. Our findings provide an improved understanding of focused fluid flow and 

pockmark formation within the sediment overburden, for applications to subsurface geohazard 

assessment and storage. 

6.1 Introduction 

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

sequestered within porous and permeable subsurface reservoirs (Bachu, 2000; Benson and Cole, 
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2008). Subsurface reservoirs are commonly overlain by impermeable cap rocks and overburden 

low-permeability stratigraphy, that prevents the upward migration of fluids to the seabed. 

However, seal bypass, or fluid-escape systems are geological features that may permit cross-

stratal, pressure-driven fluid migration from deeper strata to the seabed (Cartwright et al., 2007; 

Loseth et al., 2009; Andresen, 2012). Fluid-escape from the subsurface may include 

anthropogenic sources, such as abandoned wells (e.g., Watson & Bachu, 2009; Böttner et al., 

2020), and natural sources, such as migration up-dip along permeable stratigraphic horizons (e.g., 

Tóth, 1980; Hindle, 1997), and the formation or reactivation of fluid escape structures (e.g., 

Nichols et al., 1994; Frey et al., 2009). The type of fluid flow can be dependent on subsurface 

lithological and stress conditions. Therefore, constraining the physical properties of fluid 

pathways and the process mechanisms of fluid flow is critical for the risk assessment of potential 

subsurface fluid escape. Where fluid-escape pathways extend to the seabed, understanding the 

rate of gas release from offshore seeps, is required to more accurately quantify the input of 

greenhouse gases into the atmosphere and hydrosphere (Ligtenberg & Connolly, 2003; Leifer & 

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

sourced from natural geological sources are quantified as 18-63 MT (mega-tonnes), and offshore 

seeps contributing 5-10 MT, with considerable uncertainty in the estimates (Etiope et al., 2019a; 

Etiope et al., 2019b; Saunois et al., 2020). 

Focused fluid-escape conduits can be identified from seismic reflection imaging. Seismic chimneys 

(e.g., Hustoft et al., 2010) or pipes (e.g., Moss & Cartwright, 2010), referred to hereafter only as 

chimneys, are observed in seismic reflection data as vertical to sub-vertical anomalies with 

circular or elliptical planforms, displaying seismic blanking and discontinuous or chaotic 

reflections (e.g., Løseth et al., 2011). Where free gas is present in the chimney, high seismic 

amplitude reflection, known as bright spots, may be observed at discrete intervals, indicating gas 

accumulation in layers of porous sediments while migrating upwards (e.g., Ostrander, 1984). If 

fluid migrates from a sub-seafloor storage reservoir and reaches the base of these chimneys, and 

if their permeability is sufficiently high, they could act as fluid migration pathways towards the 

seafloor and overlying water column. However, the formation mechanisms of focused fluid 

conduits, and the degree to which these pathways are able to transmit fluids (i.e. permeability), 

are poorly constrained. 

Chimneys have been widely observed from seismic imaging globally (e.g., Cartwright et al., 2007; 

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

including extensively in the North Sea (Hovland & Sommerville, 1985; Cole et al., 2000; Bünz et al., 

2003; Karstens & Berndt, 2015). A comprehensive analysis of 3D seismic reflection volumes in the 

South Viking Graben, North Sea (an area of 2850 km2; Karstens & Berndt, 2015) identified 46 
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large-scale (~100-1000 m-wide) chimneys within the shallowest 1000 m of the overburden. 

Chimney-like features can also be the result of seismic imaging artefacts. Seismic imaging 

artefacts may arise both as a result of data acquisition and/or processing (e.g., Tucker & Yorston, 

1973). An example locality where a seismic artefact was interpreted as a chimney is the 

Goldeneye field, a prospective CO2 storage site in the Central North Sea. At Goldeneye, high-

resolution 3D seismic reprocessing demonstrated that a seismic feature, previously interpreted as 

a chimney, was a seismic artefact created by a glacial tunnel valley (Dean et al., 2015; Karstens 

and Berndt, 2015). 

Chimney formation has been observed on a small scale during controlled subsurface gas release 

experiments known as QICS and STEMM-CCS (Taylor et al., 2015; Cevatoglu et al., 2015; Roche et 

al. in review). Time-lapse seismic reflection data acquisition prior to, during, and after the gas 

releases showed the temporal development of a chimney, formed by gas propagating upwards by 

fracture generation and reactivation in fine-grained sediment (Cevatoglu et al., 2015; Roche et al. 

in review). Conditions for fracture generation are favourable in shallow (low effective stress) 

unconsolidated, fine-grained sediments, and may be considered a primary mechanism for 

chimney initiation (Fauria & Rempel, 2011). The upward propagation of fluids may also be 

facilitated by capillary driven invasion, most prevalent in conditions of high effective stress 

(Cathles et al., 2010). Further mechanisms for chimney genesis include: erosive fluidisation, 

localised subsurface volume loss and syn-sedimentary formation (Lowe, 1975; Sun et al., 2013; 

Cartwright & Santamarina, 2015). Large-scale chimneys (~100-1000 m wide) are therefore 

hypothesised to represent a series of interconnected sub-vertical or radial fractures, which allow 

the vertical flow of gas in the shallow subsurface (Bull et al., 2018) due to the elevated 

permeability relative to the normal ‘background’ permeability of the host sediment (Cartwright et 

al., 2007). In this study, we test this hypothesis using direct observations to gain an improved 

understanding of large-scale focused fluid conduit genesis, through the assessment of an active 

fluid-escape system in the Central North Sea, the Scanner Pockmark Complex. 

The Scanner Pockmark Complex is an ideal site to characterise focused fluid conduits as it is the 

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

Hovland, 2009; Gafeira and Long, 2015; Li et al., 2020), is associated with bright spots at shallow 

depth, and has chimney structures imaged on seismic reflection data to depths of several 

hundred metres (Bull et al., 2018; Böttner et al., 2019). Li et al. (2020) used broadband acoustic 

measurements from the water column to determine the gas flux from Scanner as between 1.6 

and 2.7 x 106 kg/year (272 – 456 L/min). 
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We use a variety of high-frequency seismic sources (chirp, sparker, industry 3D data) to collect 

high-quality seismic reflection images together with sediment core analysis to constrain the 

physical characteristics of focused fluid conduits and determine the primary process mechanisms 

of fluid flow. The multi-frequency seismic data acquisition allows high fidelity imaging of the sub-

surface, including a better distinction between seismic artefacts and real geological structure, 

which is a major novelty of this study with respect to many previous chimney characterisation 

studies (e.g. Karstens & Berndt, 2015; Karstens et al., 2019b). Our direct observations will permit 

the interpretation of focused fluid conduit genesis and temporal evolution. The paper has three 

main objectives: (1) Firstly, we define the stratigraphy and structural features at the Scanner 

Pockmark Complex, to understand the role and significance of the regional geological setting in 

the formation of chimneys and pockmarks. (2) Secondly, we determine the spatial distribution of 

subsurface gas accumulation to devise an interpretation of active and palaeo fluid migration 

pathways. This will provide additional insight into the depth and primary sources of gas governing 

the formation of chimneys and pockmarks. (3) Thirdly, we discuss how our findings can be used to 

improve our understanding of focused fluid conduit and pockmark formation within the shallow 

overburden, for applications to subsurface geohazard assessment and energy storage. 

6.2 Geological Background 

6.2.1 Scanner Pockmark Complex 

The Scanner Pockmark Complex is located near the centre of the Witch Ground Basin, located 190 

km off the north-east coast of Scotland (Figure 6.1a), within licence block 15/25 of the North Sea. 

Here, chimneys are observed, which underlie active natural methane venting sites at the seabed, 

within ~150 m water depth (Figure 6.2) - the Scanner, Scotia, Challenger and Alkor pockmarks 

(Gafeira and Long, 2015). Of these, the Scanner, Scotia and Alkor pockmarks are all comprised of 

two large adjacent pockmarks (Figure 6.2a). Pockmarks are seabed depressions, created by the 

release of over-pressured pore-water and gas from the subsurface (Hovland et al., 2010). In this 

area of the North Sea, large pockmarks (>6 m deep, >250 m long, and >75 m wide; class 1, Böttner 

et al., 2019) are continuously active. EM710 multi beam echo sounder data has revealed an active 

gas plume at emanating from the seabed within the West Scanner pockmark, that has a distinct 

forked geometry (Figure 6.2c; Li et al., 2020). Li et al. (2020) shows that the forked structure is 

due to a bubble stream with two different size distributions, 1 to 15 mm and 0.01 to 0.15 mm, 

being released within the pockmark. The West Scanner pockmark (Figure 6.2c) releases methane 

(CH4) at 1600-2600 kg/day (Li et al., 2020), derived from a combination of biogenic and 

thermogenic sources (Clayton & Dando, 1996). CH4 venting is additionally evidenced by the 
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presence of methane derived authigenic carbonates (MDACs) at the seabed (Judd et al., 1994; 

Judd & Hovland, 2009). Smaller pockmarks (class 2) are also distributed ubiquitously across the 

area (>1500 across 225 km2; Figure 6.2a) with a dominant NNE/SSW orientation, aligning with the 

tidal flow direction. Class 2 pockmarks are interpreted as dewatering features attributed to 

localised pressure changes (Böttner et al., 2019). 

6.2.2 Regional tectonics & stratigraphy 

The study area is located within the Witch Ground Graben, that forms part of a NW/SE trending 

horst-graben system, that formed in the Jurassic (Figure 6.1a; Boldy & Brealy, 1990). The Witch 

Ground graben lies to the north of the NE/SW trending Highland Boundary Fault. This boundary 

fault represents a discontinuity, where lineaments, representing a transform-fault fabric, are 

orientated NW/SE (140°) to the north and ENE/WSW (55°) to the south of the boundary fault, 

respectively (Figure 6.1a). The lineaments appear to occur at regular 20-30 km intervals (Zanella 

et al., 2003a). Regional-scale transform faults may create vertical corridors of a structural 

weakness within the younger, shallower sedimentary overburden, as observed for transform 

faults in the Faeroe Basin, North Atlantic margin (e.g. Rumph et al., 1993). Therefore, we may 

expect to observe structural features in the study area orientated NW/SE, in alignment with the 

orientation of regional-scale structures located at greater depths. 

In the Witch Ground Basin, the regional maximum present-day horizontal stress (σ1) is orientated 

NW/SE (Zanella et al., 2003b). Present-day horizontal stress exceeds vertical stress, and the 

minimum horizontal stress direction (σ3) is ~54° (Evans & Brereton, 1990). The present-day stress 

field is tectonically controlled. Therefore, we may also expect to observe structural features in the 

study area orientated ENE/WSW, in accordance with the present-day stress field. However, 

variations in the local stress field may be expected for our study area, that may be influenced by 

zones of elevated pore-pressure, as well as pre-existing structural fabrics. 

The Witch Ground Graben was a depocentre for Late Jurassic and Early Cretaceous sediments, 

including the Kimmeridge Clay Formation (Ahmadi et al., 2003). The Late Jurassic and Early 

Cretaceous stratigraphic units pinch out towards the east, which may provide a zone of enhanced 

pore fluid pressure at the Witch Ground basin margins/Fladen Ground Spur (Figure 6.1b; 

Copestake et al., 2003). The stratigraphic units of the Quaternary, Nordland Group and Westray 

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

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

towards the basin margins (Figure 6.1b; Tóth, 1980).  
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Figure 6.1: Regional geological and structural setting of the Witch Ground Basin in the North Sea. 

  (a) Structural map and position of regional seismic line (red line) shown in (b). In the area of 

interest (right), the horst-graben basement structure is orientated NW/SE. There are also 

lineaments representing a transform fabric orientated NW/SE (140°) and ENE/WSW (55°) to 

the North and South of the Highland Boundary fault, respectively. The study area (yellow box) 

is located within the Witch Ground Graben, licence block 15/25a. Adapted from Zanella et al. 

(2003). (b) A regional seismic section, trending west to east across the Central North Sea and 

the Witch Ground Graben. Five stratigraphic zones are highlighted. The study area is indicated 

by the yellow line. Adapted from Copestake et al. (2003). 
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Figure 6.2: Bathymetry map of the Scanner Pockmark Complex together with the position of Sparker 

seismic reflection profiles collected during JC152.  

 (a) Bathymetry map highlights the four large pockmarks: Scanner, Scotia, Challenger and Alkor. 

(b) Seabed bathymetry, displaying East and West Scanner with the location of the sediment 

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

echo sounder (70-100 kHz). (c) adapted from Li et al. (2020). 

6.2.2.1 Stratigraphy and seismostratigraphic framework 

Figure 6.3 provides a summary of the lithostratigraphy and seismostratigraphic framework of the 

Scanner Pockmark Complex study area. The ~300 m-thick Quaternary sediment succession 

deposited within the Witch Ground Basin was previously described by Stoker et al. (2011), Böttner 

et al. (2019) and Robinson et al. (in press). The Quaternary succession is underlain by the 

Nordland and Hordland Groups, of Neogene and Palaeogene age respectively, that are composed 

of claystone with limestone and sandstone interbeds (Figure 6.3; Judd et al.,1994). The top of the 

Nordland Group marks a regional unconformity with the overlying Quaternary sediments, defined 

as the crenulate reflector, CR (Figure 6.3). The base Quaternary unit, the Aberdeen Ground 

Formation (Fm.; unit S1 in Figure 6.3 and Figure 6.4), is composed of layered sands, silts and clay-

rich sediments deposited in the Early Pleistocene (up to Marine Isotope Stage, MIS, 13), and 

displays a layered seismic character (Stoker et al., 2011; Ottesen et al., 2014). For unit S1, deltaic 
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stratigraphic sequences prograde and thicken towards the east and south. The Ling Bank Fm. (S2) 

erodes into the top of the underlying Aberdeen Ground Fm. (S1), representing a regional glacial 

unconformity, with sediment deposition occurring in the Early to Middle Pleistocene (MIS 12 to 

10; Stewart & Lonergan, 2011; Reinardy et al., 2017; Böttner et al., 2019). Unit S2 is comprised of 

three subunits (Figure 6.3), which are analogous to the sub-facies synonymous with glacial tunnel 

valley systems in the North Sea (e.g. Kluiving et al., 2003; Graham et al., 2007). The basal unit 

(S2.1 (i)) represents the lower unit of tunnel valley sediment infill, composed of coarse sands and 

gravels. Unit 2.1 (i) displays a chaotic seismic character, that becomes more layered at shallower 

depths (Figure 6.3and Figure 6.4). The two overlying subunits S2.2 (ii) and (iii), correspond to two 

distinguishable seismic facies. Unit S2.2 (ii) is composed of clay-rich sediment displaying no 

apparent seismic heterogeneities; conversely, unit S2.2 (iii) is composed of coarse sands 

characterized by higher amplitude reflections (Figure 6.3 and Figure 6.4). 

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

(MIS 6-3) aged glacial tills (muddy sands; Andrews et al., 1990; Stoker et al., 2011). Unit S2.2 (ii) 

and S3 have similar seismic facies separated in Sparker data by a discontinuous reflector and 

therefore indistinguishable in discrete areas (Figure 6.3 and Figure 6.4). The Coal Pit Fm. (S3) is 

conformably overlain by Last Glacial Maximum (LGM) deposits (S4), which comprises silty-sandy 

clays with rare pebbles, deposited during MIS 3 to 2 (Figure 6.3). Units S3-S4 have been previously 

described as one unit (e.g. Judd et al.,1994), and extend upwards to the base of Scanner 

Pockmark. Units S3-S4 display a dim and chaotic seismic character, and are conformably overlain 

by the Witch Ground Fm. (S5). Unit S5 is composed of silty clay and is deposited during MIS 2 to 1 

(Stoker et al., 2011). The Witch Ground Fm. has two main units: the lower (S5.1) and upper (S5.2) 

Witch Ground Members, respectively. Unit S5.2 has an interbedded seismic character, while unit 

S5.1 displays a uniform seismic character (Stoker et al., 2011), though the seismic boundary 

between these does not represent a significant change in sediment geotechnical properties (Paul 

& Jobson, 1991). The Scanner pockmark depression erodes down to the base of unit S5.2. High 

amplitude zones interpreted as gas-saturated sediment layers are observed at three discrete 

intervals, that include 1) the crenulate reflector (CR), 2) unit S2.2 (iii) and 3) the base of unit S5 

(Figure 6.4), as previously described by Böttner et al. (2019) and Bayrakci et al. (in review). 
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Figure 6.3: Summary of the Scanner Pockmark Complex stratigraphy. The Scanner Pockmark Complex 

chronostratigraphy, seismostratigraphy and lithostratigraphy is described.  

 WG - Witch Ground, LGM - Last Glacial Maximum Deposits, CP - Coal Pit, LB - Ling Bank, AG - 

Aberdeen Ground, NG - Nordland Group and HG - Hordland Group. Reflector CR - Crenulate 

Reflector, marks the Pliocene to Pleistocene stratigraphic boundary. The summary has been 

created from a synthesis of Bayrakci et al. (in review), Robinson et al. (in press), Böttner et al. 

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

and Andrews et al. (1990). The interpreted lithological sub-units of S2 (2.1 (i), 2.2 (ii) and 2.2 

(iii)) are derived from the previous classifications of Graham et al. (2007) and Kluiving (2003). 
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Figure 6.4: Seismostratigraphy of the Scanner Pockmark region imaged with three different seismic 

sources (profiles all from same line position in Figure 6.2). 

  (a) Sub-bottom profiler seismic reflection data. (b) Sparker seismic reflection profile. (c) Profile 

from airgun 3D seismic reflection data. Interpreted seismic units CR and S1 to S5 are shown. CR 

- Crenulate Reflector (top of Nordland Group), S1 – Aberdeen Ground Fm., S2 – Ling Bank Fm., 

S3-4 – Coal Pit Fm. (S3 – Coal Pit & S4 – Last Glacial Maximum deposits (LGM)), S5 – Witch 

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

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



Chapter 6 

157 

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

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

dashed line. 

6.3 Data & methods 

6.3.1 Seismic reflection data acquisition and processing 

2D seismic reflection data were acquired during James Cook 152 when four different types of 

acoustic sources were used to produce cross-sectional images of the sub-surface with a depth of 

penetration between 20 and 2000 m (Sub-bottom profiler, Surface Sparker, Deep Tow Sparker, 

and GI guns)(Bull, 2017). We focus here on surface sparker and sub-bottom profiler (SBP) 

reflection profiles which gave new insight into processes within the sub-surface. The Squid 

surface sparker source spans the frequency range between 100-1500 Hz; the source was fired 

with a 6 m shot interval and recorded by multichannel streamers (MCS). 38 MCS Squid sparker 

and 19 Deep Tow sparker profiles were acquired across the Scanner and Challenger pockmarks 

and processed using the custom time-domain workflow detailed in Provenzano et al. (2020). Each 

2D migrated section has a horizontal resolution of 2 m (Common depth point, CDP, spacing) and a 

vertical tuning-thickness resolution <0.45 m. In addition, over 100 single-channel SBP data were 

acquired using a 2.8-6 kHz frequency bandwidth and 4.4 kHz central frequency. Each profile has a 

horizontal and vertical spatial resolution of 2.5 m and <15 cm, respectively. This 2D high-

frequency data was integrated with lower frequency 3D seismic data processed and provided by 

PGS (CNS MegaSurveyPlus). The data covers an area > 500 km2 and depth of 1.5 s two-way travel 

time (TWTT), providing significant regional spatial coverage. The full-stack data has a 12.5 m CDP 

spacing and approximately 5-10 m vertical resolution. The 2D and 3D seismic reflection data were 

depth converted using a velocity model described in Robinson et al. (in prep.), that is comparable 

to the velocity model of Schramm et al. (in review). Schlumberger Petrel (2019) software was 

used for seismic reflection data interpretation of the 2D and 3D data. 

6.3.2 Sediment sampling 

Sediment cores were collected from beneath Scanner Pockmark and a reference site 6 km to the 

northeast using a gravity corer and rock drill (RD2; British Geological Survey) during research 

cruise MSM78 (Karstens, 2019a). A maximum penetration depth of ~6 and ~33 mbsf (meters 

below seafloor) was achieved beneath the Scanner pockmark and reference sites, respectively. X-

ray micro-CT imaging of whole cores was collected, permitting the analysis of sediment structure 

and texture. In addition, Multi-Sensor Core Logging (MSCL) measurements of density, P-wave 
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velocity and electric resistivity were collected from split cores. In addition, grain size data was 

measured with a Malvern grain size analyser. 

6.4 Results 

6.4.1 Structural features 

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

the Scanner Pockmark Complex, in order to constrain potential focused fluid migration pathways. 

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

identified features. 

6.4.1.1 Polygonal faulting – Hordland Gp. 

Polygonal faulting is observed at > 1010 m depth (950 ms TWTT), at the top of the Hordland Gp. 

(Figure 6.3) within the PGS 3D volume. A total of 983 faults are measured. A length-weighted 

histogram reveals predominant polygonal fault directions of 50-60° and 90-100° (Figure 6.5). 

Typically, polygonal faults that form due to compaction and dewatering related phenomena do 

not show preferential fault orientations (Cartwright, 2003). Conversely, polygonal faults that form 

as a result of tectonic stresses may show preferential fault orientations (Cartwright, 2003). The 

dominant fault direction of 50-60° matches the regional minimum principal stress direction, 

suggesting that the formation of the polygonal fault system is governed by regional tectonic 

stresses. No direct hydrocarbon indicators are observed within the polygonal faulted zone, which 

means there is no direct evidence that the polygonal fault system is part of a shallow gas fluid 

migration system. 
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Figure 6.5: Mapping of the polygonal fault system, located at 1240 m depth (Top Stronsay Group) from 3D 

seismic reflection data.  

 (a) Surface attribute map with high amplitude contrast (white) highlighting the polygonal 

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

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

preferential orientations at 50° and 90°. 

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

Surface maps of the crenulate reflector (CR) surface at ~420-455 m depth (500 ms TWTT), have 

been generated from the 3D seismic volume, to identify structural features (Figure 6.6) and show 

a south-eastward dip of the reflector Seismic amplitude analysis of the CR surface reveals the 

presence of high amplitude seismic discontinuities oriented at 70° and 160°, that are interpreted 

as gas-charged fractures (Figure 6.6). A N-S seismic profile provides an improved perspective of 

the CR (Figure 6.7), with breaks in the seismic continuity of the CR surface beneath both the 

Scanner and Challenger pockmarks (Figure 6.7). Therefore, we interpret a structurally-controlled, 

hydraulic connection between the CR and the overlying unit S2.2 (Figure 6.7).



Chapter 6 

160 

 

Figure 6.6: Surface and amplitude maps of Crenulate reflector (CR) from 3D seismic reflection data (a) surface and (b) an amplitude map.  

 The reflector CR dips downwards to the south-east, which may permit regional-scale fluid migration northwards and westwards. Gas-filled fractures are interpreted at 

this depth interval. The presence of gas is less abundant proximal to the base of a tunnel valley which intersects this horizon, which may indicate a zone of upward fluid-escape/drainage. 

Locations of the large pockmarks are displayed using a black fill. 
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Figure 6.7: Airgun Seismic reflection profile and associated geological interpretation of the Scanner Pockmark Complex (position shown in Figure 6.2).  

 (a) Annotated seismic profile. (b) Geological interpretation, highlighting areas of gas accumulation at distinct stratigraphic intervals, that includes reflector CR and unit S2.2. 

Fractures are interpreted between reflector CR and unit S2.2, forming a hydraulic connection between the two gas-saturated horizons. (c) Seismic profile which highlights 

interpreted seismic artefacts below reflector CR. The presence and abundance of seismic artefacts caused by a combination of: 1) Seabed bathymetry/ pockmark geometry; 

2) glacial tunnel valley geometry and; 3) 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 are the same as described in Figure 6.3 and Figure 6.4. White dashed circles – Bright spots; White circles – Interpreted bright spot multiples. 
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Beneath the Challenger Pockmark, a series of sub-linear and sub-vertical seismic discontinuities, 

that intersect and overlie the CR, are interpreted as fractures (Figure 6.7). The coincidence of a 

high-amplitude zone at 280 m depth (340 ms TWTT), provide evidence that the interpreted 

fractures are fluid permeating, and have acted as gas migration pathways (Figure 6.8). The high 

amplitude zone extends laterally along the entire margin of a glacial tunnel valley (Figure 6.8). 

Using the 3D seismic data, a large-scale discontinuity can be identified beneath a glacial tunnel 

valley, with an azimuth of 50° and which dips steeply to the south (Figure 6.7). The maximum 

vertical depth extent of this seismic feature is unclear from the seismic reflection data (Figure 

6.7a). Seismic artefacts are commonly observed beneath tunnel valleys, referred to as type-C 

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

an artefact, created by a combination of velocity pull-up beneath the tunnel valley and velocity 

pull-down from a gas-saturated horizon within unit S2.2 (Figure 6.7). Velocity pull-up and pull-

down beneath areas of increased and reduced seismic velocities, respectively, can cause apparent 

changes in structural dips in TWTT seismic data, which has created the false appearance of a 

regional fault structure (Holmes & Stoker, 2005; Frahm et al., 2020). 

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

multiples, ghost reflections and velocity blanking (Figure 6.7a; white circles). After discounting 

these artefacts, we determine that no direct hydrocarbon indicators (DHI) are observed below the 

gas-saturated crenelate reflector (CR) surface directly beneath the large pockmarks.
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Figure 6.8: Seismic interpretation and mapping of gas accumulation along the margin of a glacial tunnel valley at the Scanner Pockmark Complex. a) Annotated seismic profiles 

highlighting interpreted fluid migration pathways from reflector CR to top of unit S2; b) Surface map of a 240 m depth horizon from 3D seismic reflection data, displaying the 

lateral extent and azimuth of high amplitude zones (blue).
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6.4.1.3 Glacial erosional features – Ling Bank Fm. 

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

topography of the erosional surface (Figure 6.9). U-shaped glacial tunnel valleys have incised into 

the top of the Aberdeen Ground Fm. (S1), are over 100 m in vertical thickness and up to 1.5 km-

wide, and represent a large stratigraphic discontinuity. Two tunnel valleys have converged, 

oriented NE/SW (TV2) and NW/SE (TV1), respectively. The base of TV2 intersects the CR surface 

(Figure 6.9). 

6.4.2 Gas spatial distribution 

6.4.2.1 Gas accumulation – Ling Bank Fm. 

Figure 6.9c displays the maximum seismic amplitude across the depth interval of unit S2.2 from 

the 3D seismic data. Assuming amplitude maxima represent the presence of gas, the spatial 

distribution of gas can be assessed within this unit. Gas is observed to have accumulated around 

the convergence of the two tunnel valleys (TV1-2) (Böttner et al., 2019) (Figure 6.9c). It appears 

that gas is also concentrated and laterally constrained within the channelised features of seismic 

unit S2.2 (iii) (Böttner et al., 2019). Combining the seismic observations with support of previous 

literature studies, we interpret the gas-charged sediments of unit S2.2 (iii) as coarse sands, 

sourced from a glacial outwash fan (Fig. 3; Kluiving et al., 2003; Graham et al., 2006). Further, unit 

S2.2 (iii) likely represents a sandstone reservoir for methane gas accumulation, laterally 

constrained by clay sediments of unit S2.2 (ii) and overlain/vertically constrained by unit S3. 

Assuming a constant thickness of 30 m for unit S2.2 (iii) (calculated from an isochore thickness 

map, created from the depth converted 3D seismic volume), the area of amplitude maxima within 

unit S2.2 (iii) (Figure 6.9c; amplitudes >5000) and an average gas saturation of 15 % (Gehrmann et 

al. in review), we calculate an estimated gas volume of 3.7x108 m3 (30 m x 1.23x107 m2 x 0.15) for 

the reservoir. Gas is also present beneath all of the large pockmarks, and it is notable that the 

pockmarks are distributed proximal to the margins of the glacial channel features (Figure 6.9b). 
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Figure 6.9: Base of S2 surface map and attribute analysis of units S2.1 and S2.2 from 3D seismic reflection data  

 (a) Base of reflector S2 surface; (b) S2.1 maximum amplitude map, and (c) S2.2 maximum amplitude map. Gas has accumulated within the 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 and black/white dotted outlines. The location of 

the large pockmarks are coincident with a) topographic highs, b) the margins of unit S2.1 and c) high amplitude zones within unit S2.2. TV – Tunnel valley.
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6.4.3 Shallow structural features 

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

High-resolution surface sparker seismic reflection data is used to provide a more detailed 

understanding of the shallow structure beneath the Scanner and Challenger pockmarks, down to 

300 m depth (450 ms TWTT). Figure 6.10a displays a sparker seismic profile oriented N-S. The gas 

saturated sediments of unit S2.2 (iii) are vertically constrained and overlain by unit S3. Acoustic 

blanking is observed beneath the gas-saturated zones, preventing interpretation of the underlying 

structure down to the CR surface (Figure 6.10a). The acoustic blanking zones, that represent the 

effect of energy partitioning at the top of the gas accumulation area and/or attenuation within it, 

create the appearance of chimney/pipe-like geometries (white dotted lines; Figure 6.10a). 

However, the physical structure within these blanked zones cannot be determined. Structures 

below a depth of 400 ms TWTT become difficult to constrain, due to the presence of seabed 

multiple seismic artefacts and increased seismic attenuation with depth.  

RMS amplitude maps of the gas-saturated layers beneath the Scanner and Challenger pockmarks 

reveal sub-vertically oriented, high-amplitude features at the top of unit S2.2 (Figure 6.10b-c). The 

average horizontal spacing of the features is >10 m, which is significantly greater than the 

calculated resolution of the data (2 m horizontal and 0.425 m vertical resolution, respectively). 

These features are interpreted as gas-filled fractures. Analysis of all 13 sparker profiles reveals no 

preferential fracture orientation. Below the large pockmarks, the interpreted gas-filled fractures 

extend into unit S3 at 70 mbsf (220 m depth), in contrast with the surrounding gas saturated 

intervals of unit S2.2 (Figure 6.10). This indicates that active fluid flow occurs from unit S2.2, 

upwards towards the base of the pockmarks, through discrete fractures. 
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Figure 6.10: Sparker seismic reflection imaging of gas charged sediment and fractures within unit S2.2 (iii). 

 (a) Regional profile across Challenger and Scanner Pockmarks (position shown in Figure 6.2). 

The colour of the reflectors are as described in Figure 6.4. Black boxes highlight the areas of b-

c). (b-c) RMS amplitude profiles below b) Challenger and c) Scanner pockmarks. Interpreted 

gas-filled fractures (white dashed lines) are observed beneath the pockmarks at the top of unit 

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

Additional sparker seismic data (Figure 6.11 and Figure 6.12) reveals seismic bright spots at the 

base of the Scanner and Challenger pockmarks. The bright spots are interpreted as gas 

accumulation within unit S4, as well as the presence of methane-derived authigenic carbonates. 

The gas accumulation and spatial distribution at the base of the pockmark are further discussed in 

Bayrakci et al. (in review).



Chapter 6 

169 

 

Figure 6.11: Sparker seismic reflection imaging of Scanner Pockmark.  

 A stratigraphic  pinch-out of glacial outwash channel sediments creates a stratigraphic trap, which generates fluid overpressure within unit S2.2(iii) directly below Scanner 

Pockmark, leading to the formation of a gas chimney. Position of profile lines A, B and C are shown on the bathymetry map. The colour of the reflectors are as described in 

Figure 6.4. Black boxes highlight the areas of (i-iv). (I-iv) show RMS profiles below Scanner Pockmark. MDAC’s – Methane-derived authigenic carbonates. 
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Figure 6.12: Sparker seismic reflection imaging of Challenger Pockmark.  

 Vertical migration and accumulation of gas adjacent to the glacial tunnel valley is interpreted as a primary cause of fluid overpressure generation with unit S2.2 (iii), directly 

below Challenger Pockmark, leading to the formation of a gas chimney. Position of profile lines N/S and NE/SW are shown on the bathymetry map. The colour of the 

reflectors are as described in Figure 6.4. Black boxes highlight the areas of (i-ii). (I-ii) show RMS profiles below Challenger Pockmark.
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6.4.4 Sediment core analysis 

The gravity cores extracted from below West (GC-15) and East (GC-17) Scanner Pockmark (Figure 

6.2b) are composed of silty clay (Supplementary Figure S6.1). The grain size is highly uniform 

within the top 5 m, composed of 90-95 % clay, 2-8 % silt and 2-8 % fine sand. The gravity cores 

represent material extracted from units S4/S3 (LGM deposits and Coal Pit Formation). The 

uniformity of the grain size may partially explain the lack of acoustically prominent seismic 

reflectors within these respective units. 

A sub-section of gravity core GC-17 is assessed using 3D X-ray micro-CT (XCT) imaging (Figure 

6.2b). XCT image analysis revealed the presence of disseminated iron sulphide (FeS) precipitation 

along slightly coarser-grained (fine sand) intervals (Figure 6.13). Core evidence also reveals the 

presence of sediment remobilisation/fluidisation features (Figure 6.13b; Supplementary Figure 

S6.1). Sediment fluidisation features may be attributed to fluid-escape. In contrast to the sparker 

seismic reflection data, no fractures were observed from the gravity core data (Figure 6.13b; 

Supplementary Figure S6.1), however the fractures observed on seismic lay below the maximum 

depth of gravity core recovery (6 mbsf). The physical properties of the sediment cores are further 

described in Gehrmann et al. (in review). 

 

Figure 6.13: Gravity cores of sediments recovered from directly beneath East Scanner Pockmark (GC17; 

Figure 6.2b) during the MSM78 expedition.  

 The cores were analysed using (a) Multi-Sensor Core Logging (MSCL), which includes density 

data and (b-e) X-ray micro-CT analysis. (b) and (d) Analysis of a 25 cm length x 12.5 cm 

diameter core section composed of silt to fine sand. Coarser grained horizons (lighter grey) 

show evidence of fluidisation structures and layering, picked out by the dotted lines. (c) Same 
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image as (b) but with lower density material removed, showing the presence of disseminated 

iron sulphide (bright spots, close-up shown in e) that has precipitated within the coarser 

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

through the coarser grained sediment horizons. 

6.5 Discussion 

6.5.1 Migration pathways 

In sedimentary basins, fluid flow and migration take place preferentially through higher 

permeability pathways. From seismic reflection imaging, two major gas saturated horizons were 

identified based on the presence of high amplitude bright spots; 1) the crenulate reflector (CR; 

lower reservoir) at ~270 mbsf (420 m depth; 500 ms TWTT), and 2) the upper Ling Bank Fm. (S2.2; 

upper reservoir) (Böttner et al. 2019) ~70 mbsf (220 m depth; 300 ms TWTT). Focused fluid 

conduits were also observed directly beneath the large pockmarks of the Scanner Pockmark 

Complex, down to the depth of the lower gas reservoir (CR), in agreement with Böttner et al. 

(2019). 

Figure 6.14 shows the depth of maximum amplitude within the range of 205-285 m (265-350 ms 

TWTT), that covers the depth range of the upper (S2) reservoir. Assuming that amplitude maxima 

correspond with gas-saturated intervals, this permits us to develop a depth map of the major fluid 

migration pathways in the region (Figure 6.14). At the Scanner Pockmark Complex, two types of 

fluid migration pathway are identified; 1) structurally-controlled fault and fracture pathways, and 

2) stratigraphic pathways, including capillary flow through high permeability sediment. The gas 

which emanates from the Challenger and Alkor pockmarks appears to derive from structural 

pathways that are adjacent to the tunnel valley oriented ENE/WSW (TV2) (Figure 6.9 and Figure 

6.14). Gas appears to have migrated upwards from above 270 m to below 240 m depth (Figure 

6.14; blue/purple to green/yellow). In contrast, the gas sourcing the Scotia and Scanner 

pockmarks appears to have migrated along glacial outwash fan channels, at depths shallower 

than 240 m (Figure 6.14; green to red). These glacial outwash fans represent zones of high 

permeability, which may permit lateral gas migration from east to west. Ultimately, therefore, we 

find that gas migration sourcing the large pockmarks is both structurally and stratigraphically 

controlled at the Scanner Pockmark Complex. This finding highlights the importance of 

considering lateral/horizontal gas flow as a source to the pockmarks and focused fluid conduits, 

which contrasts with models where gas migration is considered only to occur from directly below 

(e.g. Marin-Moreno et al. 2019). 
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Figure 6.14: Distribution of gas-charged sediment across the Scanner Pockmark Complex from attribute 

analysis of 3D seismic reflection data. 

 The map shows the depth to the maximum amplitude in the depth range 205-385 m. 

Maximum amplitude is interpreted to correlate with the depth of gas charged sediment, 

therefore the figure highlights fluid migration pathways. Brighter areas represent amplitude 

maxima. Black arrows indicate primary flow pathways towards the base of the large 

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

outlines. 

Acoustic blanking beneath accumulations of gas beneath Scanner pockmark prevents direct 

observation of the structure between the upper and lower reservoirs (Figure 6.7, Figure 6.10). 

However, high-resolution sparker seismic reflection data does permit direct observation of the 

sediment structure between the top of the upper reservoir and the pockmark base (Figure 6.10, 

Figure 6.12). Sparker seismic RMS amplitude profiles revealed the presence of interpreted gas-
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filled fractures that extend into the overlying Coal Pit Fm. (unit S3; Figure 6.10, Figure 6.12). The 

presence of vertical gas conduits directly beneath Scanner Pockmark, with preferential 

orientations of 70° and 150° was further demonstrated by Bayrakci et al. (in review) using shear-

wave splitting (SWS) seismic anisotropy analysis. Therefore, the data indicates that the shallow 

reservoir is actively supplying gas to the pockmark. The SBP data also shows that gas 

accumulation and pooling occurs at the base of the pockmark (Figure 6.4a; Bayrakci et al., in 

review).  

Previous work by Li et al. (2020) demonstrated the temporal variation in gas plume height within 

the water column from the Scanner pockmark, with a negative correlation between plume height 

and tidal height. The height of the plume can be presumed to correlate with the magnitude of gas 

flux from the pockmark, which would indicate that gas flux is regulated by the tide (Li et al., 2020). 

The largest plume heights, and hence the highest gas flux, corresponded to low tide. A decrease 

in tidal height would result in reduced confining pressure and effective stress of the sediments. 

Römer et al. (2016) also observed increased gas ebullition from the seabed resulting from tidal-

induced pressure reduction, which is intrinsically linked to increased methane solubility and gas 

exsolution. Large changes in fracture aperture, and therefore permeability, have been previously 

demonstrated for small changes in confining pressure (e.g. Baghbanan & Jing, 2008; Rutqvist, 

2015). Shallow, clay-rich sediments in this region are prone to hydraulic fracturing as a result of 

small changes of confining pressure, causing vertical effective permeability increases of up to two 

orders of magnitude, as demonstrated by Falcon-Suarez et al. (in review). Therefore, the data 

indicates that fracture-dominant flow from the shallow reservoir to the pockmark prevails during 

low tide at reduced confining pressure. 

Gravity core analysis did not reveal the presence of fractures within the top 5 m below Scanner 

Pockmark. Instead, evidence of sediment remobilisation structures were observed (Figure 6.13). A 

fracture spacing of 10 m was calculated for 70 mbsf using the sparker seismic data. Therefore, the 

12 cm diameter gravity core probably missed an area of localised fractured sediment. 

Alternatively, the effective stress conditions proximal to the seafloor may be more conducive to 

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

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

corresponds to an increase in plasticity, resulting in the shallow sediment being more conducive 

to plastic deformation (Paul & Jobson, 1991). This would explain both the lack of fractures and the 

presence of fluidisation within the gravity cores. 

The lower reservoir, located at the CR surface, represents a regional unconformity between 

sediments of the Pliocene and Pleistocene (Figure 6.3). This horizon dips downwards to the south 
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and east (Figure 6.6, Figure 6.7). Basin-scale up-dip migration is likely to have taken place along 

this unconformable surface (Figure 6.1b), and, therefore, direct attribution of the original gas 

source may not be possible from the seismic volume analysed here. Previous geochemical analysis 

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

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

mixed biogenic and thermogenic source. Direct observation of gas-filled fractures within the CR 

surface (Figure 6.6) further indicates that gas migration through open fractures may have taken 

place from greater depths. Lateral breaks in the seismic continuity of the CR surface beneath the 

Challenger and Scanner pockmarks strongly support the interpretation that gas from the lower 

reservoir is contributing to the supply of the upper reservoir (Unit S2.2 (iii)) and therefore, may be 

considered a connected shallow gas migration system. 

Determining whether active fluid migration pathways exist below the lower reservoir (CR) of the 

Scanner Pockmark Complex, which is in hydraulic connection with the shallow gas system and 

large seabed pockmarks, has significant implications for the assessment of future subsurface 

energy storage sites in the Central North Sea, where seabed pockmarks are observed in 

abundance (Fyfe et al. 2003). Seismic reflection data analysis revealed the presence of polygonal 

faults at > 1010 m depth (950 ms TWTT) with a predominant orientation comparable to the 

regional principal horizontal stress (50-60°; Figure 6.5). There are breaks in the lateral continuity 

of reflections between R2 and R1, further indicating a hydraulic connection between the 

structures. A previous study by Ho et al. (2018) identified polygonal fracture systems as conduits 

for focused fluid flow, supported by evidence of direct hydrocarbon indicators. However, in our 

study area no direct hydrocarbon indicators are observed adjacent to the polygonal faults, which 

suggests there is not a link between the polygonal faults and the shallow gas migration system 

(Figure 6.7). Therefore, it remains unclear whether there is a hydraulic connection between the 

large pockmarks and the deeper polygonal fault system at > 1 km depth. Future seismic data 

reprocessing may assist in more accurately resolving the stratigraphic and structural features of 

the layers between reflector R2 and R1. This further indicates that an array of geophysical and 

geochemical methods are required to improve the characterisation of focused fluid conduits at 

the Scanner Pockmark Complex (Robinson et al. in press). 

6.5.2 Pockmark and pipe genesis 

A number of process mechanisms are often proposed to characterise focused fluid conduit 

genesis, that includes erosive fluidisation, capillary driven invasion, and fracture generation and 

reactivation (Lowe, 1975). Other less common mechanisms are also proposed, such as localised 

subsurface volume loss and syn-sedimentary formation (Sun et al., 2013; Cartwright & 
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Santamarina, 2015). When modelling focused fluid conduits, it is common to select one primary 

mechanism of genesis (e.g. Wangen, 2020).  

Integrating the seismic and sediment core observations from Scanner pockmark, we develop an 

interpretation for focused fluid conduit and pockmark genesis, including temporal variability in 

response to changes in pore fluid pressure (Figure 6.15):  

1) Fluid overpressure is created within a shallow sandstone reservoir (unit S2.2 (iii)). The 

glacial outwash channel sediments are stratigraphically trapped within the convergence 

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

vertically constrained (sealed) by the overlying units S3-5.  

2) At a critical fluid overpressure, pore pressure exceeds lithostatic pressure, the sediments 

reach fracture criticality, generating hydraulic fractures that extend to the base of the 

Witch Ground Formation.  

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

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

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

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

topography of the base of unit S5 (Supplementary Figure S6.2a). In addition, the blow out 

events would likely take place where the overburden has the lowest thickness relative to 

the shallow gas reservoir (Supplementary Figure S6.2b).  

4) Once the pockmark has formed and the overpressure has reduced, capillary-dominant 

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

cyclical, episodic fracture-dominant flow likely takes place during tidal-controlled 

reductions in confining pressure/effective stress. 

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

pore fluid pressure, observed over shorter timescales as pulsed flow (Figure 6.15). Transitions 

between capillary-dominant and fracture-dominant flow in response to gas flux variations was 

also proposed by Roche et al. (in review), who used time-lapse seismic data to monitor the 

temporal development of a seismic chimney during a controlled gas release experiment (STEMM-

CCS) in the North Sea. Comparable observations were also found during a controlled gas release 

experiment by Cevatoglu et al. (2015). Understanding temporal variations of fluid migration 

through focused fluid conduits is critical for their assessment for applications to subsurface 

energy storage. 
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Figure 6.15: Temporal evolution and process mechanisms of pockmark genesis and chimney/pipe 

formation.  

 (a) 3D seismic volume (in metres depth) showing migration pathways that led to focusing of 

gas and overpressure generation. (b-c) Schematic diagrams showing temporal evolution. (b) 

Erosive fluidisation - initial blow-out and pockmark formation, release of overpressure in 

shallow reservoir, preferential pathways established. (c) Seep flow - long term capillary flow 

from gas pooling at base of pockmark. (d) Episodic pulsed flow - cyclical fracture flow from a 

shallow reservoir during periods of reduced confining pressure, controlled by tidal current 

variations. mbsf – metres below seafloor. 
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6.5.3 Wider implications for understanding of chimneys/pipes 

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

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

multiples, can also generate vertical seismic anomalies, which may be misinterpreted as focused 

fluid conduits. From the 2D sparker data in this study, acoustic blanking was observed beneath 

the gas-charged sediments of the shallow reservoir (unit S2.2; Figure 6.10). This acoustic blanking 

creates apparent pipe-like geometries beneath areas of higher gas-saturation (Figure 6.10). In 

addition, bright-spot multiples were observed on the 3D seismic data, which if not correctly 

identified, may be misinterpreted as focused fluid conduits extending to greater depth intervals 

(Figure 6.7a). By omitting seismic artefacts from our geological interpretation, a real, physical 

chimney (i.e. a cylindrical column of gas-charged sediment) has only been unequivocally proven 

to occur from the seabed to the depth of the shallow reservoir. Therefore, we recommend that 

vertical seismic anomalies must be carefully assessed and should not be assumed to represent 

focused fluid conduits. This has implications for assessments of the role seismic chimneys in fluid 

flow for subsurface storage applications (Robinson et al., in press). 

6.6 Conclusions 

This study has used multi-frequency 2D and 3D seismic reflection data to characterise an active 

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

improved understanding of focused fluid conduit process mechanisms, genesis, and temporal 

evolution. The main findings of our study are: 

1) A study of the regional-scale geology reveals that focused fluid conduits do not always 

represent a simplified cylindrical column of gas-charged sediment, sourced from directly 

below the structure. Instead, conduits may be fed from multiple depth intervals, including 

significant lateral migration of gas. 

2) The generation of overpressurised pore fluid required to form focused fluid conduits can be 

both structurally and stratigraphically controlled. In this study, a shallow gas accumulation 

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

sealed by low permeability sediments. 

3) In this study, the chimneys/pipes underlying the large pockmarks comprise a series of sub-

vertically oriented fractures. Gas-filled fractures are observed to extend vertically upwards 

from a shallow gas reservoir at 70 mbsf. Sediment core analysis suggests that a transition 

to capillary-dominant flow may take place at shallower levels (~ 20 mbsf). 

4) Following the initial blow-out (erosive fluidisation) event that forms the large pockmarks, 

there are cyclical periods of increased gas flux that correlate with tidal cycles. This indicates 
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that gas flux through chimneys can be variable on short temporal scales, and may suggest 

that changes in fracture aperture take place in response to small changes in effective stress. 

5) The study of focused fluid conduits must be assessed within a regional geological context, 

and not solely characterised based on their seismic manifestation. Seismic artefacts, which 

may include acoustic blanking, bright spot multiples and chaotic reflections must be 

carefully assessed, and not simply assumed to infer physical structure. This has important 

implications for assessments of subsurface storage containment integrity. 
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Additional Supplementary Material – Chapter 6 

Supplementary figures 

 

Supplementary figure S 6.1. Images of gravity cores GC-15 and GC-17, extracted from below West (GC-15) 

and East (GC-17) Scanner Pockmark (Figure 6.2b). 
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Supplementary figure S 6.2. (a) Bathymetry map of reflector base S5 and (b) isochore thickness map from reflector base S5 to top S2.1. S5 - Witch Ground Fm., S2.1 - basal unit of Ling 

Bank Fm.  

 a) Proximal to the location of the large pockmarks, a 5 m depth change is observed for reflector base S5. The comparatively sharp depth change may cause localised focusing 

of fluid flow and subsequent overpressure generation at this stratigraphic interval. b) Areas of reduced isochore thickness correspond to the location of the large pockmarks. 

Therefore, it may be interpreted that the pockmarks have formed in areas of reduced confining pressure/ overburden thickness. 



Chapter 6 

182 



Chapter 7 

183 

Chapter 7 Conclusions 

Part of this chapter (section 7.2) is based on the following paper: 

Callow, B.*, Robinson, A.H.*, Böttner, C., Yilo, N., Provenzano, G., Falcon-Suarez, I.H., Marin-

Moreno, H., Lichtschlag, A., Bayrakci, G., Gehrmann, R., ...& Reinardy, B. (2020, in press). 

Multiscale characterisation of chimneys/pipes: Fluid escape structures within sedimentary basins. 

International Journal of Greenhouse Gas Control, STEMM-CCS Special Issue. (*Joint first 

authorship) 

7.1 Summary of main results  

The ultimate aim of the study was to improve our understanding of the physical structure and 

processes governing the formation of focused fluid conduits in sedimentary basins. Here I 

described and analysed three fluid-escape systems, which include two ancient examples from 

field outcrops in Panoche Hills, California and Varna Bulgaria, as well as an active subsurface 

system from the Witch Ground Basin, North Sea. There are a number of similarities and 

comparisons that can be made, which are summarised in Table 7.1 and Figure 7.1. 

When observing a focused fluid conduit on a seismic reflection profile at a discrete point in time, 

it is tempting to characterise the structures in the following way: 1) A fracture dominant vs 

capillary dominant flow regime; 2) An erosive-fluidisation vs seep primary flow mechanism; and 3) 

A deep (thermogenic) vs shallow (biogenic) fluid source. The pertinence of the end member 

classifications are further discussed. 

In this study, through the combined use of seismic and field outcrop-based studies, we have 

shown that focused fluid conduits are time-variant features. For a single structure, the flow 

regime can vary between fracture dominant and capillary dominant flow, dependent on the 

subsurface effective stress conditions. At Scanner, we observed fluctuations between fracture-

dominant and capillary-dominant flow based on cyclical variations in confining pressure, 

controlled by the tidal flow. 

For a single fluid-escape system, the most common initial flow mechanism is erosive fluidisation, 

caused by overpressured fluid that exceeds lithostatic pressure (Table 7.1). Erosive fluidisation 

appears to form the high permeability pathways, as demonstrated by the formation of sand 

intrusions and large pockmark depressions overlying connected fracture networks, at Panoche 

Hills and the Scanner Pockmark Complex, respectively (Figure 7.1). Once preferential pathways 

have been created, direct observations suggest that seep flow and episodic flow become the 
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primary flow mechanisms. In contrast, where focused fluid conduits form in sediments with 

higher matrix permeability, observed in Varna, Bulgaria, long-term seep-flow may act as the 

primary flow mechanism, without the requirement of an erosive fluidisation stage. This suggests 

that sediment matrix permeability is a key control on the primary flow mechanism. 

As shown in chapters 3 and 4, sediment matrix permeability can also show significant temporal 

variability. The outcrop based studies revealed that cementation can cause permeability 

variations of up to three orders of magnitude (10-11 to 10-14 m2; 101 to 10-2 Darcy)(Table 7.1). Silica 

cementation caused permeability reductions of up to three orders of magnitude for the sand 

intrusions at Panoche Hills. Further, where long-term expulsion of hydrocarbons/methane has 

taken place, methane-derived authigenic carbonates may form, which were observed proximal to 

the seafloor/palaeo-seafloor in all study areas (Table 7.1). The formation or abundance of MDACs 

and silica cementation are site-specific. This highlights the importance of adopting a site-specific 

approach for the understanding of focused fluid conduits. When comparing sediment 

permeability of modern, active systems with ancient outcrop analogues, diagenetic processes 

such as grain compaction and post-compaction dewatering, that cause a reduction in 

permeability, must also be taken into careful consideration. Also, ensuring that samples are 

obtained from less weathered surfaces of field outcrops maximises the validity of the quantitative 

data acquired.  

The study has determined that sediment matrix permeability is a key control on the primary flow 

mechanism of focused fluid conduits, but also that permeability may vary by several orders of 

magnitude due to cementation processes (Table 7.1). Therefore, the creation of an accurate, 

repeatable and upscalable 3D X-ray micro-CT imaging methodological approach that can quantify 

porosity and permeability of samples, with and without the cement digitally removed, has been a 

key success of the study. The key findings that enabled the correlation of the XCT methodology 

approach with traditional laboratory methods include: 1) The significance of intragranular micro-

porosity of clays and cements for accurate total porosity calculations; 2) the required omittance 

of intragranular micro-porosity for absolute permeability calculations and 3) ensuring that optimal 

image acquisition and processing parameters are used for improved calculation accuracy, which 

includes careful consideration of representative elementary volume (REV), image resolution and 

segmentation method. 

3D X-ray micro-CT imaging is one methodology used to characterise fluid-escape samples. Within 

this study, a range of methodological approaches were used in combination to understand fluid-

escape systems across multiple length scales. This study highlights that a multi-scale, multi-
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method, interdisciplinary approach is required for the complete characterisation of focused fluid 

conduits, as discussed further in Robinson/Callow et al. (in press). 

 

Figure 7.1: Summary comparison of geometry and scale of active (a) and ancient (b-c) fluid-escape 

systems. 

 (a) Seabed pockmarks and sub-vertical fracture system (seismic chimneys) at the Scanner 

Pockmark Complex, Witch Ground Basin, North Sea; (b) Sand intrusion network and carbonate 

seep structures (mounds) observed in the Panoche Hills, California and; (c) Carbonate seep 

structures (pipes) observed in Varna, Bulgaria. Fluid-escape pathways labelled uncertain are 

due to inconclusive data or absence of field exposure to inform interpretation.  
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Table 7.1. Summary comparison of the physical properties and fluid-flow process mechanisms of active and ancient fluid-escape systems considered in this thesis. 

Location Scanner Complex, North Sea Panoche Hills, California Varna, Bulgaria 

Fluid-escape structure/s (FES) Seismic chimneys and pockmarks Sand intrusions and carbonate seeps/mounds Carbonate seeps/pipes 

FES information Modern, active, in subsurface Ancient, inactive, exhumed  Ancient, inactive, exhumed 

Individual FES thickness 100s m to km- scale (chimneys) cm to m-scale (dykes, sills & mounds) m-scale (pipes) 

Total thickness (m) 500 m (one chimney) ∼200 m (intrusion network) 100 m wide (collection of pipes) 

Spatial extent m to km scale m to km scale m to km scale 

Spatial extent (m) 500 m ∼200 m  100 m x 500 m  

Maximum depth extent   >1 km ∼800 m up to 80 m 

Host rock Silty Clays Silts /Clays Sands 

Host rock permeability  10-17 to 10-15 m2 est. <10-15 m2 1011 m2 

FES permeability range (m2) ∼10-14 m2 10-14 to 10-11 m2 10-14 to 10-11 m2 

FES permeability Uncemented (mD) 10 mD ≤10,000 mD ≤10,000 mD 

FES permeability Cemented (mD) n/a <1 - 100 mD 10 mD 
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Cement type n/a silica & carbonate  carbonate  

MDACs* Yes Yes Yes 

Type of flow Fracture & capillary flow Fracture & capillary flow Capillary flow 

Formation flow mechanism Erosive - blow-out Erosive - fluidisation Seep flow 

Long-term flow mechanism/s Seep & Episodic flow Seep & Episodic flow Seep flow 

* Methane-derived authigenic carbonates proximal to the seafloor 
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7.2 Relevance to geological carbon storage 

The study of focused fluid conduits as potential fluid-escape systems is highly relevant to the risk 

assessment of future CCS operations. If CO2 leaking from sub-seafloor storage reservoirs reaches 

the base of these conduits, they could act as CO2 leakage pathways towards the seafloor and 

overlying water column, if their permeability is sufficiently high. Therefore, accurately 

constraining and quantifying their permeability for direct incorporation into models, can improve 

the reliable prediction of fluid flow in the sediment overburden and potential seafloor seep site 

behaviour. 

For the assessment of a prospective CO2 storage site, a site characterisation is first conducted to 

understand the potential containment risks, based on pre-existing seismic, well and 

environmental baseline data (e.g., Furre et al., 2019b). As the project progresses in maturity, 

additional data may be acquired based on identified risks or uncertainties. Containment risks are 

commonly identified using a bowtie risk assessment, where monitoring and modelling activities 

are implemented as barriers to reduce the likelihood of a top event (Dean & Tucker, 2017). A top 

event may be described as the unintended migration of CO2 from a primary or a secondary sealing 

layer. In this context, fluid conduits could be considered as one such risk element. Fluid escape 

through abandoned/legacy wells and faults are other common risk elements that require 

consideration (IPCC, 2005). 

If focused fluid conduits are identified as a potential threat from the initial site characterisation 

(based on existing data), stakeholders would agree on additional work to be done that could 

potentially follow an integrated, multi-scale approach. For example, if fracture connectivity at a 

spatial scale of 10s of m is deemed to be the greatest threat/uncertainty, then seismic reflection 

or seismic tomography would be the most suitable method to use (Robinson et al., in press). 

Alternatively, if CO2 emission and flux rate from the seabed over a spatial scale of >1 km is the 

greatest threat/uncertainty, active acoustics would be the most appropriate method to use 

(Robinson et al., in press). Each prospective CO2 storage site will have individual characteristics 

and, therefore, will be different. However, potential risks need to be assessed holistically, which 

will result in different data acquisition choices for different sites. For example, in the case of 

Goldeneye, located in the Outer Moray Firth Basin, Central North Sea, the observation of a 

chimney-like feature triggered the decision to conduct high-resolution re-processing of existing 

data and pre-stack interpretation, which resolved the issue sufficiently without the need to 

acquire additional data (Dean et al., 2015). 
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Active natural methane escape is observed directly within the shallow subsurface of the Scanner 

Pockmark Complex in the North Sea. However, prospective CO2 storage reservoirs are more 

commonly located at greater depth and are capped by several sealing layers. Therefore, 

understanding the role of focused fluid conduits in applied CCS environments may also represent 

a deeper subsurface problem. Compared to shallow structures, deeper fluid conduits may exhibit 

a number of differences, such as 1) increased stress - fluid pressure - temperature conditions; 2) 

the fluid of interest may be in a different phase (liquid compared to gas); and 3) changes in the 

sediment and pore fluid composition. 

A key difference will be the increased stress, fluid pressure and temperature conditions. At 

greater depths (higher effective stresses) there is likely to be more consolidated material, which 

may result in reduced porosity-permeability of the sediment matrix. Moreover, fracture apertures 

tend to decrease with increasing effective stress (increasing depth). Therefore, if a fluid conduit 

existed at greater depths, it is more likely to have lower permeability, although this is dependent 

on the rock material properties and microscopic fracture roughness (e.g., McDermott & Kolditz, 

2006; Rutqvist, 2015). At greater depths, the chimney would need to contain considerable stress-

persistent fracture apertures to be deemed a risk. Further research is required to more accurately 

constrain the differences expected between deeper and shallower fluid conduits. The study of 

deeper fluid conduits may also alter the experimental approach. For example, a number of the 

applied geophysical methods lose resolution with depth, due to the increasing attenuation of 

higher frequency signals that are required to image structures at shorter length scales (Resnick, 

1990). However, by applying the principles discussed in Robinson/Callow et al. (in press), a multi-

component, appropriate target-scale risk appraisal approach can be developed for a focused fluid 

conduit located at greater depth. 

Overall, an integrated multi-scale experimental approach can be incorporated into pre-existing 

measurement, monitoring and verification approaches (e.g., Dean & Tucker, 2017). Future 

monitoring approaches must also be supported by robust baseline surveys and detailed 

understanding of the risks of CO2 emissions that extend into the marine environment (Blackford 

et al., 2014, 2015; Flohr et al., in review). Whilst fluid flow through focused fluid conduits remains 

poorly understood, limiting the number of prospective storage sites as a poorly understood risk, 

then the potential of CCS for mitigating global warming will be unrealised. 

7.3 Future work  

This thesis has considered quantification of permeability using 3D X-ray micro-CT imaging, 

conducted on unconfined, oven-dried samples. To further supplement this study, dynamic 
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changes in permeability using time-resolved (4D) micro-CT imaging and in-situ testing is a 

potential area of further research. Due to recent technological advancements in the field of rock 

physics, triaxial rigs with combined XCT imaging capability now permit the calculation of physical 

properties of confined samples (e.g., Deusner et al., 2016; Butler et al., 2020). Furthermore, fast 

tomography scans now permit the observation of dynamic fluid-flow processes at the pore- to 

core-scale (e.g., Reynolds et al., 2017; Mascini et al., 2017). Thus, a number of potential research 

questions may be investigated further using time-resolved (4D) XCT, for applications to geological 

carbon sequestration, such as: 1) the fluid dynamics and process mechanisms of gas bubble 

propagation through unconfined sediments; 2) the effects of CO2-induced salt precipitation in 

sandstone reservoirs (e.g., Falcon-Suarez et al. 2020b); and 3) the process and effects of CO2-

induced mineral carbonation in basalt rock.  

This thesis has considered quantification of absolute permeability, that considers the laminar 

capillary flow of a single-phase fluid. There is the potential to use the X-ray micro-CT sample data 

to calculate multi-phase flow, in particular two-phase relative permeability (e.g., Bultreys et al., 

2018). Two-phase relative permeability calculations derived from XCT imaging could be compared 

to laboratory measurements, as an idea for a further method validation study. This is an 

important consideration for geological carbon sequestration, that commonly assesses multi-phase 

CO2-brine systems. Additionally, image-based modelling of fracture flow can also be further 

assessed (e.g., Phillips et al., 2020; Berre et al., 2021). 

The study of sand intrusions in the Panoche Hills revealed permeability heterogeneity primarily 

controlled by silica cementation. For future work, silica cementation processes should be 

incorporated into future field- to reservoir scale models of sand intrusions. This process will be 

site-specific, as this process will vary dependent on the composition of the host rock, and stress - 

fluid pressure - temperature conditions. 

Methane derived authigenic carbonates are observed at all field localities in this study, which are 

indicators of paleo-fluid escape of methane. The timing of carbonate precipitation at the field 

sites may be further constrained from radiocarbon dating of the carbonate material. Furthermore, 

laboratory and modelling studies could be conducted to better understand the physical and 

chemical processes resulting in MDAC precipitation within sediment pores. This may represent a 

complex modelling problem however, given the dependency of anaerobic bacteria that act as a 

microbial catalyst for the reaction in the shallow subsurface.  

MDAC precipitation has been observed to reduce the permeability of sediments by over three 

orders of magnitude, therefore is a key factor in controlling the permeability of fluid-escape 

structures in the shallow subsurface. Therefore, for the purposes of geological carbon 
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sequestration, future laboratory and process-based modelling studies could be conducted to 

understand the physical and chemical interactions associated with the injection of CO2 through 

MDAC bearing sediments.  

Sediment coring was conducted below the Scanner Pockmark, to directly measure physical and 

chemical properties of the sediments, for improved characterisation of an active fluid-escape 

structure. During direct sampling at the Scanner pockmark site, the main limitation was 

dewatering of the water-saturated, poorly consolidated samples that likely occurred during the 

core extraction process, leading to alterations in the physical properties of the core material. 

Future optimisation of the core extraction process is required to ensure improved preservation of 

poorly consolidated cored material. Autoclave pressure coring tools could be used, such as the 

IODP Pressure Core Sampler (Graber et al., 2002) or MeBo-MDP (Pape et al., 2017), that are able 

to retrieve sections of a drill core under in-situ pressure, thereby avoiding disturbances of the 

cored sediment due to degassing that occur during conventional coring. Hence, pressure coring 

permits the investigation of cored materials whilst retaining the in-situ physical, structural and 

chemical properties (e.g., permeability, gas content, resistivity, salinity). Furthermore, as an 

alternative to multi-sensor core logging data, the acquisition of borehole geophysical 

measurements (e.g., cross borehole surveys using wireline logging tools) is another common 

method for obtaining in-situ measurements that could be used, provided that the drilled borehole 

is stabilised by a liner (Crain, 2010). 

The nature of flow beneath Scanner still remains a challenge to constrain, i.e. is there solely 

fracture flow, transitions between fracture-dominant and capillary dominant flow, and at what 

depth does the methane gas remain dissolved in solution? Therefore, sediment sampling, 

combined with further laboratory experiments and process-based modelling, could be conducted 

to further constrain these processes (e.g., Falcon-Suarez et al., in review). These findings would 

have broad implications for the study of focused fluid conduits in sedimentary basins globally. 

Acoustic/velocity blanking was observed on the 2D and 3D seismic reflection data below the 

shallow gas layers at the Scanner pockmark site. Therefore it may be useful to conduct high-

resolution re-processing of existing data and pre-stack interpretation of seismic data, in an 

attempt to resolve features below the gas layer. This approach was used successfully at 

Goldeneye, located in the Outer Moray Firth Basin, Central North Sea, to resolve a chimney-like 

feature sufficiently without the need to acquire additional data (Dean et al., 2015). 

It is likely however that the gas layer and underlying structure at Scanner pockmark are too 

shallow for conventional seismic data acquisition, therefore a different acquisition strategy may 

be necessary. This could include an alternative configuration of Ocean Bottom Seismometers, 
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with OBSs placed further from the Scanner pockmark, in an attempt to undershoot the shallow 

features. Distinguishing between real structural features and seismic artefacts remains a key 

question for the improved characterisation of seismic chimneys/pipes.  

Analogous to the study of Cevatoglu et al. (2015) and Roche et al. (in review), it may also be 

beneficial to conduct time-lapse seismic acquisition of the Scanner Pockmark to further 

understand temporal variations of the seismic chimney structure. Furthermore, this study has 

resolved seismic anisotropy at a very shallow depth beneath the pockmark. Therefore, it will be 

useful to resolve seismic anisotropy at greater depth using layer stripping, which will be 

undertaken as the next stage of the CHIMNEY project (Robinson et al., in prep.). 
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Appendix A Assessing the carbon sequestration 

potential of basalt using X-ray micro-CT and rock 

mechanics 

Callow, B., Falcon-Suarez, I., Ahmed, S. & Matter, J.M. (2018). Assessing the carbon sequestration 

potential of basalt using X-ray micro-CT and rock mechanics, International Journal of Greenhouse 

Gas Control, 70. https://doi.org/10.1016/j.ijggc.2017.12.008. 

 

Abstract 

Mineral carbonation in basaltic rock provides a permanent storage solution for the mitigation of 

anthropogenic CO2 emissions in the atmosphere. 3D X-ray micro-CT (XCT) image analysis is 

applied to a core sample from the main basaltic reservoir of the CarbFix site in Iceland, which 

obtained a connected porosity of 2.05–8.76 %, a reactive surface area of 0.10–0.33mm−1 and a 

larger vertical permeability (2.07×10−10 m2) compared to horizontal permeability (5.10×10−11 m2). 

The calculations suggest a CO2 storage capacity of 0.33 Gigatonnes at the CarbFix pilot site. The 

XCT results were compared to those obtained from a hydromechanical test applied to the same 

sample, during which permeability, electrical resistivity and volumetric deformation were 

measured under realistic reservoir pressure conditions. It was found that permeability is highly 

stress sensitive, dropping by two orders of magnitude for a −0.02 % volumetric deformation 

change, equivalent to a mean pore diameter reduction of 5 μm. This pore contraction was 

insufficient to explain such a permeability reduction according to the XCT analysis, unless 

combined with the effects of clay swelling and secondary mineral pore clogging. The findings 

provide important benchmark data for the future upscaling and optimisation of CO2 storage in 

basalt formations. 

https://doi.org/10.1016/j.ijggc.2017.12.008
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Appendix B Fieldwork summary for the investigation of 

sand intrusion outcrop analogues in Panoche Hills, 

California. 

1. Overview 

An onshore geological analogue of sand intrusions, a form of seal-bypass structure, are located in 

the Panoche Hills, California. Here the Panoche Giant intrusion Complex (PGIC) is the largest 

known outcrop exposure of sand intrusions, observed on a spatial scale of > 400 km2 and 1.5 km 

depth (Vigorito & Hurst, 2010). We undertook two field excursions to constrain the geometry and 

compositional variability of the fluid-escape system using structural measurements, field 

observations and direct sampling. The samples will be analysed to constrain the variations of 

texture, composition and porosity-permeability of the system. The first field excursion took place 

from 14th-22nd October 2016. The second field excursion, accompanied by Ismael Falcon-Suarez 

(National Oceanography Centre), Jonathan Bull (University of Southampton), Antonio Grippa and 

Andrew Hurst (University of Aberdeen), took place between the 7th-14th October 2017. A 

summary of the key field observations, structural measurements and samples collected during the 

2nd field excursion, extracted from my field notebook and supported by field photographs, are 

provided in the following appendix. 
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Figure B.1. Aerial view of Panoche Hills with field locations shown (yellow circles), as well as paths leading 

to the field locations from the main highway (white lines). 
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Figure B.2. Left: Overlay of geological map onto map shown in Figure B.1. The regional dip direction is 35° 

NE. Right: Stratigraphic column, shown on the map (left) by the white dashed line. The three 

main field areas studied (Escarpados Canyon, Marca Canyon and Moreno Gulch) correspond to 

different stratigraphic depth ranges of the PGIC (Panoche Giant Sand Intrusion Complex). 

2. Summary of field observations 

2.1 Escarpados Canyon 
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Figure B.3. Aerial map views of Escarpados Canyon, with field locality number shown. Black dashed line is 

the laterally continuous stratigraphic horizon of interest. Black box highlights the area of figure 

EC1. 

2.1.1 Locality 1 
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Locality overview: Carbonate mounds are observed on a 100 m width, south-facing valley within 

Escarpados canyon. The host strata of the Cima Lentil Sandstone Member are poorly exposed 

with no bedding visible (Figure EC1). 

Observations of structure and geometry (Figure EC1): 

- All eight carbonate mounds (A-H) are observed to be connected. 

- The carbonate mounds range from 1.1 - 7.7 m height and 1.1 – 7.2 m width. They 

commonly have one dimension much larger than the other, for example mounds A and D 

have a 7:1 height: width ratio, whereas mounds B, C, E and F have an approximate 1:2 

height: width ratio. 

- The carbonate mounds appear to reduce in size further westwards, however this may be 

a result of the outcrop becoming more parallel to bedding, resulting in reduced exposure 

size of the structures. 

- The carbonate mounds appear to be orientated ~40°NE, which is the same average 

orientation of bedding in the region. Therefore, it may be interpreted that the carbonate 

mounds were all originally sub-horizontal at the time of formation. 

 
Figure EC1. Locality 1 looking North, carbonate mounds observed on south facing slope within Escarpados 

canyon. Mounds labelled A-H. 

Textural observations of the carbonate mounds: 

Mound A (Figure EC2): 

- Material type 1: Light grey and red on weathered surfaces, indurated with a smooth feel, 

moderate to high density. The material is microcrystalline with a glistening lustre, no 

grains are visible. The material type is classified as microcrystalline carbonate (Figure 

EC3). 
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- Material type 2: Light brown / pale grey colour, fine-medium grained material which is 

very friable as there is no cement present. The grains are composed of quartz, with no 

reaction to dilute hydrochloric acid. The material type is classified as a poorly 

consolidated quartz arenite sand (Figure EC4). 

- Material type 2 (poorly consolidated quartz arenite sand) commonly contains 2-10 mm 

thick gypsum veining, the gypsum was classified based on the white/clear colour, low 

hardness (easily scratched by knife), fibrous habit and no reaction to dilute HCL. The veins 

are often laterally continuous for > 30 cm and are commonly striking E/W (Figure EC4). 

The gypsum veining may be interpreted as later stage fluid flow. 

- The material type 1 (microcrystalline carbonate) appears heavily brecciated into sub-

angular clasts. The clasts appear elongate, orientated along the long axis of the mound. 

Clasts have a modal size of 8cm length and 2-3 cm width, and range from < 2cm - 30 cm in 

length (Figure EC2). Gypsum commonly infills the space between the clasts. 

- The carbonate material appears to envelop the sandy unit. The sand has been 

preferentially eroded, leaving a small cavern structure (Figure EC5). 

 
Figures EC2-EC5 of carbonate mound A. EC2. Carbonate mound A. EC3. Closer view of microcrystalline 

carbonate. EC4. Core of mound A, sand with gypsum veining. EC5. Carbonate crust enveloped 

around sandy core. 

Mound C: 
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- Similar to mound A, there is a brecciated carbonate layer overlying a sandy horizon 

(Figure EC6). 

- At mound C, below the sandy horizon there is a lower carbonate layer, underlain by 

another sand layer (Figure EC6). 

- The top carbonate layer has a convex shape, analogous to mound A (Figure EC6). 

- Gypsum veins are common at the sand-carbonate contact, and appear less common in 

the centre of the sand body (Figure EC7). 

- There are thalassinoides (burrow fossils) present within the sand layers, 2-6 cm cylindrical 

diameter and 7-15 cm in length (Figure EC8). They have a random distribution and 

orientation. It is difficult to determine whether they are in life position, however it 

appears not given that some of the burrows have become broken up and are randomly 

orientated. Dwelling burrows (domichnia) are most common (Figure EC8), however 

interpreted escape burrows (fugichnia) are also present (Figure EC9). 

 
Figures EC6-EC9 of carbonate mound C. EC6. Carbonate mound C. EC7. Extensive gypsum veining at sand-

carbonate contact. EC8. Burrow fossils (thalassinoides), specifically dwelling burrows 

(domichnia) observed within sandy core of mound C. EC9. Escape burrows (fugichnia) observed 

in lower sand unit. 

Mound D (Figure EC10): 

- A heavily brecciated unit 
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- Extensive gypsum veining is observed (Figure EC11), a new material is observed 

nucleating on top of the gypsum. 

- Material 3: Brown colour, semi-friable material, with a rough feel and moderate density. 

The material has a botryoidal texture with rounded grains 1-3 mm diameter. The material 

does not react with dilute hydrochloric acid. It may be a form of iron oxide, but is 

inconclusive without further analysis (Figure EC12). 

 
Figures EC10-EC12 of carbonate mound D. EC10. Carbonate mound D. EC11. Extensive gypsum veining. 

EC12. Interpreted iron oxide mineral precipitated on top of the gypsum. 

Mound F: 

- A similar structure to mounds A and C, with a brecciated carbonate crust overlying a body 

of sand (Figure EC13). 

- Bivalves are commonly observed, 1-6 cm in diameter (Figure EC14), providing further 

evidence that these structures may have formed at the seafloor. 
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Figures EC13-EC14 of carbonate mound F. EC13. Carbonate mound F, with sand core and outer carbonate 

crust. EC14. Bivalve fossil within sand core of mound F. 

Escarpados Canyon location summary: 

- Overall this is a complex outcrop, due to the textural and structural complexities of the 

carbonate mounds, the orientation of the outcrop oblique to bedding and poor exposure 

of the surrounding host rock. 

- Given the presence of burrow fossils and bivalves, it may be interpreted that the 

carbonate mound structures formed proximal to the seabed surface. The orientation of 

the carbonate mounds suggests that they were sub-horizontal at time of formation, 

observed along one main stratigraphic horizon. The structures are all observed to be 

connected. Deformation is observed between carbonate mounds, however any significant 

offset between mounds may be explained by faulting. Deformation is common in the 

area, as displayed by the stepped sandstone intrusion on the southern side of Escarpados 

Canyon. 

- Previous work has determined from 14C analysis that these are methane derived 

authigenic carbonates (MDACs), analogues to the carbonates that have formed at the 

scanner pockmark site in the North Sea from methane flux from greater depth in the 

subsurface. Therefore, carbonate mounds may be interpreted as palaeo-pockmarks. 

- Due to the brecciated texture of the carbonate mounds (such as mound D), it may be 

interpreted that they formed from gas build up, followed by violent gas escape. However, 

carbonate mound A, C and F would suggest an accretion of a carbonate mound crust from 

sustained fluid flux through permeable sand.
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2.2 Moreno Gulch 

 
Figure B.4. Aerial view of Moreno Gulch, with field locality numbers shown (1-5). 

Locality overview: 600 m of exposed vertical stratigraphic section through the Moreno Formation 

at Moreno Gulch. The aim is to transect ridgelines, making detailed textural observations and 

structural measurements of the observed sandstone intrusions, as well as sample material for 

further laboratory analysis of composition and fluid flow properties (Figure MG1). 
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Figure B.5. Aerial view of the Moreno Gulch dyke zone, showing locality numbers in red, ridge numbers (1, 

2 and 4), as well as dyke numbers in white with black markers. 

 
Figure MG1. View of Moreno Gulch looking north west, showing the main ridge lines transected, and 

sandstone dykes intruding perpendicular to bedding. 

2.2.1 Locality 1 - Dyke Complex - Marca Member (Ridge 1) 
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- Within the Marca Member of the Moreno Formation. 

- Sandstone dykes orientated perpendicular to bedding 

Dyke 1 – Ridge 1 – Observations: 

Textural observations of dyke 1: 

- Light grey / pale yellow, very friable, doesn’t scratch knife, rough feel, moderate density. 

Sub-angular, medium-coarse grained. Interpreted as uncemented quartz arenite. 

- 70-80cm thick dyke (Figure MG2), fibrous gypsum veins at dyke margin, growing from the 

sandstone dyke outwards (Figure MG3). The dyke contact with the host rock is sharp, 

however in some areas smaller dykes bifurcate from the main intrusion (Figure MG4).  

- Mudstone host rock clasts are observed within the sandstone intrusion (Figure MG5). This 

host rock material is very pale grey, very fined grained, does not react with hydrochloric 

acid and appears distinctly as sub-rounded, ellipsoidal clasts, ranging from 8-28 cm in 

length and 3-6.5 cm width. The clasts are interpreted as material from the Marca Member 

host strata. 

Dykes 2-5 had a different composition to dyke 1: 

- Compared to dyke 1, the grain size and mineral composition is the same, however there is 

a change in the degree of cementation. The cement is white / pale grey in colour and does 

not react with hydrochloric acid, therefore is interpreted as silica cement, that can be 

confirmed by laboratory analysis. 

- Dyke 4 had observed orange staining. The colouration, interpreted as the presence of iron 

oxide, was more prevalent at the intrusion margin in dyke 4 (Figure MG6-7), however 

appeared patchy and irregular in dyke 5 (Figure MG8-9). 

Locality 1 summary: 

- This locality illustrates the following: 1) the range in thickness of the intrusions observed 

(0.8-2.9 m), 2) the presence of mudstone clasts within the intrusions, 3) the variation in 

cementation (uncemented and most commonly silica cemented) of the intrusions, 4) the 

sharp contacts of the intrusion with the host strata, 5) the presence of fibrous gypsum at 

the dyke margins, and 6) the presence of secondary iron oxide within the intrusions. 
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Figures MG2-MG9 at Moreno Gulch Locality 1 – Ridge 1. MG2. View of sandstone dyke 1. MG3. Fibrous 

gypsum veining at margin of dyke 1. MG4. Smaller bifurcating dykes from main intrusion of 

dyke 1. MG5. Fractured mudstone host rock clast observed within dyke 1. MG6. View of 

sandstone dyke 4. MG7. Iron oxide cement within sandstone at margin of dyke 4. MG8. View of 

sandstone dyke 5. MG9. Closer view of dyke 5. 
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2.2.2 Locality 2 - Dyke Complex - Marca Member (Ridge 2) 

- Still within the Marca Member of the Moreno Formation. 

- Limited description was made of the outcrop, as the focus was on taking structural 

measurements and sampling. 

- The geometry of the dykes was variable, varying between thinner stepped dykes (1-4 and 

5-8)(Figure MG10-11) and thicker, commonly silica cemented dykes (Figure MG12). The 

stepped dykes were less well exposed and may suggest an exposure preservation bias. 

- The stepped dykes (1-4), with 1-2 m horizontal offset, are connected laterally (Figure 

MG10-11). For dykes 5-8, the horizontal connectivity was less well observed, but may be 

hidden due to lack of surface exposure. 

- The stepped dykes (1-4) varied between quartz cemented and uncemented. There did not 

appear to be a clear reason to explain the observed variation of cementation, such as 

correlation with dyke thickness or proximity to larger dyke structures, which can be 

further assessed after all measurements are collected. 

Locality 2 summary: 

- This locality showed the variability of dyke geometry, and raised questions regarding the 

explanation of silica cementation variability within the sandstone dyke intrusions. 

 
Figures MG10-MG12 at Moreno Gulch Locality 2 – Ridge 2. MG10. Thinner, stepped dykes which are 

observed to be connected laterally, at the southern end of the ridge. MG11. A closer view of a 
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stepped dyke. MG12. Northern end of the ridge looking south, showing the thicker, quartz 

cemented sandstone dykes. 

2.2.3 Locality 3 - Dyke Complex - Tierra Loma Member (Ridge 4) 

- Within the Tierra Loma Member, bedding planes are visible. 

- There is a clear increase in the thickness of the dykes compared to localities 1 & 2, with 

dyke thickness/width up to 7.0 m. 

Dyke 2 – Ridge 4– Observations: 

- For dyke 2 the northern margin has a sinuous shape (Figure MG13). The gypsum veining is 

20 mm thick. The gypsum does not have a bedding-parallel fibrous habit (see Figure MG3 

for comparison), instead forming a more complex form of gypsum (Figure MG14). 

- The central part of the dyke is darker and different in composition to the intrusion 

margin, it contains iron oxide cement (Figure MG15-16). The contact between the darker 

central area and margin is sharp, which may indicate distinct pulses of sediment flow. 

Vertical laminae are also visible on the northern margin, supporting the interpretation of 

pulsed vertical fluid flow, perpendicular to host rock bedding (Figure MG15-16). Evidence 

of vertical layers was less commonly found at ridges 1 and 2, which may indicate that 

these flow structures are more commonly found at greater proximity to the sand source. 

- Dykes 1 and 4 were uncemented. The reduced abundance of silica cement within dykes 

on ridge 4 may be directly related to the change of mudstone host strata from Marca 

Member to Tierra Loma Member. 

Locality 3 summary: 

- This locality showed the increased dyke thickness with depth. There appeared to be 

reduced presence of silica cement, which may indicate that the source of the silica 

cement is derived predominantly from the host strata of the Marca Member. The sinuous 

northern margin of dyke 2, with complex gypsum ‘beef’ growth habit, as well as the 

presence of compositionally discrete vertical layers, provides evidence for pulses of 

erosive vertical fluidised flow. (Beef is a term used to describe bedding-parallel veins of 

fibrous mineral growth). 
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Figures MG13-MG16 at Moreno Gulch Locality 3 – Ridge 4, showing dyke 4. MG13. A view of the sinuous 

northern margin of dyke 4. MG14. Complex form of gypsum on the northern margin of the 

dyke. MG15. Cross sectional view through dyke 4, showing the vertical extent of the dyke in 

the background. MG16. Vertical layering observed in the cross section through dyke 4, with 

compositional variation and sharp contacts between layers. 

2.2.4 Locality 4 - Sill complex - Tierra Loma Member 

- Located within the deeper section of the Tierra Loma Member. 

- Limited field observations were recorded at this site, as the primary focus was on 

recording sand intrusion geometry and rock sampling. The terrain was also very steep. 

Sandstone intrusion geometry:  

- Overall the sand intrusions are oriented parallel/concordant to bedding (sill)(Figure 

MG17). There is a large range in thickness of the intrusions, from < 0.3 m up to 5.3 m. 

However, close to the valley floor multiple intrusions appear to terminate at an intrusion 

~ 20 m thickness (Figure MG18). 

- Sandstone intrusion bifurcation is commonly observed. It is also common to observe a 

sandstone intrusion that bifurcates and reconnects further along strike (Figure MG18).  

- In addition, the base of the 5.3 m thick sill is bedding parallel (Figure MG19), however the 

top of the intrusion appears more convex (Figure MG17), which may be interpreted as an 

erosive feature, created by fluidised flow of sediment. However, the appearance of this 
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feature is slightly exacerbated by small valleys that have incised through the outcrop 

exposure. 

- There are also thinner (< 20 cm thick) sandstone intrusions that are emanating from the 

main sills (Figure MG17). 

Sandstone intrusion composition:  

- In comparison to the dyke zone (ridges 1, 2 & 4 – localities 1-3, respectively), the 

sandstone material comprising the intrusions is far less consolidated and poorly cemented 

(Figure MG20).  

- The tops of the 5.3 m thick sill appeared more consolidated / cemented than the centre 

and base respectively (Figure MG20); this may be caused by the nature of erosive, 

fluidised flow at the top of the sill, as an open fracture ‘jacks-up’ during the sand injection 

process. A comparison of the physical properties of different sections of the sill will be 

investigated further using X-Ray micro-CT image analysis of the samples. (Jack-up is a 

term used to describe a sub-horizontal fracture that increases in aperture as a result of 

progressive fluidised flow of sediment through time). 

- Sample material was collected from three locations along the 5.3 m thick sill (Locations A, 

B and C ; Figure MG17). 

Locality 4 summary: 

- This locality shows the sill zone, deeper stratigraphically with respect to the dyke zone. 

The sandstone material is poorly consolidated and appears less cemented, though 

appears more consolidated at the tops of the sills. The intrusions have a complex 

geometry, displaying a range of thicknesses (< 0.3 to > 5.3 m), bifurcation is common. The 

modal geometry of the intrusions is parallel/concordant to bedding. The convex geometry 

and increased consolidation / cementation at the top of some of the sills, may provide 

evidence for progressive fluidised flow of sand into a hydraulic fracture plane, which is 

‘jacked-up’ through progressive sand injection. 



Appendix B 

212 

 

Figures MG17-MG21 at Moreno Gulch Locality 4 – Sill complex: MG17. View looking north east towards 

sandstone sills oriented parallel to bedding, within the lower host strata units of the Tierra 

Loma Member. MG18. A closer view of the sandstone sill complex showing bifurcating 

sandstone sills, as well as a thicker zone towards the south, which a number of sills appear to 

propagate from. MG19. Measuring the 5.3 m thick sandstone sill, orientated parallel to 

bedding. MG20. A closer view of the 5.3 m thick sill, samples were taken from the top, centre 

and base of the intrusion. The top of the intrusion appeared less friable / more consolidated. 

MG21. An additional view of the sandstone sills. 

2.2.5 Locality 5 - Western summit of Moreno Gulch – Panoche Formation 

- Bedding observed > 1 m thickness.  



Appendix B 

213 

- Bimodal lithology: Fine-medium grained sandstone and mudstone (Figure MG22). 

- Sandstone is highly indurated, quartz rich (>90 %) and carbonate cemented. 

- Sedimentary structures: Laminations visible within both units. Load casts visible at the 

contact between the two units, where the medium grained sand had slumped into less 

dense mudstone (Figure MG23). In addition, a conglomeratic sub-horizontal layer was 

observed within the sandstone unit, with rounded, imbricated, elongate clasts ≤ 5cm 

length (Figure MG24). 

Locality 5 summary: 

- This locality highlighted the prevalence of sedimentary structures observed in a 

depositional sandstone compared to the sandstone intrusions. The top of the Panoche 

Fm. has a bimodal lithology of highly indurated fine-medium grained, carbonate-

cemented sandstone and mudstone. The effects of confining stress are evident at this 

particular burial depth. The Panoche Fm. may represent the parent sand units for the 

sandstone intrusions, however the source is likely to be found slightly shallower in the 

stratigraphic section, within the Dosados sandstone Member of the Moreno Formation 

(not investigated during this fieldwork). 

 
Figures MG22-MG24 at Moreno Gulch Locality 5 – Top of Panoche Formation: MG22. Top of Panoche Fm. 

comprising a bimodal lithology of fine-medium grained sandstone (top unit) and mudstone 

(underlying unit). MG23. Load cast structure at the contact between the sandstone and 

mudstone units. MG24. Rounded imbricate mudstone clasts observed within the sandstone 

unit. 
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2.3 Marca Canyon 

 

 
Figures B.5-6. Two aerial map views of Marca Canyon, with locality numbers shown. 

2.3.1 Locality 1 – Sandstone dykes - Dos Palos Member 

- Within the Dos Palos Member of the Moreno Formation. 

- Sandstone dyke (later classified dyke 5) observed ~25 m beneath a carbonate concretion 

structure (Figure MC1), orientated perpendicular to mudstone host strata bedding (Figure 

MC2).  

- Observations of geometry: The dyke is 20 cm width. The northern margin has 15 cm thick 

fibrous gypsum with planar sharp contact with host strata (Figure MC3), whereas the 

southern margin has brecciated gypsum and a sinuous margin (Figure MC4).  

- There appears to be sub-vertical lensoidal shaped layers within the intrusion (Figure 

MC5), as well as conjugate fractures sets that would support a sub-vertical principal 
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maximum stress direction (Figure MC6). These observations would support the 

interpretation of vertical fluidised flow of sediment. 

- In addition, finer scale sub-horizontal laminations were also observed, which may be 

interpreted as post-fluidisation compaction laminations. 

- Dyke composition: The sediment material is mottled in a light brown / red colour, and the 

rest of the material is dark grey (Figure MC3). The rock is highly indurated, with moderate 

density. There are grains visible, which are medium grained in size and sub-rounded to 

sub-angular. The matrix material / cement reacts strongly with dilute hydrochloric acid. 

The composition is classified as a carbonate cemented sandstone with iron oxide staining. 

It is unclear whether the iron oxide has formed as a consequence of weathering, or 

whether it is a primary feature; however, given the weathered nature of the outcrop, the 

current interpretation is the former. 

Locality 1 summary: 

- This locality provides evidence for sandstone intrusions extending to shallow depths, in 

close proximity to the interpreted palaeo-seafloor (Cima Lentil Sandstone Member). 

There appears to be a direct relationship between the carbonate concretions and the 

sandstone intrusions. The strike direction of the dykes provides evidence that they 

terminate at the overlying carbonate mounds. The carbonate cementation of the dykes 

provides evidence that this may have been a fluid-escape system that became clogged 

through time, as a result of progressive formation of methane derived authigenic 

carbonates (MDACs). 
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Figures MC1-MC6 at Marca Canyon - Locality 1: MC1. Location of a carbonate concretion, overlying a 

sandstone intrusion observed 25 m further down into the valley. MC2. A view of the sandstone 

dyke, observed towards the base of the valley (dyke 5). MC3. A close-up view of sandstone 

dyke 5, showing the mottled light brown and grey colour on the surface. MC4. Brecciated 

gypsum on the southern margin of sandstone dyke 5. MC5. Lensoidal shaped vertical layering 

within sandstone dyke 5. MC6. Conjugate fractures observed. 
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2.3.2 Locality 2 – Sandstone dykes - Dos Palos Member 

- The dykes are 0.15 to 0.25 m in width, with variable spacing between dykes (5.7–22 m 

spacing), however due to the nature of the outcrop, not all dykes will be observed from 

the surface exposure. 

- Dyke 2 extends vertically for ~30 m on the surface (Figure MC7). In contrast to dyke 5, 

there are 5-10 mm width fractures infilled with gypsum veins, parallel to the dyke margins 

(Figure MC8). The small gypsum veins within the intrusion may be interpreted to have 

formed post-consolidation and compaction of the intrusion sediment within extensional 

fractures. 

- Direct similarities are observed between dyke 2 and dyke 5, such as the composition, the 

presence of gypsum veins at the margin, and presence of horizontal laminae (Figure 

MC9). 

- An additional observation was a large 12-15 cm diameter clast of carbonate enveloped 

within the dyke intrusion (Figure MC10). The clast was sub-rounded, red / brown in colour 

and highly indurated. However, this was not a commonly observed feature. 

- Dykes 3 and 4 appear similar in texture to dyke 2, however dyke 3 is less well exposed. 
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Figures MC7-MC10 at Marca Canyon - Locality 2, dyke 2: MC7. A view showing the vertical outcrop extent 

of sandstone dyke 2. MC8. Carbonate cemented sandstone dyke, displaying gypsum-filled, sub-

vertical fracturing. MC9. Subtle evidence of horizontal layering within the sandstone dyke, seen 

at the bottom of the image. MC10. Carbonate clast contained within the sandstone dyke (Note: 

This was the only example and was not a commonly observed feature). 
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Figures MC11-MC12 at Marca Canyon - Locality 2, carbonate concretion: MC11. A view of a carbonate 

concretion, displaying fracturing along the long axis of the structure, and brecciation at the 

margins. MC12. Carbonate clasts and gypsum veining observed at the brecciated margin of the 

carbonate concretion. 

2.3.3 Locality 3 - Carbonate mounds - Cima Lentil Member 

- Limited textural observations were made of the carbonate mounds along the interpreted 

palaeo-seafloor horizon, within the Cima Lentil Sandstone Member at Marca Canyon, as 

the focus was on taking structural measurements of carbonate mound width, length and 

spacing. 

- The carbonate structures ranged from 2.5 to 7 m in diameter (Figure MC13-15). 

- The carbonate structures commonly had a spacing interval of 10-15 m, however ranged 

from 1.25 to 40 m. 

- The carbonate material is a weathered light brown / grey colour, concentric fractures are 

also commonly observed (Figure MC13-15). 

Localities 2 & 3 summary: 

- At localities 2-3, evidence is provided for multiple sand intrusions within the Dos Palos 

Member, terminating at overlying carbonate mounds (Figure MC16). Some carbonate 

mounds have been brecciated and reworked, which can make classification of individual 

carbonate mounds more challenging. Not shown here is an image of a sand intrusion 

terminating within a carbonate mound (see field observations figure in chapter 3). 
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Figures MC13-MC15 at Marca Canyon - Locality 3, carbonate concretions: MC13-MC14. Carbonate 

concretions displaying concentric fractures. MC15. Two smaller carbonate nodules observed. 

 
Figure MC16 at Marca Canyon. The majority of the carbonate structures were observed along one main 

horizon, analogous to Escarpados canyon. This image from locality 2, looking south east, shows 

the sandstone intrusions terminating at the carbonate mound horizon. 

2.4 Summary 

The field observations made, in combination with background literature support the 

interpretation of a complete ancient fluid-escape system from depth to the surface, with a 

connected system between the carbonate mound structures at an interpreted palaeo-seafloor 

and the sandstone dyke intrusions beneath (see chapter 3).
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3. Structural Measurements 

3.1 Escarpados Canyon 

3.1.1  Part 1 

Table B.1. Escarpados Canyon - Structural Field Measurements 1 

Specific GR (Latitude) Specific GR (Longitude) Locality Structure no. Type of structure Width (m) (E-W) Average Height (m) 

36°38'34.24"N 120°41'40.85"W 1 A Carbonate Mound 1.2 7.7 

36°38'34.37"N 120°41'41.17"W 1 B Carbonate Mound 7.2 2.9 

36°38'34.57"N 120°41'41.59"W 1 C Carbonate Mound 5.7 2.5 

36°38'34.87"N 120°41'41.99"W 1 D Carbonate Mound 2.7 7.6 

36°38'34.75"N 120°41'42.24"W 1 E Carbonate Mound 4.0 1.6 

36°38'34.91"N 120°41'42.35"W 1 F Carbonate Mound 3.1 1.1 

36°38'35.13"N 120°41'42.63"W 1 G Carbonate Mound 1.1 2.8 

36°38'34.99"N 120°41'42.80"W 1 H Carbonate Mound 1.1 2.2 

Values in green calculated using Google Earth Maps. 
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3.1.2 Part 2 

Table B.2. Escarpados Canyon - Structural Field Measurements 2 

Structure no. Type of structure Strike Dip  Structure no. Type of structure Strike Dip 

A Carbonate Mound 128 28  E Carbonate Mound 80 20 

  80 45    90 40 

  115 38  F Carbonate Mound 160 45 

  108 38    130 40 

  175 40    125 38 

B Carbonate Mound 70 40  G Carbonate Mound 92 20 

  90 40    305 90 

  119 35    150 20 

C Carbonate Mound 130 50  H Carbonate Mound n/a n/a 

  80 38      

  88 30      

D Carbonate Mound n/a n/a      
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Figures B.7. Stereonet, 1% area poles-to-plane contours and planes, of carbonate mound orientation; dip and strike measurements are comparable to the regional bedding orientation
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3.2 Moreno Gulch 

3.2.1 Part 1 

Table B.3. Moreno Gulch - Structural Field Measurements 1 

GR (Latitude) GR (Longitude) Locality 
Sub-

Location 

Structure 

no. 

Type of 

structure 

Av. Width 

(m) 
Length (m) Av. Strike Av. Dip 

Dyke 

Separation 

Dyke Spacing 

(m) 

36°43'55.17"N 120°43'57.00"W 1 Ridge 1 1 Dyke 0.75 43.3 59 79 1 to 2 7.6 

36°43'54.92"N 120°43'57.03"W 1 Ridge 1 2 Dyke 1.8 50.7 246 88 2 to 3 2.3 

36°43'54.81"N 120°43'56.95"W 1 Ridge 1 3 Dyke 1.1 60.2 71 78 3 to 4 21 

36°43'54.21"N 120°43'56.37"W 1 Ridge 1 4 Dyke 0.8 65.6 78 88 4 to 5 14.3 

36°43'53.64"N 120°43'56.45"W 1 Ridge 1 5 Dyke 2.4 99.6 67 73   

36°43'51.26"N 120°43'58.67"W 2 Ridge 2 1 to 4 Dyke 0.38 20 79 40 1-4 to 5-8 12 

36°43'51.77"N 120°43'59.02"W 2 Ridge 2 5 to 8 Dyke 0.24 20 247 49 8 to 9 22 

36°43'52.54"N 120°43'59.20"W 2 Ridge 2 9 Dyke 3.2 30.6 51 73 9 to 10 9.7 

36°43'53.07"N 120°43'58.86"W 2 Ridge 2 10 Dyke 2.4 40.6 65 84 10 to 12 29 

36°43'53.53"N 120°43'59.35"W 2 Ridge 2 11 Sill 0.25 29 170 44   

36°43'53.82"N 120°43'59.78"W 2 Ridge 2 12 Dyke 3.2 44.4 59 75   
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36°43'50.50"N 120°44'3.73"W 3 Ridge 4 1 Dyke 7.0 46.3 67 52 1 to 2 32 

36°43'51.52"N 120°44'4.17"W 3 Ridge 4 2 Dyke 3.6 50.1 253 73 2 to 3 11 

36°43'51.95"N 120°44'4.37"W 3 Ridge 4 3 Dyke 1.0 41 69 82 3 to 4 7.5 

36°43'52.21"N 120°44'4.50"W 3 Ridge 4 4 Dyke 3.0 46 239 83   

Values in green calculated using Google Earth Maps. Av.is average 

 

Figure B.8. Stereonet, poles-to-planes and rose diagram, of dyke orientation; dip and strike measurements are orthogonal to the regional bedding orientation. 
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3.2.2 Part 2 

Table B.4. Moreno Gulch - Structural Field Measurements 2 

Sub-Location Structure no. Type of structure Joint Strike Joint Dip 

Ridge 1 1 Dyke 224 17 

   233 14 

   320 90 

   305 90 

Ridge 1 2 Dyke 345 70 

   255 12 

Ridge 1 3 Dyke 128 90 

   230 32 

Ridge 1 4 Dyke 150 44 

   258 12 

Ridge 1 5 Dyke 220 35 

   340 60 

Ridge 2 9 Dyke 130 75 
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   338 32 

Ridge 2 12 Dyke 230 20 

   152 90 

Ridge 4 1 Dyke 222 52 

   230 28 

Ridge 4 2 Dyke 282 75 

   300 80 

 Figure B.8. Stereonet, poles-to-plane 1% area contours and rose diagram, of joint orientations present within dykes. 
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3.3 Marca Canyon 

3.3.1 Part 1 

Table B.5. Marca Canyon - Structural Field Measurements 1 

GR (Latitude) GR (Longitude) Locality Structure no. Type of structure Width (m) Strike Dip Dyke Separation Dyke Spacing (m) 

36°42'28.68"N 120°43'0.80"W 1 5 Dyke 0.2 292 70   

    Dyke 0.2 294 76   

36°42'30.08"N 36°42'30.08"N 2 2 Dyke 0.15 44 70 2 to 3 5.7 

    Dyke 0.15 45 63   

    Dyke 0.15 46 90   

36°42'30.08"N 36°42'30.08"N 2 3 Dyke 0.15 59 76 3 to 4 22 

    Dyke 0.15 62 70   

    Dyke 0.15 61 49   

36°42'30.08"N 36°42'30.08"N 2 4 Dyke 0.25 50 80 4 to 1 56 

    Dyke 0.25 56 80   

    Dyke 0.25 44 80   
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Figure B.9. Stereonet, poles-to-plane 1% area contours and planes, of dyke orientation; dip and strike measurements are orthogonal to the regional bedding orientation.
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3.3.2 Part 2 

Table B.6. Marca Canyon - Structural Field Measurements 2 

GR (Latitude) GR (Longitude) Locality Structure no. Type of structure Width (m) (E-W) Length (m) (N-S) Mound Separation Mound Spacing (m) 

36°42'30.30"N 120°43'0.42"W 3 A Carbonate Mound 2.5 2.7 A-B 15.4 

36°42'30.30"N 120°43'0.42"W 3 B Carbonate Mound 5.0 3.7 B-C 11.5 

36°42'30.30"N 120°43'0.42"W 3 C Carbonate Mound 4.5 6.5 C-D 40 

36°42'30.30"N 120°43'0.42"W 3 D Carbonate Mound 3.1 3.8 D-E 1.25 

36°42'30.30"N 120°43'0.42"W 3 E Carbonate Mound 6.3 7.3 E-F 21.5 

36°42'30.30"N 120°43'0.42"W 3 F Carbonate Mound 3.0 3.5 F-G 8.9 

4. Direct Sampling 

Table B.7. Summary table of samples collected during fieldwork in the Panoche Hills, California (for fieldwork conducted during 7th-14th October 2017) 

Sample No. 
Location Area 

Name 
Locality 

no. 
Sub-Location Structure no. Type of structure GR (Latitude) GR (Longitude) Host rock Thin section X-Ray micro-CT 

1 West Tumey 5 n/a n/a 
Carbonate 

mound - S.S. 
36°34'13.93"N 120°40'49.71"W Dos Palos No No 

2 
Escarpados 

Canyon 
1 n/a Mound A 

Carbonate 

mound - Carb. 
36°38'34.24"N 120°41'40.85"W Cima Lentil Yes No 
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3 
Escarpados 

Canyon 
1 n/a Mound A 

Carbonate 

mound - S.S. 
36°38'34.24"N 120°41'40.85"W Cima Lentil Yes No 

4 
Escarpados 

Canyon 
1 n/a Mound C 

Carbonate 

mound - Carb. 
36°38'34.57"N 120°41'41.59"W Cima Lentil Yes No 

5 
Escarpados 

Canyon 
1 n/a Mound C 

Carbonate 

mound - S.S. 
36°38'34.57"N 120°41'41.59"W Cima Lentil Yes No 

6 
Escarpados 

Canyon 
1 n/a Mound D 

Carbonate 

mound - Carb. 
36°38'34.87"N 120°41'41.99"W Cima Lentil No No 

7 
Escarpados 

Canyon 
1 n/a Mound D 

Unidentified 

mineral 
36°38'34.87"N 120°41'41.99"W Cima Lentil No No 

8 
Escarpados 

Canyon 
1 n/a Mound F 

Carbonate 

mound - Carb. 
36°38'34.91"N 120°41'42.35"W Cima Lentil No No 

9 
Escarpados 

Canyon 
1 n/a Mound F 

Carbonate 

mound - S.S. 
36°38'34.91"N 120°41'42.35"W Cima Lentil No No 

10 Moreno Gulch 1 Ridge 1 1 Dyke 36°43'55.17"N 120°43'57.00"W Marca Yes Yes x2 

11 Moreno Gulch 1 Ridge 1 5 Dyke 36°43'53.64"N 120°43'56.45"W Marca Yes Yes x2 

12 Moreno Gulch 1 Ridge 1 5 Dyke 36°43'53.64"N 120°43'56.45"W Marca No No 

13 Moreno Gulch 2 Ridge 2 4 Dyke 36°43'51.26"N 120°43'58.67"W Marca Yes Yes x2 

14 Moreno Gulch 2 Ridge 2 6 Dyke 36°43'51.77"N 120°43'59.02"W Marca No Yes 

15 Moreno Gulch 2 Ridge 2 9 Dyke 36°43'52.54"N 120°43'59.20"W Marca Yes Yes 
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16 Moreno Gulch 3 Ridge 4 1 - Centre Dyke 36°43'50.50"N 120°44'3.73"W Tierra Loma Yes Yes 

17 Moreno Gulch 3 Ridge 4 1 - Margin Dyke 36°43'50.50"N 120°44'3.73"W Tierra Loma No Yes 

18 Moreno Gulch 3 Ridge 4 
2 - Northern 

margin 
Dyke 36°43'51.52"N 120°44'4.17"W Tierra Loma Yes Yes x2 

19 Moreno Gulch 3 Ridge 4 2  - Centre Dyke 36°43'51.52"N 120°44'4.17"W Tierra Loma Yes Yes 

20 Moreno Gulch 3 Ridge 4 
2 - Southern 

margin 
Dyke 36°43'51.52"N 120°44'4.17"W Tierra Loma Yes Yes 

21 Moreno Gulch 3 Ridge 4 4 - Centre Dyke 36°43'52.21"N 120°44'4.50"W Tierra Loma Yes Yes 

22 Moreno Gulch 4 n/a Coarse Sand Depositional S.S 36°43'39.07"N 120°44'36.96"W Panoche Fm. Yes Yes 

23 Moreno Gulch 4 n/a Fine mud Depositional M.S 36°43'39.07"N 120°44'36.96"W Panoche Fm. Yes No 

24 Marca Canyon 1 Dyke 1 South Side Dyke 36°42'28.69"N 120°43'0.80"W Dos Palos Yes Yes 

25 Marca Canyon 1 Dyke 1 Older North Side Dyke 36°42'28.69"N 120°43'0.80"W Dos Palos Yes No 

26 Marca Canyon 1 Dyke 1 South Side 
Brecciated 

gypsum 
36°42'28.69"N 120°43'0.80"W Dos Palos No No 

27 Marca Canyon 1 Dyke 1 North Side Fibrous gypsum 36°42'28.69"N 120°43'0.80"W Dos Palos No No 

28 Marca Canyon 1 Dyke 2 Centre Dyke 36°42'30.03"N 120°43'0.96"W Dos Palos No No 

29 Moreno Gulch 2 Location A Top Sill 36°43'50.02"N 120°44'18.92"W Tierra Loma Yes Yesx2 

30 Moreno Gulch 2 Location A Base Sill 36°43'50.02"N 120°44'18.92"W Tierra Loma No Yes 

31 Moreno Gulch 2 Location B Top Sill 36°43'49.28"N 120°44'17.63"W Tierra Loma No Yes 
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32 Moreno Gulch 2 Location B Centre Sill 36°43'49.28"N 120°44'17.63"W Tierra Loma Yes Yes 

33 Moreno Gulch 2 Location B Base Sill 36°43'49.28"N 120°44'17.63"W Tierra Loma No Yes 

34 Moreno Gulch 2 Location C Centre Sill 36°43'48.33"N 120°44'16.08"W Tierra Loma Yes Yes x2 

S.S. is sandstone; Carb. is carbonate; M.S is mudstone. Samples used for thin section analyses and X-ray micro-CT imaging are indicated. 
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Appendix C Fieldwork summary for the investigation of 

carbonate pipe outcrop analogues in Varna, Bulgaria. 

This Appendix is based on Part II of the following report: 

Böttner, C., Schramm, B., Callow, B. et al. (2019) GRAPA – Geological fracture pattern analyses 

using UAV-based photomontages and photogrammetric digital elevation models, Scientific 

Report, Pobiti Kamani & Beloslav Quarry, Varna, Bulgaria, Part I – 16.07.-23.07.2019 & Part 

II – 19.08.-22.08.2019. 

1. Overview 

An onshore geological analogue for fluid conduits are located in the Pobiti Kamani area, 18 km 

west of Varna, Bulgaria. Observed at this field site are well-exposed, tubular, calcite-cemented 

sandstone concretions, which are remnants of an Early Eocene fluid flow system. 

1.1. Part I – Fieldwork with the customer-grade UAV 

From 17th–23rd July 2019, detailed mapping of the fluid conduits were conducted in the Pobiti 

Kamani area using airborne unmanned aerial vehicle (UAV)-based photogrammetry. This field 

survey was carried out by PhD students Christoph Böttner (CB) and Bettina Schramm (BS) from 

GEOMAR Helmholtz Centre for Ocean Research, Kiel, Germany. 

1.2. Part II – Geological fieldwork 

From the 19th-21st August 2019, a second field study was conducted in the Pobiti Kamani area to 

ground truth the UAV-based imaging, conduct detailed field observations and take samples of the 

fluid conduits. The second field visit was undertaken by Ben Callow (BC, University of 

Southampton) and Christoph Böttner (CB, GEOMAR). A basic outline of the fieldwork and return 

travel to Varna Bulgaria is provided below: 

Sunday, 18 August 

BC flies from London Gatwick (LGW) to Varna, Bulgaria (VAR). (Changeover at Hamburg HAM) 

Note: The flight of Ben from Hamburg to Varna was cancelled, and rearranged for 15.00 on 19/08, 

resulting in one less day in the field. 
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Monday, 19 August 

BC and CB flew from Hamburg (HAM) to Varna, Bulgaria (VAR), Meetup at the airport (VAR) in 

Varna, Bulgaria. Further transportation via rental car. 

Tuesday, 20 August 

The first day, we were conducting field observations and sampling in Pobiti Kamani. Wednesday, 

21 August 

The second day, we conducted field observations and sampling in Beloslav Quarry, ~1.5 km 

southwest of the Pobiti Kamani area. 

Thursday, 22 August 

BC and CB flew back to Hamburg respectively London Gatwick (LGW) from Varna, Bulgaria (VAR) 

(with changeover in Hamburg - HAM). 

The Pobiti Kamani field area is located in a national park, which is easily accessible by car, and 

openly accessible to the public (it is not a remote field location). Access to the field site was 

possible by driving from Varna to Pobiti Kamani. CB (20/08-21/08) drove to and from the field 

location each day. On the first field day, BC and CB were accompanied by a representative from 

the National Park (representatives from Zlatni Piasaci nature park oversee the Pobiti Kamani 

area). 

 

Figure C.1. Location of the Pobiti Kamani area, 18 km west of Varna, Bulgaria. 
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2. Geological setting 

Please see thesis chapter 4, section 4.2 for details. 

3. Objectives of the geological fieldwork 

Questions to answer from the field observations, which cannot be answered by UAV 

photogrammetry alone: 

- How does the texture and composition of a carbonate pipe structure change across its 

diameter? 

- How does the diameter of the carbonate structures change with stratigraphic depth? 

- How did the vertically orientated, cylindrical carbonate pipe structures form? 

- What is the orientation of the fractures observed in the host strata? 

- What is the relationship between the carbonate structures and the surrounding host 

strata? 

Possible questions to answer from field samples, subject to further analysis: 

- From thin section analyses, what is the texture and composition of the carbonate pipe 

structures. 

- From the detailed textural observations, is the carbonate observed to have precipitated 

into former fracture surfaces? 

- Can the time scale over which these structures formed, be determined? 

- What is the porosity and permeability of the carbonate pipe structures – can this be 

determined using lab experiments? Therefore, can we deduce the change in porosity and 

permeability following the mineral carbonation process? 

4.  Geological fieldwork 

4.1. Pobiti Kamani 

Locality overview: 500 m length by 100 m width area of exposure. Metre-sized tubular carbonate 

pipes. Five localities selected (Figure C.2). Sub-horizontal carbonate layers exposed in the 

northern area of the park (localities 1,4 and 5)  
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Figure C.2. Map of the Pobiti Kamani area, highlighting the locality numbers. The white horizontal line is 

100 m length. 

Table C.1. Pobiti Kamani fieldwork locality coordinates. 

Locality no. GR (Latitude) GR Longitude 

1  43°13'41.30"N  27°42'22.82"E 

2  43°13'27.98"N  27°42'26.06"E 

3  43°13'43.57"N  27°42'21.20"E 

4  43°13'36.95"N  27°42'21.64"E 

5  43°13'38.68"N  27°42'21.49"E 
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4.1.1.  Pobiti Kamani – Locality 1 – Entrance to the park area 

- There are ~10 tubular concretions overlying a sub-horizontal carbonate layer. 

- There is evidence of fracturing of the sub-horizontal carbonate layer at an orientation of 

NNE/SSW. 

Example carbonate pipe: 

- The outer surface is highly weathered, with evidence of honeycomb weathering, in addition 

to the presence of lichen (white, green and orange/brown patches)(Figure PK2). 

- The material is highly indurated, with a grainy feel. 

- The concretion is composed of well sorted, medium grained quartz sandstone with 

carbonate cement (~50% by volume). Some areas appear fully recrystallised, i.e. a lack of 

evidence for the original host rock (Figure PK4). 

- There is no evidence of any bedding, the carbonate pipe may be either heavily bioturbated 

or may contain no bedding due to its mode of formation. This is also evidence for a sub-

vertical burrow fossil (skolithos) on the outer surface, 2-3 cm width x 7.5cm in length 

(Figure PK3). The identification of this feature as a burrow is not fully conclusive.  

- The carbonate pipe contains two cylindrical / elliptical interiors containing unconsolidated 

sediment, in other areas these interiors are hollow. The interface between the central 

interior and carbonate exterior is very sharp. The two interiors suggest the amalgamation 

of two carbonate pipes into one, during its formation (Figure PK1). 

- For the carbonate pipe described, there is a large fracture running through the centre, in 

the same orientation as the fractures observed in the surrounding sub-horizontal 

carbonate layer (NNE/SSW). There is no evidence for displacement along this fracture. 

Carbonate layer: 

- Within the sub-horizontal carbonate layer, there is evidence for load cast structures (Figure 

PK6), in addition to the presence of oncoids / pisoids, 5-10 mm in diameter (Figure PK5,7). 

The pisoids have a moderate spatial density, with no preferential alignment or orientation. 

- The surface of the carbonate layer is uneven, therefore it is not possible to obtain a reliable 

bedding measurement. Overall, the ground elevation reduces slightly to towards the South 

(1 m elevation reduction per 50 m). 

- The surrounding area (not inclusive of the sub-horizontal carbonate layers) is comprised of 

unconsolidated sand. 

Locality 1 summary: 
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- There is evidence of fracturing, in addition to possible alignment of carbonate pipes with 

an orientation of NNE/SSW, providing evidence that there may be a direct relationship 

between the fractures and the carbonate pipe structures. However, the fractures may post-

date the carbonate pipes, therefore more evidence is required. 

- The carbonate pipes are composed of carbonate-cemented quartz sandstone, which 

provides evidence that the carbonation process may have occurred through poorly 

consolidated sands. The surrounding sands are now eroded away, however interiors of 

loose sand provide further evidence for the mechanisms forming the carbonate pipes. 

- The presence of load casts within the sub-horizontal carbonate layer, can be used as an 

indicator of way-up, proving that the carbonate pipe structures were sub-vertically 

orientated when they first formed.  

- Pisoids provide evidence that the carbonate layer may have formed in a high intertidal 

zone. However, it may also be interpreted, due to a lack of preferential orientation and 

moderate spatial density, that the pisoids observed have been reworked and deposited 

within a deeper, outer ramp environment of deposition. 

 

Figures PK1-PK3 – Pobiti Kamani – Locality 1: PK1. A carbonate pipe with fracture running through the 

centre, with two internal chambers. PK2. A view of the side of the carbonate pipe, displaying 

significant weathering. PK3. A interpreted vertical U-shaped burrow (skolithos). 



Appendix C 

241 

 

Figures PK4-PK7 – Pobiti Kamani – Locality 1: PK4. Unweathered surface of a carbonate pipe, displaying 

the rock texture. PK5,7. Pisoids 2-10 mm length observed in the sub-horizontal carbonate 

layer. PK6. Load cast structures, carbonate slumping into underlying unconsolidated sand. 

4.1.2.  Pobiti Kamani – Locality 2 – 400 m South of locality 1 

- Four samples were acquired from a 1.5 m diameter carbonate pipe (Figure PK8). 

Carbonate burrow/stalactite? structures: 

- The outer surface of the carbonate pipes, analogous to other carbonate pipes in the area, 

comprises sub-vertically orientated, convex structures that are 1-5 cm in diameter / width 

and are decimetre to metre scale in length. These structures often have sub-horizontal 

orientated branches which have a centimetre thickness (Figure PK9). 

- The structures are observed on all sides of the carbonate pipe, therefore do not appear to 

have a preferred strike direction / orientation. 

- The structures often have a diffuse wider top, and comparatively sharper narrowing of the 

base, however this is not always observed (Figure PK10). 

- There is no apparent difference in texture or composition compared to the surrounding 

material (made difficult to observe due to the highly-weathered nature of the external 

surface); however these features are commonly positive convex features, suggesting that 

they are slightly more competent than the surrounding carbonate material (Figure PK9). 
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- Tentative interpretation: Given the diffusive top, slight thinning of the base, and size range, 

in addition to the sub-horizontal branching, I would interpret that these structures are 

burrow structures ophiomorpha and skolithos. Though, further observations are required 

to be certain. 

- The carbonate pipes are also commonly observed to have sub-horizontal fractures running 

through their diameter (Figure PK8), which are likely to be responsible for the collapse of 

many of the pipes. There may be an explanation for these fractures, which could be 

identified from more detailed observations supplied by the 3D drone imagery. 

Sampling method: 

- A hand drill with 30 mm diameter diamond core drill bit is used. Two battery packs are 

taken into the field, to increase the time possible for sample extraction (Figure PK11). 

- A large 10 litre capacity water container / bag is also taken into the field. This water is used 

to fill up a plastic hose, to ensure that the drill bit is cooled to avoid overheating during 

drilling. 

- Permission to sample in the Pobiti Kamani area was granted prior to the field trip. In 

addition, a local representative from the nature park oversaw the drilling and stated what 

areas of the park we were allowed to sample from. 

- The sample locations are marked with an ‘X’. to ensure that when the sample rotates within 

the hand drill, the way-up of the sample is still known (Figure PK12). 

- During drilling, safety goggles were worn at all times. 

- During drilling, some manipulation of the drill is required to ensure that the core is 

extracted and released from the hole. 

- The coring process extracts samples of 25 mm diameter. 

- The top and base of the sample are marked, and an arrow is also marked, pointing towards 

the direction of drilling (i.e. towards the carbonate pipe interior) (Figure PK13). 

- Two samples were extracted from the interpreted burrows, and two samples from the 

surrounding carbonate pipe structure. 

Locality 2 summary: 

- It is not clear whether the sub-vertically orientated convex structures represent burrows 

(ophiomorpha or skolithos), marine benthic fossils such as serpulids, or whether they 

represent stalactites or infilled fractures, formed due to weathering processes. However, 

their horizontal branching would suggest they are burrow fossils. This may have great 
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importance for understanding the formation of the carbonate pipes, therefore further 

observations must be made. 

- There were many uncertainties prior to drilling such as: Unsure if the drill bits would wear 

out, unsure if the sample would be easily extracted from the hole, unsure whether the core 

plug would remain competent during the drilling process. However, we were very pleased 

with the result, and no major problems arose. There were a couple of tourists in the park 

who raised concerns about us drilling the carbonate pipes, however we were able to talk 

to them directly, explain what we were doing, in order to eliminate any concerns or 

misconceptions they had about our work. 

 

Figures PK8-PK10 – Pobiti Kamani – Locality 2: PK8. Carbonate pipe structure chosen for sampling. PK9,10. 

Convex, sub-vertically orientated, branching structures, interpreted as burrows (skolithos and 

ophiomorpha). The yellow letters outline core sample locations. 
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Figures PK11-PK13 – Pobiti Kamani – Locality 2: PK11. Sampling of a carbonate pipe using a rock drill with 

30 mm diamond core drill bit. PK12,13. Sample sites chosen on the outer surface of the 

carbonate pipe (B) and into an interpreted burrow (C), respectively. The arrow points towards 

the carbonate pipe interior. 

4.1.3.  Pobiti Kamani – Locality 3 – North of the road 

- The carbonate pipes at this locality have been much more intensely weathered. 

- Six samples were collected at this locality from across the central diameter of a carbonate 

pipe. 

Sampled carbonate pipe: 

- The carbonate pipe sampled is ~1 m in diameter with a single hollow interior (previously 

filled with sand prior to erosion), typical of other carbonate pipe structures observed in the 

area. 

- The outer surface is intensely weathered with lichen. Fresh surfaces were acquired from 

the core extraction process (Figure PK14). 

- Six samples were taken, two from closer to the centre of the pipe, two in the central 

diameter of the carbonate pipe, and two from the outer diameter of the pipe. All six 

samples were acquired from the same carbonate pipe, so that one set of samples (inner, 

centre, outer) may be used for geochemical measurements, whilst the other set could be 

used for petrophysical / physical property analysis (Figure PK15). 
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- From field observations, there was no evidence of concentric fracturing of the pipe (as seen 

in previous analogues in Panoche Hills – Escarpados canyon). There was also no evidence 

of any layering visible in the samples. It may only be possible to detect subtle changes in 

composition or texture from further laboratory analysis of the samples.  

A highly-weathered carbonate pipe > 1.5 m diameter and > 2m height provides more evidence for 

the presence of burrow fossils skolithos and ophiomorpha, observed due to preferential erosion 

of the surrounding carbonate material (Figure PK16,17). 

Some carbonate pipes contained cylindrical holes from previous core sampling, most likely from 

previous studies conducted by De Boever et al. (Figure PK18). 

Locality 3 summary: 

- Six samples successfully acquired for further analysis across a transect of the diameter of a 

pipe. 

- The carbonate pipes north of the road are more weathered and eroded than in the main 

Pobiti Kamani park area. 

 

Figures PK14-15 – Pobiti Kamani – Locality 3: PK14. Plan view through a carbonate pipe, showing the 

hollow interior, most likely formerly filled with poorly consolidated sand. PK15. Samples were 

acquired from the inner, centre and outer regions of the outer diameter of the carbonate pipe. 

The letters (E-J) highlight the sample locations. 
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Figures PK16-18 – Pobiti Kamani – Locality 3: PK16. A highly weathered, metre-scale carbonate pipe. PK17. 

The weathered outer surface of a carbonate pipe showing the presence of lichen and 

honeycomb weathering, but also the possible interpretation of a branching network of burrow 

fossils. 

4.1.4.  Pobiti Kamani – Locality 4 – North west side of the park, 150 m South of the 

entrance 

- Presence of a NE trending fracture set (Figure PK19). 

- Measurements were conducted of the fractures to correlate and ground-truth the drone 

imagery. 

- Some of the fractures have been weathered significantly. This creates exposure of the 

fracture surfaces for measuring dip (Figure PK20-21), however the erosion may slightly 

distort the true strike and dip direction (Diagram A-C, on next page). 

- This locality is at a higher ground elevation than locality 1 (~120 m), which may suggest that 

this locality / outcrop is located on an upper carbonate sub-horizontal layer. This is at the 

same ground elevation as locality 5; locality 5 provides more conclusive evidence of an 

upper carbonate layer. 

- It is easier to observe the fractures from an aerial (drone image) view, than from a camera 

photograph at ground level (Figure PK19). 

Locality 4 summary: 
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- The fractures trend NNE/SSW and dip steeply, most commonly in an easterly direction. 

 

Figures PK19-21 – Pobiti Kamani – Locality 4: PK19. NNE trending fracture network through a sub-

horizontal carbonate layer, at higher elevation than the carbonate pipes observed to the east. 

PK20,21. Examples of the measured fracture surfaces. Weathering and erosion may have 

slightly altered the true orientation of the fractures. 

 

Diagram A-C – Locality 4. A diagram to further highlight the potential distortion of the original fracture 

geometry (A), following weathering and erosion (B), in addition to subsequent infill of the top 

surface with recent sand/ soil deposits (C).
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4.1.5.  Pobiti Kamani – Locality 5 – Inside a cave 50 m north of locality 4 

- A cave, representing an upper and lower carbonate layer, supported by carbonate pipes is 

present at this locality (Figure PK22). 

- The fractures observed on the top of the upper carbonate layer, observed at locality 4, 

extend to the base of the carbonate layer, which can be observed on the cave ceiling at 

locality 5 (Figure PK24). 

-  We inferred in some places that parts of the cave may have been washed with concrete, 

to preserve the structural integrity of the ‘cave’. Therefore, caution was taken when making 

observations at this locality. 

- The cave ceiling did not appear to have stalactites (Figure PK24). Stalactite formation relies 

on a constant supply of water for their continued formation. 

- One of the carbonate pipes inside the cave, acting as a supporting wall for the upper sub-

horizontal carbonate layer, had a large, metre scale vertically orientated convex structure 

on its outer surface. This structure was 5-7 cm in diameter, with a diffuse widening top, 

thinning slightly towards the base, with a slightly sinuous vertical geometry (PK23,25). It is 

unlikely that precipitation into a fracture would create the cylindrical / convex geometry, 

neither would such a geometry be characteristic of a stalactite, particularly given the slight 

sinuous vertical geometry. Therefore, it may be interpreted as a large burrow. If this is a 

large burrow, I would attribute it to a tube worm of the genus Lamellibrachia. This type of 

tube worm lives at deep-sea cold seeps where hydrocarbons are leaking out of the seafloor. 

They can reach up to 3 m in length, which could explain the size of the structure observed. 

This would also explain other examples of this type of structure observed at other localities, 

which also contained sub-horizontal branching networks. 

Locality 5 summary: 

- From the evidence presented in the cave, it may be more confidently interpreted that the 

sub-vertical, convex structures on the outer surface of the carbonate pipe structures 

represent burrows (Figure PK23,25). 

- This locality provides evidence that the carbonate pipes are linked to an upper sub-

horizontal carbonate layer. Whether the carbonate pipes formed above the seabed, then 

were subsequently enveloped by further sedimentation, or whether they formed beneath 

the seabed is still an area for further discussion. Though, the central core of unconsolidated 

sand would suggest that they formed slightly beneath the seabed surface, as would the 

presence of burrow fossils. 
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- There is still no conclusive evidence that the carbonate pipes and the NNE trending 

fractures are genetically linked, this may only be possible to interpret from the drone 

mapping. The fracture was observed extending through the carbonate pipe at locality 1, 

therefore the fracturing may post-date the formation of the carbonate pipes; it remains an 

area of uncertainty. 

 

Figures PK22-25 – Pobiti Kamani – Locality 5: PK22. Inside the cave, where an upper carbonate layer is 

supported by carbonate pipe structures. PK24. The NNE trending fractures, also observed at 

locality 4, can be seen extending through to the base of the upper carbonate layer. PK23,25. An 

example of an interpreted sub-vertically orientated, metre-scale burrow. This interpretation is 

preferred to other possible interpretations of a stalactite or infilled fracture / vein, which are 

not believed to produce this type of observed geometry.
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4.2 Beloslav Quarry 

- Locality overview: 700 m length x 100 m width area of exposure. Cross sectional view of 

metre-sized tubular carbonate pipes, within an unconsolidated sand host rock. Carbonate 

cemented intervals are also present, which are directly linked to the pipe structures. 

- The outcrop is situated slightly east of the main quarry site (Figure C.3). There is a 30-40 m 

steep drop from West (135 m) to east (95 m). The steepness of the cliff between localities 

6A -7 meant that large parts of the exposure along the 700 m transect were not accessible, 

highlighting the benefit of drone-based imagery.  

 

Figure C.3. Google Earth map of the Beloslav area, highlighting the locality numbers (6, 6A and 7). The 

white horizontal line is 100 m length. The blue icon represents where the car was parked. Safe access to the 

area was achieved along an old road from the west, now largely overgrown with grass.  

Table C.2 Pobiti Kamani fieldwork locality coordinates. 

Locality no. GR (Latitude) GR Longitude 

6  43°12'29.09"N  27°40'48.25"E 

6A  43°12'30.24"N  27°40'47.14"E 

7  43°12'47.30"N  27°40'47.71"E 
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4.2.1. Beloslav Quarry – Locality 6 – Vantage point looking NNW of the exposure 

Vantage point looking NNW towards the exposure. 

- This locality provided an opportunity to gain a contextual overview of the area. 

Main Field observations: 

A – Light grey sand unit changes diffusely to a sandy brown colour towards the top of the interval. 

Birds nest holes, indicate that the sediment is poorly consolidated (Figure BQ1). 

B – There is limited evidence for bedding, suggesting that the sand interval may be heavily 

bioturbated. Decimetre-scale carbonate cemented horizons provide an indication of sub-

horizontal bedding (Figure BQ1). 

C – The carbonate pipes are orientated perpendicular to the carbonate horizons, the pipes are 

orientated sub-vertically. The carbonate pipes are also light grey in colour, the same colour as the 

surrounding sand host rock. The darker grey colour of some pipes is attributed to a greater 

amount of weathering (Figure BQ1). 

D – The pipes are metre-scale in width and appear to occur in discrete clusters. From this vantage 

point, there is no evidence for any regular pattern of the clustering. The separation of the clusters 

appears to be ~2-3m, but could be quantified in more detail by the drone imaging (Figure BQ1). 

E – It is common to observe bifurcation of carbonate pipes upwards towards the top of the pipes 

(where one pipe splits into two), though convergence of pipes is also observed (two pipes 

merging into one).  Some pipes appear intertwined, leading to more complex geometries (Figure 

BQ1). 

F – Where pipes bifurcate, the pipes commonly have a more globular / bulbous / buldging outer 

surface, which often correlates with carbonate cemented horizons (Figure BQ1). 

G – The top of the pipe increases in thickness slightly towards the top. In some areas you can see 

the overlying carbonate interval dips down slightly towards the carbonate pipe, showing a direct 

relationship between the pipe and carbonate horizon. It may be interpreted that sub-horizontal 

fractures and the differing colour (most likely due to preferential weathering) at the interface 

between the pipes and upper carbonate unit, give a false impression that the two units are 

distinct (not linked)(Figure BQ1). 
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H – The carbonate horizons are very discernible due to preferentially less erosion, compared to 

the sand intervals. From this vantage point, there appears to be two main carbonate units of 

metre-scale thickness that the pipes originate from (lower unit) and terminate into (upper unit) 

(Figure BQ1). 

Locality 6 summary: 

- The locality provided a suitable vantage point to understand the geometry of the carbonate 

pipe structures, as well as gain some insight into their relationship with the sub-horizontal 

carbonate interbed units. Further observations will be made at locality 6A, in order to 

further understand the relationship between the carbonate pipes and sand host rock. 

 

Figure BQ1 – Beloslav Quarry – Locality 6: BQ1. Vantage point looking NNW, providing an understanding of 

carbonate pipe geometry, and the relationship of the pipes with the surrounding sand host 

rock, and the upper & lower carbonate horizons. The letters correspond to the main field 

observations described on the previous page. 

4.2.2. Beloslav Quarry – Locality 6A – 40 m north of locality 6 

- A close-up view of the sand intervals and carbonate pipes observed from the vantage point 

at locality 6. 

- A more detailed description of the sand host rock is provided from making further field 

observations. 
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Rock description of the unconsolidated sand host strata: 

- From locality 6, it appeared that the unit graded from a light grey colour, upwards into a 

more sandy (orange / light brown) colour. On closer inspection, the sandy colour is caused 

by weathered soil material from above. 

- The host strata material is composed of well sorted, fine sand (200 µm). It is highly friable 

and uncemented. The host rock material is composed of predominantly quartz, with a 

carbonate matrix (micrite) that dissolves with dilute hydrochloric acid (HCL). The grains are 

unreactive to the HCL. 

- The host material commonly contains shell fragments, an abundance of Nummulites, 

ranging from 0.5 – 25 mm in diameter. Nummulites are common in Eocene aged marine 

rocks found in the Mediterranean. Dense clusters of Nummulites commonly display a 

subtle imbricate texture, with subhorizontal alignment (Figure BQ3). The large size range 

and clustering provides evidence for a higher energy environment of deposition, possibly 

in a mid-outer ramp setting. 

- Within the host strata unit at this locality, there is no evidence for bedding horizons or 

laminations, therefore the unit appears heavily bioturbated. 

The contact between the carbonate pipe and the host rock:  

- The contact between the less weathered pipe and the host rock appears more diffuse than 

the contact between the more weathered pipe and the host rock (Figure BQ2). 

- There is evidence for later stage sub-vertical fracturing, interpreted to have formed post-

exhumation (post-exposure at the surface). Some of these fractures are infilled with 

carbonate (distinct white colour), with 2-5 mm aperture (Figure BQ4). 

- The same bioclastic material is present in both the host rock and the carbonate pipe (Figure 

BQ7,8). 

Contact between the carbonate pipe and upper carbonate layer: 

- On closer inspection, the carbonate pipe and upper carbonate interbed layer are the same 

colour and have the same composition. The view from the vantage point (locality 6), is 

slightly deceptive, as the upper carbonate layer has a white coloured thin outer crust, 

caused by weathering (Figure BQ5).  

- The base of the upper carbonate interbed layer contains an abundant network of 

horizontal, branching burrows (Thalassinoides) (Figure BQ6). 

- A closer inspection proves the interpretation that the sub-horizontal fractures at the top of 

the carbonate pipes (locality 6 – observation G) have likely formed post-exhumation, as the 
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contact between the pipe and upper carbonate interbed appears very diffuse, with the pipe 

emanating into the upper carbonate layer (Figure BQ5).  

Sampling: 

- Two samples were collected from the carbonate pipes (samples L-M)(L - the dark grey 

coloured pipe)(M- the less weathered pipe). 

- Two samples were collected from the unconsolidated sands of the host strata (N-O).  

Locality 6A summary: 

- The host rock is composed of poorly consolidated, quartz sandstone with minor micritic 

cement. The unit is heavily bioturbated, with an abundance of Nummulites. 

- The carbonate pipe and host sandstone have a similar composition and texture, the only 

differences are the amount of carbonate cementation and the presence of burrow fossils. 

- There appears to be a direct relationship between the carbonate pipe and upper carbonate 

interbed unit, as they have the same texture and composition. The carbonate pipe, which 

widens towards the top, emanates into the carbonate horizon. 

 

Figures BQ2-4 – Beloslav Quarry – Locality 6A: BQ2. Two carbonate pipes observed, one less weathered (in 

the foreground) and one more weathered (the dark grey coloured pipe). BQ3. The poorly 

consolidated sandstone host rock, containing an abundance of fossil Nummulites (0.5-25 mm 

size) which are often observed in ~10 cm diameter clusters. BQ4. Sub-vertical fractures 
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observed splaying from the carbonate pipe within the sandstone host rock, interpreted as post-

exhumation features. The yellow letters (M-O) outline core sample locations. 

 

Figures BQ5-8 – Beloslav Quarry – Locality 6A: BQ5. The interface between the top of the carbonate pipe 

and the upper carbonate interbed unit. The carbonate pipe emanates into the upper carbonate 

interbed unit, despite the false appearance of a sharp contact due to a sub-horizontal fracture 

and white staining of the upper carbonate interbed unit. BQ6. Horizontal branching burrow 

network at the base of the upper carbonate interbed unit. BQ7. Another view of the carbonate 

pipe, appearing to intruded vertically upwards through the poorly consolidated sand host rock. 

BQ8. An abundance of shells and shell fragments 0.5-25 mm in size within the carbonate pipe, 

highlighting the similarity in composition between the pipe and the surrounding sandstone 

host strata. The yellow letter ‘L’ outlines a core sample location. 

Beloslav Quarry – Brief stop between Locality 6A and 7 

- Metre-scale carbonate pipes displaying sub-vertically oriented veining within fractures 

(Figure BQ9). 

Observations of the veins within the carbonate pipes (Figure BQ9): 

- The veins were 0.5-3 cm thickness, white in colour, reactive to HCL, and have a metre-scale 

vertical extent. 

- The veins display a constant thickness from top to bottom, with a sharp top and base 

(where observed). 
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- The veins were linear in shape, displaying no degree of sinuosity. There was no evidence of 

branching of the veins. 

- The veins appear to display a predominant N/S orientation. However, this may be slightly 

due to exposure bias (based on the surfaces that we can observe in outcrop). It was too 

dangerous to take measurements here due to unstable, steep ground surface close to 

exposure. 

 

Figures BQ9 – Beloslav Quarry – Between Localities 6A and 7: BQ9. Metre-scale carbonate pipes 

displaying interpreted secondary sub-vertical carbonate veining within fractures. The veins are 

orientated NNE/SSW.  

4.2.3. Beloslav Quarry – Locality 7 – 500 m north of locality 6A at a carbonate pipe 

cluster. 

The objective at this locality was to sample the carbonate cemented sub-horizontal intervals, as 

well as make further geological observations. 

Field Observations: 

- A cluster of carbonate pipes of metre-scale diameter. 

- The carbonate pipes extend vertically for 5-10 m (more detailed measurements to be 

gathered from the drone imagery). 

- This outcrop is highly weathered, veining is clearly visible, comparable to the stop between 

locality 6A and 7 (Figure BQ11). The veins are also predominantly sub-vertically orientated. 
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- There is an example of a 20 cm diameter pipe, with a hollow interior, which appears to have 

previously contained unconsolidated sand (Figure BQ10). The interior of the carbonate pipe 

is analogous to examples observed in Pobiti Kamani. This relatively thinner pipe appears to 

have formed upwards, along the outer surface of a carbonate pipe with a largely metre-

scale diameter (Figure BQ10).  

- Similar to other carbonate pipes, this smaller pipe widens at the top, emanating into the 

overlying carbonate horizon (Figure BQ10).  

- Within a (lower) carbonate unit, S-shearing is observed (Figure BQ12). The observed S-

shearing is orientated NNE-SSW.  

- The carbonate pipes at this locality appear to extend beyond the upper carbonate interbed 

horizon observed at locality 6A (Figure BQ14), which may be important for understanding 

the mode of formation of the pipes (i.e. the pipes do not always terminate at the thick 

carbonate intervals). 

- Towards the base of the carbonate pipes at this locality (Figure BQ13), there is a bioclastic, 

shell-rich carbonate unit, composed of broken shell fragments 0.5-20 mm in size (Figure 

BQ15). The bioclastic unit is likely representative of a mid-ramp depositional environment. 

This carbonate unit is laterally extensive and is representative of the carbonate horizon / 

unit sampled from this site (Figure BQ16).[A sample is taken through the outer crust layer 

formed from weathering of the carbonate horizon] 

Sampling: 

- Four samples were collected from this site: Two samples from the carbonate cemented, 

bioclastic horizon / unit, one sample from a metre-scale carbonate pipe (the 20 cm pipe 

was too structurally unstable to sample from), and one sample through the S-shear 

structure within the carbonate horizon.  

Locality summary: 

- The carbonate pipes at this locality extend vertically through two prominent carbonate 

horizons, indicating that they do not always terminate at carbonate interbed horizons. This 

may suggest that if there is constant / continued methane flux vertically upwards towards 

the seabed, that it is possible to get multiple generations / sequences of MDAC (methane-

derived authigenic carbonate) pipes, as part of a cold-seep system.  
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Figures BQ10-12 – Beloslav Quarry – Locality 7: BQ10. 20 cm diameter carbonate pipe with hollow interior 

(previously infilled with unconsolidated sand), running vertically along the outer surface of a 

large diameter pipe. BQ11. Fractures and carbonate veins observed, cross cutting both the 

carbonate pipes and surrounding host rock, with no clear orientation or trend. BQ12. S-shaped 

shear fabric within a carbonate horizon. Yellow letters (R and S) outline core sample locations. 
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Figures BQ13-16 – Beloslav Quarry – Locality 7: BQ13,15. A laterally extensive bioclastic carbonate 

interbed horizon, present near the base of a series of carbonate pipes. BQ14. An overview 

image of locality 7, displaying a carbonate pipe cluster, which extends vertically 5-10 metres 

through two prominent carbonate interbed horizons. BQ16. The bioclastic carbonate horizon 

has been sampled, and a core has been collected through a thin outer carbonate crust (which 

has formed due to weathering). The yellow letters (P-Q) outline core sample locations. 
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5. Direct Sampling 

Table C.3 Samples collected 

Sample Location Locality no. GR (Latitude) GR Longitude Type of structure  

A Pobiti Kamani 2 43°13'27.98"N 27°42'26.06"E  Burrows on a carbonate pipe 

B Pobiti Kamani 2 43°13'27.98"N 27°42'26.06"E Carbonate pipe 

C Pobiti Kamani 2 43°13'27.98"N 27°42'26.06"E  Burrows on a carbonate pipe 

D Pobiti Kamani 2 43°13'27.98"N 27°42'26.06"E Carbonate pipe 

E Pobiti Kamani 3 43°13'43.57"N 27°42'21.20"E Carbonate pipe - Inner part of column 

F Pobiti Kamani 3 43°13'43.57"N 27°42'21.20"E Carbonate pipe - Central part of column 

G Pobiti Kamani 3 43°13'43.57"N 27°42'21.20"E Carbonate pipe - Outer part of column 

H Pobiti Kamani 3 43°13'43.57"N 27°42'21.20"E Carbonate pipe - Inner part of column 

I Pobiti Kamani 3 43°13'43.57"N 27°42'21.20"E Carbonate pipe - Central part of column 

J Pobiti Kamani 3 43°13'43.57"N 27°42'21.20"E Carbonate pipe - Outer part of column 

K Pobiti Kamani 3 43°13'43.57"N 27°42'21.20"E Background unconsolidated sand  

L Beloslav Quarry 6A 43°12'30.24"N 27°40'47.14"E Carbonate pipe 

M Beloslav Quarry 6A 43°12'30.24"N 27°40'47.14"E Carbonate pipe 



 

262 

N Beloslav Quarry 6A 43°12'30.24"N 27°40'47.14"E Unconsolidated sand from host strata - Dikilitash Fm. 

O Beloslav Quarry 6A 43°12'30.24"N 27°40'47.14"E Poorly consolidated sand sample from host strata - Dikilitash Fm. 

P Beloslav Quarry 7 43°12'47.30"N 27°40'47.71"E Carbonate cemented sub-horizontal layer along bedding plane 

Q Beloslav Quarry 7 43°12'47.30"N 27°40'47.71"E Carbonate cemented sub-horizontal layer along bedding plane 

R Beloslav Quarry 7 43°12'47.30"N 27°40'47.71"E Carbonate pipe 

S Beloslav Quarry 7 43°12'47.30"N 27°40'47.71"E Sample of S-shear within carbonate cemented sub-horizontal layer 

 

Table C.4 Sample dimensions 

Sample Structure strike Structure dip Sample strike Sample dip Sample height (mm) Sample diameter (mm) 

A n/a 90 168/348 90 22-25 26 

B n/a 90 162/342 90 24 25 

C n/a 90 238/58 90 24-26 26 

D n/a 90 208/38 90 24-25 25 

E 351 44 171 60 17-25 25 

F 351 44 171 60 25 25 

G 351 44 171 60 16-25 26 
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H 351 44 171 60 15-25 25 

I 351 44 171 60 17-25 25 

J 351 44 171 60 20-23 26 

K n/a n/a n/a n/a n/a n/a 

L n/a 90 n/a 90 12-24 25 

M n/a 90 n/a 90 14-22 25 

N n/a n/a n/a n/a n/a n/a 

O n/a n/a n/a n/a n/a n/a 

P 306 8 190 85 20 25 

Q 306 8 190 85 19 25 

R n/a 85 n/a 85-90 15 25 

S 306 8 155/335 90 18 25 
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6. Structural Measurements 

Table C.5 Structural Measurements – Pobiti Kamani - 1  

Location Locality no.  Context Strike Dip 

Pobiti Kamani 1 
Measurement of fractures in the sub-horizontal 

carbonate layer 
201 87 

   188 80 

   204 68 

   189 80 

   189 80 

   209 80 

   198 74 

   8 82 

   184 78 

   29 80 

   209 60 
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   196 72 

 
Figure C.4. Stereonets showing strike and dip plane measurements for fracture orientation, observed in the sub-horizontal carbonate layers at Pobiti Kamani locality 1.
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Table C.6 Structural Measurements – Pobiti Kamani - 2  

Location Locality no. Context Strike Dip Strike Dip 

Pobiti Kamani 4 

Measurement of NNE trending 

fracture set in the sub-horizontal 

carbonate layer 

220 74 186 65 

   194 76 2 59 

   190 50 0 62 

   188 80 0 87 

   5 80 2 80 

   10 60 190 80 

   190 78 181 81 

   178 80 178 75 

   358 48 179 90 

   186 78 186 80 
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Figure C.5. Stereonets showing strike and dip plane measurements for fracture orientation, observed in the sub-horizontal carbonate layers at Pobiti Kamani locality 1. 



 

268 

Table C.6 Structural Measurements – Beloslav Quarry -1 

Location Locality no. Context Strike Dip 

Beloslav Quarry 7 Bedding orientation 318 4 

   300 14 

   300 5 

 

Figure C.6. Stereonets showing strike and dip plane measurements for bedding orientation, for the sub-horizontal carbonate interbeds at Beloslav quarry. 
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