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and di�usive �ow mechanisms through the combined porous and permeable phases18,20–22. Due to the tightly 
packed nature and low permeability of unconventional gas plays, the permeable pathways for stored gas are 
de�ned by a complex network of micro- and nano-pores in the organic and inorganic matrix23–25. Gas �ows 
through shales by a combination of convection (Darcy �ow) and Knudsen di�usion through open pore space, 
and adsorption, desorption and surface di�usion along the pore walls11. �e contribution of each mechanism will 
vary based on the relative size contribution of pore spaces and interconnectivity through the shale. Flow through 
the pore network is further complicated by the possible presence of �uid mixtures with di�erent viscosities, which 
can decrease the e�ective permeability of each �uid based on the �uid’s volume proportion26–28.

Open fractures provide an order of magnitude higher permeability and the e�ective permeability of stimu-
lated shales at reservoir conditions is, at �rst, dominated by Darcy �ow19. Darcy �ow fails in smaller pore spaces as 
the di�usion �ow mechanisms associated with pore-wall interactions become dominant29. �e recorded decline 
curve is probably only best de�ned by the fracture permeability during the early stages of production as the 
immediately accessible fracture-captured gas escapes. �is is followed by a chemical dis-equilibrium and pres-
sure gradients on the mineral scale that drive di�usion and nano-darcy permeability through the matrix14,29. 
�erefore, we believe that the longevity of the decline curve records the inter-fracture matrix permeability and 
connectivity to the fracture network within the stimulated area.

�e geometry of matrix permeable pathways in a rock is a function of the mineralogy and rock texture. �e 
term shale refers to laminated mudstones with variable mineral proportions of clays, quartz, feldspar and car-
bonates with diverse minor and trace minerals. Clay-rich “shales” (here de�ned by �60% clay volume) show 
permeability values in the range of 10� 22 and 10� 19 m2 (0.1 and 100 nano-darcy, respectively), where the range 
represents an inherited anisotropy in directional permeability along (higher �ow) or across (lower �ow) the sed-
imentary laminations30,31. In a di�erent setting, clay-rich fault gouges have a well-developed foliation de�ned by 
the parallel alignment of clay minerals. Experiments show a two to three order of magnitude di�erence in direc-
tional permeability across and along the structural clay foliation32,33 within the same nano-darcy range reported 
for shales. �is link between structural and sedimentary fabrics suggests that the details of the mineral-scale clay 
geometry is a key controlling factor in predicting the directional permeability of gas through the rock matrix34.

Permeability through shales can been measured in laboratory experiments, but because of the low signal 
to noise ratio in ultra-low permeability systems it is inherently di�cult to accomplish. Accordingly, research 
has focussed on reconstructing three-dimensional volumes to map the pore space distribution and simu-
late permeability using computational �uid dynamics, such as the Lattice Boltzmann Method11,35,36. Accurate 
three-dimensional representations of shales require high-resolution imaging capable of characterising the nano- 
and micro-pore space distributions. Focused ion beam scanning electron microscopy (FIB-SEM) has been used 
to image nano-scale pores in kerogen at a 12 nm resolution37. �is method sections the sample and sequential 
SEM images are stacked together to build a three-dimensional reconstruction, typically applied to very small sam-
ple volumes below 20 � m3. X-ray computed tomography (X-ray CT) has been successfully used on samples with a 
resolution of 7 �m to 7 nm, with larger sample sizes coming at a cost of resolution24. One of the key advantages of 
X-ray CT is a non-destructive three-dimensional investigation of samples that captures the real nature without a 
simulation process, which at a scale below the sectioning in FIB-SEM is somewhat arti�cial. A detailed review on 
shale gas advances and challenges emphasised the importance of bridging �uid dynamic scales from nanometer 
pores in kerogen to entire shale gas reservoirs to allow for representative simulations to be developed38. In order 
to further advance representative models of gas �ow through shales, it is necessary to build a better understanding 
of the mineral phase distribution, associated pore volumes and their interconnectivity in natural systems.

In this study, we characterise the geometry of available permeable pathways as the three-dimensional porous 
phase (pores �  organic matter) volume distribution using high-resolution X-ray CT and SEM imaging techniques 
and model the relative directional �ow using “tortuosity factor”. �e tortuosity factor and tortuosity are two 
di�erent parameters, both characterising the geometry and length of interconnected phases. In porous media, 
tortuosity (�, as used here) is de�ned as the ratio of the actual length of the �ow-path divided by a straight line 
length in the direction of �ow, which has been used to quantify �ow along convoluted pathways39–41. �e same 
word is used with di�erent de�nitions by di�erent authors42, for example Costa uses �2 for tortuosity43; Bear & 
Bachmat and Berg use �� 1 for tortuosity44,45. It is important to check the de�nitions when comparing di�erent 
works, especially as some conceptual confusions have arisen46.

Tortuosity factor (�� , as used here) quanti�es the apparent decrease in di�usive transport resulting from con-
volutions of the �ow paths through porous media46–48. Tortuosity factor includes changes in the cross-sectional 
area over the �nite length of the interconnected �ow paths and is better suited for modelling more complex pore 
networks46. Tortuosity factor and tortuosity both scale up proportionally with more tortuous pathways. In a sys-
tem where the cross-sectional area of the �ow path remains constant, tortuosity factor is equal to the square of 
tortuosity47. Both tortuosity and tortuosity factor tend to 1 as the �ow pathways become more direct across the 
volume48.

We combine the modelled results with experimental permeability tests to account for the anisotropic perme-
ability behaviour of a clay-rich shale gas play. Samples were prepared from a set of four shale cores collected at 
~3700 metres depth within a prospective shale gas interval from two boreholes within the same anonymous basin 
in Europe (Table�1). Due to the anonymity of the sample location, this contribution focusses on the characterisa-
tion of the shale samples with respect to the geometric control of mineralogy on permeability.

Methods
QEMSCAN. Quantitative Evaluation of Minerals by SCANning electron microscopy (QEMSCAN) is a 
Scanning Electron Microscope (SEM) technique that combines Back-Scattered Electron (BSE) information with 
Energy-Dispersive X-Ray Spectroscopy (EDS)49. �e samples are polished and carbon-coated and BSE inten-
sity and EDS spectra are acquired at a �xed spacing of 1 � m or greater. �e e�ective excitation volume for each 
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(bottom) laminations is observed within the 2 mm tall pillar (Fig.�2b), with clay modal proportions of 70% and 
52%, respectively. �e modal proportions of the porous phase are 13% in the clay-rich layer and 7% in the silty 
layer. In the clay-rich layer the porous volume forms discontinuous, closely spaced wavy surfaces subparallel 
to the lamination. In contrast, the porous phase in the silty layer is less dispersed and concentrates as isolated 
lenses and pockets subparallel to lamination. �e lower pore volume fraction is likely augmented by cementation 
around the silty grains, which do not show distinct grain boundaries (Fig.�2c) or expected inter-grain pores asso-
ciated with coarser sediments56,57. A larger lamination-parallel fracture across the sample is associated with the 
silty layer (Fig.�2c). �e micro-fracture spacing evident from the micro-CT is 50 to 400 � m. We exported binary 
porous phase and bulk rock 3D sub-volumes of each layer for modelling of the pore phase interconnectivity.

A 64 � m tall by 64 � m diameter pillar of sample 2 was scanned twice using the Ultra nano-CT at a voxel res-
olution of 64 and 126 nm. �e nano-CT scan illuminates the scaly fabric of the clay minerals wrapping around 
the clastic mineral grains (Fig.�2d–f). �e compositional grayscale thresholds are more di�cult to segment in 
the nano-CT results compared to the micro-CT, which stems from the lower energy used for nano-CT imaging 
and lower signal to noise ratio. However, we can use the porous phase volume percent from the micro-CT scan 
to segment a similar volume proportion in the nano-CT results (~10%, Fig.�2f). �e high-resolution scan shows 
the sample preparation damage from the laser at the edge of the sample (right edge in Fig.�2e). We segmented 
the porous phase in a sub-volume from within the 3D data (~25 � m3: dashed box in Fig.�2d,e) to avoid the laser 
damage. �e sub-volume also excludes the base and circumference edge of the sample, which returned darker 
grayscales. �is is due to both the source of Ultra showing a Gaussian beam pro�le distribution on the detector 
and the maximum intensity of X-rays is registered in the centre of the �eld of view, decreasing radially towards the 
edges/corners. 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. 
�is range represents the prospective range of pores and kerogen in shale gas plays1 and allows us to analyse the 
e�ect of changing the porous phase volume on permeability.

Permeability was measured at low e�ective pressures of 5 MPa to maximise the downstream pressure oscilla-
tion signal during experiments and to compare the relative directional permeability. �e low e�ective pressure 
used in experiments allows us to better measure the very low matrix permeabilities, but these will scale to even 
lower permeabilities for deeper reservoir conditions27. However, it is easier to quantify the relative directional 
permeability at low e�ective pressures. �e results are summarised in Table�1. For both water and argon experi-
ments, the lamination-parallel permeability (kv) ranges from 1 �  10� 19 to 1 �  10� 21 m2 (Fig.�3, squares), whereas 
lamination-perpendicular permeability (kh) ranges between 1 �  10� 21 and 1 �  10� 22 m2 (Fig.�3, triangles). For 
each sample the permeability of argon is systematically lower than the permeability of water, but showing the 
same one to two orders of magnitude di�erence in directional permeability. �e relative permeability of argon 
and water, may be a�ected by �uid mixtures present within the sample during the experiment, which can lower 
the e�ective permeability26,27.

One core plug from sample 4 that split along lamination was tested for argon permeability at varying con-
fining pressure conditions and the results are summarised in Table�2. The permeability through this sam-
ple is 1 �  10� 18 m2 at 5 MPa e�ective pressure and the permeability decreases by two orders of magnitude to 
1 �  10� 20 m2 with increasing e�ective pressure to 45 MPa (Fig.�3 circles, test 1–3). A�er reloading the sample with 
the lamination-parallel fracture for a 4th test, the permeability results were lower, but with the same 2 order of 

Figure 2. 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).
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