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 13 

Abstract 14 

Deformation bands may show permeabilities that are a few orders of magnitude lower than the 15 

surrounding host rocks and therefore have a negative impact on fluid flow in sandstone 16 

hydrocarbon reservoirs. Understanding the geometrical attributes of individual bands and their 17 

patterns is a critical step in quantifying their connectivity and interpreting how they may 18 

compartmentalise reservoirs in the subsurface. In order to gain insights into the shapes, cross-19 

cutting relationships and connectivity of these structures, we developed 3D geometrical models 20 

(scaled to centimetres) of deformation bands and joining ladder structures, using a sliced small-21 

scale rock sample from outcrops at Hopeman, Moray Firth (Scotland) and near Goblin Valley, 22 

Utah (USA). This 3D geometrical model is used for two-phase flow simulations (water- oil and 23 

gas-oil) in order to investigate the effect of deformation bands on time to water breakthrough, 24 

waterfront propagation and sweep efficiency. We also investigated capillary effects on flow. 25 

Flow simulation results show that the presence of deformation bands led to various time to 26 
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water and gas breakthroughs, irregular shape of water and gas front propagation and various 1 

sweep efficiency for different flow-system. Furthermore, understanding the dynamic behaviour 2 

of flow through these structures can help lead to better predictions of the influence of 3 

deformation bands on fluid flow in subsurface reservoirs. 4 

 5 

Keywords: Deformation band; Ladder; X-ray micro-CT; Pore-scale simulation; Flow 6 

simulation; Sandstone. 7 

 8 

1. Introduction 9 

Deformation bands are tabular zones of non-discrete distributed shear (with centimetre scale 10 

widths) and record strain localization due to faulting in porous rocks such as sandstones (e.g. 11 

Aydin,1978; Antonellini et al.,1994; Fossen and Hesthammer,1997; Fossen et al., 2007; Fossen 12 

et al. 2017). The formation and evolution of a deformation band may involve grain 13 

reorganization (disaggregation, including rotation, sliding, etc), chipping, grain fracturing, 14 

crushing (cataclasis) and also dissolution/precipitation is important for bands in particular rock 15 

types (e.g. carbonates). Deformation bands often exhibit a reduction in porosity and 16 

permeability (Aydin and Johnson, 1983, Antonellini and Aydin, 1995; Fossen and 17 

Hesthammer, 1997; Fossen et al., 2007). Several studies have focused on the geometry of 18 

deformation bands and their evolution in sandstones (e.g. Antonellini and Aydin, 1995; Fossen 19 

and Hesthammer, 1997; Schultz and Fossen, 2002; Schultz and Balasko, 2003; Shipton et al., 20 

2005; Okubo and Schultz, 2006; Eichhubl et al., 2010) and carbonates (Tondi et al., 2006; 21 

Antonellini et al., 2008; Agosta et al., 2009; Tondi et al., 2012; Rotevatn et al., 2016). In most 22 

studies, the geometrical analyses were confined to 2D rock exposures, and a robust 3D 23 

geometrical model of deformation bands has therefore not yet been fully constrained. However, 24 
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Brandes and Tanner (2012) investigated the 3D geometry of deformation bands and showed 1 

that the true shapes of the bands may be concavely arcuate in horizontal trace, but linear in dip 2 

section. Awdal et al. (2014) explored the geometrical analysis of deformation band lozenges 3 

and their scaling relationship to fault lenses.  4 

Ladder structures are a series of short parallel and linking bands that are bounded by 5 

deformation bands (Schultz and Balasko, 2003; Okubo and Schultz, 2006). Ladder structures 6 

develop antithetic to deformation bands and have an opposite sense of shear kinematics. They 7 

develop between two interacting deformation bands as mode II fractures (Schultz and Balasko, 8 

2003). A Riedel conjugate system is a geometric class of faults for distributed strain 9 

accommodation within a rock volume (Davis et al., 2000). The formation of conjugate Riedel 10 

shears or ladder geometry depends on stress state, strain rate and deformation mechanism 11 

(Davis et al., 2000; Ahlgren, 2001).  The genesis of ladder arrays constitutes a general problem 12 

in rock deformation and strain localization (Schultz and Balasko, 2003).  13 

In this contribution, we investigate the three dimensional geometry of deformation 14 

bands and their relationship with joining ladder structures. Other attributes such as connectivity 15 

of these bands are quantified. We reconstruct the 3D geometry of deformation bands and 16 

associated ladder structures. The reconstructed surfaces are used to build a geomodel and flow 17 

simulation. Furthermore, there are several studies related to the application of X-ray/Neutron 18 

CT to the 3D assessment (including fluid flow simulations and imbibition experiments) of 19 

deformation bands in carbonates (e.g. Arzilli et al., 2016; Rotevatn et al., 2016; Zambrano et 20 

al., 2017, 2018, 2019)  and sandstones (e.g. Fossen et al., 2017; Gambino et al., 2019). In this 21 

study, we model deformation bands and associated ladder structures in three dimensions in 22 

order to investigate their impact on reservoir behaviours such as waterfront propagation, speed 23 

of flow and sweep efficiency. Furthermore, in the present study we test flow simulations based 24 

on three-phase flow: water displacing oil and the effect of gas. The present study uses the actual 25 
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relative permeability and capillary pressure curves calculated from pore scale network 1 

modelling. Due to the nature of the deformation bands and their extra low permeability, 2 

capillary pressure may play a crucial role in controlling the flow through bands which would 3 

impose additional barriers to flow (Torabi et al., 2013). Therefore, we also include the impact 4 

of capillary pressure in this study.  5 

  6 

2. Data and methods 7 

2.1. Geological settings 8 

Deformation band samples were collected from outcrops that provided both sub-horizontal and 9 

sub-vertical exposures through sandstones of the Hopeman Formation in Moray, Scotland 10 

(Figure 1a). This locality is on the southern margin of the Moray Firth Basin, with the Hopeman 11 

sandstone exposed along the coast in a sub-horizontal wave cut platform and sub-vertical faces 12 

of sea stacks and cliffs. The aeolian Hopeman sandstones contain large-scale (on the scale of 13 

meters) cross-bedding and are of Permo-Triassic age (Peacock et al., 1968; Edwards et al., 14 

1993). These pale yellow, well-sorted and loosely packed sandstones are fine to medium 15 

grained, with good intergranular porosity when undeformed (more than 20% porosity). 16 

Mineralogically, the sandstone is dominated by quartz-rich arenite, deposited as aeolian cross-17 

bedded dunes, with low feldspar content. The main structure in this study area is the broadly 18 

east-west trending Lossiemouth Fault that has an anastomosing trace and dips steeply to the 19 

north. Deformation bands form abundant minor cataclastic structures that are oriented parallel 20 

to the Lossiemouth Fault, and are generally developed in its hanging wall within about 200 m 21 

of the fault trace. Rock sample blocks measuring approximately 25 cm × 20 cm × 15 cm were 22 

collected along these deformation band cluster zones (Figure 1a, b). 23 
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The second studied locality is about 2 km north of Goblin Valley and Wild Horse Butte 1 

in Utah, USA (Figure 1c). At this locality, a 9 m thick unit of pale yellow sandstones of the 2 

Jurassic Entrada Formation are exposed. The well-sorted, fine grained Entrada sandstones are 3 

very porous (~25% porosity) and consist mainly of quartz and feldspar. The sandstones, which 4 

are interpreted as aeolian (dune deposits), display sub-horizontal bedding dips on the 5 

southeastern margin of the San Rafael Swell (Fossen and Hesthammer, 1997). The study area 6 

is positioned within two NW-SE striking faults that bound a small graben structure (Figure 1d). 7 

This graben area contains cataclastic deformation bands which are generally oriented sub-8 

parallel to the main NW-SE trending faults (Fossen and Hesthammer, 1997). A thick (~20 cm 9 

wide) deformation band cluster zone is oriented sub-parallel to, and located within the hanging 10 

wall of, a NW-SE striking and NE-dipping normal fault marked by 6 m displacement. The 11 

deformation band cluster is 20 m distant from the fault in the northwest and almost 40 m distant 12 

further towards the southeast. Rock sample blocks measuring approximately 25 cm × 20 cm × 13 

15 cm were collected along the deformation band cluster zones (Figure 1c, d).  14 

 15 

2.2. Reconstructing the 3D geometry of deformation bands and ladders 16 

We collected rock sample blocks measuring approximately 25 cm × 20 cm × 15 cm from the 17 

HM-8 and HM-9 localities in the Moray Firth, Scotland (Figure 1b). These blocks were 18 

collected specifically along the deformation band cluster zones, about 200 meters away from 19 

the Lossiemouth Fault and within its hanging wall. In order to measure the 3D geometrical 20 

properties of the deformation band network, each sample was cut into 8-9 slices, each 21 

measuring 1 cm thick (Figure 2). The digital images of 2D rock slices were taken using a 22 

scanner and the deformation bands and associated ladder structures were traced from scanned 23 

sections in CorelDraw™ software. These traced sections were then imported into Move™ 24 
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software and digitized (Midland Valley Ltd., 2015). In total, 584 trace lines of deformation 1 

bands and ladders were interpreted from 8 rock sections of sample HM-9. Using these trace 2 

lines, we created 140 surfaces in total, of which 45 surfaces were deformation bands and 95 3 

were ladder structures (Figure 2). The 3D geometry of deformation bands and the ladder 4 

structures were re-constructed from the 2D sample slices. Grid surfaces were created in order 5 

to characterize the shape and linkage of deformation bands, and to evaluate different samples 6 

that were cut in different orientations. The surfaces of deformation bands and ladder structures 7 

were constructed using the actual geometry as measured in the outcrops.  8 

 9 

2.3. Laboratory data  10 

We have measured the porosities of undeformed host rock and deformation bands from 16 thin 11 

sections using optical microscopy, and porosities and permeabilities of undeformed host rock 12 

and deformation bands from Micro-CT images using pore scale network modelling. In 13 

addition, core plug analysis was performed to measure petrophysical properties (porosity and 14 

permeability) of the host rocks and the deformation bands and associated ladder structures. 15 

However, as both the core plug porosity and permeability measurements can determine the 16 

bulk porosity and permeability of the whole sample, the individual contribution of deformation 17 

bands and host rock on the permeability was not differentiated from core plug measurements. 18 

Helium porosimeter and nitrogen permeameter in the Petrophysics Lab at the University of 19 

Aberdeen were used for porosity and permeability measurements. Core plugs of 2.54 cm in 20 

diameter and of length varying between 2.54 and 5.08 cm were drilled in three orthogonal 21 

orientations (x parallel to the strike of bands, y parallel to dip, and z across the bands) from 22 

samples collected from outcrops. Before measurement, all core plugs were washed with water 23 

and then dried in an oven at 40ºC for 24 hours to remove water in pores. Core plug porosity 24 

was measured using a helium injection method in a porosimeter. Core plug permeability was 25 
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measured using a nitrogen injection method in a permeameter. All tools were run at room 1 

temperatures ranging from 18-22ºC. We have cut 15 core plugs in XYZ directions from 5 2 

samples of sandstone (HM-4– HM-8) (Figure 1b). Furthermore, polished thin sections were 3 

prepared from these hand samples in order to study the influence of deformation bands on 4 

porosity and permeability reduction. Samples are initially vacuum-impregnated with blue-dyed 5 

epoxy resin to assist in material stabilization and in porosity identification which is estimated 6 

from optical microscopy using ImageJ software. 7 

 8 

2.4. X-ray micro-CT scanning 9 

We collected rock sample blocks measuring approximately 25 cm × 20 cm × 15 cm from 10 

localities along the thick wall created by deformation band cluster zones in Hopeman 11 

(Scotland) and Goblin Valley in Utah (USA) (Figure 3a, b). The X-Ray Micro-CT scans of 12 

sample GV-1 containing deformation bands were carried out in the labs of Imperial College 13 

London using the Thomas Fisher Scientific Heliscan microCT scanner. We ran Micro-CT scans 14 

with different voxel sizes on different samples. We have observed that the Micro-CT scan with 15 

a voxel size of 2.5 microns has a better resolution than that of the 4 µm voxel size, although 16 

the scan time was considerably longer. i.e. 66 hours and 49 minutes for the voxel size of 2.5 17 

microns and 17 hours and 7 minutes for the 4 µm. We chose the CT scan run with the best 18 

resolution where it includes deformation bands and undeformed rock, and all samples show a 19 

similar geometry of deformation bands and ladders. The applied machine settings are: Tube 20 

potential = 100 kV; Tube current = 30 µA; Exposure time = 1.2 s; Frames averaged = 33; Scan 21 

time = 66 hr 49 min. In terms of sample details, the original sample diameter was 11.65 mm 22 

and the sample length was 25 mm (Figure 3c). The sample was mounted on an Aluminium rod 23 

which was fitted to the sample holder of the rotation stage. We performed local tomography 24 
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(zoomed-in imaging) to achieve higher resolution. The obtained image type is 16-bit unsigned 1 

and the number of pixels is 2754 × 2754 × 5050 (XYZ) with a voxel size of 2.5 microns.  2 

 3 

2.5. Image processing and segmentation 4 

The original MicroCT image (Figure 3d) was filtered with a non-local means filter (Figure 3e) 5 

using a similarity value of 0.2 and a search window of 21 with 5 neighbourhoods. The filtered 6 

16-bit image was segmented into two phases (phase 1 for the pore space and phase 2 for the 7 

rock grains) with a seeded watershed algorithm using threshold greyscale values in the range 8 

10060-10315 (Figure 3f). A cylindrical mask was applied on the segmented data to remove the 9 

outer distorted regions at the border of the image. A subset was then taken to remove the 10 

distorted regions at both ends along the vertical axis (Z axis). The final size of the image is 11 

2754 × 2754 × 5050 voxels. 1400 slices of CT images were used for the band pore network 12 

extraction and 1030 slices for the host rock. 13 

 14 

2.6. Topological analysis of deformation bands and ladders 15 

The studied fracture networks were digitised from aerial photographs, outcrop images and trace 16 

maps, and the sliced rock samples. The geometrical relationships of the fractures can be 17 

described by topology (e.g., Sanderson and Nixon, 2015), and can be used to characterise the 18 

fracture arrangement within networks and determine their connectivity (Manzocchi, 2002; 19 

Sanderson and Nixon, 2015; Dimmen et al., 2017). The two-dimensional topology of a fracture 20 

network consists of nodes and branches between nodes (Figure 4; Manzocchi, 2002; Sanderson 21 

and Nixon, 2015). Depending on their geometry and connectivity, nodes can be classified into 22 

three types: I-nodes representing isolated tips of fractures; Y-nodes in association with fracture 23 

abutments or splays; and X-nodes representing crossing fractures. Y-nodes connect 3 branches 24 
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and X-nodes connect 4 branches. Branches have a node at each end which can be an isolated 1 

I-node or a connecting Y- or X-node. Thus, branches can also be classified into three types: 2 

isolated I–I branches; partly connected I–C branches; or fully connected C–C branches 3 

(Sanderson and Nixon, 2015). 4 

 The sampling bias due to censoring effect is taken into count. Censoring is a sampling 5 

bias due to an inability to measure larger features because they exceed the size of the sample 6 

window (Einstein and Baecher, 1983; Yielding et al., 1992; Tondi et al., 2012). For example, 7 

when a branch extends beyond the limit of the sampling window. i.e. trace map, it is not 8 

counted as I-nodes, to avoid the bias in nodal analysis.    9 

 10 

2.7. Pore network extraction and pore-scale simulation 11 

We have used ‘pnextract’ which is a generalized network extraction code developed by Raeini 12 

et al. (2017) for pore network extraction from micro-CT images of rock samples. This code 13 

extracts a conventional pore network from a micro-CT image. It is a re-write of the maximal-14 

ball network extraction algorithm by Dong and Blunt (2009) and is used as a base for the 15 

generalized network extraction code (Raeini et al., 2017). The code uses a new scale-16 

independent shape factor definition to characterize pores and throats, (Bultreys et al., 2018). 17 

The extracted network has been employed to produce the two-phase flow properties (relative 18 

permeabilities and capillary pressure) in a water-wet system for the sandstone rock. The 19 

developed pore scale network simulator by Al-Dhahli et al (2011, 2012, 2013) has been used 20 

for the pore-scale simulation. 21 

 22 
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2.8. Grid construction 1 

We have inflated the surfaces of deformation bands and ladder structures by a scale factor of 2 

10,000 in order to target the reservoir scale and to operate the flow modelling software. The 3 

grid for the deformation bands and associated ladder structures were constructed using the 4 

Structural Framework Building in Petrel software (Schlumberger, 2015). As a first step, the 5 

Fault Framework process was used to import fault sticks then followed by the Boundary 6 

Definition process. The next step was Horizon Modeling and Structural Gridding. Finally, 7 

Geometrical Modeling using Fault Index and Distance to Object were used to create properties 8 

linked to faults. As a result, a grid was created incorporating the geometry of deformation bands 9 

and ladders (Figure 5). A total number of 761,600 grid cells were constructed which has a grid 10 

increment of 136 × 140 × 40 cells in ijk directions, respectively. Each grid cell measures 5 m 11 

× 5 m × 5.25 m in XYZ, while the total grid dimensions are 680 m × 700 × 210 m in XYZ, 12 

respectively (Figure 5). Given the inflated scale factor, the original grid dimensions are 6.8 cm 13 

× 7 cm × 2.1 cm in XYZ, respectively. In addition, filters were created to highlight the 14 

geometrical relation between deformation bands which are steeply dipping and ladder 15 

structures which are more shallowly-dipping and abutting against the bands. The original 16 

geometry of deformation bands and ladder structures are preserved in the upscaled property in 17 

the grid, as similar geometries were observed at the outcrop scale and rock sample scale. 18 

Furthermore, the top of the grid was projected to a depth of 2000 m in order to represent 19 

reservoir condition and the burial depth at which deformation bands have formed (Fossen et al. 20 

2017).  21 

 22 



11 

2.9. Field scale flow simulation  1 

The rock sample grid in Figure 5 has been simulated with multiple scenarios to investigate the 2 

effect of deformation bands and ladders on the flow front, time to breakthrough and sweep 3 

efficiency. The simulations were conducted using the Schlumberger Black Oil simulator 4 

(Eclipse 100). The simulations were performed within two injector wells opposite to two 5 

producers. All the wells are vertical and perforated through the whole layers with an equal 6 

distance of 1250 m between each. The model has been flooded from north to south to examine 7 

the flow behaviour when crossing the deformation bands and ladders. Finally, the flow 8 

behaviour through the deformation bands with gas flow has also been investigated.  9 

The oil used is assumed as a live oil with a dissolved GOR of 142 sm3/sm3. Due to the 10 

nature of the deformation bands and their extra low permeability, capillary pressure may play 11 

a crucial role in dominating the flow through bands which would impose additional barriers on 12 

the flow (Torabi et al., 2013). Therefore, capillary effect has been included in this study. The 13 

two-phase flow properties (relative permeabilities and capillary pressures) for both systems 14 

(oil-water and gas-oil) have been determined using the pore-scale network simulator. The 15 

capillary pressures were based on host rock permeability. However, these values will be higher 16 

in the bands due to their ultra-low permeability and porosity. Therefore, the J-function model 17 

has been activated in the Eclipse 100 simulator to generate different capillary pressure curves 18 

based on the permeability and porosity of the bands. The producer wells were controlled by a 19 

minimum bottom hole pressure (BHP) of 150 bars, which is greater than the specified bubble 20 

point pressure, whereas the maximum BHP of the injectors were set at 250 bar. The dynamic 21 

simulation parameters are listed in Table 1. The simulation run lasted to the end of the identified 22 

simulation time. The simulation cases have been designed in such a way as to study the effect 23 

of deformation bands on the water and gas flow for the three permeability models. Moreover, 24 

the effects of flow direction, vertical permeability and capillary pressure have been studied for 25 
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the initial model of (WADB-K1). In the case (A), the water flow simulation has been run for 1 

the model without including deformations bands (WNDB) and the models including 2 

deformation bands (WADB-K1, WADB-K2 and WADB-K3) (Figure 6). In case (B), the gas 3 

flow in the models with no deformation bands (GNDB) and with deformation bands (GADB-4 

K1, GADB-K2 and GADB-K3) have been simulated (Figure 6). In both cases (WADB and 5 

GADB), water and gas were injected from the injectors that are placed at the northern part of 6 

the model to the producers located at the southern part of the reservoir, in order to study the 7 

flow behaviour when crossing the bands. Moreover, for the initial model (WADB-K1), the 8 

vertical permeability was increased to examine its effect on the flow behaviour through the 9 

deformation bands (Figure 6, WADB-HKv-K1). Deformation bands are characterized by their 10 

significant low permeability, hence; capillary pressure may have a dominating role during flow. 11 

Therefore, the effect of capillary pressure absence on the water flow across the band for the 12 

initial model (WADB-K1) has been studied (Figure 6, WADB-NPc-K1). Finally, we examined 13 

the displacement behaviour when the flow is along the bands by swapping the (INJ2 and 14 

PROD1) locations so that the model is flooded from west to east (Figure 6, WALDB-K1). Our 15 

3D model with 40 layers enables the detection of lateral and vertical flow propagation based 16 

on the unique band structure in each individual layer (Figure 5). 17 

 18 

Table 1: Input dynamic parameters for the field scale simulation. 19 

Parameters  Values 

Simulation end time (for all cases) 85 years (31025 days) 

Initial reservoir average pressure  238.5 bar 

Bubble point pressure 120 bars 

Rock compressibility  4.35x10-5 bar-1 

Water compressibility 4.35x10-5 bar-1 

Oil density  800 Kg/m3 

Water density  1000 Kg/m3 

Oil viscosity  1.8 cp 
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Water viscosity 0.38 cp 

Initial water saturation  0.2  

Relative permeability  See Figure 11 

Top of reservoir  2000 m 

Constant GOR 142 sm3/sm3 

Wells 

2 Injectors controlled with BHP (250 bar), 200 

sm3/day reservoir rate 

2 Producers controlled with BHP (150 bar), 200 

sm3/day reservoir rate 

 1 

3. Results 2 

3.1. Petrophysical properties from core plugs 3 

The well-sorted and loosely packed Hopeman Sandstone samples are fine to medium grained 4 

with good intergranular porosity when undeformed (more than 20%). Mineralogically, the 5 

samples are dominated by quartz-rich arenite, deposited as aeolian cross-bedded dunes, with 6 

low feldspar content. On the other hand, the aeolian Entrada sandstone samples from the Goblin 7 

Valley localities are very porous (~25% porosity) when undeformed, well sorted, fine grained 8 

and consist mainly of quartz and feldspar. From the resulting porosity versus permeability plot 9 

(Table 2; Figure 7), it is generally observed that maximum porosity and permeability values 10 

are from plugs oriented parallel to the fault plane (along the x-axis and y-axis). However, this 11 

observation is not well constrained by all data due to the presence of large open fractures and 12 

calcite veins (e.g. HM6Z and HM7Z). Paradoxically, strike-parallel (along the x-axis) samples 13 

may show low values of porosity and permeability due to cementation along these core plugs 14 

(e.g. HM8X). This can be related to the anastomosing shape of deformation bands in this 15 

direction. In contrast, dip-parallel (along y-axis) samples show higher porosity and 16 

permeability values due to the straight geometry of deformation bands, and there is less 17 

cementation along this direction. At the grain scale, oblate-shaped grains show a tendency to 18 

have their longer axis lying in the plane of the deformation band, and the pores tend to be longer 19 
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and interconnected parallel to the deformation band shear direction (Antonellini and Aydin, 1 

1994). Furthermore, pore geometry and pore fabric anisotropy can be incorporated into fluid 2 

flow models using pore network modelling (Blunt, 2001). It is worth noting that core plug 3 

measurements are counted for both matrix and band properties. Furthermore, porosity ranges 4 

between 4 – 14.5% whereas permeability varies between 0.1 – 266 mD which is over three 5 

orders of magnitude.  6 

 7 

Table 2: Porosity and permeability measured in three orthogonal orientations in core plugs 8 

taken from Hopeman sandstone samples. Samples with x refer to core plugs aligned parallel to 9 

the strike of deformation bands, samples with y refer to core plugs aligned parallel to the dip-10 

direction of the bands, and samples with z refer to core plugs cut across the bands. Note the 11 

variations in porosity and permeability measurements for the same samples from different core 12 

plug orientations.  13 

Sample Φ (%) K (mD) 

HM-4X 8.689 10.229 

HM-4Y 8.231 4.057 

HM-4Z 11.144 0.526 

HM-5X 14.560 266.150 

HM-5Y 10.071 0.789 

HM-5Z 7.483 0.170 

HM-6X 7.332 14.473 

HM-6Y 7.560 1.450 

HM-6Z 7.769 100.590 

HM-7X 7.016 0.765 

HM-7Y 11.156 1.536 

HM-7Z 12.202 1.264 

HM-8X 4.169 0.256 

HM-8Y 4.906 0.892 

HM-8Z 4.722 0.139 

 14 

 15 
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3.2. Porosity estimation from optical image analysis 1 

There is a considerable reduction in porosity within deformation bands and associated ladder 2 

structures due to cataclasis and cementation (Figure 8). The estimated average matrix porosity 3 

is 19.6 % whereas deformation bands and ladder structures have an average porosity of 0.9%. 4 

There is a spatial variation in porosity that is apparently controlled by the geometry of 5 

deformation bands and ladders. The estimated porosity from image analysis of both Hopeman 6 

and Goblin Valley samples is integrated with core plug measurements and MicroCT pore 7 

network extraction and used to assign petrophysical properties to the grid (See section 3.5). 8 

 9 

3.3. Topology of deformation bands and ladder networks 10 

We present topological analysis of the deformation bands and ladder networks. The studied 11 

fracture networks were digitised from aerial photographs, outcrop images and trace maps, and 12 

the sliced rock samples of both Hopeman and Goblin Valley localities (Figure 1). The trace 13 

maps of deformation bands and ladders were collected both along sub-horizontal and vertical 14 

exposures where the geometrical interaction between deformation bands and ladders are best 15 

exposed (Figure 3a, b). The nodal analysis was carried out on 30 trace maps from Hopeman 16 

and 25 trace maps from Goblin Valley. 17 

The proportions of I-, Y- and X-nodes of the studied networks in Hopeman and Goblin 18 

Valley were plotted in the ternary plot (Figure 9). The nodal percentages of all the studied 19 

networks show that the deformation bands and ladders are dominated by Y-nodes in both 20 

Hopeman (average of 85%) and Goblin Valley (average of 78%), due to the anastomosing 21 

(lozenge) shape of deformation bands in map view (Awdal et al., 2014).  The trace maps were 22 

mostly digitised from map views of deformation bands hence dominant Y-nodes with some 23 

traces digitised from vertical sections which show dominant Y-nodes and X-nodes. 24 
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Furthermore, sliced rock samples from Hopeman display conspicuous Y-nodes whereas some 1 

other samples are dominated by Y-nodes and X-nodes due to existence of ladders which are 2 

mostly abutting against deformation bands making Y-nodes, and occasionally cross-cutting 3 

deformation bands thereby making X-nodes. The nodal analysis of images from Goblin Valley 4 

show increases in X-nodes associated with deformation bands and abundant joining ladders, 5 

and two sets of cross-cutting deformation bands.  6 

 7 

3.4. Pore scale network modelling and simulation  8 

The extracted pore network from CT data of sample GV-1 has been used for the pore scale 9 

simulation (Table 3, Figure 10). The pore scale network simulator (Al-Dhahli et al., 2011, 10 

2012) was used as an alternative for the empirical methods since the former are physically 11 

based tools which integrate the pore-scale mechanisms while the latter often have less physical 12 

basis. The pore-scale simulator has been used to determine the capillary pressure and relative 13 

permeabilities for the two systems (water-oil and gas-oil). The network was first filled with 14 

water (Figure 10b), then oil has been injected to mimic the drainage process. A minimum 15 

irreducible water saturation of 20% has been identified at which the drainage will be stopped. 16 

At the end of this process, the oil-water contact angle has been changed to represent a water-17 

wet medium as the rock sample used in this study is a water-wet sandstone (Table 4). Later, 18 

the water has been reintroduced to the system as imbibition process (Figure 10b). The relative 19 

permeabilities and capillary pressure at the end of each process have been measured (Figure 20 

11a, b). However, the imbibition (Pc and Kr) have been used for the field scale simulation. For 21 

the gas-oil system, gas has been injected into the network at the end of the drainage process 22 

and the (Kr and Pc) have been determined accordingly (Figure 11c, d). 23 
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The parameters provided in Tables 3-5 are the output statistics for the network provided 1 

by the simulator (Figures 10-11).  2 

 3 

Table 3: Network Parameters of the sample GV-1. The network is displayed in Figure 10. 4 

Parameters values 

Number of Nodes  15749 
Number of Bonds 22628 

Number of Coordination  3.318 
Net porosity, % 12.86 
Clay porosity, % 0.126 

Permeability (mD) 255 
Formation volume factor 67.27 

 5 

Table 4: Wetting systems properties. 6 

Wettability Condition Water Wet 

Contact angles, 
degrees (After 

Drainage) 

𝜃𝑜𝑤 0-30 

𝜃𝑜𝑔 0 

𝜃𝑔𝑤 0-25 

 7 

Table 5: Interfacial tensions (mN/m). 8 

Flooding Systems Interfacial Tensions (mN/m) 

𝜎𝑜𝑤 31 

𝜎𝑔𝑜 14 

𝜎𝑔𝑤 63 

 9 

3.5. Assignment of petrophysical properties to the grid 10 

As the aim of this study is to investigate the effect of deformation bands on the fluid flow, our 11 

reservoir is modelled as sandstone with a lack of lithological contrasts. The inclusion of 12 

sedimentological reservoir heterogeneity would mask the results with respect to the effect of 13 

the bands. Therefore, the assignment of petrophysical properties is mainly concentrated on the 14 

properties of the deformation bands and ladders. 15 
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A range of porosity and permeability values were assigned to both matrix and 1 

deformation bands and ladder structures. These values were obtained from optical image 2 

analysis, MicroCT pore network extraction and core plug measurements. An initial range of 3 

deformation band permeability (K1=0.04 to 0.09 mD) was assigned for the deformation bands 4 

and ladder structures equally, as the latter show a similar reduction of permeability. In addition, 5 

a range of 255 to 266 mD was assigned to the matrix permeability. The permeability contrast 6 

between deformation bands and host rock is 4 orders of magnitude in the initial scenario (K1). 7 

In order to make this study more applicable to deformation band networks in general, we 8 

derived a wider range of deformation band permeabilities from the initial measured values 9 

including 3 orders of magnitude of permeability contrast between the matrix and deformation 10 

bands (K2 =0.4 – 0.9 mD) and 2 orders of magnitude (K3=4 – 9 mD) (Figure 12). Furthermore, 11 

a range of porosity (0.9 – 3%) was assigned for both deformation bands and ladder structures 12 

equally as they show a similar reduction of porosity, and a range of porosity (12.98 – 19.6%) 13 

was assigned for the matrix. We have used the property calculator function in Petrel software 14 

(Schlumberger, 2015) to assign these values using random number between minimum and 15 

maximum assigned values. The resulting porosity and permeability property grids are shown 16 

in Figure 13. 17 

 18 

3.6. Field scale flow simulation  19 

As stated previously in the grid construction (see Section 2.8), we have upscaled the surfaces 20 

of deformation bands and ladder structures by a scale factor of 10,000 in order to target the 21 

reservoir scale and to operate the flow modelling software. We preserved the original geometry 22 

of deformation bands and associated ladder structures the same as measured in the field. The 23 

3D field scale simulation during both water and gas injections were carried out using the 24 
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Schlumberger Black Oil simulator (Eclipse 100). The study aimed to investigate the effect of 1 

the deformation bands on the flow behaviour during displacement processes in oil reservoirs. 2 

The study also aimed to investigate the effect of deformation bands on the flow propagation, 3 

time of fluid breakthrough and sweep efficiency during oil displacement processes. Therefore, 4 

the simulation results of time to a breakthrough in both producing wells, oil recovery factor 5 

and fluid front propagation views in both 3D and 2D were used to show and discuss the effect 6 

of deformation bands. This simulation exercise aims to use flow simulations as a dynamic test 7 

of reservoir response to the presence of structural heterogeneity (i.e. deformation bands and 8 

ladders), and to perform a comparison of different model scenarios. However, the impact of 9 

the sedimentary architecture on reservoir properties is beyond the scope of this study. 10 

The shape and rate of injected fluids advancements in terms of both oil and water 11 

saturations for the different scenarios stated in Figure 6 are presented in Figures 14 and 15, 12 

while the gas propagation (oil and gas) saturations are shown in Figure 16. The views used are 13 

at three different times (10, 30 and 60 years) to better understand the front behaviour. Figures 14 

14-16 show the 3D views of the model which clearly captures the effect of the deformation 15 

bands and ladders on the horizontal and vertical propagation of the front during water and gas 16 

injections. Moreover, the time required for the injected fluids to invade the producer wells has 17 

been recorded (Table 6) as a result of the different fluid advancement rates due to the 18 

deformation bands in each of the scenarios. Finally, the recovery factor (percentage produced 19 

from the initial oil in place) for each scenario has also been determined at the end of simulation 20 

time (Table 7).  21 

 22 

Table 6: Time to breakthrough (in days) in the producer wells for the scenarios in Figures 14-23 

16. 24 

Cases 
Time to breakthrough (days)  

PROD1 PROD2 
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A 

WNDB 10952 10952 

WADB-K1 10529 11234 

WADB-K2  11146  9262 

WADB-K3  10918  11004 

B 

GNDB 2397 2397 

GADB-K1 5264 5781 

GADB-K2 3456 5121 

GADB-K3 2797 2778 

C 

WADB-HKv-K1 12033 11892 

WADB-NPc-K1 10435 11140 

WALDB-K1  6439  5734 

 1 

Table 7: Recovery factor (%OIIP) for the scenarios in Figures 14-16. 2 

Cases Recovery Factor (%OIIP)  

WNDB 56 

WADB-K1 52.9 

WADB-K2  54.6 

WADB-K3  55.8 

GNDB 26.8 

GADB-K1 39.2 

GADB-K2 39.7 

GADB-K3 37.2 

WADB-HKv-K1 52.9 

WADB-NPc-K1 52.7 

WALDB-K1 49.3 

  3 

 4 

4. Discussion 5 

4.1. Geometrical relation of deformation bands and ladder structures 6 

We selected sample (HM-9) to showcase the geometrical relation between deformation bands 7 

and ladder structures (Figure 17a). This sandstone sample was collected along the wave cut 8 

platform at Hopeman (see Section 2.2). Statistical analysis was performed using attributes 9 

calculated from surfaces in order to quantify the geometry and intensity of deformation bands 10 

and ladder structures. We observed from this sample that the orientation of ladder structures is 11 
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antithetic and oblique (by about 45°) with respect to the strike of deformation bands (Figure 1 

17b), with the ladders making 3 ‘conjugate’ sets. We propose a Riedel shear model that 2 

accommodates conjugate sets of ladders between sub-parallel sets of deformation bands 3 

(Figure 17c). 4 

 5 

4.2. Effect of deformation bands on flow front 6 

Figures 14 and 15 show flow behaviour across and along the deformation bands during the 7 

water injection. In case (A), for the model with no deformation bands (WNDB), the water 8 

displaces oil in a stable manner with radial fronts from both injectors to producers. The 9 

waterfront propagated almost equally throughout the reservoir (Figures 14 and 15). On the 10 

other hand, when deformation bands are included (WADB-K1), unstable displacement was 11 

observed. Waterfronts were irregular and unequal from both injector wells. Similar findings 12 

were reported by Rotevatn et al. (2013) for deformation band arrays in porous siliciclastic rocks 13 

and Rotevatn et al. (2016) in porous carbonate rocks. Water advanced more from the second 14 

injector well and this is attributed to the architecture of deformation bands and their distribution 15 

(Figures 14 and 15). Moreover, the water approached the producers earlier in the lower layers 16 

due to the flow barriers imposed by the bands horizontally which allows the water to flow to 17 

the lower layers (Figure 14). 18 

The low permeability of the deformation bands imposes an extra flow barrier and forces 19 

water to propagate at lower rates through the band zones. Alternatively, the propagation of the 20 

water front was observed to be at higher rates through the host rocks where the permeability is 21 

higher. This effect has been captured when water turned around the deformation bands in an 22 

attempt to flow through the host rocks in the middle of the reservoir at the end of 10 years 23 

(Figure 14). Afterwards, when the permeability of the deformation bands is increased as in the 24 

WADB-K2 and WADB-K3 models. The displacement process takes place in a more stable 25 
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manner as greater ease of flow is provided through the deformation bands, particularly in 1 

WADB-K3. The water front has been observed to be more regular and displaces the oil at stable 2 

rates from both injectors to the producers (Figure 15). The water front is advancing almost 3 

equally in all layers (Figure 14).  4 

In case (B), the effect of deformation bands on gas flow has also been examined. Two 5 

cases were implemented for this purpose (Figure 16). In the GNDB case where no deformation 6 

bands were included, the gas fronts propagated in radial waves equally from both injectors. 7 

However, as gas has both lower density and viscosity, it always tends to occupy the upper part 8 

of the reservoir forming what is termed as gas tongue where the gas tends to sweep oil more 9 

from the top of the model (Figure 16). In contrast, in the GADB-K1 case, where deformation 10 

bands are included, the gas fronts become more irregular and tend to move to the lower layers 11 

as more flow restrictions are applied horizontally. However, increasing the band permeability 12 

by 10 and 100 times as in GADB-K2 and GADB-K3 respectively, provided more flow 13 

flexibility in the horizontal direction. This led the gas to invade the upper parts of the reservoir 14 

and bypassing the oil at the bottom of the reservoir, particularly in GADB-K3 (Figure 16). 15 

Moreover, the gas has been well distributed through middle layers (where high density of 16 

deformation bands and ladders exist) in both GADB-K2 and GADB-K3 upon increasing the 17 

permeability of the bands.  18 

In case (C), the direction of water flow is changed to be along the deformation bands 19 

by switching the (PROD1 and INJ2) locations as in the WALDB-K1 case (Figures 14, 15). The 20 

water front was irregular and flowing from a west-to-east direction in continuous perpendicular 21 

lines to the producer wells (Figure 15). This is different from what has been captured in the 22 

WADB-K1 case, where the water was flowing across a continuous band chain from west to 23 

east of the reservoir. The water advanced more in the (INJ2-PROD2) path where less bands are 24 

observed. 25 
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Moreover, due to the original low vertical permeability of the reservoir model, the 1 

displacement is mostly dominated by horizontal permeabilities which is controlled by bedding. 2 

Therefore, the vertical permeability is increased by 100 times using the value of (Kv/Kh=0.1) 3 

to study the water behaviour with more vertical flow flexibility as in case WADB-HKv-K1 4 

(Figure 15). The simulation results show that water front velocity has increased with increasing 5 

the vertical permeability as more water flows vertically to avoid the flow barriers imposed by 6 

the bands, particularly from the lower and middle reservoir parts (Figures 14 and 15). 7 

Furthermore, in the WADB-NPc-K1, the capillary pressure was neglected to study its effect on 8 

the water flow behaviour across the bands. However, no difference has been observed in the 9 

saturation distribution between WADB- NPc-K1 and WADB-K1 in Figure 15.  10 

 11 

4.3. Effect of deformation bands on the time-to-breakthrough 12 

Fachri et al. (2013) reported a relationship between an increase of complexity in waterfront 13 

shapes and a decrease in the speed of fluid front propagation. Their study is based on flow 14 

simulations of large-scale reservoir models of relay zones with damage zones, including 15 

deformation bands in siliciclastic rocks. Rotevatn et al. (2016) conducted a study at a much 16 

higher resolution and also reported that the models with more complex fluid propagation fronts 17 

are linked to low rates of fluid propagation.  18 

In case (A), for the WNDB model where no deformation bands are included, the water 19 

displaces oil in a stable manner with radial fronts from both injectors to producers. This stable 20 

displacement keeps the water front in a piston like shape, where mobility ratios of less than one 21 

can be achieved. Hence, water reaches both wells at the same time and after 30 years (Figure 22 

18a). However, the waterfront is advancing slightly faster in the lower parts of the reservoir 23 

due to gravity segregation and density differences between the oil and water (Figure 14).  24 
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The production wells experienced the first water encroachment after 30 years in the 1 

southern part of the reservoir (Table 6). The low permeability in the band zones restricts the 2 

water flow due to the high capillary pressure. This attracts the water to imbibe into the band 3 

zones. Deformation bands resulted in poor communication between injectors and producers 4 

and hence less diffusivity, particularly at half the distance between the injectors and producers 5 

(Figure 14). This can delay the water breakthrough as in (PROD2) well (Figure 18a). This is 6 

mainly due to the deformation bands distribution along the injectors-producers paths. On the 7 

other hand, the applied injection pressure speeds up the water flow rate in the host rocks where 8 

more ease of flow is available to form a continuous water chain. This can facilitate the water 9 

breakthrough due to channelling and fingering throughout the reservoir (Figure 14), and water 10 

encroaches in both producer wells at different rates and times in the (WADB-K1) case (Figure 11 

18a). Our findings are in line with previous studies of deformation bands and their impact on 12 

the time to water breakthrough (e.g. Fachri et al. 2013; Rotevatn et al., 2016). When the 13 

permeability of bands increased by 10 times as in (WADB-K2), the displacement has been 14 

slightly improved. The water started to invade more parts of the reservoir due to less flow 15 

restriction by the bands. However, increasing the permeability could increase the water front 16 

velocity and earlier water breakthrough was experienced in (PROD2) after 9000 days (Figure 17 

18a). This is attributed to the fact that increasing the permeability has improved the ease of 18 

flow along the (INJ2-PROD2) path where more bands exist.  We can confirm this by comparing 19 

the water front behaviour in (WADB-K1) to (WADB-K2) in Figures 15, 18a.  20 

On the other hand, the water breakthrough took place at later time for the (WADB-K3) 21 

case, when the permeability of the bands increased by 100 times (Figure 18a). The water front 22 

behaviour is approximately similar to the case of (WNDB) where no deformation bands are 23 

included (Figure 15). Water displaces oil in a stable manner with regular fronts from both 24 

injectors to producers (Figure 14). This is mainly due to the minimum contrast in permeability 25 
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between the host and the deformation bands, compared to the (WADB-K1 and WADB-K2) 1 

cases. However, despite the minimum permeability contrast in this case, the water approaches 2 

the producers at different rates and times due to the distribution of the deformation bands along 3 

the (Injectors-Producers) paths (Figures 14, 15). 4 

For case (B), gas was injected in order to study the effect of the deformation bands on 5 

the gas flow behaviour. It is known that gas is a light fluid with low density and viscosity. 6 

Therefore, it always tends to invade the upper parts of reservoirs. This behaviour has been well 7 

captured in the GNDB case, with no deformation bands, where the gas mostly invades the top 8 

layers (Figure 16) and breakthrough into the producers occurs after just 6.5 years from the 9 

upper layers (Figure 18b). Oil has been displaced from the top of the reservoir at the end of 30 10 

years, whereas the lower parts were still at their initial oil saturation (Figure 16). When the 11 

deformation bands are included, GADB-K1 case, flow restrictions are applied and this may 12 

force more gas to move to the bottom layers and hence slows down the gas flow rate in the 13 

upper parts (Figure 16). Overall, the deformation bands will contribute to delay the gas coning 14 

into the producers (Figure 18b) by achieving better gas distribution throughout the reservoir 15 

(Figure 16). The effect of permeability of the deformation bands on the time to breakthrough 16 

during gas flow has also been investigated. The permeability of the bands has been increased 17 

by 10 and 100 times in GADB-K2 and GADB-K3 cases, respectively. In GADB-K2 case, the 18 

gas breakthrough, at both wells, occurred earlier than in GADB-K1 case (Figure 18b). Further 19 

increases in the permeability resulted in reducing the time to gas breakthrough (Figure 18b), 20 

due to the increase in the gas flow rate as observed in (GADB-K3), particularly at the top of 21 

the reservoir (Figure 16).  22 

For scenario (C), when the well locations are changed in order for the flow to be along 23 

the bands, water approached the producers earlier (Figure 19a). In the WALDB-K1 model, the 24 

bands are forming thin perpendicular lines between injectors and producers where less flow 25 
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restrictions are applied. The communication between the injectors and producers in the host 1 

rock is continuous and better than the WADB-K1 case. This could accelerate the water 2 

breakthrough rate especially in the middle layers (Figure 14). However, the distribution of the 3 

bands along each (Injector-Producer) path has the major control on the time to breakthrough. 4 

This can explain the difference in the water breakthrough time in the producer wells (Figure 5 

19a). 6 

In the (WADB-HKv-K1) model, as the vertical permeability was increased, the injected 7 

water tends to move to the bottom of the reservoir. The water has been observed to have a 8 

lower diffusivity at the top layers in this case. This will delay the water breakthrough into the 9 

producers when compared with the WADB-K1 case (Figure 19b). The water breakthrough took 10 

place at different times in both wells due to the distribution of the bands in the reservoir. 11 

However, due to the high vertical permeability, the water tongue is formed at the lower layers 12 

and a continuous water chain from injectors to producers has been formed (Figure 14). This 13 

results in high and fast water breakthrough in the wells when compared to the WADB-K1 case 14 

(Figures 14, 15). Furthermore, the WADB-NPc-K1 case is used to study the effect of capillary 15 

pressure absence on time to breakthrough during water flow across the deformation bands. The 16 

results in Figure 19c that shows a slight difference in the time required by the water to reach 17 

the production wells between WADB-K1 (capillary pressure included) and WADB-NPc-K1 18 

(Pc=0). However, the earlier breakthrough was recorded in the WADB-NPc-K1 (Figure 19c). 19 

Generally, the absence of capillary pressure could increase the water mobility which results in 20 

an earlier breakthrough (Figure 19c).  21 

     22 

4.4. Effect of deformation bands on sweep efficiency 23 

In case (A), when deformation bands were absent in the WNDB case, water was displacing oil 24 

in a stable fashion indicating a favourable mobility ratio due to a uniformly distributed 25 
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permeability and porosity throughout the model. At the end of the 60 years (Figure 14), no 1 

bypassed oil remained in the reservoir, except for a small amount forming a line between the 2 

water fronts from both injectors. A recovery factor of 56.2% has been recorded, while the 3 

unrecovered oil is in the form of residual oil trapped by micro scale forces (Figure 20a). 4 

Including deformation bands in the model, as in the WADB-K1 case, led to an unstable 5 

displacement due to the severe contrast between the host and band permeabilities. Water was 6 

observed to imbibe easily into the bands due to the high capillary pressure. On the other hand, 7 

the water advances rapidly in the host rock towards the producers, particularly in the middle 8 

and lower parts of the reservoir (Figure 14). As a result, channelling and fingering fronts were 9 

developed in the reservoir and an early water breakthrough was recorded (Figure 20a). At this 10 

stage, the injected water continued to be produced rather than sweeping and replacing the oil. 11 

This can be noted in Figure 20a when comparing the water cut of both the WNDB and WADB-12 

K1 cases. Accordingly, a considerable amount of bypassed oil was left in the reservoir at a 13 

macro-scale in the unflooded zones where water could not sweep the oil due to permeability 14 

heterogeneity. Moreover, an average residual oil of 34.5% has been trapped in the flooded 15 

zones and a maximum of 52.9% oil was swept. Our findings are similar to those reported by 16 

Rotevatn et al. (2016) and Manzocchi et al. (2002). In contrast, other studies (Rotevatn et al., 17 

2009; Rotevatn and Fossen, 2011; Zugula et al., 2016) have reported that increased flow 18 

tortuosity caused by low permeable deformation bands is related to improvements in sweep 19 

efficiency. On the other hand, increasing the bands permeability led to better distributing the 20 

water in the reservoir and hence, improving the sweep efficiency. This could delay the water 21 

breakthrough in WADB-K2 and WADB-K3, particularly from the bottom of the reservoir 22 

(along the path between the producers) (Figure 14). This has been well noted when comparing 23 

the field water cut total  in the cases of (WADB-K2 and WADB-K3) with (WADB-K1) (Figure 24 

20a). In both WADB-K2 and WADB-K3, the water invaded more reservoir parts and 25 



28 

consequently, less bypassed oil left in the reservoir. The recovery factor has increased from 1 

52.8% in WADB-K1 to 54.6% and 55.8% in WADB-K2 and WADB-K3 respectively (Figure 2 

20a). This can be attributed to the  less flow restriction through the deformation band zones 3 

when the permeability was increased in the cases (WADB-K2 and WADB-K3). However, at 4 

later stages, water production has significantly increased in both WADB-K2 and WADB-K3 5 

(Figure 20a).  6 

In case (B), for the GNDB scenario (with no deformation bands), the gas was just 7 

displacing oil from the top of the reservoir (Figure 16). An early gas coning was observed after 8 

6.5 years. Beyond that point, the reservoir pressure dropped dramatically as no more pressure 9 

maintenance could be achieved since the majority of the injected gas was produced. Hence, the 10 

bottom hole pressure limit in the producers was reached and both wells were shut after 30 years 11 

(Figure 20b). Accordingly, a very poor recovery factor was determined, as only 26.8% of the 12 

oil in place has been recovered (Figure 20b). For the gas injection case of GADB-K1, the 13 

deformation bands imposed ultra-flow barriers, which forced the gas to diffuse down 14 

throughout the reservoir (Figure 16). This has resulted in delaying the gas coning and sweeping 15 

oil from larger parts of the reservoir with better pressure maintenance. However, the recovery 16 

factor improved by only 13% compared to the GNDB case (Figure 20b). This is because that 17 

once gas invaded the wells, a continuous gas phase was formed from injectors to producers and 18 

this reduced the sweep efficiency leaving an accountable amount of oil in the reservoir (Figure 19 

16). For the case of GADB-K2, where the permeability in bands has increased by 10 times, 20 

slight improvement in the recovery factor has been observed due to the permeability increase. 21 

The gas tends to invade into larger parts of the reservoir and improves the recovery factor by 22 

0.5% only, when compared to GADB-K1 (Figure 20b). However, further increases in the band 23 

permeability as in GADB-K3 resulted in an earlier gas coning, particularly from the top of the 24 

reservoir and hence, less overall oil recovery (Figures 16, 20b). In GADB-K3, due to high gas 25 
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production, a dramatic drop in the reservoir pressure was observed. Hence, the bottom hole 1 

pressure limit in the production wells has been reached and both wells have been shut after 52 2 

years (Figures 16 and 20b). The recovery factor has been reduced from 39.2% in GADB-K1 to 3 

37.2% in GADB-K3 (Figure 20b).  4 

For case (C), in the WALDB-K1 scenario, the flow direction was changed to be along 5 

(parallel) to the deformation bands. Less oil has been extracted when compared to the WADB-6 

K1 case (Figure 21a). This is attributed to the fact that less flow barriers exist along the 7 

injectors-producers paths. A non-uniform and unstable displacement was recorded. The water 8 

can easily find its way to the producer wells and therefore an earlier water breakthrough was 9 

recorded in the WALDB-K1 scenario (Figure 21a). The water cut rate continued to increase 10 

and to be higher than the WADB-K1 case (Figure 21a). Hence, more bypassed oil was left in 11 

the reservoir at the top and the middle layers (Figure 14). Moreover, increasing the vertical 12 

permeability, as in WADB-HKv-K1, attracts water to the lower parts of the reservoir. The 13 

difference in the water front advancement between WADB-K1 and WADB-HKv-K1 is shown 14 

in Figure 14. In the WADB-HKv-K1, the water diffusivity at the top of the reservoir is less 15 

than in the WADB-K1 case (Figure 15). In contrast, the middle and bottom layers have been 16 

better swept (Figure 14). However, this facilitated the water breakthrough from the bottom of 17 

the reservoir. This can clearly be observed in Figure 21b when the breakthrough of WADB-18 

HKv-K1 took place later. Once the water reached the producers, the water cut has rapidly 19 

increased to exceed the water cut rate from the WADB-K1 case. However, almost the same 20 

average amount of oil has been recovered from both WADB-K1 and WADB-HKv-K1 cases 21 

(Figure 21b). Furthermore, the effect of capillary pressure has been investigated on the 22 

recovery factor during the water flow across bands. The model of (WADB- NPc-K1) has been 23 

used, in which the capillary pressure has been excluded. The results show insignificant 24 

difference in the filed water cut total and a very minor difference in the recovery factor for the 25 
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cases with and without capillary pressure effect (Figure 21c). The capillary pressure attracts 1 

the water to imbibe into the pores and sweep oil, particularly, the smaller pores. Generally, 2 

upon excluding the capillary pressure, the water mobility increases and led to a poor sweep 3 

efficiency. However, the impact of the capillary pressure on the water flow across the bands is 4 

insignificant here. This could be attributed to the ultra-low permeability of the deformation 5 

bands.  6 

 7 

5. Summary and conclusions 8 

The internal geometry of deformation bands and ladder structures are reconstructed in three-9 

dimensions using outcrop samples, and their geometry and connectivity were then quantified. 10 

This geometrical modelling provides insights into the shapes, extents, cross-cutting 11 

relationships and connectivity of these structures that may compartmentalise reservoirs in the 12 

subsurface. We created a geomodel grid and upscaled the properties of deformation bands and 13 

ladder structures to the grid, and then used this for field scale flow simulation.  14 

The results of our simulation study for the cases of water injection show that the 15 

deformation bands generally control the flow behaviour in the reservoir. The bands resulted in 16 

unstable oil displacement by adding flow barriers in which the water was advancing in an 17 

irregular manner (channelling and fingering). However, the heterogeneous distribution of the 18 

deformation bands both vertically and laterally can play a crucial role in controlling the time 19 

to a water breakthrough which has been recorded at various times in the producers. 20 

Accordingly, a considerable amount of bypassed oil was left in the reservoir. This effect was 21 

more dominant when the flow direction is across the deformation bands. In contrast, changing 22 

the flow direction to be along the bands led to an earlier water breakthrough and poor sweep 23 

efficiency. Additionally, increasing the vertical permeability by 100 times forced the water to 24 

be better distributed through the middle and lower reservoir parts and hence the displacement 25 
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occurred at a slower rate. However, water breakthrough took place from the bottom of the 1 

model and the water production rate increased significantly. Less bypassed oil remained in the 2 

WADB-HKv-K1 case compared to the WADB-K1 case. Nevertheless, almost the same 3 

recovery factor was obtained compared with the WADB-K1 case. Furthermore, the simulation 4 

results showed insignificant impact of the capillary pressure on the water flow behaviour and 5 

the overall recovery factor. This could be attributed to the ultra-low permeability of the 6 

deformation bands that can usually attract the water to imbibe into the deformation bands and 7 

restrict its movement. On the other hand, the capillary pressure may not be comparable to the 8 

viscous forces that are dominating the flow during injection processes in macro scales. 9 

Moreover, for water flow across the bands, increasing permeability of deformation bands 10 

could delay the water breakthrough and improve the overall recovery factor.  11 

Finally, the simulation results from the gas injection scenarios showed that the deformation 12 

bands can have a positive role in improving the sweep efficiency. The flow barriers imposed 13 

by the bands, attracted the gas to diffuse throughout the reservoir. This resulted in more stable 14 

displacement which delayed the gas conning into the producers and more oil to be swept 15 

compared to the GNDB case. Furthermore, increasing the permeability of the deformation 16 

bands could increase the horizontal gas diffusivity, particularly at the top layers. This results 17 

in an earlier gas coning and less oil recovery.  18 

 19 
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 7 

Figure Captions 8 

Figure 1: (a) Geological map of the northern coast of the Moray Firth (Scotland). The 9 

Lossiemouth Fault, which is oriented E-W and dips to the north, is the main structural element 10 

in the study area. The black rectangle is enlarged in b; (b) Aerial photograph of the Hopeman 11 

sandstone in the Moray Firth showing zones of deformation bands along the wave-cut platform. 12 

These zones are sub-vertical and dip towards either the north or south. (c) Geologic map of the 13 

study area in Utah (USA) showing the San Rafael Swell. The study area is indicated by a black 14 

box. (d) Aerial photograph showing Entrada sandstone exposures, together with faults (and 15 

their displacements) near Goblin Valley, Utah (USA).  16 

 17 

Figure 2: Workflow process to reconstruct the internal geometry of deformation bands from 18 

rock samples. (A) The Hopeman sample (HM-9) was cut into 8 slices, each measuring 1 cm 19 

thick; (B) The slices were scanned into a computer, deformation bands and ladder structures 20 

from rock slices were then interpreted and annotated using CorelDraw software; (C) Trace lines 21 

of deformation bands and ladder structures were digitized in Move software. In total, 584 trace 22 

lines of deformation bands and ladders were digitized from 8 rock sections; (D) 140 surfaces 23 
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were created of which 45 surfaces were deformation bands (grey) and 95 were ladder structures 1 

(yellow). 2 

 3 

Figure 3: (a) E-W striking (south dipping) deformation band cluster zone in Hopeman. Note 4 

the joining ladder structures between deformation bands. Photo looking east. Pencil (15 cm) 5 

for scale. (b) Cluster of deformation bands located within the hanging wall of the normal fault 6 

at Goblin Valley described in section 2.1. This thick wall (~20 cm) of deformation band cluster 7 

zone is about 25 meters away from the normal fault. Photo looking southeast. (c) Sample GV-8 

1 that contains deformation bands with mini core plugs of 11.65 mm diameter and 25 mm 9 

length that were cut for the Micro-CT scanning. (d) Original Micro-CT image, (e) non-local 10 

mean filtered image, and (f) segmented image of the host rock (rock sample GV-1). 11 

 12 

Figure 4: (a) Topological nomenclature as proposed by Sanderson and Nixon (2015). Different 13 

types of nodes and branches are differentiated. Nodes are classified as isolated nodes (I-nodes), 14 

abutting or splaying nodes (Y-nodes), or as crossing nodes (X-nodes). Branches are classified 15 

as isolated (I-I), partly connected (I-C) or fully connected (C-C) (After Sanderson and Nixon, 16 

2015; Dimmen et al., 2017). (b) Field photograph of Hopeman sandstone showing a part of a 17 

deformation band network with digitised fracture network and topological characterisation. 18 

 19 

Figure 5: Deformation band (blue) and ladder structure (red) properties upscaled to the grid. 20 

Note their geometrical relations where deformation bands are steeply dipping, whereas ladder 21 

structures are more shallowly dipping and abutting against the bands. The original geometry 22 
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of deformation bands and ladder structures are preserved in the upscaled property in the grid. 1 

The total grid dimensions are 680 m × 700 × 210 m in XYZ, respectively.  2 

 3 

Figure 6: Flow scenarios used in the field-scale simulation. 4 

 5 

Figure 7: Porosity versus permeability plot of the 15 core plug measurements from 5 sandstone 6 

samples from Hopeman. Core plug measurements are counted for matrix and band properties. 7 

Porosity ranges between 4 – 14.5% whereas permeability varies between 0.1 – 266 mD (over 8 

three orders of magnitude).  9 

 10 

Figure 8: Porosity of the host rock (HR) and deformation bands and ladder structures (DB) as 11 

calculated from image analysis of the Hopeman sample HM-6 thin section. The average 12 

porosity in the host (matrix) is estimated at 19.6% whereas the average porosity for the bands 13 

and ladders is 0.9%. Note the porosity contrast is mainly due to cataclasis and cementation of 14 

deformation bands. Blue and red patches indicate pore spaces.  15 

 16 

Figure 9: Nodal analysis ternary plot of deformation bands and ladder networks across 17 

Hopeman and Goblin Valley localities. Our nodal analysis shows that most deformation band 18 

networks are dominated by Y-nodes. 19 

 20 

Figure 10: (a) Extracted pore network from CT image (1000 × 1000 × 1000 voxels). Pore-scale 21 

simulation of (water-oil) and (gas-oil) displacements (red=oil, blue=water, green=gas) where 22 
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(b) Initial (Sw=100%), (c) Water flooding (imbibition) after drainage, and (d) Gas injection 1 

after drainage.  2 

 3 

Figure 11: (a) Oil-water relative permeability and (b) capillary pressure for water-wet water-4 

oil system, imbibition case (θ=0°- 30°). (c) Gas-oil relative permeability and (d) capillary 5 

pressure for gas-oil system (Gas injection after drainage). 6 

 7 

Figure 12: Hierarchical overview of models built and simulated in this study (K1=initial DB 8 

permeability, K2=  10 × K1, K3= 100 × K1). 9 

 10 

Figure 13: Porosity property grid (A) and permeability property grid (B). Note the lower 11 

porosity and permeability values assigned for the deformation bands and ladder structures. The 12 

total grid dimensions are 680 m × 700 × 210 m in XYZ, respectively.  13 

 14 

Figure 14: 3D view of simulation results for water-oil displacement for the following scenarios. 15 

WNDB: Water flow with no band included in the model (only host rock). WADB: Water flow 16 

across the bands. WADBHKv: Water flow across the bands with high vertical permeability. 17 

WALDB: Water flow along the bands.  18 

 19 

Figure 15: Top view of the simulation results of water-oil displacement for the following 20 

scenarios. WNDB: Water flow with no band included in the model (only host rock). WADB: 21 
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Water flow across the bands. WADBHKv: Water flow across the bands with high vertical 1 

permeability. WALDB: Water flow along the bands.  2 

 3 

Figure 16: 3D and top views of the simulation results of gas-oil displacement for the following 4 

scenarios. GNDB: Gas flow with no band included in the model (only host rock). GADB: Gas 5 

flow across the bands.  6 

 7 

Figure 17: (a) 3D geometry of deformation bands (grey) and ladder structures (yellow) of the 8 

sample HM-9 from Hopeman. (b) Rose diagram of strikes of deformation bands and ladders 9 

from the 3D model of sample HM-9 showing a variation in strike orientation of 45°; (c) Strain 10 

ellipse model showing that oblique antithetic Riedel Shears represented by ladders form at an 11 

angle of 45° to the extension direction. A similar geometry between deformation bands and 12 

ladders was observed in the Goblin Valley samples. 13 

 14 

Figure 18: Effect of deformation bands on time to breakthrough for (a) water flow scenarios 15 

stated in Figure 6, case A. (b) gas flow scenarios stated in Figure 16. 16 

 17 

Figure 19: Effect of deformation bands on time to breakthrough during water flow (Figure 6, 18 

case C) for (a) Flow along the bands. (b) Flow across the bands with higher vertical 19 

permeability. (c) Flow across the bands with neglected capillary pressure. 20 

 21 

Figure 20: Recovery factor (%OIIP) and field water cut total for (a) Water flow across the 22 

deformation bands. (b) Gas flow across the deformation bands. 23 



43 

 1 

Figure 21: (a) Effect of water flow along deformation bands on water cut and recovery factor 2 

(WADB-K1 vs WALDB-K1). (b) Effect of vertical permeability with deformation bands on 3 

water cut and recovery factor (WADB-K1 vs WADB-HKv-K1). (c) Effect of capillary pressure 4 

with deformation bands on water cut and recovery factor (WADB-K1 vs WADB-NPc-K1). 5 
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