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ABSTRACT

Cataclastic deformation bands, which are common in sandstone reservoirs and which may negatively affect fluid

flow, are generally associated with notable thickness variations. It has been suggested previously that such thick-

ness variations represent an important control on how deformation bands affect fluid flow. The effects of such

thickness variations are tested in this study though statistical analysis and fluid flow simulation of an array of

cataclastic deformation bands in Cretaceous sandstones in in the Bassin de Sud-Est in Provence, France. Spatial

outcrop data are statistically analyzed for incorporation in flow simulation models, and numerical simulations are

used to investigate the effects of notable thickness variations on how the deformation bands influence effective

permeability and flow dynamics. A suite of simulations is performed using a combination of fine-scale and

coarse-scale grids, revealing that the effective permeability of the simulated reservoir is reduced by a factor of

15–25. More interestingly, the simulations further demonstrated that, as compared to the overall effect of the

deformation band array on fluid flow, thickness variations along the bands proved to have negligible effects only.

Thus, our simulations indicate that the configuration and connectivity of the deformation bands, together with

the permeability contrast between the bands and the host rock and the mean band thickness, are the most

important controls on the effective permeability. Our findings represent new insight into the influence of defor-

mation bands on fluid flow in subsurface aquifers and reservoirs, indicating that thickness variations of individual

deformation bands are of less significance than previously thought.
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INTRODUCTION

In highly porous (porosity >15%) granular rocks, applied

stresses yield distinct deformation processes facilitated by

availability of pore space. These include: (i) rigid grain

reorganization (granular flow) resulting in compaction,

dilation or isochoric strain; (ii) grain fracturing/crushing

(cataclasis) related to high stress concentrations at grain

contact points (Antonellini et al. 1994). The resultant

strain localization features are generally known as shear

bands or deformation bands (Aydin 1978), mm-wide tabu-

lar-planar deformation features across which strain is

accommodated. Cataclastic deformation bands, which are

compactional shear bands in which grain crushing has

taken place, are favored by high confining pressures (Fos-

sen et al. 2007) and good sorting and rounding, which

produce high stress concentrations at grain contact points

(Gallagher et al. 1974). In simple terms, cataclasis is

regarded as a common deformation mechanism in porous

sandstones having undergone faulting at depths greater

than approximately 1 km (Fisher & Knipe 2001). In the

following we use the term deformation band exclusively

about cataclastic deformation bands.

Deformation bands are known to be associated with a

reduction in porosity and permeability relative to the host

rock in which they occur (Antonellini & Aydin 1994). In

groundwater or hydrocarbon aquifers, deformation bands

may therefore represent baffles to fluid flow during exploi-

tation, thereby reducing the effective permeability of the

reservoir. This has been explored by a range of authors,

focusing on the effect of deformation bands on effective

permeability (Sternlof et al. 2004; Kolyukhin et al. 2010),
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pressure distribution (Matth€ai et al. 1998; Rotevatn & Fos-

sen 2011) and flow tortuosity (Rotevatn et al. 2009). Sev-

eral previous workers have noted that faults, including

those occurring in porous sandstone, are associated with

large variations in macroscopic fault thickness (Shipton &

Cowie 2001; Shipton et al. 2002; Flodin & Aydin 2004).

Such variations are generally seen as important controls on

the fault sealing characteristics of fault zones (Shipton et al.

2005). Other workers have noted that also at a much finer,

sub-fault zone scale, individual deformation bands are gen-

erally characterized by significant variation in thickness in

three dimensions (Fossen & Bale 2007; Fossen et al. 2007;

Torabi & Fossen 2009). The same authors have speculated

that the thickness variations may be of significance when

considering the effect of deformation bands on fluid flow,

and, specifically that thickness minima may undermine the

effect of deformation bands as sealing or flow-reducing

structures. Despite the fact that deformation bands are

common in sandstone aquifers and reservoirs, this poten-

tially crucial aspect of their effect on fluid flow has not pre-

viously been quantitatively dealt with in the literature.

In this study we aim to numerically explore the impor-

tance of such thickness variations for fluid flow in sand-

stone reservoirs and aquifers. Specifically, we aim to test

and quantify how thickness variations influence the effect

of deformation bands on effective permeability and fluid

flow dynamics in a fluid extraction situation. Subordinately,

the study also addresses the overall effect of the studied

deformation band array on effective permeability and fluid

flow in the simulated aquifer.

The problem is explored numerically based on statistical

data from a deformation band population occurring in

contractionally deformed high-porosity Cretaceous sand-

stones in the central Bassin du Sud-Est, SE France (Wib-

berley et al. 2007; Saillet & Wibberley 2010; Klimczak

et al. 2011). First, spatial outcrop data are statistically ana-

lyzed for incorporation in flow simulation models. Second,

a suite of simulations is performed using a combination of

fine-scale and coarse-scale grids.

GEOLOGICAL SETTING OF THE STUDY AREA

The studied rock units are sandstones of Cretaceous age in

the Quartier de l’Etang quarry near Orange in the central

Bassin du Sud-Est, SE France (Fig. 1). The Bassin du Sud-

Est is a Mesozoic intra-cratonic basin on the edge of the

Alpine orogen, bordered by the Mediterranean Sea to the

south, the Alps to the east, and the Massif Central to the

northwest. The basin extends c. 200 km by 150–100 km

with sediment thicknesses varying from 2 to 3000 m to

approximately 10 000 m (Delfaud & Dubois 1984). During

(late-stage) and following deposition, the basin was affected

by several tectonic events: (i) Late Cretaceous Eoalpine and

Pyrenean shortening resulting in folding of Mesozoic strata

and basin inversion (Arthaud & S�eguret 1981; Tempier

1987; S�eranne et al. 1995; Sanchis & S�eranne 2000); (ii)

Oligocene extension related to the opening of the Gulf of

Lion resulting in extensional faulting (S�eranne et al. 1995;

Sanchis & S�eranne 2000); and (iii) related Miocene contrac-

tion leading to strike-slip reactivation of existing faults (Ford

& Stahel 1995; S�eranne et al. 1995; Saillet & Wibberley

2010). In the study area, limestones and sandstones of Cre-

taceous age are exposed, significantly affected by the initial

Late Cretaceous shortening (Klimczak et al. 2011). The

studied rocks in the Quartier de l’Etang quarry are medium-

grained quartz arenites, representing delta and beach sands

deposited in Cenomanian time (Debrand-Passard et al.

1984; Wibberley et al. 2007). The low maximum burial

(800 m, see Delfaud & Dubois 1984) and lack of cementa-

tion leaves their initial high porosity preserved.

The studied outcrop in the inactive Quartier de l’Etang

quarry (Orange, France) is identical to that studied by

Wibberley et al. (2007), Saillet & Wibberley (2010) and

Klimczak et al. (2011). As reported by these authors,

arrays of mainly NW-SE striking reverse-sense (i.e. formed

during tectonic shortening) deformation bands occur in

the high-porous sandstones in the quarry (Fig. 2). An

approximately 300 m wide outcropping section was stud-

ied, throughout which the deformation bands are persis-

tently present. Saillet & Wibberley (2010) describe the

deformation band population as two main sets that are

conjugate, implying they formed coevally under the same

stress conditions, whereas Klimczak et al. (2011) argue
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Fig. 1. Geological map of the Bassin du Sud-Est in Provence, France. The

studied outcrop in Orange is located in the central basin. Location of the

area is shown on the inset map.
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that there are three sets of reverse sense deformation bands

that formed sequentially (although under the same overall

stress field). We shall not address this discussion in the

present contribution, as the main scope herein is to assess

their effect on fluid flow. We consider the bands as formed

under the same stress field as agreed by both Saillet &

Wibberley (2010) and Klimczak et al. (2011) and describe

two subsets identified in the field without considering their

relative timing.

The deformation bands in the studied outcrops are

described in detail in Saillet & Wibberley (2010) and we

limit ourselves to observations that have implications for

the numerical flow simulations. The deformation band

array consists of mm- to cm-thick, mostly multistrand

deformation bands in two NW-SE striking, but oppositely

dipping sets (Fig. 2). The bands exhibit significant cataclas-

tic grain size reduction relative to the host rock, and the

bands feature mm- to cm-scale reverse-sense displacement.

The deformation bands show notable thickness variability

along strike (see inset photo, Fig. 2). This motivates test-

ing the effect of these thickness variations on effective per-

meability and flow dynamics in the numerical flow

simulations. Detailed thickness data were therefore

recorded along individual bands, which are presented and

analyzed in the next section.

STATISTICAL ANALYSIS OF SPATIAL DATA

To test the overall effect of the deformation band array on

fluid flow, the orientation and spacing of the bands must

be represented in the model. The orientations of the bands

in the model are based on the field measurements of

deformation band orientations (Fig. 2). The spacing of

deformation bands in the models are based on field mea-

surements of deformation band spacing, but given the

desire to highlight the effect of the thickness variations in

the simulations, a fixed mean spacing was used. The aver-

age spacing between the bands, although somewhat vari-

able on the local scale (Fig. 2), exhibits a quite striking

overall consistency throughout the outcropping section.

We use 60 cm as an approximation for mean deformation

band spacing, representing a low-end conservative estimate

to avoid overemphasizing the effect of the deformation

bands on fluid flow. The standard deviation r of the spac-

ing is defined by 3r = 10 cm. The general scheme for ori-

entation and distribution of deformation bands used in the

numerical simulations are shown in Fig. 3.

To address the impact on fluid flow of the thickness vari-

ations, an understanding of the variation is needed. Thick-

ness data were collected along three deformation bands,

hereafter termed DB1, DB2 and DB3. These are represen-

tative for the thickness variations observed across the

deformation band array. Thickness was recorded at 1 cm

intervals along the deformation bands, and the thickness

measurements were measured over a length of 309–

750 cm for different bands (see Table 1). The mean dis-

Fig. 2. The studied outcrop in the Quartier de l’Etang quarry in Orange

exhibits two oppositely dipping arrays of reverse-sense deformation bands,

as shown on the photograph and equal area stereo net. The studied unit is

outlined between the white dotted lines and represent arenitic sandstone

layer, bounded above and below by calcite cemented sandstone layers con-

taining fewer or no deformation bands. The inset photo shows thickness

variations along one of the bands. See text for details.
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Fig. 3. Generalized scheme of deformation band distribution used in the

numerical simulations.

Table 1 Datasets statistics and P-values of normality and stationarity check-
ing. T = thickness of deformation bands.

Dataset DBand1 DBand1a DBand2 DBand3

Length (cm) 723 309 400 750
Number of measurements N 724 310 53 95
Mean (T) (cm) 1.94 1.82 0.7 2.68

r(T) (cm) 0.99 0.75 0.44 1.28
Min(T) (cm) 0.2 0.2 0.1 0.1
max(T) (cm) 7 3.5 1.8 5.7
Lilliefors test P-value 0.001 0.001 0.04 0.26
Jarque–Bera test P-value 0.001 0.08 0.36 0.41
Leybourne–McCabe test

P-value
0.1 0.1 0.1 0.01

KPSS test P-value 0.01 0.01 0.1 0.01
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tance between thickness maxima is 25 cm and the length

over which measurements were made therefore well

exceeds that necessary to capture the variations in thick-

ness. To facilitate meaningful input parameters to the

simulation model, a statistical analysis of the data is neces-

sary. In Table 1, mean values and standard deviations of

the thickness are shown for the three bands, together with

the maximal and minimal values measured. To investigate

the quality of the statistical model and its parameters we

test for normality and stationarity; that is if the mean val-

ues and variances are constant along the individual bands

and the correlation functions depend only on the spatial

distance r (see Fig. 4 inset for illustration of r). Because

we have relatively few measured data available we consider

two tests both for normality and stationarity checking: The

Jarque–Bera and Lilliefors tests (Lilliefors 1967; Jarque &

Bera 1987) were used for normality checking; and the Ley-

bourne-McCabe (Leybourne & McCabe 1999) and KPSS

tests (Kwiatkowski et al. 1992) for stationarity. Corre-

sponding P-values and datasets statistics are presented in

Table 1. We suppose that the normality or a stationarity

holds if the corresponding P-value is > 0.05 at least for

one test.

From Table 1 we can see that for each dataset the P-

value of at least one test of normality exceeds the usual 5%

significance level. It allows us to consider, for simplicity,

the thickness T ðxÞ ¼ hT i þ T 0ðxÞ as a stationary normal

random function in the sequel. Then its probability distri-

bution can be completely defined by its mean value and

covariance function C(r). Furthermore, in this work we

only consider the main strand of DB 1 that is DB 1a, as

DB 1a better satisfies the normality tests than DB 1. More-

over, we note that stationarity of the third band is broken

since the dataset is split in two parts along parts of its

surveyed length (the band bifurcates into two strands).

Therefore we exclude the third band from all simulations

that consider upscaling of the permeability.

The covariance can be estimated from measurements by

a moving window estimator (Li & Lake 1994). Also we

consider three analytical covariance functions (Monin &

Yaglom 1975):

C1ðrÞ ¼ r2e�r=I ;

C2ðrÞ ¼ r2e�pr2=ð4I 2Þ;

C3ðrÞ ¼ r2e�ar cos br; I ¼ a

a2 þ b2

Here, r is the standard deviation, I is the correlation

length of the random function, k is the wave number, and

the parameters a and b are defined according to Table 2.

The use of analytical correlation functions allow us to

study how the large scale flow properties of the medium

(e.g. permeability) depend on hT i, r and I.

In Figs 4 and 5 we present C (r) estimated from DB1a

and DB2, respectively. Estimation of C (r) yields a high

computational error for large distances r, whereas the

approximations are better for smaller values of r. We there-

fore approximate C1 in the range 0 � r � 9 cm, C2 and
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Fig. 4. Estimated correlation function and corresponding analytical approxi-

mations for DB1a. As shown in the inset figure, r represents the distance

between thickness maxima along deformation bands. DB = deformation

band; Tmax = thickness maximum. See text for details.

Table 2 Parameter values used to define the correlation function C3.

DBand1 DBand2 DBand3

a 0.08 0.05 0.04
b 0.07 0.9 0.63
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Fig. 5. Estimated correlation function and corresponding analytical approxi-

mations for DB2. r represents the distance between thickness maxima along

deformation bands (see Fig. 4). See text for details.
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C3 in the range 0 � r �50 cm (the values are chosen so

that the Frobenius norm of the residuals in the domains

fulfil C(r) � C(0)/e). The correlation lengths and Frobe-

nius norms related to C1, C2 (r) and C3 (r) are shown in

Table 3.

The thickness distribution T(x) from dataset DB1a is pre-

sented in Fig. 6(A). To indicate the meaning of the different

correlation functions, Fig. 6(B–D) show the realizations of

random functions related to C1(r), C2 (r), and C3 (r). A sim-

ulation formula for the scalar real-valued homogeneous

Gaussian random field with the spectral function S(k) is

described for example in Sabelfeld (1991). We observe sig-

nificant differences between the realizations produced by the

three estimated statistical distributions. The impact of the

different statistical distributions on the bulk permeability is

addressed in Section ‘Results and Discussion’.

The thickness distribution of DB2 is presented in Fig. 7

(A). In Fig. 7(B–D) we show the realizations of random

functions related to C1 (r), C2, and C3 (r) for DB2. It is

clear that for this deformation band the simulated T (x)

are qualitatively similar for all analytical correlation func-

tions. The negative part of C(r) and small value of I1, I2
and I3 may be caused by less densely spaced data points

and poor statistics related to DB2. On the other hand, it

means that T(x) values in adjacent points are more inde-

pendent, and this explains why the realizations presented

in 7b–d are rather similar.

For the flow simulations presented in the next few sec-

tions, we will populate the simulation domain with bands

of different thickness, and in some cases also include thick-

ness variations along individual bands. Based on the avail-

able field observations, the deformation bands are assumed

to be divided into two thickness distribution families, with

statistical properties defined in Tables 1 and 2. Further-

more, assumptions are needed on the distribution of bands

between the two families. In addition to the thickness data

from the two described deformation bands, the field data

include data on the distribution of local thickness maxima

and minima from a range of bands at the studied locality.

These data are not spatially organized (i.e. not collected

systematically along single bands) and we assume that these

distributions of maxima and minima are Gaussian. In our

simulations, each band has one of two distributions esti-

mated from DB1a and DB2, as described above with prob-

abilities P1, and P2, respectively. To estimate these

probabilities we estimate two Gaussian probability density

functions corresponding to considered datasets. Further-

more, by comparing the values of likelihood functions for

Table 3 Correlation lengths and norms related to approximation by C1(r),
C2(r) and C3(r).

Dataset I1(cm) ||C(r)-C1(r)||2 I2(cm) ||C(r)-C2(r)||2 I3(cm) ||C(r)-C3(r)||2

DBand1a 10.5 0.026 4.1 0.126 7.1 0.008

DBand2 0.1 0.12 0.1 0.12 0.06 0.028

DBand3 22.9 0.444 11.4 0.862 0.1 0.454
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Fig. 6. (A) The recorded thickness distribution along DB1a. (B) Synthetic realization of the stationary normal random function related to C1(x) for DB1a. (C)

Synthetic realization of the stationary normal random function related to C2(x) for DB1a. (D) Synthetic realization of the stationary normal random function

related to C3(x) for DB1a.
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each disordered measurement we estimate P1 = 0.41 and

P2 = 0.59. Note that parameters of similar Gaussian mix-

ture model can also be estimated by Expectation Maximi-

zation algorithm (EM). We emphasize the uncertainty in

these estimates; however, they do provide a distribution

that can be applied in the simulation model. To improve

the quality of the statistical analyses and to provide more

accurate estimates on the modelling parameters, more data

are needed.

NUMERICAL SIMULATION MODEL

To assess the impact of the studied deformation bands on

fluid flow we turn to numerical simulations. The motiva-

tion for the simulations is twofold: First, simulations on

small domains with bands represented with (i) uniform

thickness; and (ii) thickness variations illustrate the impact

of the bands on the fine-scale fluid distribution. Second,

upscaling of the strained rock to an effective permeability

allows us to estimate the impact of the deformation bands

on the field (outcrop) scale of observation.

Setup

All simulations consider a case of water injection into a

two-dimensional vertical cross section of a reservoir that is

initially filled with oil. To isolate the effects of deformation

bands, thickness variations, and permeability contrasts,

both fluids are modeled as incompressible, phase transi-

tions are not considered and we assume no capillary pres-

sure between the phases. With these assumptions the

pressure equation reads

�O �KOh ¼ 0;

where K represents the permeability and h is the hydraulic

head. There are no source terms in the domain, the flow is

instead driven by boundary conditions as described below.

The water saturation SW is transported according to the

equation

/
@SW
@t

þ O � ðqfW þKk0fW ðq0 � qW ÞgÞ ¼ 0;

where φ is the porosity, q = � KOh is the Darcy velocity,

ka is the mobility of phase a and fW ¼ kW
kWþk0

is the frac-

tional flow function. Furthermore, qa is the density of

phase a and g is the gravity vector.

The densities are set to 1000 kg m�3 for the water

phase and 700 kg m�3 for the oil phase. The phase viscosi-

ties are 5 cp for water and 1 cp for oil, and the relative

permeabilities are quadratic with zero residual saturation.

Water is injected along the entire left hand side of the

domain and the fluids are allowed to flow out of the right

hand side. Along the top and bottom of the domain no-

flow conditions are assigned.

The rock model consists of a homogenous host rock

with deformation bands, and the distribution and geome-

try of the bands are based on the statistical analyses of col-

lected field data presented in the previous section. That is,
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Fig. 7. (A) The recorded thickness distribution along DB2. (B) Synthetic realization of the stationary normal random function related to C1(x) for DB2. (C)

Synthetic realization of the stationary normal random function related to C2(x) for DB2. (D) Synthetic realization of stationary normal random function
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the bands are configured according to Fig. 3, and their

statistical properties are set according to Table 1 and 2.

Host rock and deformation band permeabilities are set

constant to 500 and 0.5 mD based on probe permeame-

ter measurements in the field (see Rotevatn et al. 2008

for details about the measurement tools and methods).

This is in accordance with previously published figures

(see Fossen et al. 2007 and references therein) for defor-

mation band permeabilities, which are known to be asso-

ciated with permeabilities 1–6 orders of magnitude (most

studies reporting 2–4 orders of magnitude) less than that

of the host rock. Finally, the porosity is set to 0.25

and 0.07 for the host rock and the deformation bands,

respectively.

Discretization

A key challenge associated with investigating the effect of

deformation bands on fluid flow is their small width rela-

tive to their length. The computational cost associated

with explicitly resolving the bands in a field-scale simula-

tion model will be prohibitively high. Thus, a natural goal

for the investigations is to upscale the deformation bands.

To achieve this, high-resolution simulation studies of the

bands are necessary.

To resolve the deformation bands, the computational

grid should conform to the bands, and to achieve this, tri-

angular cells are appealing due to their flexibility. In this

grid, there are essentially two ways to represent the defor-

mation bands. The first option is to assign cells inside the

bands in what can be termed an equi-dimensional

approach. When considering the band aspect ratio, we real-

ize that a second option is to consider the bands as lower

dimensional objects (lines in 2D, or planes in 3D). This

leads to a hybrid approach where the deformation bands

are lines in the geometric grid, but correctly represented

with their width in the simulation model. The hybrid

approach both simplifies the grid generation and excludes

small cells in the intersection of the deformation bands,

yielding a more robust and efficient discretization com-

pared to standard equi-dimensional approaches (Karimi-

Fard et al. 2004; Sandve et al. 2012). The hybrid approach

was originally designed for simulating fractured porous

media; however, it has also successfully been applied to

compaction bands (Sternlof et al. 2006).

In this work an equi-dimensional approach is followed

for the fine-scale simulations presented in the next section.

The equi-dimensional approach allows for an exact repre-

sentation of the thickness variations along the deformation

bands and is therefore suitable for the fine-scale study. For

permeability upscaling and large scale simulations the

hybrid method is appropriate. The simplicity and robust-

ness of the hybrid gridding algorithm makes the hybrid

method an attractive choice for the permeability upscaling

as a multiple of grid realizations are necessary in order to

quantify the permeability. For large scale simulations an

equi-dimensional approach is too computationally demand-

ing. On these grids, the pressure equation is discretized

with a class of control volume methods that can handle

skewed cells (Edwards & Rogers 1998; Aavatsmark 2002),

while upstream weighting is applied for water transport

(Aziz & Settari 1979). Both the pressure and the transport

equations are solved implicitly using sequential splitting;

that is in each time step, the pressure equation is solved

first, then the transport equation. The simulations are per-

formed partly using the toolkit described in Lie et al.

(2012).

RESULTS AND DISCUSSION

Fine-scale simulations

To illustrate the qualitative impact of thickness variations,

we first consider fine-scale simulations on a domain with

size 3 9 3 m. The small size allows us to study the fine-

scale impact of the bands as well as to resolve the thickness

variations along individual bands. Because DB3 had the

most pronounced variations, we include this band even

though we do not have reliable data on their spatial distri-

bution. Thus the simulations in this section should not be

used for quantitative estimates, but they do give clear illus-

trations of the effect of the deformation bands on the fluid

flow.

Consider Fig. 8(A,B), where the bands are represented

with uniform thickness (the thickness varies between

bands, but no thickness variations along individual bands

are included here). The figures show that the bands hinder

the water flow; the water flows easily through the host

rock, while it is delayed when it needs to break through a

low-permeable band. The impact of the different families

of bands is also clear: the front propagation is slowest in

the lowermost part of the domain, where the water has to

cross many thick bands. Also note the thick bands running

diagonally through the domain (from approximately [0,

0.4] to [3, 2.6]), which forces the water to flow upwards,

and produce the farthest front propagation.

Next, we consider the same domain with thickness varia-

tions along individual bands included, as shown in Fig. 8

(C,D). In this example, the thickness variations are con-

structed using the correlation function C1(x) (see Section

‘Statistical Analysis of Spatial Data’). By comparing Fig. 8

(B,D), we see that the speed of the water front is indistin-

guishable for the cases without and with thickness variations.

Fig. 8(D) also indicates the much finer grid needed to resolve

the thickness variations. To emphasize the very fine-scale

impact of the thickness variations, Fig. 9 shows a zoom in

of the saturations in Fig. 8(D), together with the associ-

ated streamlines. Both figures show that the water tends to

© 2013 Blackwell Publishing Ltd
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break through the thinnest parts of the deformation bands,

while the flow density is smaller around the thickness max-

ima of the low-permeable bands.

To summarize, the fine-scale simulations indicate that

deformation bands have an impact on fluid flow. Varia-

tions along the thickness of individual bands produce

differences on the localization of cross-band flow at the

scale of individual bands; however, they do not produce

significant differences in the front propagation speed even

on the scale of the present relatively small domain

(3 m 9 3 m).

Permeability upscaling

As seen in the previous section, computational grids that

resolve the fine-scale structure of the deformation bands

can provide a good picture of the fine-scale distribution of

fluids. However, the computational cost associated with

simulations on these grids may be prohibitively high for

larger domains. It is therefore of interest to compute an

effective permeability to be able to incorporate the effect

of the low-permeable bands without the need to represent

them explicitly on a reservoir scale.
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The effective permeability of a domain will depend on

the properties of the deformation bands that populate the

domain. On small averaging domains, the upscaled perme-

ability may be highly variable due to the small sample size

of deformation bands, but we expect the variations to

decrease as the size of the target domain increases. We

therefore consider a series of domains with increasing size,

where each domain is populated with 100 different realiza-

tions of deformation bands. For each individual grid, an

effective permeability is computed using constant no-flow

boundary conditions on two opposite sides, and flow is

driven between the two other sides. This simple technique

is sufficient to obtain an estimate of the upscaled perme-

ability. For more information on upscaling methods, see

for instance Renard & de Marsily (1997) and Durlofsky

(2005). We emphasize that in these calculations only

DB1a and DB2 are considered.

Figure 10(A, B) show the resulting mean and standard

deviations for the upscaled permeability in the x and y

directions, respectively (no thickness variation along indi-

vidual bands included). The high values for the smallest

domain sizes are probably caused by there being so few

deformation bands that there are still high-permeable path-

ways between the domain boundaries. For larger domains

sizes, the curves flatten, and the standard deviation

decreases. On the largest domain mean values of kx = 32.6

and ky = 19.7 mD are obtained. The permeability is lowest

in the y-direction, because the geometric configuration of

the deformation bands is such that the band density is

higher along the y-axis. Compared to the host rock, the

deformation bands thus reduce the permeability with a fac-

tor of order 15–25, depending on the geometric configu-

ration of the bands.

Now, consider Fig. 10(C,D). These compare the up-

scaled permeability for deformation bands with thickness

variations along individual bands, and for the different cor-

relation functions presented in Section ‘Statistical Analysis

of Spatial Data’. For ease of comparison, the corresponding

results without variations are also shown. We observe that

the thickness variations serve to increase the upscaled per-

meability with a factor of up to 20%. An increase in the

upscaled permeability was to be expected, since the fine-

scale simulations showed that the fluid prefers to cross the

thinnest parts of the deformation bands, this will result in

an increased effective permeability. Compared to the alter-

ation in the upscaled permeability from the introduction of

deformation bands in the host rock, the thickness varia-

tions have only minor impact. Moreover, the significant

differences in the deformation band thickness that might

arise when applying different correlation functions (confer

Fig. 6) are not reflected in the upscaled permeability. Fur-

thermore, additional simulations (not shown here) for a

large range of r and I failed to produce more than minor

differences in the effective permeability. We note that the

effect of the thickness variations can also be achieved by a

small, uniform reduction in the band thickness, but due to
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the sparseness in the measurements, we have not found

such a data fitting exercise worthwhile.

For simplicity, the geometry of the deformation bands

has been kept constant throughout the upscaling experi-

ments, except from the minor variability in the spacing

between the bands. This is also in agreement with the field

observations. However, the upscaling on small domains

gives an indication what the effective permeability will be

for domains with relatively few bands, and thus a higher

probability of there being highly permeable pathways

across the domain. As observed from Fig. 10, this band

sparseness has a large impact on the permeability. Thus,

our simulations indicate that the configuration and connec-

tivity of the deformation bands, together with the perme-

ability contrast between the bands and the host rock and

the mean band thickness are the most important parame-

ters for the effective permeability.

We remark that the fairly simple approach to upscaling

explored here is made possible from the geometrical

arrangement of the deformation bands. The two oppositely

dipping populations of deformation bands are assumed to

have equal statistical properties, producing a symmetry in

the problem, and an upscaled permeability that is aligned

with our (x,y) coordinate system. This also means that for

the simulation scenarios considered herein with the defor-

mation bands symmetrically distributed with respect to the

main flow paths, the bands will not serve to rotate the flow

on the large scale; individual outliers have minor impact.

This will not hold true if there are systematic differences

between the two families of bands producing different sta-

tistical properties, and more advanced upscaling techniques

would have been necessary to compute effective permeabil-

ities in this case.

Large-scale simulation

The permeability upscaling provides parameters for a coarse

simulation model. To assess the quality of the upscaling, we

perform simulations on a 200 m 9 30 m domain, with both

the fine-scale grid and Cartesian coarse-scale grid with

40 9 6 cells. To resolve the thickness variations along indi-

vidual bands on this domain is far too costly; even without

the variations, the fine-scale grid has almost a million ele-

ments. We therefore neglect thickness variations for all

deformation bands. In the fine-scale grid, deformation bands

are resolved discretely and permeability values assigned to

the bands and host rock using identical values as the small

scale models described above (500 mD host rock permeabil-

ity, 0.5 mD deformation band permeability). To the Carte-

sian grid, we assign the upscaled permeability found from

the corresponding upscaling (kx = 32.6 and ky = 19.7 mD),

while the porosity is set to 0.2431; computed as the volume

weighted mean of the deformation band and host rock val-

ues. In these simulations, hydrostatic pressure is set both on

the left and right hand side. We consider a pressure drop of

500 bars across the domain.

Figure 11 shows the water cut curves for both the

coarse-scale and the fine-scale solution with the high pres-

sure drop. We observe that the breakthrough time is very

similar for the two simulations. Moreover, the curves also

indicate the same behavior after the breakthrough. This

confirms that the permeability upscaling is meaningful also

for larger domains.

Summary and applicability of results

Deformation bands are naturally occurring deformation

structures that baffle fluid flow in subsurface sandstone

aquifers and reservoirs (Antonellini & Aydin 1994). Recent

work has shown that deformation bands are typified by

variations in thickness along individual bands (Fossen &

Bale 2007; Torabi & Fossen 2009) and suggested that this

may impact the way in which deformation bands affect

fluid flow. The above-described results provide a quantita-

tive examination of the effect of such variations for a par-

ticular field example.

In general, the fine-scale simulations of deformation

bands with thickness variations produced no significant dif-

ference compared to the fine-scaled simulations with con-

stant deformation bands thickness. Streamlines did however

show that the thickness variation has some effect on the

scale of individual deformation bands, in that fluids tend

to flow across the deformation bands at thickness minima.

Yet, even on the scale of the fine-scale simulations (3 9 3

meters simulation domain), this effect was not reflected in

an overall difference in waterfront propagation.
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Numerical upscaling of effective permeability showed

that thickness variations lead to a somewhat increased

effective permeability (Fig. 10). However, compared to the

overall reduction in permeability inflicted by the introduc-

tion of the deformation band array in the host rock, the

impact of the thickness variations is minor. This contrasts

what is known for macroscopic fault zones, where previous

work has shown that effective cross-fault permeability is

sensitive to fault thickness changes (Shipton et al. 2002).

These results indicate that, contrary to what has been

suggested qualitatively by previous studies, thickness varia-

tions are of negligible importance when considering the

effect of deformation bands on fluid flow in subsurface

aquifers or petroleum reservoirs. This is important because

(i) deformation bands are common and affect fluid flow in

sandstone reservoirs (Harper & Moftah 1985; Edwards

et al. 1993; Lewis & Couples 1993; Hesthammer & Fos-

sen 2001), ; and (ii) an appropriate and quantitative under-

standing and representation of deformation bands is crucial

for optimal management of sandstone aquifers and reser-

voirs in which they occur (Rotevatn et al. 2009). This

study addresses the latter point, indicating that thickness

variations along individual deformation bands are of minor

importance and therefore not necessary to account for

when considering fluid flow in subsurface sandstone aqui-

fers and reservoirs. Furthermore, the results from the large

scale simulations demonstrate that permeability upscaling is

meaningful for implicitly representing deformation band

arrays on an aquifer scale, and that discrete (and computa-

tionally expensive) representation of deformation bands is

made redundant. It is stressed that while this holds true

for the relatively simple geometrical arrangement of the

deformation band array studied herein, geometrically com-

plex arrays of deformation bands may have effects on fluid

flow (such as effects on flow tortuosity) that would require

a more sophisticated three-dimensional approach (Rotevatn

& Fossen 2011).

The results from this study warrant some comments on

the applicability and limitations of the results presented

herein. The results should be treated with some caution

given the simplifications assumed when representing the

bands in the simulations. The complexity of the deforma-

tion band arrays in the studied outcrop is not fully cap-

tured in the model. Nevertheless, insofar as the true

abundance, distribution, and connectivity of the bands are

underrepresented in the simulations, the substantial flow

and transport effects realized here can reasonably be con-

sidered as conservative, low-end estimates. Also on a cau-

tionary note is our two-dimensional approach to this

inherently three-dimensional problem. However, field

observations indicate that the bands are laterally extensive

and thus, given a pressure gradient, fluids will cross the

domain in a manner that may be approximated in two

dimensions. We therefore consider the two-dimensional

approach as a fair approximation of the three-dimensional

problem, although flow tortuosity effects are not fully cap-

tured and would need a three-dimensional approach to be

fully understood.

CONCLUSIONS

It has been the purpose of this study to address numeri-

cally how deformation band arrays and, particularly, their

inherent thickness variations influence effective permeability

and flow dynamics in porous sandstone aquifers. Fluid flow

simulations were preformed based on statistical data col-

lected from a naturally occurring deformation band array

in Cretaceous sandstones of the Bassin du Sud-Est in Prov-

ence, France. Our results showed that the studied array of

deformation bands reduced the effective permeability of

the simulated aquifer by a factor of 15–25. However, as

we demonstrate numerically, the thickness variations

proved to have negligible effects only, as compared to the

overall effect of the deformation band array on fluid flow:

thickness variations along the deformation bands only neg-

ligibly influenced the modification of effective permeability,

and had no detectable effect on waterfront propagation in

the small-scale simulations. Given this finding, we conclude

that (i) thickness variations may have minor effects on flow

paths across individual deformation bands; (ii) thickness

variations may affect the effective permeability to some

extent for small sample sizes (less than approximately 5 m

simulation length in this study); (iii) thickness variations

have little or no effect on effective permeability and flow

dynamics on a reservoir scale; and (iv) the configuration

and connectivity of the deformation bands, together with

the permeability contrast between the bands and the host

rock and the mean band thickness, are the most important

controls on the effective permeability and flow dynamics in

sandstone aquifers.

Finally, we stress that the findings of this study have

implications for resource management in subsurface sand-

stone aquifers and reservoirs. While thickness variations

proved to have little or no effect on fluid flow, the magni-

tude of permeability reduction exerted by the band array

in the simulations demonstrate that accounting for such

band fabrics could prove essential to the optimal manage-

ment of sandstone aquifers and reservoirs in which they

occur. Numerical upscaling represents a meaningful

method to represent and account for the mm-scale bands

in reservoir models, which would otherwise have to be rep-

resented discretely at a high computational cost.
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