
Deliverable D3.3 
 

PU Page 1 of 23 Version 3.0 

 

 

 

Grant agreement No. 640979 
 

ShaleXenvironmenT 

 

Maximizing the EU shale gas potential by minimizing its environmental 
footprint 

 
H2020-LCE-2014-1 

Competitive low-carbon energy 
 

D3.3 
Fluid behaviour for water, methane, other hydrocarbons, 

fracturing fluids and their chemicals confined in the 
narrow pores found in shale rocks 

 

WP 3 – Advanced Imaging and Geomechanical Characterisation 
 
 
Due date of deliverable  28/02/2018 (Month 30) 

Actual submission date  26/02/2018 

Start date of project   September 1st 2015 

Duration    36 months 

Lead beneficiary   UoM 

Last editor    Alberto Striolo 

Contributors    UoM, UCL, GFZ 

Dissemination level  Public (PU)  

 

 
This Project has received funding from the European Union’s Horizon 2020 research and innovation 
programme under grant agreement no. 640979. 



Deliverable D3.3 
 

PU Page 2 of 23 Version 3.0 

 

Disclaimer 
 
The content of this deliverable does not reflect the official opinion of the European Union. 
Responsibility for the information and views expressed herein lies entirely with the author(s). 
 

History of the changes 
 

Version Date Released by  Comments 

1.0 16-02-18 Lin Ma First draft 

3.0 20-02-18 Peter Lee Third revision 

    

Table of contents  
 

Table of contents ............................................................................................................................................ 2 

List of tables .................................................................................................................................................... 2 

List of figures ................................................................................................................................................... 3 

Key word list .................................................................................................................................................... 4 

Definitions and acronyms ............................................................................................................................... 4 

1. Introduction ....................................................................................................................................... 5 

1.1. General context ....................................................................................................................... 5 

1.2. Deliverable objectives ............................................................................................................. 5 

2. Methodological approach .................................................................................................................. 6 

2.1. Imaging characterisation ......................................................................................................... 6 

2.2. Permeability measurements ................................................................................................... 6 

2.3. Modelling ................................................................................................................................ 7 

3. Summary of activities and research findings ..................................................................................... 9 

3.1. Porous phases and corresponding pore types ........................................................................ 9 

3.2. Pressure-dependent permeability ........................................................................................ 12 

3.3. Gas transport in pores with different sizes ........................................................................... 15 

3.4. Methane transport in pores with different chemical compositions ..................................... 16 

3.5. Methane permeability in organic matter and inorganic matrix ........................................... 18 

4. Conclusions and future steps ........................................................................................................... 20 

5. Publications resulting from the work described .............................................................................. 20 

6. Bibliographical references ................................................................................................................ 21 

 

 

List of tables 
 
Table 1: Comparison of permeability from image-based simulation and laboratory experiment ............... 15 



Deliverable D3.3 
 

PU Page 3 of 23 Version 3.0 

 

List of figures 
Figure 1: Representation of the possible pathways in a 1D domain with reflective boundaries. For N 
voxels, there are 2N _ 2 possible moves a molecule can make (Apostolopoulou et al., 2017). ..................... 8 

Figure 2: Representation of our simulated system and the transition rates at the interfaces. Region 1 (R1) 
corresponds to the bulk methane reservoirs, region 2 (R2) symbolises the layer of water formed outside 
of the pores, and region 3 (R3) represents the silicon .................................................................................... 8 

Figure 3: Sub-micron scale pore systems. A-D SEM images of intra-organic, organic mineral interface, 
inter- and intra-mineral pores. E-H 3D renderings of the four pore types in nanoscale-1 (silt-rich lamina), I-
J in nanoscale-2 (clay-rich lamina). ................................................................................................................ 11 

Figure 4: Equivalent diameter, volume, and surface area distribution of the four pore types in nanoscale-1 
(in silt-rich lamina) and nanoscale-2 (in clay-rich lamina) data sets, and the corresponding average pore 
equivalent diameter of four pore types. See text for discussion. ................................................................. 11 

Figure 5: Permeability plotted as a function of effective pressure at a constant pore pressure showing the 
evolution during pressure cycling (McKernan et al., 2017). .......................................................................... 12 

Figure 6: Synchrotron x-ray in situ imaging of the closure of pre-existing cracks with increasing confining 
pressure in a Whitby mudstone. .................................................................................................................... 13 

Figure 7: X-ray computed tomography data. (a–c) Zeiss Xradia 520 Versa micro X-ray computed 
tomography with voxel size of 0.8 microns. (a) Lamination-parallel view of sample. (b) Vertical section 
view through sample showing silty (7% porous phase) and clay-rich (13% porous phase) compositional 
laminations of approximately 0.5 mm thickness. (c) Segmentation of grayscale into 4 distinguishable 
phases. (d–f) Zeiss Xradia 810 Ultra nano X-ray computed tomography with voxel size of 0.126 microns. 
(d) Lamination-parallel view of sample. (e) Vertical section view through sample. (f) Porous volume 
rendering (dashed volume outline in (e)) of grayscale threshold segmentation representing 11 volume % 
(red) (Backeberg et al., 2017). ....................................................................................................................... 14 

Figure 8: Experimental argon (red) and water (blue) permeability results through 20 mm diameter and 20 
mm length shale cores. Permeability was measured perpendicular to laminations (triangles), parallel to 
laminations (squares) and along a lamination-parallel fracture (circles) (Backeberg et al., 2017). .............. 14 

Figure 9: Permeability simulation in large organic associated pores (left) and small clay associated pores 
(right) in Haynesville sample A: ortho slices at X, Y and Z axes B:3D volume rendering of pores with 
illustrated streamlines at X,Y and Z axes, C: illustrated stream lines at X,Y and Z axes, D: illustrated 
streamlines at X axis, E: illustrated stream lines at Y axis, F: illustrated streamlines at Z axis. ..................... 16 

Figure 10: Results obtained implementing the KMC model presented here versus MD simulations for flux 
(left panel) and permeability (right panel). The results obtained from both methods are presented with 
error bars (Apostolopoulou et al., 2017). ...................................................................................................... 17 

Figure 11: Effect of the pore length on membrane flux (left panel) and effect of pore length on the % of 
flux decrease as calculated from KMC simulations (right panel). The flux obtained for the different pore 
lengths is reported with error bars (Apostolopoulou et al., 2017). ............................................................... 18 

Figure 12: Permeability computation of organic matter matrix. A: estimated pore size distribution. B: an 
example of Monte Carlo stochastic ensemble C: different realizations of the Monte Carlo stochastic 
ensembles ...................................................................................................................................................... 19 

Figure 13: Permeability computation of inorganic matrix. A: estimated pore size distribution. B: an 
example of Monte Carlo stochastic ensemble C: different realizations of the Monte Carlo stochastic 
ensembles ...................................................................................................................................................... 19 

Figure 14: A 2D slice of Micro-CT images of B6 sample. Red- organic matter, green and blue- inorganic 
matrix. ............................................................................................................................................................ 20 

file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172518
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172518
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172519
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172519
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172519
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172529
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172529
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172529
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172531
file://///ad.ucl.ac.uk/GroupFolders/FBA_European/Project%20Management/2%20Current%20Projects/ShaleXenvironmenT/Project%20Work/Deliverables/D3.3%20Fluid%20behaviour/ShaleXenvironmenT_D3.3_Fluid%20behaviour%20(Repaired).doc%23_Toc507172531


Deliverable D3.3 
 

PU Page 4 of 23 Version 3.0 

 

Key word list 
 
Fluid behaviour, Pores, Permeability, Modelling,  
 

Definitions and acronyms  
 

Acronyms Definitions 

3-D EM Three-Dimensional Electron Microscope 

FIB-SEM Focused Ion Beam Scanning Electron Microscopy 

KMC Kinetic Monte Carlo 

MD Molecular Dynamics  

SEM Scanning Electron Microscopy 

TFC Trillion Cubic Feet 

TOC Total Organic Carbon 

XCT X-ray Computed Tomography 

XRD X-ray Diffraction 

 
 



Deliverable D3.3 
 

PU Page 5 of 23 Version 3.0 

 

1. Introduction 

1.1. General context  

 

Shale reservoirs have become a target for global exploration, as oil and gas production declines from 

maturing conventional fields. A large amount of oil and gas is estimated to be held in European shales, for 

example for the Bowland shale (UK) the  forecast potential production is 164 – 447 TFC of gas (Andrews, 

2013). Therefore, shale gas has the capability of becoming a significant component of the energy system 

for Europe. However, it is important to understand the impact of its extraction on the environment, and 

hence understand the flow of both the hydrocarbons and fracturing fluids in the narrow pores found in 

shale rocks. 

 

Fluid behaviour is a crucial element to understand both gas recovery and any environmental impact 

related to the exploitation of shale gas plays. It requires a complete understanding of the pore system in 

shale reservoirs across scales, from nanometre sized pores within the organic and mineral phases, up to 

centimetre-scale fractures, both natural and induced (Ambrose et al., 2012; Mines, 2011). Shales typically 

have very low porosity (2-15%) and extremely low permeability (1 µD to 1 nD); they are also highly 

heterogeneous both at the microscale and at the scale of a reservoirs (Britt, 2012; Clarkson et al., 2012; 

Macbeth et al., 2011). These factors make the characterisation of shale pore systems and their fluid flow 

behaviour particularly challenging. 

 

The size, location, connectivity and surface chemistry of pores are key features that should be 

characterised to study and simulate fluid behaviour in shales (Ross and Bustin, 2009). Some aspects of the 

porosity and local composition of selected shales were studied in Deliverable 3.1 and 3.2. Further 

characterisation of pore properties were performed and the complex fluid behaviours in pores with 

different sizes, confining conditions, and chemical compositions were studied and simulated in this 

deliverable. The results from this deliverable will be combined with characterisation of shale mechanical 

behaviour to obtain an integrated study of European shale reservoirs, which will be presented in 

Deliverable 3.5. 

1.2. Deliverable objectives 

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

and fluid flow through such network. Advanced Imaging techniques, e.g. synchrotron tomographic 

imaging and focus ion beam imaging, will push the existing limits. Moreover, combined with careful 

experiments and modelling approaches, the fluid behaviours in narrow pores will be fully addressed.  

 

The specific objectives are 

1) To characterise the pore system which confines the fluid behaviours using imaging techniques 

(presented in D3.1 & 3.2, and new aspects here) 

2) To determine the fluid behaviour (gas and water) in the confined pores using direct permeability 

measurements. 

3) To estimate the methane flow behaviour in the pores with different chemical compositions using 

modelling methods. 

 



Deliverable D3.3 
 

PU Page 6 of 23 Version 3.0 

 

The data extracted from these objectives will be useful for other work packages such as WP02, WP04 and 

WP06. For example, the imaging quantification for pores, permeability test for argon and water, flow 

simulation for methane. 

 

2. Methodological approach 

2.1. Imaging characterisation 

2.1.1 X-ray tomography 

X-ray computed tomography (XCT) images are generated by acquiring a series of 2D ‘projections’ of a 

sample, where each projection is a radiographic image collected from a different angle (Landis and Keane, 

2010). Samples are placed in the X-ray beam and rotated 180° or 360° around a vertical axis collecting 

images at regular intervals. Each mineral phase has specific x-ray absorption characteristics, so on 

rotation the mineral assemblage along the beam path varies and the total x-ray flux hitting each pixel on 

the detector varies (Hsieh, 2009; Ketcham and Carlson, 2001; Long et al., 2009; Wellington and Vinegar, 

1987). Filtered Back Projection (FBP) reconstruction algorithms are then applied to reconstruct a 3D 

image, and the image represents a 3D absorption (density/mineralogy) volume, or a 3D phase contrast 

volume. Micro-CT images and Nano-CT images in this study were acquired from Zeiss Versa 520 with a 

voxel size 0.8 µm and Zeiss Ultra 810 with a voxel size 64 nm, respectively. In situ synchrotron XCT images 

were imaged at I13 beamline of Diamond Light Source with a voxel size 1.6 µm. 

2.1.2 3D electron microscope (3D-EM) 

3D electron microscope (3D-EM) data were acquired using a DualBeam FIB (Nova NanoLab 600i, FEI, 

Hillsboro, United States) mounted inside the vacuum chamber of an SEM (Lang et al., 2011). This 

technique involves the collection of a sequential series of SEM images with each image taken after a thin 

layer of the sample has been milled by a gallium ion beam (Ghous et al., 2008; Martínez et al., 2008; Tariq 

et al., 2011a). Imaged areas were carefully chosen to ensure visual homogeneity and similarity in the 

composition at this scale. The images were acquired by secondary electron detector with resolutions of 

around 10 nm in the XY plane with a vertical slice spacing of 20 nm along the Z axis. 

2.2. Permeability measurements 

Permeability measurements were performed on 7 mudstone and 4 shale samples using the oscillating 

pore-pressure method. This method uses a fixed-frequency, sinusoidally oscillating pore-pressure signal 

forced at the upstream end can be used instead of a pore pressure transient (McKernan et al., 2017 and 

references therein). The downstream signal is amplitude attenuated and phase shifted but can be easily 

detected because its period is the same as the upstream signal. Permeability can be approximated from 

the ratio of the upstream and downstream signal amplitudes, and the sample storability (i.e. the product 

of compressibility with porosity); the latter is mainly dependent on the amount by which the downstream 

signal is phase-shifted (Mckernan et al., 2014). It has the advantage of being relatively insensitive to 

leakages and temperature fluctuations and reduces experimental timescales. 
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2.3. Modelling 

2.3.1 Navier–Stokes equation modelling 

Navier–Stokes equations were used for gas transport in locally connected pores with different sizes. 

These equations describe the motion of viscous fluid substances based on a flow velocity (Puncreobutr et 

al., 2014). Based on detailed study of the pore system, an image-based permeability simulation was 

developed in organic related pores and clay mineral related pores by solving the Navier–Stokes equations 

in combination with Darcy’s Law, which has been proved to be effective in shale reservoirs (Javadpour et 

al., 2007; Peng et al., 2015; Zhang et al., 2012). This simulation was performed in Avizo (XLab Hydro 

extension, FEI, Hillsboro, United States), based on a segmented pore network (Archilha et al., 2016; 

Puncreobutr et al., 2014). To simplify the equation, gas flow is considered to behave as a fluid with the 

following features: 1) incompressibility (constant density); 2) is a Newtonian fluid (constant dynamic 

viscosity); 3) a steady-state flow (constant velocity); and 4) a laminar flow (velocities too small to produce 

turbulence). It follows that the Navier-Stokes equation can be written as: 

 

                                                                           (1) 

where P is the fluid pressure (unit: Pa), μ is the kinematic viscosity (unit: Pa·s), and V is its velocity (unit: 

m·s-1). 

2.3.2 Kinetic Monte Carlo (KMC) modelling 

The Kinetic Monte Carlo (KMC) method was also applied for studying the methane transport in pores with 

different chemical compositions; this methodology enable access to long time scales (from milliseconds 

to hours) and large spatial scales (from nanometres to metres) at comparatively low computational 

expense (Apostolopoulou et al., 2017). 

 

The KMC method uses mathematical basis of the M-equation to simulate the dynamic evolution of the 

probability mass function (p.m.f) in order to describe the system of interest in a specific state at a given 

time. 

                                             

                                                                                                     (2) 

 

 

                                                                  

The M-equation describes the system evolution as a balance of probabilities [Pi(t) and Pj(t)] multiplied by 

the kinetic constants kij and kji, respectively.  

 

Microscopic reversibility (i.e., detailed balance) needs to be satisfied for any connected pair of states i 

and j. This implies the following relationship between rates kij (forward process) and kji (reverse process): 

 

 

               

                                                                                                    (3) 

 

 

https://en.wikipedia.org/wiki/Viscous_fluid
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We use the direct method to describe diffusion as a function of jumps between neighbouring voxels. The 

possible pathways a molecule can follow, while it diffuses in a 1D domain with periodic boundaries and N 

square voxels, is 2N. If the system is closed and both the boundaries are reflective, the possible pathways 

are reduced to 2N _ 2 (see Figure 1). 

 

 

 

 

 

Each system considered here comprises of three regions (region 1, region 2, and region 3), and two fluid 

species (methane and water), and two fluid phases. Each region is described as a collection of different 

voxels, as discussed later. In all cases, two bulk areas surround the pore (region 1), two layers of liquid 

water lay outside both sides of the pore (region 2) and a slit pore is filled with water (region 3). Water 

molecules are in liquid phase, while methane molecules are in gas phase. As methane migrates through 

the pore, it first solvates in the liquid water and then it diffuses. Interfaces separate the bulk and the pore 

space. A schematic is shown in Figure 2, which corresponds to a silica slit-pore filled with water; methane 

molecules are present at both bulk regions. 

 

In the KMC lattice, each region is composed of voxels. Each voxel is assigned a forward and a backward 

diffusion rate. In Figure 2, the transition rates at the interfaces are presented schematically. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Representation of the possible pathways in a 1D domain with reflective boundaries. For N voxels, there are 2N _ 2 
possible moves a molecule can make (Apostolopoulou et al., 2017). 

Figure 2: Representation of our simulated system and the transition rates at the interfaces. Region 1 (R1) 
corresponds to the bulk methane reservoirs, region 2 (R2) symbolises the layer of water formed outside 

of the pores, and region 3 (R3) represents the silicon 
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2.3.3 Monte Carlo simulation for permeability computation 

Monte Carlo simulation was used for apparent permeability computation in organic matter and inorganic 

matter materials. Stochastic ensembles or realisations of organic and inorganic matter were generated. 

Pore diameters were assigned based on the pore size distributions for organic matter and inorganic 

matter materials respectively (see Naraghi and Javadpour, 2015). The apparent permeability was then 

computed based on the distribution of organic and inorganic matter. 

 

3. Summary of activities and research findings 

3.1. Porous phases and corresponding pore types 

Gas transport modelling requires a complete understanding of the pore system in shale reservoirs 

(Ambrose et al., 2012; Mines, 2011) and the multi-scale imaging approach presented here allows such an 

understanding. Based on the pore size quantification, gas flow could be comprised of a combination of 

flows, as found in other materials with multiple scales of porosity (Tariq et al., 2011b), with Knudsen flow 

in the finest pores, transitioning to Darcy flow in the larger pores and perhaps even slip flow in the larger 

cracks. 

Pores in shales are associated with organic matter, mineral grains, and the phyllosilicate mineral-

dominated matrix, which we define as porous phases (Figure 3 A). The distribution of pores sizes, their 

connectivity and the chemical composition of phase containing the porosity all affect the flow behaviour.  

A Haynesville sample was chosen as a typical shale example. Pore systems were quantified at the 

microscale to nanoscale. From two FIB-SEM imaging datasets, a total of over 15,000 pores were 

identified, segmented and categorized into four pore types. Imaged pores were categorized into two 

groups based on their occurrence: organic-associated pores and mineral-associated pores. Based on the 

relationship of each pore to its surrounding shale components (Figure 3), the pore can be further 

classified into the following types: intra-organic pores (pore type I), organic mineral interface pores (type 

II), inter-mineral pores (type III), and intra-mineral pores (type IV). In the nanoscale datasets, the size, 

frequency, volume, and surface area of each pore type were quantified. The following section outlines 

pore types and their properties. 

(1) Intra-organic pores (type I) 

Intra-organic pores are completely surrounded by organic matter, and usually have spherical or ellipsoidal 

geometries, typically ranging in size from 20-100 nm (Figure 3 A, E and I). 4844 type I pores were 

quantified in the nanoscale-1 dataset (in silt-rich lamina) while in the nanoscale-2 dataset (in clay-rich 

lamina) 2928 were quantified. Typically, type I pores are densely distributed within organic matter. 

Occasionally, pores were observed aligned along a plane within the organic matter (Figure 3 A). In both 

the nanoscale-1 and nanoscale-2 datasets the distribution of pore equivalent diameters is similar with a 

major peak at 0.03-0.04 µm and a minor peak at 0.2 µm (Figure 4 A, E and I). Pore volume distributions 

differ in each nanoscale dataset, but both have bimodal distributions with peaks ranging between 0.2 - 

0.6 µm (nanoscale-1) and 0.3 - 1.0 µm (nanoscale-2). In both nanoscale datasets, surface areas also have 

bimodal distributions but with different ranges. The nanoscale-1 dataset has a surface area peak range of 

0.1 - 0.7 µm and the nanoscale-2 data has a peak range of between 0.2 - 1.0 µm. 
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(2) Organic-mineral interface pores (type II) 

Organic mineral interface pores occur at the interface of organic matter and other minerals, particularly 

between organic matter and clay minerals (Figure 3 B). The pores have irregular boundaries, with crack-

like or elongate morphologies (Figure 3 B, F and J). Frequencies of type II pores are 1281 (nanoscale-1) 

and 2018 (nanoscale-2). The equivalent diameter distributions of type II pores in the nanoscale-1 and 

nanoscale-2 datasets are similar with major peaks at 0.05-0.06 µm and minor peaks at 0.20 µm. The 

volumes and surface areas peak at around 1 µm (Figure 4 B, F and J) in both datasets. 

(3) Inter-mineral pores (type III) 

Inter-mineral pore geometries are elongated, lenticular or spherical and occur between individual clay 

mineral grains and other mineral phases (Figure 3 C, G and K). Where type III pores occur between clay 

minerals, especially muscovite and chlorite, they have wedge-like elongated morphologies. Type III pores 

associated with granular mineral grains have lenticular and irregular morphologies (Figure 3 C). In the 

nanoscale-1 dataset 4668 type III pores were identified and 13402 in nanoscale-2. Pore equivalent 

diameters in the nanoscale-1 volume have a major peak at 0.03-0.04 µm and a minor peak at 0.20 µm. 

The pore equivalent diameter distribute in the nanoscale-2 volume has a major peak at 0.04-0.05 µm with 

a minor peak at 0.20 µm (Figure 4 C, G and K). Volume and surface area distributions in the nanoscale-1 

volume both peak at 0.20 µm; while in the nanoscale-2 volume type III pores have bimodal volume and 

surface area distributions with peaks at 0.2 and 2.0 µm respectively (Figure 4 C, G and K). 

(4) Intra-mineral pores (type IV) 

Intra-mineral pores are present within quartz, calcite, albite, ankerite and pyrite framboid mineral grains 

(Figure 3 D). Type IV pores have polygonal or irregular spherical morphologies, particularly where they 

occur within carbonate grains and pyrite framboids (Figure 3 D, H and L). 1784 type IV pores were 

recognized in the nanoscale-1 dataset and 1520 in nanoscale-2. Compared with the other three pore 

types, pore type IV has the smallest diameter which is in the range of 0.02-0.20 µm, with a peak at 0.03 

µm. The volume and surface area distributions peak at 0.06 µm in the nanoscale-1 and 0.20 µm in 

nanoscale-2 volumes (Figure 4 D, H and L). 
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Figure 3: Sub-micron scale pore systems. A-D SEM images of intra-organic, organic mineral interface, inter- and intra-mineral 
pores. E-H 3D renderings of the four pore types in nanoscale-1 (silt-rich lamina), I-J in nanoscale-2 (clay-rich lamina). 

 

Figure 4: Equivalent diameter, volume, and surface area distribution of the four pore types in nanoscale-1 (in silt-rich lamina) 
and nanoscale-2 (in clay-rich lamina) data sets, and the corresponding average pore equivalent diameter of four pore types. 

See text for discussion. 
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 (5) Pores below 20 nm (type V) 

None of the porosity images at any of the larger scales (>20nm) demonstrate a connected network of 

porosity that could control the transport properties of the rock. Due to current limitations of imaging 

technology, pores smaller than 20 nm cannot be directly imaged, but the existence of and some of the 

properties of such very small pores can be detected using BJH pore size distribution derived from 

nitrogen sorption techniques. The unimaged pores (N2 plus He) are calculated to occupy 33% of the total 

(Ma et al., under review).  

3.2. Pressure-dependent permeability 

These unimaged small sizes of pores (< 20 nm; type V) are likely to provide a network of connected flow 

paths between the large, unconnected pores. Using data from bulk measurements of permeability, 

compressibility and acoustic velocity measurements, Mckernan et al. (2017) found a similarly porosity 

system for gas in Whitby shales. 

Permeability measurements of seven Whitby mudstone samples were performed under the 

permeability–effective pressure at a constant value of pore pressure, whereby increasing effective 

pressure for the first time causes a non-recoverable reduction in permeability of up to two orders of 

magnitude, after which the permeability–effective pressure relationship settles to a reproducible pattern 

(Figure 5). The permanence of this observed initial permeability reduction was tested by completely 

depressurizing one sample after it had been pressure cycled. The depressurization did not fully restore 

permeability to its original value, implying that permanent physical changes occurred during the initial 

stage of pressure cycling. These suggest the pores that form connected networks must be (a) very small 

to account for the low absolute permeability of these rocks, (b) of very low aspect ratio (i.e. be crack-like) 

to account for the high compressibility of these pores, and hence a high sensitivity of permeability to 

effective pressure, and (c) have their platy form strongly oriented parallel to bedding to account for the 

marked permeability anisotropy of shales. All of the permeability data for the seven samples range 

between 3 × 10-21 and 2 × 10-19 m2 (3 and 188 nD). 

 

Figure 5: Permeability plotted as a function of effective pressure at a constant pore pressure showing the evolution during 
pressure cycling (McKernan et al., 2017). 
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The high sensitivity of permeability to effective pressure can be also imaged using in situ X-ray 

tomography experiments. A very clear example of such interdependency, were pictured in the Whitby 

mudstone sample when in situ imaged in synchrotron CT at different confining pressure (Pc) and at 

constant flow pressure (Pf) (Figure 6). Open pre-existing cracks were observed at the beginning of the 

experiment – Pc = 0 MPa (Figure 6 left); then, at 30-50 MPa confining pressure, the cracks were fully 

closed (Figure 6 right). This observation is in line with results from the lab measurements. 

 

Figure 6: Synchrotron x-ray in situ imaging of the closure of pre-existing cracks with increasing confining pressure in a Whitby 
mudstone. 

 

Four clay-rich shale samples were chosen for permeability measurements. The mineralogy analysed from 

the XCT images are that clastic grains (23%: quartz, carbonates and feldspars), clays (63%), pyrite (4%) 

and a low density porous phase (10%) (Backeberg et al., 2017). Clay contents account for 70% and 52% in 

clay-rich (top) and silt-rich (bottom) laminations respectively (Figure 7 b). The porous phase (organic 

matter and pores) are 13% in the clay-rich layer and 7% in the silty layer. The lower pore volume fraction 

is likely augmented by cementation around the silty grains, which do not show distinct grain boundaries 

(Figure 7 c) or expected inter-grain pores associated with coarser sediments. A larger lamination-parallel 

fracture across the sample is associated with the silty layer (Figure 7 c). This might be closed with high 

confining pressure as it is shown in Figure 6. 

 

A 64 μm tall by 64 μm diameter pillar of sample 2 was scanned twice using the Ultra nano-CT at voxel 

resolutions of 64 and 126 nm. The nano-CT scan illuminates the oriented fabric of the clay minerals 

wrapping around the clastic mineral grains (Figure 7 d-f). Due to the less precise grayscale representation 

of porous phase volume in the nano-CT data, we segmented a range of pore phase volumes of 3, 5, 10 

and 20% to compare changes in pore phase interconnectivity. This range represents the prospective 

range of pores and kerogen in shale gas plays and allows us to analyse the effect of changing the porous 

phase volume on permeability. 
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Figure 7: X-ray computed tomography data. (a–c) Zeiss Xradia 520 Versa micro X-ray computed tomography with voxel size of 
0.8 microns. (a) Lamination-parallel view of sample. (b) Vertical section view through sample showing silty (7% porous phase) 
and clay-rich (13% porous phase) compositional laminations of approximately 0.5 mm thickness. (c) Segmentation of grayscale 
into 4 distinguishable phases. (d–f) Zeiss Xradia 810 Ultra nano X-ray computed tomography with voxel size of 0.126 microns. 
(d) Lamination-parallel view of sample. (e) Vertical section view through sample. (f) Porous volume rendering (dashed volume 
outline in (e)) of grayscale threshold segmentation representing 11 volume % (red) (Backeberg et al., 2017). 

 
These samples were measured at low effective pressures of 5 MPa to maximise the downstream pressure 

oscillation signal during experiments and to compare the relative directional permeability. For both water 

and argon experiments, the lamination-parallel permeability (kv) ranges from 1 × 10−19 to 1 × 10−21 m2 

(Figure 8, squares), whereas lamination-perpendicular permeability (kh) ranges between 1 × 10−21 and 1 × 

10−22 m2 (Figure 8, triangles). For each sample the permeability of argon is systematically lower than the 

permeability of water, however it shows the same one-to-two orders of magnitude difference in 

directional permeability. The relative permeability of argon and water, may be affected by fluid mixtures 

present within the sample during the experiment, which can lower the effective permeability. 

 

Figure 8: Experimental argon (red) and water (blue) permeability results through 20 mm diameter and 20 mm length shale 
cores. Permeability was measured perpendicular to laminations (triangles), parallel to laminations (squares) and along a 
lamination-parallel fracture (circles) (Backeberg et al., 2017). 
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3.3. Gas transport in pores with different sizes  

In Haynesville sample, we selected two volumes of interest with local-connected pore system (> 20nm) 

for simulation and comparison using Navier–Stokes equations. One volume was dominated by organic 

matter-associated pores with larger sizes, while the other was dominated by mineral-associated pores 

with smaller sizes (Figure 9). Along X, Y and Z axes respectively and the simulation streamlines are 

illustrated in Figure 9 B-F. We found that, the permeability throughout the volume of large organic 

matter-associated pores is approximately 36 times higher than the permeability in the volume of small 

mineral-associated pores. In addition, horizontal permeability along bedding planes is higher than the 

vertical permeability cross-cutting bedding (Figure 9 and Table 1) It is noted that the simulated values 

only represent the local permeability in these two specific pore systems and cannot represent the 

permeability of the whole pore system due to the present of invisible pores, which occupy 33% of total 

porosity.  

Table 1: Comparison of permeability from image-based simulation and laboratory experiment 

Permeability 

Image based simulation values Laboratory experiment 
values Organic-associated pores Mineral-associated pores 

k (m2) k (μD) k (m2) k (μD) k (m2) k (μD) 

X axis 3.46×10-16 351.0 9.61×10-18 9.7 
1.48×10-18 1.50µD 

Y axis 2.56×10-16 259.7 7.00×10-18 7.1 

Z axis 7.89×10-18 7.99 2.89×10-18 2.9 - 
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Figure 9: Permeability simulation in large organic associated pores (left) and small clay associated pores (right) in Haynesville 
sample A: ortho slices at X, Y and Z axes B:3D volume rendering of pores with illustrated streamlines at X,Y and Z axes, C: 
illustrated stream lines at X,Y and Z axes, D: illustrated streamlines at X axis, E: illustrated stream lines at Y axis, F: illustrated 
streamlines at Z axis. 

 

3.4. Methane transport in pores with different chemical compositions 

 

Methane is the dominant gas in shales, but direct measurements of methane transport are not easy to 

quantify due to safety issues. Therefore, modelling is the primary method used to characterise methane 

transport. Moreover, methane shows differently transport behaviour in pores with different chemical 

composition. In this study, silica, MgO and alumina are used to represent the typical mineral 

compositions in shales. 

 

Kinetic Monte Carlo (KMC) and Molecular dynamics (MD) modelling were applied for pores within silica, 

MgO and alumina (Figure 10). The flux observed through the three pore spaces is similar but the 

permeability varies (Apostolopoulou et al., 2017). The silicon oxide pores are the most permeable, 

followed by the magnesium oxide and then alumina oxide pores. These trends are in quantitative 

agreement with the molecular dynamics (MD) results. 100 independent KMC simulations performed in 

silica, magnesium oxide, and aluminium oxide pores required just 32.9 s, 63.6 s, and 83.1 s, respectively. 
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Figure 10: Results obtained implementing the KMC model presented here versus MD simulations for flux (left panel) and 
permeability (right panel). The results obtained from both methods are presented with error bars (Apostolopoulou et al., 
2017). 

 

KMC simulations were conducted to unravel the effect of the pore length on the observed flux. To 

improve the statistics, we increased the number of gas molecules inserted in the feed area to 100. The 

results are shown in Figure 11 (left panel), here the calculated flux is plotted against the pore length. For 

these calculations, the pore length was increased from 4 to 25 nm for all three substrates. As expected, 

the flux decreases with increasing pore length. We expected the rate of flux decrease to be similar for all 

substrates. To investigate this hypothesis, we calculated the percentage of the flux decrease and plot the 

results obtained against the pore length. The results shown in Figure 11 (right panel) are indicative of the 

qualitative validity of our model. 
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Figure 11: Effect of the pore length on membrane flux (left panel) and effect of pore length on the % of flux decrease as 
calculated from KMC simulations (right panel). The flux obtained for the different pore lengths is reported with error bars 
(Apostolopoulou et al., 2017). 

 

3.5. Methane permeability in organic matter and inorganic matrix 

 

Monte Carlo simulation was used to compute the methane permeability in organic matter, inorganic 

materials and then the effective matrix permeability of a Bowland sample (B6; sample details and images 

see Deliverable 3.1 and 3.2). The estimated pore size distributions for organic matter (Figure 12 A) and 

inorganic matter (Figure 12 A) were imported from Narahi and co-workers (Naraghi and Javadpour, 

2015). Different stochastic ensembles of organic matrix and inorganic matrix are shown in Figure 12 and 

Figure 13. 

 

The computed organic matter permeability was found to be 1.56 μD, and computed clay mineral 

permeability was found equal to 80 nD. The effective matrix permeability was calculated to be 195 nD 

(Figure 14), which is in the same order of the laboratorial permeability measurements. 
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Figure 13: Permeability computation of inorganic matrix. A: estimated pore size distribution. B: an example of Monte Carlo 
stochastic ensemble C: different realizations of the Monte Carlo stochastic ensembles 

 

 

 

 

 

 

Figure 12: Permeability computation of organic matter matrix. A: estimated pore size distribution. B: an example 
of Monte Carlo stochastic ensemble C: different realizations of the Monte Carlo stochastic ensembles 
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4. Conclusions and future steps 

1) Pores > 20 nm can be classified into four types: intra-organic, organic mineral interface pores, 

inter-mineral pores and intra-mineral pores. The pores have distinct size ranges and 

morphologies that are controlled by the phase(s) with which they are associated. These pores 

contribute 67% of total porosity.  

2) Sub 20 nm pores may provide the conductive pathways that allow gases to flow through the 

shale. The permeability is dependent upon effective pressure.  

3) Orientations and fluid compositions both control the fluid behaviour. Lamination-perpendicular 

permeability is one to two orders of magnitude lower than the lamination-parallel permeability in 

directional permeability. Argon permeability is lower than the water permeability. 

4) The chemistry of the pores affects the transport behaviour of gas methane molecules. The 

hydrated silicon oxide nanopores exhibit the highest permeability, followed by the permeability 

observed in hydrated magnesium and aluminium oxide pores. 

5) The flow behaviour in this work package will be combined with the mechanical behaviour (i.e. 

hydraulic fracturing) for an integrated study in shale reservoirs, which will be present in 

Deliverable 3.5. 

 

5. Publications resulting from the work described  

 
1) Apostolopoulou, M., Day, R., Hull, R., Stamatakis, M., Striolo, A., 2017. A kinetic Monte Carlo 

approach to study fluid transport in pore networks. The Journal of chemical physics 147, 134703. 
 

2) Backeberg, N.R., Iacoviello, F., Rittner, M., Mitchell, T.M., Jones, A.P., Day, R., Wheeler, J., 
Shearing, P.R., Vermeesch, P., Striolo, A., 2017. Quantifying the anisotropy and tortuosity of 
permeable pathways in clay-rich mudstones using models based on X-ray tomography. Scientific 
Reports 7, 14838. 
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Figure 14: A 2D slice of Micro-CT images of B6 sample. Red- organic matter, green and blue- inorganic matrix. 
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3) 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  
 

4) 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 

 

5) Fauchille, A.L., van den Eijnden, A.P., Ma L., Chandler, M., Taylor, K.G., Madi, K, Lee, P.D, Rutter, E. 
2018. Variability in spatial distribution of mineral phases in the Lower Bowland Shale, UK, from 
the mm- to µm-scale: Quantitative characterization and modelling. Marine and Petroleum 
geology (accepted) 
 

 
Additional publications are planned.  
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