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1. Introduction 

 

The overall task of WP3 is to provide careful experimental characterisation of shale rock 

samples extracted from formations throughout Europe. The objectives of WP 3 include the 

characterization of the pore networks via imaging. This report details the work performed to 

fulfil deliverable “D3.2: Experimental tomographic imaging of pore size, structure, networks 

and potential flow paths within selected shale core samples”. 

1.1 General context  

According to the Energy Information Administration reports (EIA, 2013, 2015), increases in 

crude oil and natural gas production globally is driven by the increasing production of shale 

oil and gas. Currently shale oil and gas comprises 11% in total crude oil and 47% in total natural 

gas production in USA (EIA, 2014). In EU, shale gas may contribute 3-10% of gas production 

by 2030-3035 (Spencer et al., 2014). Increased understanding of microstructure in shale 

reservoirs is imperative to meet this demand whilst minimising the environmental impact. It 

is also important for accurate prediction of recovery and the enhancement of recovery. 

The selected Bowland shale, characterized in Deliverable 3.1, has the potential to become a 

productive shale reservoir, with its characteristics including being organic rich (>2% TOC), low 

porosity (2-15%) and extremely low permeability (1 µD to 1 nD) (Britt, 2012; Clarkson et al., 

2012; Macbeth et al., 2011). This shale’s strong heterogeneity makes detailed studies of its 

reservoirs challenging. The comprehensive analysis of shale reservoirs not only depends on 

the understanding of petrological microstructure properties, but also the pore system and 

flow pathways. 

Understanding the distribution of the porous network characterised by porous phases 

(organic-matter and non-organic minerals) and fractures, is also important. These 

components can control the geometry and orientation of pores and may be routes for fluid 

transport. These components can be imaged in 3D with X-ray computed tomography (XCT). 

Due to the highly heterogeneous nature of shales and the limitations of current imaging 

techniques, all relevant features cannot be resolved at one scale (Ma et al., 2017). Focused 

Ion beam Scanning Electron Microscopy (FIB-SEM) provides nano-scale imaging for pores 

within the porous phase. Therefore, we used multi-scale imaging combining XCT and FIB to 

give an enhanced understanding of pore system and flow pathways within these complex 

shale samples (i.e. pore size, structure, networks and potential flow paths). Deliverable D3.2 

reports the results of these multi-scale, correlative imaging studies of Bowland shale. 
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1.2 Deliverable objectives 

Enhanced oil/gas recovery in shale production largely depends on the understanding of the 

pore networks and gas flow through these networks and fractures. Advanced Imaging 

techniques, for example, synchrotron tomographic imaging and focussed ion beam imaging, 

will push the existing limits. We performed a full traditional characterisation of microstructure 

in shale samples (Deliverable 3.1), and focus on building on this analysis using multi-scale 3D 

images of porous phase, pores and potential flow paths in this report. The objectives are to 

characterise:  

1. the spatial distribution of the porous phases within shale samples at the micro-scale 

(i.e. size, connectivity); 

2. the spatial distribution of pore system (i.e. location, size, connectivity) within shale 

samples at the nano-scale; and 

3. identify the potential flow paths in pores and porous phases within shale samples, and 

after hydraulic fracturing experiments. 

 

The data generated will underpin WP02, WP04 and WP06. For example, the pore network 

and fracture pattern will be experimental inputs for flow simulation at the nanoscale (WP2) 

and macroscale (WP6). These results will also have a more broad impact on improved 

assessment of economic exploitation and environmental footprint of shale gas plays. 
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2. Methodological approach 
 

First of all, the microstructure, porous phase and pore types of the Bowland Shale were 

studied using 2D high-resolution Scanning Electron Microscopy (SEM) to cover a wide range 

of resolutions and to select interesting samples and areas to analyse in 3D. The microstructure 

and porous phases of selected TOC-rich samples were then imaged and quantified using X-

ray tomography at the micro-scale. Pores were imaged and quantified using FIB-SEM to 

quantify in 3D their size distribution and structure at the nano-scale.  

 

After hydraulic fracturing experiments in the laboratory (Rutter et al., 2017), the fracture 

pattern generated by the injection was imaged by X-ray tomography to characterise their 

pattern and connectivity in 3D. 

2.1 X-ray tomography 

X-ray computed tomography techniques were first developed by Hounsfield (Hounsfield, 

1973) in 1970s, and the geological applications have been performed since the 1980s 

(Wellington and Vinegar, 1987). X-ray tomography images are based on the principle that the 

intensity of X-rays is attenuated differently when passing through different minerals or 

materials, and the detector measures the degree of attenuation creating a 2D slice in grey-

scale (Figure 1). The sample rotates through 360° around a central axis, and a series of 2D 

slice are collected and then reconstructed to produce a 3D volume. 

Selected samples were imaged in synchrotron sourced X-ray tomography microscope, I13 

beamline in Diamond Light Source. Images with 0.8 µm voxels are provided to give 

quantification, spatial connectivity and distribution of porous phases. 
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Figure 1: Schematic illustration of X-ray computed tomographical images acquisition and reconstruction, 
modified after (Landis and Keane, 2010). 

2.2 FIB-SEM 

To access the nanoscale features characterization in shales, advanced Focused Ion beam 

Scanning Electron Microscopy (FIB-SEM) was used to obtain high-magnification 3D images 

(Figure 2). It is a destructive technique which can be described as performing SEM imaging 

while systematically removing the sample surface using ion beam milling (Alkemper and 

Voorhees, 2001; DeHoff, 1983).  

The FIB milling technique used a Ga+ beam to produce a flat surface, with a Pt coating added 

to protect the sample from curtaining (Curtis et al., 2010). Hundreds of high- magnification 

SEM images (approximately 5 nm x-y resolution) were collected with at 5-20 nm intervals (z 

resolution), allowing the pore observation and quantification in shales down to the nanoscale. 

The types, sizes, and network of pores in an organic matter rich area or a mineral rich area 

were quantified. The results were combined with synchrotron based X-ray tomography and 

2D SEM to produce correlative images of the pore systems in these heterogeneous shale 

samples. 
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Figure 2: The schematic diagram of SBF-SEM and FIB-SEM. 

 

3. Summary of activities and research findings 
 

3.1 3D imaging of porous phase at the micro-scale 

Pores are observed to be associated with organic matter and mineral grains, which are 

defined as porous phases (Figure 3). According to the TOC and XRD measurements in 

deliverable 3.1, the majority of samples are organic matter rich (>2%), quartz-rich (>50wt%) 

and clay-poor (<20wt%) (Fauchille et al., 2017).   

 

3.1.1 Identification of porous phases 

Minerals: 

1) Granular minerals: Quartz, calcite, ankerite and albite are common granular minerals 

in these samples. Small pores exist in the crystal gaps, with spherical or irregular 

polygon shapes (Figure 3a). However, it is unlikely to have an interconnected pore 

network in granular minerals due to the crystal properties. Pyrite is present in the 

forms of framboids and single crystals. Framboids host some polygons shapes align 

the individual crystals in the framboids, and single crystals do not host pores.  

2) Clay minerals (and other fine-grain minerals): Kaolinite and muscovite dominate in 

these samples, partly orientated to the bedding plane (Figure 3b). Inter-mineral pores 

are present between clay mineral grains or between clay minerals and other fine-grain 

mineral grains with elongated wedge shapes. 

 



Deliverable D3.2 
 

PU Page 10 of 21 Version 1.1 

 

 

Figure 3: Microstructure of minerals in Bowland shale samples. a) Mineral phase, B8; b) clay mineral 
and other fine-grain minerals, B5. 

 

Organic matter:  

Various types of organic-matter particles are present in the Bowland Shale. Some of them are 

porous (Figure 4a) while others are non-porous (Figure 3b). Many of porous organic matter 

particles are found to be large and spherical in shape. Some of them are lamellar, interbedded 

with clay minerals and other fine-grain minerals. Non-porous organic matter is dominated by 

elongate shape or irregular polygons. Some inter particle pores are present in the interface 

of non-porous organic matter and adjacent minerals. They are commonly present as curved 

flakes or possessing a crack-like geometry, aligned along the edge of non-porous organic 

matter particles. 

 

 

Figure 4: a) Organic matter particle of type I in a quartz and organic-rich laminated sample of Bowland Shale, 
B6; b) and c) macropores from a). 

 

Microcracks were observed in both porous phases, minerals and organic matter. Cracks in the 

mineral matrix follows the mineral boundaries primarily, while those in organic matter have 

different distributions (Figure 5a). Some of them present at the interface of organic matter 

and fine-grain minerals, and some cracks open in the middle or organic matter particles 

(Figure 5b). 
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Figure 5: Micro-cracks in selected Bowland shale samples. a) Micro-cracks in the cement and matrix of a quartz 
and organic rich lamina; b) microcracks in organics, clays and quartz. 

3.1.2 Imaging and quantification of porous phases 

To image and quantify the porous phase structure in 3D, the organic-rich sample B6 

(TOC=6.1%) was considered representative of the range of studied samples. The references 

and mineral composition of B6 are given in Deliverable 3.1.   

The microstructure of B6 was imaged with Synchrotron X-Ray Tomography at the microscale 

(voxel size: 0.81 micron). Three phases were then segmented: 

- the organic-matter (associated with fractures and macropores); 

- the granular minerals; 

- the silica cement and clay minerals. 
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Figure 6: 3D microstructure of a Lower Bowland Shale sample (B6 from Preese Hall-1, depth=2344.7m, TOC=6.1 
wt%, C- organic matter 3%, D- granular mineral- 75%, E- silica cement and clay mineral - 22%). 
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3.1.2.1 Organic matter distribution and connectivity 

The organic matter structure is imaged and quantified in a large volume of sample size (1.54 

× 0.55 × 0.55 mm). The geometry, size, orientation and connectivity of organic matter 

particles are very heterogeneous, contrary to previous 2D observations. 

 

Varied geometries were found in this sample (Figure 7). Large laminar and small irregular 

shapes are two common types. The ratios of length and thickness is larger than 3 in large 

laminar ones while equal or smaller than 3 belongs to small irregular ones.  

 

The size ranges from a few microns to hundreds of microns. A large piece of organic matter 

particle are found in this volume, with 761 µm length, 422 µm width and 39 µm thickness. 

Majority of organic matter particles range in sizes of 1-10 µm equivalent diameter (Figure 8). 

 

Figure 7: Varied geometries of organic-matter in Bowland B6 sample, displayed in different orientations (B6). 
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Figure 8: Equivalent diameter distribution of organic matter particles in B6 samples. 

 

An organic matter rich area was selected for detailed quantification (Figure 7 left). Many small 

irregular particles, referring to organic matter type I (OM-I), were observed in both X-ray 

tomography images and SEM images (Figure 9 A-B). One large piece of organic matter is 

connected from the top to the bottom with width 5-10 microns, along bedding plane (Figure 

8 A-B. Other organic matter particles distribute randomly, with a mean size 3 µm. The large 

and laminar pieces of organic matter were also observed in SEM images, referring to the 

organic matter type II (OM-2). Few pores are found associate with this type of organic matter 

(Figure 9 C-F). 
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Figure 9: Organic matter distribution on a subvolume of B6 (A-B), and SEM images corresponding to OM1 and 
OM2 at different magnifications (C-F). OM1 is small and irregular, while the OM2 is strongly connected although 
the pores are not obviously connected. 

3.1.2.2 Mineral distribution and connectivity 

The distribution density of granular mineral increases from the bottom to the top, while that 

of clay mineral and other fine-grain minerals decreases in the meantime. A calcite vein across 

the samples are observed at the left corner of this samples, with the thickness of 80 – 100 

µm. The sizes of individual minerals are not reliable in these images due to the resolution, 

therefore not present in this study. 

3.2 3D imaging of pore size, structure, and networks at nano-scale 

Based on the high-resolution SEM observations, organic matter and mineral are two typical 

phases hosting pores. Imaging and quantification of pore system was done in an organic 

matter area and a mineral area. 

3.2.1 Imaging and quantification of organic matter pores 

Organic matter pores were imaged in a selected porous organic matter particles, as only this 

type of organic matter particles hosting pores. Organic matter pores appear to be spherical, 

with varied sizes. The pores in this image range from 20 nm to 300 nm in size, with a modes 

at 40 nm and 200 nm. They show a high density of pores, although these pores do not forma 

globally connected network.  
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Figure 10: 3D images of organic matter pores in Bowland B6 sample. A) 2D slice from the FIB images. B) 3D 
volume rendering of segmented organic matter pores in the FIB images. Colours refer to disconnected pores. 

3.2.2 Imaging and quantification of mineral pores 

Pores inside mineral (Intra-mineral pores) or between minerals (Inter-mineral pores) were 

both observed in these images. 

 

Inter-mineral pores were commonly found in granular minerals such as quartz, calcite, 

ankerite and albite. Small pores exist in the crystal gaps, with spherical or irregular polygon 

shapes (Figure 11A). Inter-mineral pores were observed between many mineral types. Pores 

between granular mineral display irregular polygonal shapes, while pores between fine-grain 

mineral grains have wedge shapes (Figure 11B). Compared with organic matter pores, mineral 
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pores are less in numbers and generally smaller in size (Figure 12). The pore network shows 

a low connectivity and a relatively homogenous texture. 

 

Figure 11: 3D images of mineral pores in Bowland B6 sample. A) a 2D slice from the FIB images. B) 3D volume 
rendering of segmented mineral pores in the FIB images. Colours refer to disconnected pores. 

 

 

 

Figure 12: Pore size distribution in Bowland B6 sample, quantified from FIB images. 
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3.3 Implication for potential flow paths 

The pore systems of Bowland Shale samples are primarily within, or associated with, the 

organic matter and matrix. The volume of pores larger than 20 nm is relatively small in these 

samples, and the measured pore system has extremely low connectivity (it is assumed there 

exists a network of connected mesoporosity in the organic phase). The isolated pores mean 

that gas transport via considered length scales is unlikely to be important, and the high 

connectivity of organic provides the potential pathways for gas flow in the alternative forms 

of diffusion and adsorption-desorption in the nanoscale mesopores within the organic matter 

(see below).  

Fully understanding the pore system is the basis of understanding flow paths. The mechanism 

of gas transport in shale reservoirs can take several forms (for example, Darcy flow, surface 

diffusion and molecular diffusion), and each depends on the pore sizes and pore-network size 

(Javadpour, 2009; Sondergeld et al., 2010). Organic matter particles are likely to be 

microporous with pores smaller than 6 nm (Rexer et al., 2014), and the surface diffusion inside 

pores combined with molecular diffusion cross pores is considered to be the main transport 

(Etminan et al., 2014; Mi et al., 2014; Yuan et al., 2014). Micro-cracks observed in this study 

are separated from other pores. The larger volume fractions and more elongate shapes of 

micro-cracks in this sample provide longer pathways and larger surface area, which provides 

higher potentials for gas molecule scattering into the mineral matrix. Intra-mineral pores, 

referring to the pores inside mineral grains, are likely to contribute little to the overall gas 

transport due to the low connectivity relationship to other pores, while the pores between 

mineral grains take important roles. Higher percentages and wider distribution of mineral 

phases allows more extensive transport pathways through whole samples, although the 

mineral pores have relative smaller sizes. 

3.3.2 Hydraulic fracturing for potential flow paths 

In this low-connectivity pore system, the topological properties of porosity outweigh the 

geometric factors in terms of impacts on fluid flow and future fractured network after fracking 

(Ewing and Horton, 2002), and smaller penetrating distance between adjacent pores allows 

easier penetration (Hu et al., 2002) during hydraulic fracturing. Pores with higher local 

densities are more associated with organic matter, indicating secondary fractures may occur 

along organic matter particles. In addition, the easier fracturing direction may be parallel to 

the bedding plane as this is the preferred pore orientation direction, reducing the distance 

between adjacent pores.  

Some initial hydraulic fracturing experiments have been performed with a 20 cm-long core 

sample cut from a well-layered, very fissile Carboniferous shale recovered from a deep (2 km) 

borehole in northern England (Rutter and Mecklenburgh, 2017). From thin section 

observation and X-ray diffraction the rock is dominated by quartz particles and quartz-

dominated lamellae with a matrix of detrital muscovite and diagenetic clay (kaolinite) and an 
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absence of carbonate. The hydraulic fracture lies roughly normal to the sedimentary layering, 

as revealed by the opening-mode segments (Figure 13). More work will be done in hydraulic 

fracturing experiments and the results will be present in Deliverable 3.5. 

 

Figure 13: Experimental hydraulic fracture pattern of a selected Carboniferous shale sample. 

4. Conclusions and future steps 
 

A range of imaging techniques have been used to cover multiple scales from mm to nm (SEM, 

XCT and FIB) in the studies of pore size, structure, networks and potential flow paths in 

selected samples. The microstructure and the porous network of Bowland shale are highly 

heterogeneous, contrary to previous 2D observations in Deliverable 3.1. Based on the large 

volume of data, the heterogeneity of all porous phases is quantified. Some specific organic 

matter particles are selected for higher-resolution quantification, and the distribution and 

connectivity of two common organic matter, small irregular particles and large piece of 

organic matter, are analysed. Pores are quantified based on their relationship to the porous 

phase. Pores in the selected samples range 20 nm – 1 µm in size, which was quantified in 3D 

FIB images at nano-scale. No continued network is detected at this image resolution, but 

potential flow path may exist below resolution within porous phases. Pores are observed to 

be associated with two porous phases, organic matter and minerals (clays and carbonates). 

Pores in organic matter have larger sizes, more number and higher connectivity locally in 

organic rich areas, while mineral pores have wider distribution in the whole sample. The 

spatial distributions of these porous phases were quantified in synchrotron tomography 
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images at micro-scale. Organic matter shows more elongated particles shapes, but lower 

content and lower connectivity than minerals. Hydraulic fracturing can produce cracks inside 

samples to provide more efficient pathways for the oil/gas in shales. Large hydraulic fractures 

are perpendicular to bedding and thin fractures follow the bedding showing a multi-scale and 

complex fracture network. More studies will be done for in situ tomographic images of 

hydraulic fracturing and details will be provided in the deliverable 3.5.  

5. Publications resulting from the work described 

 
1) Fauchille, A-L., Ma, L., Rutter, E., Chandler, M., Taylor, K.G., Lee., P.D., 2017. An 

enhanced understanding of the Basinal Bowland shale in Lancashire (UK), through 

microtextural and mineralogical observations. Marine and Petroleum Geology, 

Vol.86,  Pages 1374-1390. https://doi.org/10.1016/j.marpetgeo.2017.07.030  

 

2) Ma, L., Taylor, K.G., Dowey, P.J., Courtois, L., Gholinia, A., Lee, P.D., 2017 Multi-scale 

3D characterisation of porosity and organic matter in shales with variable TOC content 

and thermal maturity: Examples from the Lublin and Baltic Basins, Poland and 

Lithuania. International Journal of Coal Geology, Volume 180, Pages 100-112. 

https://doi.org/10.1016/j.coal.2017.08.002 

 

Additional publications are planned.  
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