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Abstract

Regional natural fracture networks often show variations on a scale below that captured by
seismic reflection data. This variability is not considered in most reservoir models, but likely
impacts uncertainties in permeability. We quantify this uncertainty using a database of 13,000
fractures in nine outcrops digitised in the carbonate Jandaira Formation (Potiguar basin,
Brazil). Distance between outcrops is on average 11 km, with a minimum of 300 m, which is
comparable to the distance between wells in naturally fractured reservoirs. In between
outcrops, significant variations exist in orientation, intensity, length and topology. Using
discrete fracture-matrix flow models, we model the permeability of each deterministic pattern
and find that small changes in geometry and topology result in permeability variations that
are not captured by connectivity-based analyses such as percolation probabilities, particularly
when the matrix is permeable. The permeability variations associated with subseismic-scale
fracture variability are not captured in conventional stochastic models, but can be captured
using deterministic outcrop models with flow through discrete fractures. The deterministic

models provide a permeability range associated with subseismic fracture variability, that can

1



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

be assigned to grid cells of fractured reservoir flow models, as an alternative to assuming

constant permeability in the absence of subseismic-scale deformation.

1. Introduction

Wells in naturally fractured reservoirs produce from multiscale fracture systems that are
partly or completely below the resolution of seismic reflection data (Bonnet et al., 2001;
Makel, 2007). Natural fractures can be measured in wells, but these data typically only
provide a 1-D, or 3-D in the case of borehole images, characterisation that does not fully
capture the spatial and size distributions of 3-D fracture networks at scales larger than the
borehole (Bourbiaux et al., 2002; Gauthier et al., 2002). The existence of common
heterogeneities in fracture networks is well-known from large-scale outcrops of fractured
rocks, such as those in the Bristol Channel in the UK or the Burren in Ireland (Cosgrove,
2001; Gillespie et al., 2001; Belayneh and Cosgrove, 2010). Overall spatial trends in
geometry with associated porosity and permeability are often captured in reservoir models by
relating fracture orientation and intensity to characteristics and development history of larger-
scale host structures such as folds or faults (Price, 1966; Bergbauer, 2007; Smart et al., 2009;

Shackleton et al., 2011).

Relations between seismic-scale deformation and fracture networks help to capture
km-scale trends in fracture intensity and orientation that are observed in some reservoirs, but
outcrops typically indicate that, at a subseismic scale, variability of fracture network
geometry does not simply relate to the geometry of the larger, seismic-scale folds or faults
(Bisdom et al., 2014). With respect to this matter, we focus on fractured carbonate reservoirs
that experienced very little tectonic deformation and consider the inter-well scale (i.e. several
hundred metres to less than ten kilometres), where fracture variability is not easily quantified,

but may impact permeability (Peacock, 2006; Lei and Wang, 2016). Obtaining a better



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

understanding of the impact of this scale of fracture variability on permeability should help to
quantify appropriate uncertainty ranges for permeability that otherwise can often not be
entirely quantified in subsurface datasets (Belayneh et al., 2009). The impact of subseismic-
scale variability in network geometry on permeability has been studied before, particularly
for the assessment of leakage risks for storage of CO, and nuclear waste, where even a small
subset of conductive fractures poses significant risks (Long and Billaux, 1987; Nussbaum et
al., 2011; Bond et al., 2013). These studies require high-resolution datasets of subseismic
fracture networks, which can sometimes be characterised from subsurface datasets provided
that data are available from a dense network of wells (Bond et al., 2013), or from subsurface
study sites (Long and Billaux, 1987; Nussbaum et al., 2011; Follin et al., 2014; Laurich et al.,
2014). These subsurface sites provide exposures on the scale of metres, but to incorporate
datasets that better constrain the issue, uninterrupted exposures of fracture networks covering
several hundred by several hundred metres are needed. To our knowledge, no studies have
used such large exposures to focus explicitly on the variability in fracture network
characteristics at the scale of the domain between wells in a typical fractured reservoir, for

flow modelling through deterministic fracture patterns without any stochastic component.

Conventional workflows for modelling permeability in fractured reservoir models can
be based on extracting geometrical distributions from outcrops for stochastic Discrete
Fracture Networks (DFNs) and upscaling to effective properties, where seismic-scale
variability in fracture patterns is constrained by considering the resultant structural
geometries and implications of kinematic and mechanical forward models (Sanders et al.,
2004; Shackleton et al., 2009; Bond et al., 2013; Watkins et al., 2015; Ukar et al., 2016).
Subseismic trends in fracture network geometry on permeability have been studied in
outcrops, both with and without matrix flow, albeit without application to DFNs (Odling,

1997, 2001; Odling et al., 1999). These works found that in addition to density and
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orientation, connectivity impacts permeability, even if fractures are disconnected (Odling and
Roden, 1997). Stochastic DFNs are ideal for subsurface datasets, where typically 1-D fracture
geometry distributions are available that need to be extrapolated to 3-D reservoir models, but
they are less apt at representing the variability in outcrop-scale fracture geometry, as for
example, they do not allow for the control that older fractures have on the geometry of
younger fractures and they typically consider fractures as purely straight segments (e.g.
Belayneh et al., 2009; Bonneau et al., 2016a; Hardebol et al., 2015). This limitation can be
partly overcome by combining stochastic models with rules for the generation of the fracture
network based on geomechanical requirements for fracture formation (Bonneau et al., 2016).
Alternatively, we propose to use deterministic networks digitised from 2-D outcrops that
capture the natural variability and complexity of fracture networks for inclusion in the
permeability-focused models. We use actual patterns from closely-spaced outcrops in a
setting where the regional stress and lithological boundary conditions were approximately

constant, to quantify the impact of fracture network variability on permeability variability.

The datasets are acquired from the Jandaira Formation in the Potiguar basin (NE
Brazil), which is a flat-lying carbonate that is exposed in km-scale outcrops in the region
south and west of the city of Mossor6 (Figure 1). The post-rift formations have experienced
limited faulting and folding, but the regional fracture network nonetheless has a high intensity
(de Graaf et al., 2017). Whereas syn-rift deformation in the region is influenced by pre-
existing basement faults, these relations seem mostly absent for fracture networks in the
younger and shallower Jandaira Formation (Kirkpatrick et al., 2013; Soden et al., 2014). We
collect a multiscale dataset of fracture geometries using an Unmanned Aerial Vehicle (UAV)
to image the large outcrops, combined with photogrammetry to construct georeferenced
outcrop images. A total area of 8.8x10° m? is covered, where fracture length scales between

0.1-300 m are captured. The minimum distance between outcrops is 300 m.
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We use this unique dataset to quantify the implications for permeability in Naturally
Fractured Reservoir (NFR) flow modelling, focusing on uncertainties related to i) Inter-well,
subseismic-scale natural variations in fracture network geometry; and ii) The impact of
matrix permeability on the validity of geometry-based percolation methods. The aim is to
provide an improved understanding of the quantitative impact of these uncertainties for
permeability determined from subsurface NFR modelling workflows, focusing on the inter-

well scale, which normally lacks direct measurements of fracture geometry and permeability.

Flow is modelled using Discrete Fracture and Matrix (DFM) models (Matthéi and
Nick, 2009; Geiger et al., 2010). Contrary to Discrete Fracture Network (DFN) models,
which do not consider flow through the matrix, we consider the possible flow exchange
between fractures and a permeable matrix. This additional consideration incorporates flow
contributions from fractures disconnected from the main percolating network (Nick et al.,
2011; Bisdom et al., 2016c). As the apertures of the outcropping fractures are not
representative of the apertures that would be present in the subsurface fractures due to
ambient stress conditions, we use geomechanical stress-aperture models to provide apertures
for our networks (Bisdom et al., 2016a). The resulting permeability is summarised as
equivalent permeability in 2-D, which can be compared to the effective permeability of grid
cells in conventional reservoir flow models (Matthdi and Belayneh, 2004; Matthdi et al.,
2007; Matthai and Nick, 2009). This equivalent permeability captures matrix and fracture
flow combined in a single parameter, including sub-gridcell trends in fracture permeability
associated with geometry variations. These variations are less easily captured in conventional
fracture flow modelling approaches based on the ODA method (Oda, 1985). Moreover,

ODA-based methods require the use of dual-permeability grids.

We also compare these results with predictions made by percolation methods, which
are often applied to predict the reservoir permeability associated with a DFN geometry
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(Robinson, 1983, 1984; Berkowitz and Balberg, 1993; de Dreuzy et al., 2000; Berkowitz,
2002). These analytical methods are computationally inexpensive and can be applied to
reservoir-scale DFNs, but as percolation is only an indirect proxy for flow, it may not always
yield representative results. Using our DFM models, we define the fracture network
geometries and matrix conditions for which percolation accurately describes the permeability

modelled using the DFMs.

2. Geological setting

The Potiguar basin is a rift basin in NE Brazil, formed during the crustal break-up of
Gondwana (Ojeda, 1982; Matos, 1992). The onshore part of the basin has a width of 350 km,
measured along the coast, and consists of several NE-SW trending grabens that continue 200

km inland, with individual widths of 100 km (Figure 1) (Reis et al., 2013).

2.1. Tectonics
The basin is part of the Equatorial Atlantic, a shear margin that connects the south and central
Atlantic (Matos, 1992). It is one of three NE-SW trending intracontinental basins in NE
Brazil, which are bounded by transfer faults (Brito Neves et al., 1984). Basin-scale NE-SW
striking basement faults define the structure of the main horst and grabens of the Potiguar
basin (Matos, 1992; Reis et al., 2013). Rifting started in the Early Cretaceous, followed by a
post-rift transition phase in the Aptian and a drift phase from the Albian onward (Reis et al.,
2013). Maximum burial of the post-rift Jandaira Formation is difficult to constrain but, based
on Fourier Power Spectrum analysis of burial-related horizontal stylolites it is found to be

less than 1500 m in the study area (Ebner et al., 2009; de Graaf et al., 2017).

Uplift of the post-rift sediments started in the Cenozoic (Bezerra and Vita-Finzi,
2000; Gurgel et al., 2013). At present, the basin is experiencing a strike-slip regime where a

maximum horizontal stress strikes E-W in the east of the basin and rotates to NW-SE in the
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western part (Assumpcédo, 1992; Bezerra et al., 2007). Within the area of interest in the
western part of the basin, NW-SE and NE-SW striking faults are present, but these faults are
not known to be active as a result of the present regional stress field (Reis et al., 2013). Also,
the studied rock pavements of the post-rift Jandaira Formation dip consistently sub-
horizontally at about 3°, indicating that these exposed layers in this part of the basin have not

been folded (Figure 1).

2.2. Stratigraphy
Post-rift deposition started with the Albian Acu Formation, which consists of fluvial-
estuarine sandstones and mudstones (Ojeda, 1982). This non-marine phase was followed by
transgression and deposition of the Jandaira carbonate platform from the Turonian to
Campanian (Matos, 1992). The Jandaira Formation consists of mudstones, packstones and
grainstones with a depositional thickness of up to 700 m in the onshore part of the basin
(Fernandes et al., 2015; Santos Filho et al., 2015). Most of the studied outcrops are composed
of packstones-grainstones with only small variations in grain size, except for two outcrops
(Mossor6 1 and 2 in Figure 1) in the northwest, where the lithology is mainly dominated by
mudstones. Bedding orientation in all outcrops is sub-horizontal, with an average dip of 3°
towards the north and a scatter of less than 3°. Within most outcrops, only a single
stratigraphic layer is exposed, but limited vertical exposures and Ground Penetrating Radar
data show that the lithology is relatively constant in vertical and horizontal directions

(Fernandes et al., 2015).

3. Fracture network analysis

Outcrops in the basin show heterogeneous fracture patterns, even though lithology is mostly
constant, layers are sub-horizontal and most outcrops consist of a single stratigraphic layer

with no significant changes in bedding (Figure 2a). The outcrops contain bed-perpendicular
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fractures, often with indications of mixed shearing and opening-mode deformation (Figure

2b), and both tectonic and burial-related stylolites (Figure 2c,d).

3.1. Data acquisition and database
Mapping of the fracture networks was done through a multiscale approach combining UAV
imagery and measurements at the outcrop surface. The UAV is a multi-rotor vehicle equipped
with a compact camera and positioning sensors. During 20-minute pre-programmed flights at
an altitude of 50 m above the outcrops, between 100 and 150 images with more than 50%
overlap were taken of areas up to 200 x 200 m. At this altitude, the image resolution of our
camera is 1.4 cm/px, which is sufficient to capture the barren fracture network (i.e. fractures
that presently have a visible aperture). Features such as stylolites and veins without colour
variation could not be resolved consistently in this imagery, as most outcrops are weathered,

creating clints and grikes (Figure 2e) (Jones, 1965).

The UAV images were merged into georeferenced orthomosaics using
photogrammetry software (Agisoft® PhotoScan®). Georeferencing was done using
positioning sensors in the UAV and outcrop markers measured by laser range finders or
GNSS (Global Navigation Satellite System). Fractures were manually digitised using the
GIS-based software DigiFract (Hardebol and Bertotti, 2013), from which length, orientation
and spatial distributions were extracted. For mutually crosscutting fractures, which are
abundant, length was defined from fracture end-point to end-point. Fracture digitisation was
done manually to ensure that individual fractures were accurately represented, instead of
using automatic interpretation methods, which are typically faster, but introduce artefacts into
the fracture trace network due to the software algorithms (Kemeny and Post, 2003; Hodgetts,

2013; Vasuki et al., 2014).
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Using the UAV imaging approach, we digitised nine outcrops that cover a total area
of 8.8x10° m?, with individual outcrops sizes between 1.6x10* - 2.1x10°> m?. The outcrops are
mostly in the western part of the basin, which we further subdivide into three regions (Figure

1):

1. Two Mossor0o outcrops, west of the city of Mossoro, are in the central part of the
basin.

2. Five Apodi outcrops, north of the town of Apodi, are closer to the southern edge of the
basin.

3. Two Dix-Sept outcrops are in between Apodi and the town of Dix-Sept Rosado, and

are slightly more towards the centre of the basin compared to the Apodi outcrops.

The total dataset consists of 13,223 fractures. Each outcrop contains between 500-2600

fractures covering three orders of magnitude for length and intensity.

3.2.  Spatial variations in outcrop geometries

3.2.1. Orientation
The combined orientation distribution of the entire dataset shows a distinct N-S and a lesser
E-W fracture trend, particularly when considering length-weighted orientation data. These
trends represent 55% of the total orientation population (Figure 3). Three out of nine outcrops
contain predominantly fractures with the N-S and E-W orientations (Apodi 3-4 and Dix-Sept
1), but the distribution is more scattered in the other outcrops (Figure 3b). Spatially,

orientation does not show a systematic trend between the different outcrops.

3.2.2. Length
Fracture length varies strongly across the basin (Figure 4a). Average length varies from 17.4
m (Apodi 1) to 3.5 m (Mossord 1), with the smallest average lengths in the Mossoro outcrops

(Figure 4). This difference is not related to sampling artefacts as most outcrops have similar
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dimensions and all images were acquired from a constant altitude, ensuring constant image
resolution. Still, while the variation in average length is about a factor of five, it is not

geographically systematic (Figure 4a-d).

Length was further analysed using frequency and cumulative frequency distributions
(Figure 4b-e). We use a density frequency distribution for the entire dataset, which is more
representative than cumulative frequency distributions (Bonnet et al., 2001), but the
individual outcrops were analysed using cumulative distributions because they do not contain
sufficient fractures for density distributions. Although the outcrop images cover areas of up to
2x10° m? with a resolution sufficiently high to trace fractures as small as 10 cm, the deviation
from the straight segments in the log-log plots indicate that the fracture length distributions
suffer from censoring and truncation artefacts (Figure 4b-e). Although some fractures with
lengths down to 10 cm have been interpreted in the images, not all fractures of this length
scale could be interpreted, resulting in truncation artefacts (Ortega et al., 2006). For
cumulative length distributions of individual outcrops, the truncation limit can be as large as
10 m (Apodi 2 in Figure 4b) and the censoring limit is down to 60 m (Dix-Sept 2 in Figure
4c). However, for all fractures from all outcrops combined, a density frequency distribution is
derived that covers length scales between 2 and 100 m with no censoring or truncation
(Figure 4e). The cumulative length frequency distribution for individual outcrops indicates
that for the part of the distribution that is not censored or truncated, a power-law function best
fits the data (Figure 4b-d). The individual exponents are close to 2.0, with the exception of
Apodi 3 and Mossoré 1-2, which have exponents between 2.1 and 2.3 (Figure 4a). The
fracture length distribution for the entire dataset from all outcrops combined is studied by
plotting the entire dataset in a density frequency distribution, constructed by dividing the
dataset into linear bins of lengths (Bonnet et al., 2001). The frequency distribution of all

measured fractures in the basin, filtered for censoring and truncation artefacts, follows a
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power-law scaling distribution with a relatively high exponent of 2.4 (Figure 4e). Since the
length domain that is not censored or truncated in the frequency and cumulative frequency
distributions is limited to less than three orders of magnitude, we cannot determine whether
the variability is natural or related to the artefacts, even though the original dataset covers
more than four orders of magnitude in length. Because of censoring and truncation, stochastic
DFN models based on these 1-D distributions use only part of the original dataset. However,
for our deterministic models, all digitised fractures are included, in addition to a permeable

matrix to take into account the smaller fractures that are not digitised.

3.2.3. Fracture intensity
The spatial distribution is defined by P»; intensity (Dershowitz and Einstein, 1988), which is
defined as the cumulative length of fractures within a given area (Wu and Pollard, 2002). We
use the box-counting method to define the spatial distribution (Bonnet et al., 2001), where
each outcrop is discretised by a rectangular grid containing several thousand cells. The P,
intensity is calculated within each cell and the resulting distribution is plotted in frequency
and cumulative frequency distributions (La Pointe, 1988; Walsh and Watterson, 1993;

Bonnet et al., 2001; Darcel, 2003).

On average, P,y is close to 0.19 m™ (Figure 5). Intensity is least in Apodi 5 at 0.06 m™
and greatest in Dix-Sept 1 at 0.31 m™. Intensity in the other outcrops ranges between 0.13-

0.21 m™, without apparent spatial trends in between outcrops across the basin.

3.2.4. Connectivity
P,1 intensity is more representative of the spatial fracture distribution compared to P, which

is typically used to define intensity in cores and along scanlines. However, neither definition
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considers the spatial arrangement of fractures or whether the fractures form a percolating
network for flow. To consider the connectivity of the network to measure percolation, we
define percolation probability as the ratio between the number of intersections and the
number of fractures, normalised for the outcrop area, where a greater value indicates a greater

percolation probability (Robinson, 1983, 1984; Berkowitz, 1995; de Dreuzy et al., 2002).

The percolation probability is relatively large in outcrops with scattered orientation
distributions (e.g. Apodi 1-2 and Dix-Sept 1), which is to be expected because a larger scatter
in orientation increases the likelihood of fractures intersecting (Figure 6a vs. Figure 3c). This
likelihood also increases when fractures are relatively long, such as in Apodi 1 and Apodi 2,
but overall no relation exists between percolation probability and average length or Py
(Figure 6b). The percolation probability is greatest in Apodi 5, which has the smallest P
intensity (Figure 6b). Similarly, Dix-Sept 2 and Mossoré 2 have the smallest percolation

probabilities but average intensities compared to other outcrops (Figure 5 vs. Figure 6b).

In addition to variations in intensity and percolation, we have described
heterogeneous length and orientation distributions in different parts of the basin (Table 1).
These variations cannot be related to regional trends in the basin or seismic-scale structural
features. However, the geometry variations are sufficiently large to likely impact
permeability, and therefore need to be accounted for in models that consider the flow
properties of a reservoir that hosts such a fracture population. Conventional stochastic DFNs

do not typically consider these variations.

4. Impact of intrinsic fracture network variability on

permeability

The digitised fracture networks form a database of structural variation at about the scale of

inter-well spacing in fractured reservoirs. Although all outcrops experienced the same
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tectonic history, we observe a large scatter in geometric characteristics from one outcrop to
another which cannot be linked to explanations that could be generated by considering
regional deformation or lithology variations. In some outcrops, the dominant fracture
orientations are aligned to nearby faults, such as WSW- and WNW-striking fractures in
Apodi 1 and 2 respectively, and SE and NE striking fractures in Apodi 5 (Figure 3).
However, the majority of fractures in most outcrops are not aligned with nearby faults.
Similarly, fracture size or intensity are not a function of distance to the regional faults (Figure
4 and Figure 5). We therefore attribute these geometric variations to factors that operated at
the subseismic scale and could vary locally, such as stress perturbations associated with stress
shadows of existing fractures that influence and perturb the development of subsequent

fractures.

Using DFM models, we quantify the impact of this variability on permeability. In
addition, we compare the results with the percolation probabilities. Four fracture networks are
selected for fluid-flow modelling. The characteristics that they share, are minimal internal
censoring artefacts (see supplemental material containing the original fracture maps), good
connectivity of fractures in terms of intersections with model boundaries (Figure 7), to ensure
that flow is characterised as part of a larger connected network, and an abundance of the N-S
and/or E-W trending fractures (Figure 3c). Each outcrop contains at least several hundred
fractures, and the spatial distribution varies strongly between outcrops and sometimes within
outcrops. The windows for each of the four outcrops that satisfy these criteria are illustrated

in Figure 7:

)] Apodi 2, which contains N-S, NE-SW and NW-SE striking fractures (Figure 7a);

i) Apodi 3, with large partly intersecting fractures striking approximately NE-SW,
and smaller E-W striking fractures that are mostly limited to the SW part of the
outcrop (Figure 7b);
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i) Apodi 4, with an orthogonal fully percolating fracture system striking N-S and E-
W (Figure 7c); and
iv) Dix-Sept 1, with scattered orientations where many small fractures are abutting

against less intense, larger WNE-ESE fractures (Figure 7d).

The other outcrops contribute to our documentation that geometric variation is quite prevalent
for fracture networks across the study area, but were not needed for the permeability
modelling because these four outcrops served to show the variation while having some

similarities for consideration.

4.1.  Modelling methodology
Rather than conventional upscaling of geometry to effective flow properties, we model flow
through a discrete network of fractures in a permeable matrix, based on the four outcrops
(Figure 7). Flow is modelled in 2-D, representative of horizontal permeability between wells,
as an analogue for production from a fractured reservoir. We consider single-phase flow,
which is representative for early production from a hydrocarbon reservoir, but may not be
applicable to secondary recovery methods (Gong and Rossen, 2016). The present surface
fracture apertures are not representative of subsurface conditions because of stress-relief
during exhumation and aperture enhancement due to recent weathering, hence we use a
stress-sensitive aperture model based on estimated subsurface stress representative of pre-

exhumation conditions for the conditions that we are modelling.

4.1.1. Aperture modelling
Some preserved veins are found in the Jandaira Formation, which have shear and opening
components (Figure 2b). Based on these observations, we model apertures as a function of
stress using the Barton-Bandis model, which describes the opening of sheared fractures with

irregular fracture walls (Barton, 1976; Barton and Bandis, 1980). It assumes that, in the
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absence of high fluid pressures, fractures have an intrinsic roughness that prevents complete
closing when some shear occurs, resulting in hydraulic apertures of up to 0.5 mm (Olsson and
Barton, 2001; Barton, 2014). This aperture magnitude corresponds to the limited
measurements of veins with matching boundaries made from thin sections (de Graaf et al.,

2017).

Barton-Bandis aperture is a function of intrinsic fracture properties, predominantly the
fracture roughness (Joint Roughness Coefficient JRC) and strength (Joint Compressive
Strength JCS), and the local normal and shear stresses (Barton and Bandis, 1980). We use a
constant JRC of 15, representative of somewhat irregular fracture walls corresponding to
qualitative observations of veins in small preserved sections of outcrops, and a JCS of 120
MPa, representative of non-weathered surfaces. We approximate local normal and shear
stresses using a method that does not require Finite Element modelling, but instead uses far-
field stresses in combination with the local network geometry (Bisdom et al., 2016a). For all
networks, constant stress boundary conditions and mechanical rock properties are used, with
a horizontal maximum stress of 30 MPa, representative of stress conditions at depths of
around 2.5 — 3 km in the Potiguar basin (Reis et al., 2013). For a fully elastic rock matrix
with a Young's modulus of 50 GPa and a Poisson's ratio of 0.3, a Poisson's stress of 10 MPa
is generated. The resulting ratio between shear displacement and normal stress then defines
the hydraulic aperture (Olsson and Barton, 2001; Bisdom et al., 2016c). As the models are

limited to 2-D horizontal sections, overburden stresses are not considered.

4.1.2. Permeability modelling
To model flow through the fracture network we generate a mesh that is conformable to a
selected fracture geometry using ABAQUS® (Dassault Systemes®). Each outcrop model is
meshed with 2-D triangular elements representing the matrix and 1-D line elements
representing fractures (Bisdom et al., 2016c). Intrinsic fracture permeability is calculated
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from local apertures using the cubic law, assuming flow between parallel plates (Snow,
1969). To account for potential flow from disconnected fractures, we assume a constant
matrix permeability of 1 mD, which is later increased to up to 100 mD to study the impact of
matrix flow, and calculate along each fracture element the flow exchange between fracture

and matrix.

Flow is modelled using the Complex Systems Modelling Platform (CSMP++; Matthéi
et al., 2007), which models the fluid-pressure distribution for single-phase incompressible
flow through fractures and matrix (e.g. Matthdi and Belayneh, 2004). A fluid pressure
gradient is applied in the directions parallel to the model edges (e.g. E-W and N-S; Figure 8).
This choice does not necessarily capture the maximum permeability, but our aim is to
characterise relative permeability trends between different networks. From the fluid-pressure
gradient, we derive the equivalent permeability in the two horizontal directions, which is the
permeability representative of combined fracture and matrix flow within the model (Paluszny

and Matthai, 2010; Nick and Matthai, 2011).

4.2. Results

4.2.1. Variability in inter-well scale permeability
For the applied boundary conditions and fracture properties, Barton-Bandis apertures range
between 0-0.28 mm (Figure 7). The corresponding equivalent permeability in a 1 mD matrix
is quantified as the ratio between equivalent permeability and matrix permeability in the E-W
and N-S directions (Figure 9a). Except for Apodi 2, permeability is anisotropic and greatest
in the N-S flow direction. Anisotropy is greatest in Apodi 3, which contains predominantly
long N-S striking conjugates and joints. The limited number of E-W striking fracture traces in
this outcrop have small lengths so E-W-directed connectivity is weak. Permeability is nearly
isotropic in Apodi 4, which has an orthogonal system of N-S and E-W striking fractures with

a homogeneous intensity, and Dix-Sept 1, which has a scattered orientation distribution with
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no prominent modal orientations, resulting in the lack of a preferential flow direction. In
Apodi 2, fewer fractures strike N-S compared to the other outcrops, resulting in a more

isotropic permeability distribution.

The contribution of fracture flow to equivalent permeability, averaged over the two
flow directions, ranges from 3.5 to 8, as compared to matrix flow (Figure 9b). We found no
relation between geometry, specifically length and intensity, and permeability (Figure 9b).
The outcrop with the greatest permeability does have the largest P,; intensity (Apodi 4), but a
small average fracture length, whereas Apodi 3, which has a similar intensity and
significantly larger average length, has the lowest permeability. Although particularly
intensity is generally considered to determine permeability, we found no correlation between

permeability and intensity for these networks in a 1 mD permeable matrix.

4.2.2. Percolation probability as a proxy for permeability
As permeability variations cannot be related to a single geometrical parameter, we compared
the permeability results with the percolation probabilities, which encompass fracture count
and connectivity, to assess whether percolation probability is a more representative proxy for
permeability than intensity or length. In addition to the percolation probability defined by
(Robinson, 1983, 1984), we consider a second definition, network saturation (Hirxkens,
2011). Network saturation is defined as the ratio between the area of the cluster and the total
outcrop area, and ranges between 0-100%. Network saturation was calculated using

FracMan® (Golder Associates®).

The percolation probability defined by Robinson (1983) has a positive correlation
with permeability for three outcrops, although the correlation is not fully linear (Figure 10a).
Moreover, percolation significantly underestimates the flow potential of Apodi 4. This

method implicitly accounts for intensity, length and orientation, as a large scatter in
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orientation and long fractures increase the probability of intersecting fractures. However, the
intersection count can also be large when fractures are short and clustered, but if these
fractures do not form a connecting network from one side of the model to the other boundary,

permeability will be low even though the percolation probability is high.

Defining the percolation probability as network saturation improves the relation with
equivalent permeability in a 1 mD matrix (Figure 10b). Contrary to the previous method, this
method considers the spatial arrangement explicitly. However, since both methods assume
that the matrix is impermeable, the correlation between connectivity and permeability does
not hold for larger matrix permeabilities (Figure 10c,d). This outcome is further illustrated by
outcrops Apodi 2 and Dix-Sept 1, which have similar network saturations and a similar
equivalent permeability in a 1 mD matrix (Figure 10b), but permeability of the two networks

differs noticeably when matrix permeability increases (Figure 10c,d).

5. Discussion

The large permeability variations between different outcrops that are only 300 m to several
km apart, illustrate the impact of natural fracture variability on permeability (Figure 9a).
Outcrops Apodi 3 and 4, which are less than 2 km apart, have the largest contrast in
permeability, whereas the Dix-Sept 1 and Apodi 2 have comparable permeabilities although
they are nearly 20 km apart. Equivalent permeability as a ratio of matrix permeability ranges
from 3.5 to 8, which reflects the combined impact of orientation, intensity, length and
connectivity, but cannot be related to any of these parameters individually, nor to definitions
of percolation probability that consider multiple geometrical parameters (Figure 9b). Note
that the aperture range predicted by Barton-Bandis is relatively narrow, and that the
permeability contrasts between outcrops likely increases for other aperture definitions

(Bisdom et al., 2016b).
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Conventional DFN modelling based on 1-D geometry distributions cannot account for
this intrinsic variability of geometry. Using a combination of representative power-law
exponents for fracture length and the fractal dimension does introduce more variability into
the system (Darcel, 2003), but most fracture datasets do not contain a sufficient number of
fractures covering several orders of magnitude in length and intensity to usefully constrain
these parameters. Even the dataset in this study, containing an average of nearly 1,500
fractures per outcrop, has sampling and truncation artefacts that limit the orders of magnitude

of fracture length and intensity.

Instead of trying to capture multidimensional fracture patterns and their intrinsic
variability in 1-D distributions that subsequently need to be extrapolated to 2-D or 3-D for
DFN models, we propose to use a multiscale approach to capture fracture patterns in 2-D and
directly use these deterministic patterns as input for flow models to better understand the
impact of geometry variations on permeability, and to derive lessons for subsurface analogue
reservoirs. The limitation that outcrops are not a direct proxy for flow is overcome by using a
stress-sensitive aperture model representative of fractures in reservoirs with shear-induced

fractures and low pore pressures, where Barton-Bandis is considered most representative.

The applied DFM flow modelling approach quantifies the uncertainty range in
permeability associated with intrinsic network variability without a need for upscaling, but as
this method is computationally expensive, its application is limited to relatively small-scale
models (Geiger et al., 2010; Geiger and Matthai, 2012). When matrix permeability is small or
absent, geometry-based percolation methods can be a good proxy for permeability in
reservoir-scale models, but they should ideally account for the 2-D or 3-D spatial distribution
(e.g. de Dreuzy et al., 2000) rather than 1-D distributions. Individual geometrical parameters,

such as P»; intensity, are insufficient as a proxy for permeability (Figure 9b).
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6. Conclusion

The geometrical and flow analysis of the fracture patterns in the Potiguar basin illustrates the
impact of natural variability of fractures on uncertainties in permeability. A scatter in
geometry that is only partly related to seismic-scale deformation such as regional faults leads
to significant variations in the equivalent permeability ratio, with a ratio between 3.5 and 8 in
outcrops that are only several hundred metres to several kilometres apart from each other. In
fractured reservoir models, these areas typically represent several upscaled grid cells in
between wells. The effective fracture-flow properties of these cells are controlled by
geometrical trends defined by seismic-scale folds or faults, but they rarely consider the
intrinsic variability of fractures. Outcrop analogues do illustrate this variability, but most
studied outcrops are too small to quantify this variability usefully for inclusion in models.
The fracture patterns in the Potiguar basin are an excellent example of intrinsic variability of
natural fracture patterns, providing sub-horizontal exposures of several hundred by several

hundred metres where more than 13,000 of fractures were mapped.

Within each outcrop and between different outcrops, differences in intensity and
length of barren fractures exist that cannot be related to the large-scale structural position of
each outcrop in the basin. Conventional DFN modelling using 1-D probability distributions
does not capture this scatter. To quantify the impact of intrinsic fracture geometry variations
on reservoir permeability, we model the equivalent permeability in the digitised deterministic
fracture networks using Discrete Fracture-Matrix (DFM) flow modelling, where fractures are
represented as discrete features with a heterogeneous aperture distribution derived from
geomechanical relations. These models consider that natural fractures have an intrinsic
roughness that creates a hydraulic aperture even when fluid pressure is low, as long as

fractures experienced some shear displacement.
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We find that in between outcrops that are several hundred metres apart, a large scatter
occurs in equivalent permeability and permeability anisotropy. The distance between these
outcrops is comparable to well spacing in large fractured carbonate reservoirs in for example
the Middle East, and the results illustrate that even in reservoirs with relatively little regional-
scale deformation, fracture permeability varies greatly at an inter-well scale. Percolation
probabilities record this scatter, but we find that percolation is only representative of
permeability when fractures are the only features that contribute to permeability in a
reservoir. Alternatively, defining permeability as an equivalent permeability that includes
flow through fractures and matrix, as well as subseismic-scale variations in fracture
geometry, the permeability of fractured reservoirs can be more accurately modelled at

reservoir-scales, using conventional grid-based flow models.
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Tables

Table 1 Summary of the average geometrical parameters (strike, length, intensity and

percolation probability) for each outcrop.

Orientation Length [m] Intensity [m™] Percolation

(strike) [°] probability [-]
Apodi 1 94 17.4 0.17 1.7
Apodi 2 81 16.6 0.17 2.0
Apodi 3 121 20.0 0.20 0.9
Apodi 4 82 7.1 0.21 1.5
Apodi 5 86 5.7 0.06 2.4
Dix-sept 1 81 55 0.31 1.7
Dix-sept 2 63 6.8 0.16 0.8
Mossoro 1 86 3.5 0.13 1.0
Mossoro 2 164 3.6 0.16 0.8
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Figure 1 The Potiguar basin, containing NE-SW and NW-SE faults that are part of a graben
system. The coloured areas indicate where the Jandaira and Acu Formations outcrop.

Coloured dots are locations for sampled fracture networks.
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Figure 2 Fracturing in the Jandaira Fm.: a) Example of large-scale network digitised from
UAV imagery (Apodi 3); b) N-S striking bed-perpendicular vein with opening and shear
mode components; ¢) Top view of a detail from Apodi 4 showing a N-S striking bed-
perpendicular vein that is displaced by an E-W striking bed-perpendicular tectonic stylolite;
d) Vertical section showing a vertical vein that is cut by two horizontal stylolites; e) Detail of

Apodi 4, with dm-scale apertures related to clints and grikes.
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Figure 3 Orientation distribution of barren fractures: a) Rose diagram of all 13,223 barren
fractures digitised in ten outcrops; b) Length-weighted rose diagram showing the
contribution of the two main N-S and E-W striking orientation trends to the length-weighted
distributions; c) False-colour map of a detail of the basin, showing the Apodi and Dix-Sept
outcrops, with the Mossoro outcrops in the top left inset. Regional faults indicated in black.
For each outcrop, the fracture orientations are shown in length-weighted rose diagrams,

with the number of digitised fractures.
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Figure 4 Analysis of fracture length: a) Spatial variations in length attributes (average

length, standard deviation, and the power-law scaling exponent) in the individual outcrops,
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where the bar plots indicate relative trends in between the outcrops; b) Cumulative frequency

distributions for the Apodi outcrops; ¢) Cumulative frequency for the Dix-Sept outcrops; d)

Cumulative frequency for the Mosorro outcrops; e) Combined frequency distribution for

fractures from all outcrops.
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Figure 5 Spatial variations in P, intensity attributes (average and standard deviation).
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805 Figure 6 Percolation parameters (intersections versus fracture count) for all outcrops: a)
806  The normalised percolation probability stated in each pie chart.; b) Percolation probability
807  versus average P»; (left vertical axis, circular symbols have solid black border) and average
808 length (right axis, circular symbols have dashed grey border) for all outcrops. Colour coding

809  of symbols corresponds to outcrop colours in (a).
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Figure 7 The hydraulic aperture distribution calculated using the Barton-Bandis shear
aperture model, applied to the exhumed fracture networks of: a) Apodi 2; b) Apodi 3; c)

Apodi 4; d) Dix-Sept 1. Adapted from (Bisdom et al., 2016b). The colour range represents the
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hydraulic aperture calculated for the stress boundary conditions and rock properties used in

this study.
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ure 8 Fluid pressure distributions for Apodi 2 with a 1 mD matrix permeability and

fracture permeability derived from the aperture distribution in Figure 7a: a) E-W fluid

pressure; b) N-S fluid pressure.
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Figure 9 a) Ratio between equivalent permeability and matrix permeability in the E-W and

N-S directions for four outcrops with barren fractures. The bar plots show the relative

differences in different outcrops and different directions, normalised for the largest
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824  permeability; b) Relation between the permeability ratio for each outcrop (average of the two

825  directions) and average length (open symbols) and P»; intensity (filled symbols).

a) 1mD matrix b) 1mD matrix
25 120%
¢ Dix-sept 1
T , : 100% - O
% 2 xApodi2 e 5
£ o Apodi 3 o T 80% .
s 151 . m] 2
o OApodi 4 © 60% -
5 4 £ *
B o S 40% -
8 2 o
g 057 20% -
0 : . , , 0% : : ‘ ;
0 2 4 6 8 10 0 2 4 6 8 10
Keg/km ratio [-] Keq/km ratio [-]
C) 10mD matrix d) 100mD matrix
100% O— 100% O
S 80% - s 80% -
S 60% - % o S 6% X o
© @©
) w
x 40% - X 40% -
o =]
2 o e o
S 20% - @ 20%
0% : : 0% : : :
0 1 2 3 0 0.5 1 1.5 2
Keq/Kim ratio [-] Keq/Km ratio [-]
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827  Figure 10 Relation between connectivity and the ratio between equivalent permeability Keq
828 and matrix permeability kn,, derived from the four outcrops: a) Percolation parameter as
829  defined by (Robinson, 1983) versus equivalent permeability in an impermeable matrix; b)
830 The degree of network saturation derived from cluster analysis versus the equivalent
831  permeability ratio in a 1 mD matrix; ¢) Network saturation versus permeability ratio for a 10

832  mD matrix; d) Network saturation versus permeability ratio for a 100 mD matrix.
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