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Abstract

Fault zones, hosted in fractured carbonate reservoirs, can behave as either high porosity and
permeability conduits, favouring the migration of fluids; or, conversely, as low porosity and
permeability barriers, retarding fluid flow, due to the presence of fine-grained fault gouges
(Agosta and Aydin, 2006, Agosta and Kirschner, 2003). Due to these reasons, fault zones can
have great economical importance for the hydrocarbon industry. Furthermore, within fault
zones, the cyclic accumulation and sudden release of trapped, high pressure fluids can trigger
earthquakes and aftershocks (Miller et al. 2004).

In this project, we referred to the classical fault zone architecture models defined by Sibson
(1977) and Chester et al. (1993), in which faults are built up of a fault core (where most of
the displacement is localised), a damage zone (containing fractured host rocks) and the
protolith (the unfractured host rock). Faults, with displacements ranging from cm- to km-
scale have been studied within two study areas, Flamborough Head, UK and the Gubbio fault
in the Northern Apennines, Italy. Flamborugh Head is a peninsula in East Yorkshire, which
represents analogues for hydrocarbon rich, fractured North Sea chalk reservoirs; whereas the
Gubbio fault is a regional scale, seismically active normal fault, characterized by complex
fault zone architectures, cutting through different types of carbonates.

At both study areas, field-based, outcrop-scale structural observations were completed in
order to explore the internal architecture and infer the fluid transmissibility of the fault zones.
Additionally, microscale structural observations were made using representative thin
sections, collected from the different fault zone domains of the studied fault zones.
Qualitative structural observations were complemented with quantitative analyses to study
the variation of fracture and vein density and connectivity patterns across the fault zones,
which were later used as a proxy for fluid transmissibility. These analyses included
established 1D (transects) and 2D (image analysis) methods and a newly developed workflow
for the modelling of fracture networks in 3D, based on LIiDAR data. 3D modelling of fracture
networks was developed using different fracture height/length aspect ratios. The quantitative
comparison of different aspect ratio 3D models with established 1D and 2D results, by using
misfit graphs, enabled to validate the different 3D models and to estimate the mean aspect
ratio of fractures within the fault zones. Qualitative and quantitative results were integrated in
conceptual fault zone architecture and fluid flow models.

At Flamborough Head small (cm-scale) and larger (up to 20 m) displacement normal faults
were studied in two different types of chalks: one characterized by cm-scale interlayered marl
horizons and another one, absent of it. Within the marl-free host rock, in the fault zones of
both the small and the large displacement faults, fluid assisted deformation features, such as
veins, are often observed. On the contrary, in marl-rich units, fluid assisted deformation
features are absent, while fractures filled with intruded marl from the interlayered horizons
are common. This suggests that the occurrence of fluid flow in this lithology is primarily
controlled by the protolith.

1D quantitative analysis at Flamborough Head showed that, as also predicted by classical
fault zone models, vein density progressively increases in the damage zones of faults moving
from the protolith towards the fault core. 2D quantitative analysis showed that fracture
connectivity remains as low as background values in the outer parts of the damage zones,



whereas it increases rapidly in the inner parts. By comparing the fracture density and
connectivity patterns measured from different aspect ratio 3D models with results measured
from 1D and 2D analyses showed that the most realistic model is the 1/5 fracture aspect ratio
one.

The Gubbio fault cuts through a carbonatic multilayer containing carbonates with different
marl content. In the Marne a Fucoidi formation marl is homogenously distributed, while in
the overlying Scaglia Group marl is absent. Within the damage zone, hosted in the Marne a
Fucoidi formation, fluid assisted deformation features are rare and are only present in the
damage zones of subsidiary faults that entirely cut through the formation, linking the under
and overlying marl free carbonates. On the contrary, within the damage zone, hosted in the
Scaglia Group, fluid assisted deformation features are common, especially close to the fault
core of the Gubbio fault and in the damage zone of subsidiary faults. Similarly to
Flamborough Head, this suggests that the occurrence of fluid flow is primarily controlled by
the nature of the protolith.

As predicted by classical fault zone models, 1D quantitative analysis across the Gubbio fault
showed that vein density increases in the damage zone moving from the protolith towards the
fault core. Similarly to results from Flamborough Head, 2D quantitative analysis showed that
fracture connectivity is low in the outer parts of the damage zones, but increases rapidly
within the inner parts, and the comparison of 3D models with 1D and 2D results showed that
the most realistic model is the 1/5 aspect ratio one.

The conceptual fluid flow models, built for the study areas, highlights: a) the importance of
different marl content host rocks controlling the initiation of fluid flow; b) the development
of smaller and larger displacement normal faults and the effects of their displacements on
fluid transmissibility; c) the effects of fault damage zones, positioned in an overlapping
geometry, resulting in the development high and low fracture connectivity subdomains and
fracture corridors; d) the differences in the relative variation of fracture/vein density and
connectivity throughout the damage zone compared to background values; e) the fluid
transmissibility of the different fault rocks, located within different subdomains of the fault
core and f) the anisotropy of fluid transmissibility in the fault core.
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1. Introduction

1.1.Project rationale

Fault zones in fractured carbonate reservoirs can act as high porosity and high permeability
conduits, and can accommodate large volumes of migrating fluids, or conversely, behave as
impermeable seals that are barriers for fluid migration (e.g. Agosta and Aydin, 2006; Agosta
and Kirschner, 2003). As a result, fault zones are of great importance for the hydrocarbon
industry (e.g. Aydin, 2000), for Carbon Capture Storage (CCS) studies (e.g. Wilson et al.,
2007) and for water management companies (e.g. Price, 1987). Additionally, the cyclic
accumulation and sudden release of trapped, high-pressure fluids, can trigger earthquakes and
aftershocks (Miller et al., 2004 and references therein), providing interests from

seismologists.

Quantitative fault zone attributes, related to fracture properties, such as orientation
distribution (Sleight, 2001), density (Faulkner et al., 2011; Mitchell and Faulkner, 2009),
connectivity (Ghosh and Mitra, 2009; Micarelli et al., 2006a; Odling, 1992, 1997) and
height/length aspect ratio (Schultz and Fossen, 2002) are known to show great complexity,
heterogenity and high anisotropy in all three directions relative to the orientation of the fault
(across-fault, dip-parallel, strike-parallel directions). As these fault zone attributes can
strongly influence the fluid transmissibility of faults (Aydin, 2000), the quantitative
characterization of their nature and distribution should be studied, in order to obtain a better

understating of fluid flow.
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The importance of fault zones in controlling fluid flow is widely recognized, and several
detailed case studies (e.g. Agosta and Aydin, 2006; Agosta and Kirschner, 2003; Agosta et
al., 2007; Billi, 2005; Koukouvelas and Papoulis, 2009; Micarelli et al., 2006a; Micarelli et
al., 2003; Micarelli et al., 2006b; Questiaux et al., 2010) and models (e.g. Caine et al., 1996)
exist that link fault zone architecture (Agosta and Aydin, 2006; Graham et al., 2003;
Micarelli et al., 2006a) with fluid transmissibility (Knipe et al., 1998). Such case studies and
models are based upon detailed structural field observations (e.g. Faulkner et al., 2003),
laboratory experiments (e.g. Evans et al., 1997; Faulkner, 2004), numerical modelling (e.g.
Zhang et al., 2009) and field-based quantitative analysis of fault zone attributes, with data

collected across a range of scales (e.g. Mitchell and Faulkner, 2009).

This study aims to describe fault/fracture patterns in low-porosity, low permeability
carbonate reservoirs by qualitatively and quantitatively analysing the complexity,
heterogeneity and 3D anisotropy of fault zone attributes; explicitly fault/fracture orientation,
density and connectivity. Quantitative data have been used to create reality-based models that
describe the 3D structural architecture of the studied fault zones. Finally, an attempt to
conceptually model fluid transmissibility in 3D, along and across fault zones, and for scales
ranging from micro to outcrop scales and different height/length aspect ratios of fractures has

been made.

1.2.Thesis outline

This Thesis structures as follows:

Chapter 1.3 describes the scientific and methodological approaches followed during the

research project, including the collection and analysis of quantitative data such as 1D

15



structural transects, 2D numerical photo analysis and LIDAR based, 3D modelling. Here, the
detailed description of the new methodology, developed during this project to quantify

fracture density and connectivity in 3D is presented and discussed.

Chapter 2 is a literature review, summarizing findings of previous studies related to the topics
discussed in this Thesis. The chapter is divided into four parts. In the first section, a summary
of existing fault classifications is discussed, based on the geometry and relative displacement
between the two wall rocks. The second section contains the principles of fault mechanics,
including modes of fault initiation and reactivation. Within the third part of the chapter,
classical fault zone models are introduced, where faults are described as structures of finite
width, comprised of different fault zone domains and characterized by complex fault zone
architectures. Finally, the fourth and last section concerns fluid flow within fault zones, and
provides detailed descriptions on the control exerted by fault zone deformation features, fault

attributes and anisotropy on fluid flow.

Two case studies are presented in Chapters 3 and 4, in which detailed structural observations
were carried out using the 1D, 2D and 3D quantitative methods, explained in Chapter 1.3, to
obtain a better understanding of the architecture of the studied fault zones. These findings
were used to build conceptual fault zone and fluid flow models. Chapter 3 is a case study
from Flamborough Head, UK; a setting containing a well-known outcrop, which represents
analogues for hydrocarbon rich, fractured North Sea chalk reservoirs. Chapter 4 is a case
study of the Gubbio fault in the Northern Apennines of Italy, which is a regional scale,
seismically active normal fault in carbonate rocks, characterized by a complex fault zone
architecture. The Gubbio fault is a good analogue for large scale, complex, folded and faulted

carbonate reservoirs.
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Finally, in Chapter 5 the results obtained from studies and analyses from both of the field
areas are discussed. Here, the main conclusions of this PhD Thesis are also presented. This
chapter is divided into five sections. In the first one, structural observations related to the
fault zone architecture if the studied faults are summarized and discussed. In the second one,
1D and 2D quantitative results, gained from the different study areas, are compared and
discussed. The third part provides details on the procedures adopted to use 3D LIiDAR data to
build fracture networks and how the results gained from this new methodological approach
compare to results obtained from 1D and 2D established, quantitative methods. Within the
fourth section, the complexity of fault zone architectures, found in the study areas, are
discussed, in terms of the variations in fracture and vein density and connectivity, particularly
for those situations where the observed trends do not follow the trends predicted by classical
fault zone models. Finally, in the last section, conceptual fluid flow models, developed for
each case study, are discussed in terms of the main deformation features that induce fault

zone anisotropy controlling 3D fluid transmissibility.

1.3. Methodological approach

During this research project multi-scale, field-based structural observations were
complemented with microscale structural analysis performed on thin sections, obtained from
rock samples collected in the field from different fault zone domains. Quantitative fault
attribute data were collected using: 1) traditional paper based methods along 1D structural
transects (for details see Chapter 1.3.1.), 2) semi-digital methods by using 2D outcrop photos
and table top scans of thin sections (based on Ghosh and Mitra, 2009; Odling, 1992, 1997,
Sleight, 2001, for details see Chapter 1.3.2.), 3) modern, digital technologies, by the

acquisition of 3D, LIiDAR data (based on Jones et al., 2009; Jones et al., 2008; McCaffrey et
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al., 2008; Wawrzyniec et al., 2007). Detailed descriptions of the LiDAR data acquisition, and
the method of building fracture networks, developed for this study to estimate 3D across-fault
variation in fracture density and connectivity, can be found in Chapter 1.3.3 and 1.3.4,
respectively. Finally, the method developed for the comparison of 1D, 2D and 3D datasets,
used to validate the 3D models and to estimate the mean aspect ratio of fractures in the

studied damage zones, is described in Chapter 1.3.5.

1.3.1. 1D quantitative analysis

Orientation data of structural features (e.g. fractures, veins and subsidiary faults) were
collected along 1D structural transects, to quantify the density of fracturing across the fault
zones (Fig. 1.1a-b). Fracture density was defined as the number of structural features
intersecting the transect over a unit length (m), and this parameter has the unit of X/m, where

X is the number of intersected features.

Quantitative data were collected along transects that were oriented orthogonal to the strike of
the studied faults (Fig. 1.1c). The transects ranged between 2 and 40 m in length, depending
on the size of the accessible outcrops. The coordinates of the termination points of the
transects were recorded with a handheld GPS (Fig. 1.1c). For each structural feature that
intersected the transect, the strike, dip, dip direction and width were measured as well as
recording the distance along the transect. Where appropriate, the nature of the filling
materials was characterized, and, where observed, the fault offsets and the rakes were also

measured.
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Figure 1.1 - 1D quantitative analysis
a) 1D transect across the damage zone of a fault (large scale view), b) 1D transect across the
damage zone of a fault (small view), ¢) Schematic map view showing the orientation of the
measured and the virtual transects in respect to the fault strike, with the trigonometric
equations used for calculating the length of the virtual transects and the locations of the GPS
measurements at the termination and break points of the transects

For the measured structural features, distance along the transect was converted to distance
from the fault core-damage zone boundary (Fig. 1.1c). In some cases, due to the orientation
of the outcrops, the studied sections were oriented oblique to the fault strike (Fig. 1.1c). In
these cases, the measured distances of features along the transect were corrected using
trigonometric equations to account for the obliquity between the transect orientation and the
orientation of the fault strike. The resulting virtual transects are shorter than the original
transects, but they are oriented perpendicular to the fault strike, therefore representing the
across-fault variation in fracture and vein density more accurately. Using a GPS to measure

the termination points and breakpoints of the transects ensured a more accurate determination
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of the locations of the transects, and therefore a more accurate estimation of the distance
between the individual structural features and the fault core-damage zone boundary

(Fig. 1.1c).

1.3.2. 2D quantitative analysis

2D image analyses were used to quantify structural feature (e.g. fracture, vein and subsidiary
fault) density and connectivity across the fault zones, using high resolution, outcrop scale
digital photos. These photos were taken from the exposed fault zones in the field (Fig 1.2a),

and from thin sections obtained from samples collected from different fault zone domains.

Mesoscale fractures, veins and bedding surfaces were digitized from outcrop photos
(Fig. 1.2b). The photos, used for the analysis, were always oriented parallel to the outcrop
direction and, therefore, to the 1D transect directions as well, and were taken from 0.5 m,
2m, and 5 m distances from the outcrop, respectively. At these distances, the narrowest
features that could be resolved were approximately 1 mm, 2 mm and 5mm wide,
respectively. The scaling issues arising from the use of different outcrop-camera distances,
which will affect the results of quantitative analyses, have been explained in details in
Chapter 4. The identified fractures, veins and bedding surfaces were picked as polylines
using CorelDRAW® software (Fig. 1.2b). Fractures, veins and bedding surfaces were

separated into three groups, so that each type of features could be separately analysed.
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Flgure 1.2 - 2D quantitative analysis
a) Outcrop photo of a fault zone section with the region of interest highlighted, b) Outcrop
photo with the picked fractures (inlet showing a zoomed view, c) area of the region of interest
(grey area), separated into panels, with the intersection points (red dots) highlighted, f) area
of the region of interest (light grey area), separated into panels, with the fractional connected
area highlighted (dark grey area), e) schematic view of the FCA by Ghosh and Mitra (2009)
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The digitized images were exported into ImageTOOL®, an image analysis software, to
quantify their density and connectivity, using the default object analysis options of the
software. To quantitatively analyse the variation of fracture and vein density and connectivity
across the faults, the distances between the fault core and the studied outcrop sections were
recorded. In some cases, to achieve higher across-fault resolution during quantitative image

analyses, the photos were divided into several fault zone parallel panels (Fig. 1.2c-d)

Stylolites, microfractures and veins were digitised from greyscale images obtained from
digital scanning of thin sections by a high resolution table-top scanner. The greyscale images
were imported into ImageTOOL®, where they were analysed using the same method used for

the outcrop scale photos.

Fracture/vein density was quantified as the total length (m) of these features over a unit area
(m?). This has a unit of m/m?in case of outcrop photo analysis, or mm/mm? in the case of thin
section analysis (Odling, 1992, 1997). Another way of quantifying fracture density in 2D is
calculating the average fracture length per unit area (Singhal and Gupta, 2010). However, this
method does not account accurately for the across-fault variation of fractures/veins present,
as it gives different results in case of numerous short fractures or a few long fractures present
in the region of interest, even though these two options can provide the same amount of
migration paths for fluids. Moreover, this method is difficult to use when veins with
anastomosing geometries are present, as it is difficult to distinguish the individual veins from

each other, therefore the length of the individual veins cannot be measured.

Fracture/vein connectivity was quantified using two separate methods: the intersection point

density (IPD) and the fractional connected area (FCA) methods. The IPD is the number of
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intersection points between fractures and/or veins (n) over a unit area (Fig. 1.2c) thus has
units of n/m? in case of outcrop photos and n/mm? in case of thin section analysis (Odling,
1992, 1997). The FCA is the summed area of all the clusters of interconnected fractures,
divided by the total sample area, expressed as percentage (Ghosh and Mitra, 2009, Fig. 1.2e).
The FCA was calculated by drawing enveloping polygons around clusters of intersecting
fractures (Fig. 1.2d-e), measuring the areas of these surfaces and then summing them before

dividing the result for the total area of the region of interest.

A comparison between these two methods of quantifying fracture/vein connectivity in 2D
was carried out at one of the studied faults at Selwick Bay, Flamborough Head. Fracture/vein
connectivity was calculated in the fault damage zone of one of the main faults using both
methods on the same cliff face, that was divided into fault parallel panels on the photos (for
the outcrop photo and the panels see Fig. 3.10a-b). The fracture/vein connectivity values
obtained by using the different methods were plotted against each other on a graph, and a
linear cross-correlation was found with an angular coefficient of about m=1 (best fit
equation: y=0.95x-0.34 and R? value of 0.90, Fig. 1.3). This relatively strong, linear cross-
correlation suggests that both methods can be applied to quantify fracture/vein connectivity in

2D.

It should be noted that in this study no box counting methods were used to determine the
spatial characteristics of fracture patterns. Although box counting methods are widely used in
characterizing the fracture patterns; however, Gillespie et al. (1993) argued that box counting
methods do not yield the power-law relationship between box sizes and number of boxes that
would be expected from fractal geometries. They suggested that the method is too insensitive

because there are other important parameters as well.
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Figure 1.3 - Correlation between the two methods (IDP and FCA) to quantify fracture
and vein connectivity in 2D
Each datapoint represents connectivity values from an across fault section (photo panel) at
one of the fault zones at the Selwick Bay study area at Flamborough Head (Numbered dots
represent the panels from Fig. 1.2c-d)

1.3.3. 3D data collection
Laser scanning is a quick and effective way to collect field-based digital 3D data. The
terrestrial Laser Scanning (or ground-based LIiDAR, Light Detection And Ranging) is a
relatively new technology used in Earth Sciences aiming to display and model geological
features in 3D (e.g. Jones et al., 2009; Jones et al., 2008; Kokkalas et al., 2007; McCaffrey et
al., 2008; Wawrzyniec et al., 2007). It is an instrument that emits a laser pulse towards, and
records the reflecting laser pulse from an outcrop surface. The measured travel time of the
reflected light is used to calculate the distance and the 3D coordinates of the reflecting point
(McCaffrey et al., 2008), and, for each point, an intensity value, equal to the ratio of the laser
energy reflected back from the reflecting surface, compared with the initially emitted energy,
is calculated. The scanner used for data collection in this study was a Riegl LMS-z420i, with

a mounted Nikon D300 camera (Fig. 1.4a). This type of LIDAR can emit up to 12 000 laser

pulses per second while it rotates 0-360° in the horizontal plane, and 80° vertically (£40°
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from the horizontal plane). Laser scan datasets are characterized by clusters of points with

xyz coordinates in 3D space known as pointclouds.

As only surfaces in the line-of-sight of the scanner are recorded, outcrops, characterized by
complex, concave shapes, have to be scanned from several different scan positions. Different
scan positions can be tied together into one project by using multiple (at least 4) purpose-
designed highly reflective objects. These objects are usually cylinder shaped for even
reflectivity in every horizontal direction (Fig. 1.4a). These large reflectors (up to 40 cm
radius) are kept at the same location during the survey, while the scanner is moved to
different scan positions along with the field laptop that operates the scanner. When the
network of reflectors is scanned and recognized by the software, it calculates the orientation
and position of the different scan positions with respect to each other. To achieve a
georeferenced dataset, dGPS data can be collected for the location of the reflectors, and the

locational data can be added to the project.

Finally, a camera on top of the scanner is connected to the field laptop and takes high
resolution, RGB (red, green, blue) photos of the outcrops during the survey. With the use of
the camera the point cloud can be converted into real colour, using another set of small
reflectors (5 cm diameter, Fig. 1.4a) that are identified both by the scanner and also on the
photos, helping the software to accurately tie together the points with colours. The result of
the survey is a high resolution, georeferenced pointcloud, usually referred to as Virtual
Outcrop Models (VOM) (Trinks et al., 2005; Xu et al., 2000; Xu et al., 1999) or Digital
Outcrop Models (DOM) (Bellian et al., 2005), with up to millions of points, each point

characterized by georeferenced, xyz 3D coordinates and RGB colours (e.g. Fig. 1.4b).
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3D data collection

1: LiDAR, 2: Camera, 3: Trip

od, 4: Field laptop, 5: Batteries,
6: Reflector (for different scan positions), 7: Reflector (for camera)

b) Visualization of pointcloud in the RiSCAN - Virtual Outcrop Model
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Figure 1.4 - 3D data collection o
a) equipment setup, b) visualization of pointcloud in RISCAN
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1.3.4. 3D quantitative analysis
A new method was developed (see below) during this study to create 3D models of the

fracture networks, in order to obtain quantified values of fracture/vein density and
connectivity across fault zones. The fracture/vein density and connectivity values gained
from these models are strongly dependent on the assumed aspect ratio of the fractures.
Additionally, the orientations of the fractures/veins could also be determined within the
digital 3D dataset by using this method. The output of the method is fracture/vein density and
connectivity. In 3D, fracture/vein density can be quantified as the total fracture surface area
of the fractures/veins (m?) over a unit volume (m®), which is (m%m?®), while fracture/vein
connectivity can be quantified as the total length of intersection lines between fractures (m)
over a unit volume (m®), which is (m/m®). These units are in agreement with the units of the

measure of fracture density in 1D, 2D and 3D suggested by Dershowitz and Herda (1992).

Data processing was performed using a new method developed for this project (Fig. 1.5-1.7).
The 3D, georeferenced, RGB pointclouds were used to identify the primary structural
features, such as fault core-damage zone boundaries and other principal slip surfaces; and
secondary features, such as fractures, veins and subsidiary faults within the damage zones.
The thickness of the narrowest features, possible to identify from the pointclouds depends on
the resolution of the pointcloud, which is a function of the distance between the LIiDAR and
the outcrop. The particular resolutions of the different 3D datasets of this study are quantified
in the particular chapters. All these structures were picked as polylines in the pointclouds
using the scanners own software, RiSCAN Pro® (Fig. 1.5a-b, for the same pointcloud without
any interpreted features see Fig. 1.4b). The polylines were exported as DXF files (suffix .dxf)
to GOCAD®, where the fracture models were then made (Fig. 1.5c). All the polylines
consisted of at least 3 points, so that a best fit plane could have been fitted to these in 3D

space, using default processing tools in GOCAD (Fig. 1.5d-e). It was possible to measure the
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Figure 1.5 - 3D quantitative analysis (modelling)

a) fault core-damage zone boundaries (red) and fractures (purple) picked from the pointcloud
(large scale view, for the same pointcloud without any interpreted features see Fig. 1.4b), b)
fault core-damage zone boundaries (red) and fractures (purple) picked from the pointcloud
(small scale view, for the same pointcloud without any interpreted features see Fig. 1.4b), c)
fault core-damage zone boundaries and fractures modelled in GoCAD (large scale view), d)
fracture network modelled in GoCAD (zoomed view, 1/1 aspect ratio), e) fracture network

modelled in GoCAD (zoomed view, 1/8 aspect ratio)

orientations of these fitted planes using default processing tools in GoCAD, as the datasets

were georeferenced. The measured orientations were plotted on stereonets, so that they could

be compared with the orientations, measured in the field.

To produce realistic fracture networks, from which the across-fault variation of fracture
density and connectivity can be quantified and that filled a 3D volume, it was necessary to
define finite dimensions of the initially infinite planes, both in the vertical and in the

horizontal directions (Fig. 1.6). In this respect, the following assumptions were made:
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Considerations for surface building in 3D

a)Fractures usually terminate against bedding surfaces, vertical extent
of modelled fractures determined based on the outcrop trace length

Fracture traces

b) Fractures are modelled as squares and half of their surface
is “behind” and the other half is “in front of” the outcrop surface
regardelss their aspect ratio

Outcrop surface

aspect ratios

< s > 1/8

v

A

¢) Intersection between fractures:
a smaller outcrop trace length fracture is fully crosscut by a larger one

d) Intersection between fractures:
two fractures partially crosscut each other
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Figure 1.6 - Considerations for surface building in 3D
a) as the fractures usually terminate against bedding surfaces, fractures are modelled as
rectangles and their vertical extent is determined based on their outcrop trace length, b)
Fractures are modelled as squares and half of their surface is fibehindo the other half is fiin
front ofo the outcrop surface regardless their aspect ratio, ¢) intersection between fractures: a
smaller outcrop trace length fracture if fully crosscut by a larger one, d) intersection between
fractures: two fractures partially crosscut each other

1) The studied damage zones were located in well-bedded country rocks, and structural
observations showed that fractures and veins mostly terminate against bedding surfaces. As a
result, the modelled fractures were chosen to be square shaped with their heights determined

from their outcrop trace length, observed on the pointcloud (Fig. 1.6a).

2) The modelled fractures were constructed with the picked polylines located in the centre of
the plane, regardless of their aspect ratios. Half of the surface area was extended outside the

real outcrop, whist the other half was continued within the outcrop (Fig. 1.6b).

3) Based on structural observations of nearby vertical and horizontal outcrops Schultz and
Fossen (2002) suggested that the typical aspect ratio of fractures ranges between 1/1 (square)
and 1/10 (horizontally elongated). In this study, in case of each study area, 5 different 3D
models were built. In each 3D model the fracture aspect ratios were assumed to be constant

with values of: 1/1, 1/2, 1/3, 1/5 1/8 (Fig. 1.6b).

4) The intersections between two fractures, when happen, can occur in two ways: a) a smaller
height fracture is fully crosscut by a larger height one (Fig. 1.6c), or b) the two fracture
planes, regardless of their height, partially crosscut each other (Fig. 1.6d). In the first case,
the smaller fracture was terminated against the larger one, and the part that did not contain
the originally picked polyline was deleted. In the latter, case the fractures were not terminated

against each other, consistently with outcrop observations.

32



5) Based on structural field observations it was observed that all secondary features in the
damage zone, such as fractures, veins and subsidiary faults, do not crosscut the fault core-
damage zone boundary and other principal slip surfaces, such features have been terminated
against the fault core-damage zone boundary, or the principal slip surface. The secondary
features were cut at their intersection line with the fault core-damage zone boundary or
principal slip surfaces, and the part which did not contain the initially picked polyline was

deleted (e.g. Fig. 1.6d.)

6) Only the fractures intersecting the surface of the outcrops (i.e. real fractures, visible on the
pointclouds of the digital outcrop) were modelled. No fractures were created fibehindo and

fiin front ofo the outcrop by using statistical methods.

These assumptions were not applied for the modelled damage zone-fault core boundaries and
other principal slip surfaces, as these main features were extended far beyond the fractured
outcrop surfaces, both in the horizontal and in the vertical directions, in accord to field
observations. In this way, the geocellular models used for quantifying density and
connectivity (see text below) could be fitted to these surfaces, providing a more accurate

quantification of the distance from these primary features.

Given these assumptions, the initially infinite length fractures were cut along the horizontal
direction at the lowest and highest (z) values of the picked polylines (the top and bottom
point of the fracture trace on the outcrop). Parts of the surfaces that were above the highest
point, and parts that were below the lowest point were deleted, making the fractures as long
stripes (Fig. 1.6a-b). In order to reduce the length of the fractures to the specific aspect ratios

chosen, the fractures were cut in the horizontal direction both fibehindo and fin frontd of the
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picked polylines (Fig. 1.6b). The coordinates of the fracture edges were calculated based on

the mean x and y coordinates of the picked polylines and by using the Pythagoras-equation.

Once the fractures were produced, a geocellular model (SGrid in GoCAD) was built

(Fig. 1.7) using the following criteria:

1) The side length of the individual cells is 1 m or 10 cm depending on the size of the initial
data. For datasets extending to approximately 10 m, 10 cm cell sizes were chosen and for
datasets exceeding 50 m, 1 m cell sizes were chosen. These lengths were chosen so that one
cell always contains only one fracture intersecting the cell, except for the near proximity of
intersection lines of two fractures. Studying the datasets showed that the amount of cells
intersected by more than one fracture is less than 2%. The fact that most of the cells are
intersected by only one fracture, allowed the quantification of fracture/vein density and

connectivity across the fault using the SGrid (see text below).

2) Along directions, parallel to the outcrops, the model was extended to create a volume
where all the picked polylines are within the volume, but not any further. Not letting the
SGrid to extend any further than the furthest polyline from the fault core-damage zone
boundary minimalizes the fiedge-effecto at the side of the model, where fracture/vein density
and connectivity values would decrease because of the bias in the model, not because of the

representation of real variations.
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Figure 1.7 - 3D quantitative analysis (quantification)
a) SGrid with long axis oriented parallel with the fault strike, b) Cells of SGrid intersected by
fractures, c) A fault parallel slice of the SGrid with parts of a region highlighted
3) The fault core-damage zone boundaries and the other principal slip surfaces fully crosscut
the SGrids. This allowed the SGrid to be slightly modified in shape by fitting the slices of the

SGrid onto fault core-damage zone boundaries and principal slip surfaces. This modification

of the SGrid allowed a more accurate quantification of distance from these features.

4) One axis of the different geocellular models (and therefore the individual cells) is oriented
vertical, another one is oriented parallel with the fault strike, and the third one is oriented
perpendicular to it (Fig. 1.7a). Using these orientations the variation of fracture/vein density

and connectivity across the fault and along its dip can be quantified more accurately.

Once the SGrid was produced, it was slightly modified in shape to better fit the geometry of
the outcrop and the dip of the principal slip surfaces (Fig. 1.7a). However, these
modifications did not modify the total volume of the model and did not modify the volume of

the individual cells by more than 5%.

Within the SGrid, regions can be created that contain a collection of cells as defined by the
user (Fig 1.7b). A region can contain any number of cells, and the cells do not have to border
each other. Several regions can be made for any given SGrid, and these regions can overlap
with each other. With the SGrid, used for the models at each study area, 10 regions were
made, 2 for each aspect ratio models, one containing cells intersected by fracture planes (as a
measure of density) and one containing cells intersected by intersection lines of fracture

planes (as a measure of connectivity). To calculate the across-fault variation in density and
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connectivity for a given aspect ratio model the number of cells within a given SGrid region

were counted in fault parallel slices (Fig. 1.7c).

The conversion from number of cells per fault parallel slices to SI units of fracture/vein
density and connectivity was accomplished using geometrical considerations (Fig. 1.8).
Density is calculated using the following geometrical considerations (Fig. 1.8a): If the
sidelength of a cube shaped cell is 1, than the largest surface it can be cut within is a rhombus
that connects the two opposite corners of the cell, and also intersects two other edges of the
cell at their halfheight. The area of the rhombus, by definition, can be calculated as the
product of its two diagonals divided by 2. Its first diagonal is connecting two opposite corners
of the cube therefore the length of it is given by using the Pythagoras-equation twice,
resulting in a value of &3. The other diagonal is connecting two opposite edges of the cube,
both at their halfheight, giving a length of &2 by using the Pythagoras-equation once;
therefore the area of the maximum size surface that can cut a 1 sidelength cube is
(&3*&2)/2=86/241.225. Since all cells of the 3D models, which are crosscut by a surface, can
be intersected by any surface sizes ranging from infinitesimally small values to 86/2, a mean
value of these possible surface areas were taken, that is (86/2)/2=86/440.612. According to
this calculation, if the sidelength of the cell in the model is 10 cm, than the conversion from
number of cells to fracture/vein density values is 1 cell=6.12 cm?/cm?®; while if the sidelength

of the cells is 1 m, than the conversion is 1 cell=0.612 m?/m?®.
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Figure 1.8 - Conversion from number of cells
to a) fracture/vein density and b) fracture/vein connectivity in Sl units

Using similar considerations, fracture/vein connectivity values were also converted to Sl
units from the number of cells intersected by intersection lines of fractures (Fig. 1.8b). The
longest possible line intersecting a 1 sidelength cube runs through its two opposite corners.
The length of this line has been calculated already, as it is the longer diagonal of the rhombus
calculated for fracture/vein density, and it is 4341.732. Using similar considerations as for
the fracture/vein density values, as a line intersecting a cell can have any length between
infinitesimally small values to &3; a mean value of &3/230.866 was calculated. According to
this calculation, if the sidelength of the cell in the model is 10 cm than the conversion from
number of cells to connectivity values is 1 cell=8.66 cm/cm?®; while if the sidelength of the

cells is 1 m, than the conversion is 1 cell=0.866 m/m®,
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1.3.5. Validating 3D models, estimating the mean aspect ratio of fractures

The model parameter chosen to test the validity of the different 3D fracture models obtained
was the mean aspect ratio of fractures/veins. 3D fracture/vein patterns have been modelled
for different values of fracture/vein aspect ratios. Across-fault variation of fracture/vein
density and connectivity values, gained from different aspect ratio, 3D models were
quantitatively compared with across-fault fracture/vein density and connectivity profiles
gained from different 1D and 2D methods. The comparison between results obtained with
different methodologies is based on the assumption that the relative variation of fracture/vein
density and connectivity values across a given fault zone should be independent of the

particular method adopted to quantify them.

Comparison of fracture/vein density values gained from the different 3D models and the 1D
transect data was achieved by taking virtual transects (line of cells) across the different 3D
models and comparing the across-fault, relative variation of fracture density, measured along
these virtual transects with the relative variation of fracture density along the real 1D
transects (Fig. 1.9a). However, within the geocellular model any fault-orthogonal transect
(line of cells) can be chosen for comparison, regardless of its along-dip and along-strike
position (Fig. 1.9b). To account for this possible bias in the comparison of datasets, the sum
of all the possible 1D fault orthogonal transects (line of cells), obtained for the different 3D
models, was made, regardless of their along-dip and along-strike position, and was divided by
the number of possible virtual transects, in order to get an average value. The relative across-
fault variation of this summed virtual transect is comparable with the real 1D transect, and it
is directly proportional to the density values calculated in 3D, because the cell sizes of the

geocellular models were chosen in a way that a single cell is only intersected by one fracture.
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Using similar considerations, comparison of the fracture/vein density and connectivity values,
gained from the different 3D models and the 2D image analysis data was carried out by
taking virtual, fault orthogonal 2D panels across the different 3D models and comparing the
across-fault, relative variation of fracture/vein density and connectivity along these virtual
panels with the relative variation of fracture/vein density along the real 2D panels. However,
within the geocellular model any fault-orthogonal panel can be chosen for comparison,
regardless of its along-strike position. To account for this possible bias in the comparison of
the datasets, the sum of all the possible 2D fault orthogonal panels, obtained from the
different 3D models, was made, regardless of their along-strike position, and was divided by
the number of possible panels in order to get an average value. The relative across-fault
variation in fracture/vein density and connectivity of these summed sections of panels is
comparable with the real 2D panels, and it is directly proportional to the fracture/vein density

and connectivity values calculated in 3D, for the same reason that were explained above.
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a) randomly selected fault orthogonal transect (red line) across the fault zone
(fault core lense boundaries displayed with yellow, orange and purple)

a) line of cells at the transect location, with cells intersected by fractures highlightes
and marked with arrows

Figure 1.9 - Calculating fracture/vein density and connectivity
a) randomly selected fault orthogonal transect (red line) across the fault zone (fault core lens
boundaries displayed with yellow orange and purple), d) line of cells at the transect location,
with those cells intersected by fractures highlighted and marked with arrows
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In order to be able to validate the different 3D models and, as a result, to estimate the mean
aspect ratios of fractures, all datasets have been normalized in a way that the fracture/vein
density and connectivity values in the protolith were 1. This normalization allowed an easier
visualization of the relative increase in fracture/vein density and connectivity from the
protolith to the fault core-damage zone boundary and, in this way, the normalized 1D and 2D
(outcrop and microscale) fracture/vein density values were comparable with fracture/vein
density values gained from sampling 3D models for different aspect ratios, while the
normalized 2D fracture/vein connectivity values (outcrop and microscale) were comparable
with fracture/vein connectivity values gained from sampling 3D models for different aspect

ratios.

A

leferences between Values -
for the owen fault Zone paralle] shce

ey 5 vy,
: S}@ o defhaf?z’ frony
: D/Qa ecflwg/ Iy _Z'[':;E;i-i- o

m‘;‘“fbod iﬁof’bi B

I : ens;t /
1y

RES s

il one parale sices

[a—

Normalized density/connectivity

»
>

. . Distance from fault core _
Figure 1.10 - Quantitative comparison of different 3D models with 1D and 2D results

using misfit graphs
Quantitative comparisons were made by using misfit graphs (Fig. 1.10): differences between
normalized fracture/vein density or connectivity values from the different fault parallel,
across-fault sections were added up. This summed value between any given 3D model and
any given 1D or 2D method is the misfit value that quantitatively characterizes the mismatch

between any two datasets. These misfit values (calculated individually for fracture/vein
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density and connectivity) can be compared individually or summed for any 3D model. The
3D model with the aspect ratio that fits better the 1D and 2D values of fracture/vein density
and connectivity is the most valid and realistic one within the approximation of the method
and, therefore, this model contains fractures that best-correspond to the mean aspect ratio of

fractures in the fault zone.
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2. Internal architecture and transport properties of fault zones

2.1.Classification of faults

Faults and fractures are brittle discontinuities in rocks, which can form across a range of
scales from micron to kilometre-scales. Based on the relative displacement between their wall
rocks, fractures can be classified as Mode I, Mode Il and Mode 11 fractures (e.g. Atkinson,
1987, Fig. 2.1a). Mode | fractures are tensile fractures with no shear (e.g. joints, extension
veins), while Mode Il and Mode IlI fractures (e.g. faults) are sheared features, with the

shearing being in-plane and anti-plane, respectively.

Faults can be classified using Anderson's fault classification (Anderson, 1951, Fig. 2.1b), that
is based on the relative orientation of the fault planes with respect to the maximum,
intermediate and minimum principal stress axes (h;, h, and hs respectively), which are
oriented perpendicular to each other, with one of the principal stress axes being vertical and
the two other being horizontal. According to Anderson’s fault classification, when h; is
vertical normal faults form, when hgs is vertical reverse faults (thrusts) form and when h; is

vertical strike-slip faults form.

Faults can also be classified based on the relative movement of the two faulted blocks
(McClay, 1987, Fig 2.1c). According to this kinematic fault classification, faults can be split
into five types: a) normal faults, when the fault hanging wall moves downward along the dip
direction (extensional faults), b) reverse faults, when the fault hanging wall moves upwards
along the dip direction (compressional faults), c) strike-slip faults, when displacement of the
wall rocks occurs along strike direction (in the horizontal plane), d) oblique-slip fault
(combined strike- and dip-slip displacement) and e) rotational faults, when the direction and
values of the displacement along the fault plane is a function of the location along the plane.
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a: Fracture classification
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b: Anderson's Fault classification
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normal faults strike-slip (wrench) reverse (thrust)
faults faults
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oblique-slip
reverse faults
reverse dip-slip dextral strike-slip sinistral reverse
oblique-slip

Figure 2.1 - Fault and fracture classification
a) fracture types (Mode I, 11, and I11) based on the relative displacement of material on either
side of a fracture, b) Andersonian and c) geometric fault classification schemes (from
McClay, 1987, edited by Walker, 2010)
The direction of motion along the fault planes can be identified using kinematic indicators
that can be fault plane striations, fault plane undulations and secondary fracture systems (e.g.
Walker, 2010 and references therein). Due to their abundance in the study area, in this Thesis

only fault plane striations have been used as kinematic indicators. Striations can appear in

two forms (Petit, 1987 and references therein, Fig. 2.2): a) slickenlines, that are striations
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(grooves) produced by the sliding of fragments and asperities on the fault planes (Fig. 2.2a),
b) slickenfibres, due to crystals growing on shear planes, during aseismic movement on the
fault (Fig. 2.2b), where the growth of fibers is facilitated by gaps opened during displacement
of the two irregular fault blocks (Twiss and Moores, 1992). Both slickenlines and
slickenfibers are elongated features, and their long axes are parallel with the direction of
motion along the fault. The amount of displacement along faults can be quantified by using
marker points from the opposite sides of the fault, which were originally coincident before

the fault plane was created.

Crystallization

Figure 2.2 - Kinematic indicators
a) striation due to a ploughing element (asperity ploughing), b) crystallization on the
asperities (from Petit, 1987)

2.2.Principles of rock and fault mechanics
Initial fracturing of intact rocks initiates when the value of the applied stresses reaches the

rock’s strength, as described by the Mohr-Coulomb failure criterion:

or, Eg.1and Eq. 2
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where U is the shear stress, C is the cohesive strength of the intact rock, €; is the coefficient of
internal friction, _, is the normal stress, " is the effective normal stress and Ps is the pore

fluid pressure.
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Figure 2.3 - Composite failure envelope for intact rock

Composite failure envelope for intact rock (bold line) plus the reshear condition for a
cohesionless fault (dashTdot line) plotted on a Mohr diagram of shear stress, U, against
effective normal stress, Ui, normalised to rock tensile strength, T. Critical stress circles are
shown for the three macroscopic modes of brittle failure and for the reshear of an optimally
oriented cohesionless fault. Expected orientations with respect to the principal stress axes of
new-formed compressional shear, extensional-shear, and extension fractures are shown in the
attached cartoons (from Sibson, 2004)

Failure envelopes describing the mode of failure can be drawn on U, shear stress vs. .,
normal stress diagrams, called Mohr-diagrams (e.g. Fig. 2.3). Mohr-diagrams can be used to
infer the level of stresses required for failure at different conditions of normal stress
(Fig. 2.3). Sibson (2004) summarized the three macroscopic modes of brittle failure that can
occur within intact, isotropic rocks (Fig. 2.3): compressional shear failure ( "n>0),

extensional shear failure ( *, <0, and U T 0) and extensional failure ( "3 = -T, where T is the
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tensile strength of the rock) (Brace, 1960; Jaeger and Cook, 1979; Secor, 1965; Sibson,

2004).

When ", > 0 faults form by compressional shear failure in accordance with the linear

Coulomb criterion:

Eqg. 3

where C ~ 2T is the cohesive strength of the rock. In this case faults tend to form along planes
containing the _, direction at angles d; = 0.5tan™(1/ &) to the _; directions (typically

25° < d < 30°).

In the tensile field ( °, < 0), when 0 T 0 failure is governed by the macroscopic Griffith

criterion,

which describes the stress conditions for extensional shear failure along planes oriented at

d<dito_ 1. Eq. (4) reduces to the tensile fracture criterion in case of 3= T:

Eq. 6

which describe those conditions, necessary for the formation of pure tensile (Eg. 5) and

hydraulic fractures (Eq. 6), oriented perpendicular to_ 3 (Sibson, 2004).
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The mode of failure of intact rock depends on the value of differential stress, ( 1T _ 3),
expressed in terms of tensile strength, T. For values of & =0.75, typical of most rocks,
compressional shear failure occurs when ( ;T _3) > 5.66T, extensional shear requires

AT < (17 _ 3) <5.66T, and hydraulic tensile fracturing requires ( 1T _ 3) < 4T (Secor, 1965).

Amonton’s Law defines the sliding friction coefficient of a pre-existing fault as the ratio:

i Eq. 7

where € is the sliding friction coefficient (Jaeger and Cook, 1979). Results from laboratory
experiments show that the value of g, for most rock types ranges between 0.85, at normal
stresses lower than 2 kbar (200 MPa), and 0.6, at normal stresses higher than 2 kbar

(Byerlee, 1978, Fig. 2.4).
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Figure 2.4 - Shear stress plotted as a function of normal stress
Shear stress plotted as a function of normal stress at the maximum friction for a variety of
rock types at normal stresses to 20 kb (from Byerlee, 1978)

2.3.Fault zone architecture

Although, from a mechanical point of view faults may be considered as simple planes, field-
based structural observations showed that fault zones are structures of finite width, with
complex 3D architectures (Chester et al., 1993; Sibson, 1977; Wallace and Morris, 1986).
Highly simplified models of mature fault zone architectures predict the presence of three
main domains, each with its own characteristic suite of fault rocks (Fig. 2.5): 1) a fault core
made of single or multiple strands of fine- to ultra-fine grained rocks (e.g. gouges,
cataclasites and ultra-cataclasites), where most of the displacement is localised; 2) a damage
zone of fractured host rocks, where the intensity of the fracturing progressively decreases as

one moves away from the fault core; 3) a protolith made by the host rock, where the effects
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of fault-related deformations are minor or absent, only background fracturing is present, due
to previous faulting events. The geometry, width, intensity and nature of fracturing within
each different fault zone domain can vary significantly, and is likely to be influenced by the
lithology of both the host and the associated fault rocks (Antonellini and Aydin, 1994; De

Paola et al., 2008; Faulkner et al., 2003).

NS "
\ (TN ‘\';,5 1
NN NN
|——— —
(1) (2) (3) 3 (@2 (1)

(1): Protolith (2): Damage zone (3): Fault core
Figure 2.5 - Internal structure of faults
Not to scale (from Chester et al., 1993)

2.3.1. Deformation features in the different fault zone domains
The development of the fault zone domains and the deformation features within these
domains is related to the P/T conditions, velocity mode of faulting (Sibson, 1977), lithology,
fault displacement and the presence of circulating fluids in the fault zone (e.g. Micarelli et al.,
2005; Micarelli et al., 2006a). Fault damage zones usually consist of rock volumes affected
by intense fault-related fracturing, but bedding surfaces and inherited structural fabrics are
commonly preserved (Billi et al., 2003). With strain localisation, a fault core develops within
fault zones, and the damage zone accommodates relatively little further shear displacement
(Micarelli et al., 2005). Faults with cumulative displacements less than 1 m usually lack a
fault core, faults with displacements between 1 to 5 m may have discontinuous cores and
finally, faults with displacements over 5 m may have continuous cores (Micarelli et al.,
2005). Fault rocks in the proximity of the fault slip surface, within the fault core, develop due
to porosity reduction that is controlled by three main mechanisms such as a) pore collapse
due to localised compaction and re-organisation along grain boundaries, b) rotation-enhanced

particle abrasion of larger particles during shear and c) precipitation of calcite cement in

newly formed fractures (Micarelli et al., 2005 and references therein).
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Sibson (1977) produced a fault rock classification, based on their cohesion and fabric,

developed at different depth and controlled by environmental p/T conditions (Table 2.1). At

depth above the greenschist transition, typically 10-15 km, rocks behave in a brittle way, as

deformation is friction dominated; this regime is called elasto-frictional. At larger depths,

where a major rock constituent (usually quartz) can readily deform by crystal plasticity, the

rheological behaviour may change and be
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Table 2.1 - Textural classification of fault rocks
Highlighted with yellow are the types of fault rocks studied in this Thesis (after Sibson, 1977)
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described as quasi-plastic (Sibson, 1977). Fault rocks, formed in the quasi-plastic regime are
typically cohesive, foliated rocks of the mylonite series and blastomylonites, produced by
quasi-plastic shearing and transient seismic shearing (Sibson, 1977). On the other hand, fault
rocks, formed in the elasto-frictional regime are fault gouges and breccias, in the top few
kilometres of the crust (up to 4 km), and cataclasites and ultra-cataclasites at larger depths,
between 4 to 10 km. These type of fault rocks are characterized by the development of a
weak and random fabrics (Sibson, 1977). In particular, breccias and gouges are incohesive
fault rocks, with visible fragments of the original host rock being >30%, and <30% of the
rock mass, respectively; cataclasites are (partially) recrystallized, cohesive fault rocks
originated by tectonically induced, intense grain size reduction (Table 2.1, Sibson, 1977).
More recently other authors have suggested a review of Sibsongs fault rock classification. For
example Woodcock and Mort (2008) and Mort and Woodcock (2008) suggested that breccias
should be reclassified based on the size of the largest clasts (i.e. larger than 2 mm) in their
matrix into crackle breccias (>75%), mosaic breccias (>60%) chaotic breccias (>30%) and

cataclasites (<30%).

Several different models exist for explaining the development of damage observed around
fault zones, based on different mechanical process (Blenkinsop, 2008; Mitchell and Faulkner,
2009; Wilson et al., 2003). These models are (Fig. 2.6): a) the Andersonian model of fault
formation (Anderson, 1942), b) the interaction of multiple fault tips model (Blenkinsop,
2008), c) the fault tip model for growth by tip propagation (Scholz et al., 1993; Vermilye and
Scholz, 1998), d) the fault model along wavy, frictional fault surfaces (Chester and Chester,
1998; Scholz, 1987) and finally, €) the model of off-fault damage due to due to the

propagation of dynamic rupture (Rudnicki, 1980; Wilson et al., 2003).
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The Andersonian model of fault formation assumes simple, homogenous stress states in the
crust, and that failure of intact rocks occurs in accord with the Coulomb failure criterion
(Eg. 1, Fig. 2.6a). According to this model, faults will form at angles of ~25-30° with respect

to the maximum principal stress driving the deformation (Sibson, 2004).

Figure 2.6 - Schematic diagram illustrating various models that may be responsible for
creating off-fault damage
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Schematic diagram illustrating various models that may be responsible for creating off-fault
damage, modified from Wilson et al. (2003) and Blenkinsop (2008). (a) Fault model
assuming homogeneous stress, where the Andersonian model of fault formation predicts
microfracture orientation at approximately 30 _ to the fault. Fault forms through the
interaction and coalescence of many tensile microcracks. (b) Interaction of multiple fault tips
model, where extension fractures formed at the tips of separate individual faults interact with
each other. (c) Fault tip model for growth by tip propagation. Microfractures form in the
region of the fault tip stress concentration. (d) Fault model for wear along wavy, frictional
fault surfaces. (e) Off-fault damage due to the propagation of a dynamic rupture tip, with Vr
being the rupture velocity that controls the form of fracturing. (from Mitchell and Faulkner,
2009)

The interaction of multiple fault tips model suggests that extensional fractures may form at
the tips of individual interacting faults (Fig. 2.6b). Field evidence, experiments and theory
have shown that extensional fractures form around the tips of isolated fractures when loaded
in shear (Blenkinsop, 2008; Engelder, 1989; Pollard and Segall, 1987; Rispoli, 1981). Such
fractures are referred to as wing, and faulting may occur by the linkage of such features when
two or more fault tips interact (Fig. 2.6b). Faults developing according to this model may
produce fracture sets in the damage zones with the same orientation as the Andersonian

model (Blenkinsop, 2008).

The fault tip propagation model suggests that the bulk of the fracturing in the damage zone is
produced immediately prior to the main fault formation in the 6process zoneb surrounding the
fault tip (Fig. 2.6¢c). The model is based on non-linear and post-yield fracture mechanics
models (Scholz et al., 1993; Vermilye and Scholz, 1998). In this case, fracture orientations
are expected to range from high to low angles to the main fault plane, dependent on whether
they are in the tensile or compressive region of the fault tip, respectively (Fig. 2.6c, Scholz et

al., 1993).

In the fault model along wavy, frictional fault surfaces (Fig. 2.6d) fracture damage may occur

due to the juxtaposition of fault irregularities during stress cycling (Chester and Chester,
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2000; Scholz, 1987). In this model the bulk of the fault damage is related to fault wear and
due to cumulative fracturing, resulting from continued slip on pre-existing fault surfaces
(Chester and Chester, 2000; Scholz, 1987). The maximum compressive stress orientations
can vary locally, from parallel to perpendicular to the fault plane (Chester and Fletcher, 1997;

Saucier et al., 1992) and, as such, controlling the orientation of fractures (Fig. 2.6d).

Finally, the off-fault damage model explains the damage observed in the damage zone of
faults as due to the dynamic propagation of seismic ruptures (Fig. 2.6e, Rudnicki, 1980;
Wilson et al., 2003). The fractures that are created by the propagation of an earthquake at the
rupture tip are expected to be formed in a similar orientation to the fractures formed by the

migrating fault tip model, shown in Fig. 2.6c.

Figure 2.7 - Expected orientation of microfractures of the various models
(from Wilson et al., 2003)
A summary of the different fracture orientations in the damage zone of faults, predicted by
these five different models is shown in Fig. 2.7 (Mitchell and Faulkner, 2009; Wilson et al.,

2003). The range of orientations of fractures in the damage zone of faults is an important
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fault attribute, as it can determine important parameters as fracture connectivity, which may

ultimately control fluid flow (Manzocchi et al., 1998; Odling et al., 1999; Sleight, 2001).

2.3.2. Quantitative fault zone attributes

Scaling relations

A scaling relation between fault displacement and the width of the damage zones is suggested

by existing datasets (Knott et al., 1996; Micarelli et al., 2006a; Mitchell and Faulkner, 2009;

Torabi and Berg, 2011 and references therein). Field studies have shown that displacement

scales with damage zone width according to a positive empirical relationship (Fig. 2.8).
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Figure 2.8 - Fault displacement versus fault core thickness

(after Torabi and Berg, 2011)

The observed scattering of the data has been interpreted as due to the lithological variations

of the host rocks (Torabi and Berg, 2011). All studies found that for faults with displacements
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less than 1 km the displacement scales with damage zone width according to the following

empirical relationship:

D=W, Eq. 8

where D is the displacement on the fault and W is the width of the damage zone.

However, it has been suggested that for displacements larger than 1 km, the width of the
damage zone may reach a critical value (e.g. 150 m), beyond which it does not increase
anymore with fault displacement (Faulkner et al., 2011, Fig. 2.9). Additionally, positive,
linear correlations have been suggested between fault displacement and the thickness of the
fault core (Torabi and Berg, 2011 and references therein, Fig. 2.10), and between fault length
(Needham et al., 2008; Torabi and Berg, 2011, Fig. 2.11). These relationships have been
interpreted as due to the cyclic reactivation of faults, including during the propagation of
earthquakes, that repeatedly enlarges the length and displacement of the fault and thickens its

fault core (Torabi and Berg, 2011).
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Figure 2.9 - A compilation of data for damage zone width versus displacement
Microfracture data from Mitchell and Faulkner (2009 and this work and macro-fracture data
(shown by the shaded area) compiled by Savage and Brodsky (2011) (from Faulkner et al.,
2011)
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different tectonic settings
the different symbols refer to data from different studies, and the two arrows marked fi10 and
fi20 are pointing to the boundaries between small, medium and large faults, where a break of
slope in the data can be found (from Torabi and Berg, 2011)
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Fracture density and connectivity

Faults and associated fracture patterns, developed within different lithologies and at different
scales, are known to exhibit a great variability of fault zone attributes such as fracture density
and connectivity (Agosta and Aydin, 2006; Aydin, 2000; Tondi, 2007). Regardless of the
scale of observations, previous studies found that fracture density decreases when one moves
away from the fault core-damage zone boundary towards the protolith (Chester et al., 1993;
Faulkner et al., 2011; Knott et al., 1996; Micarelli et al., 2003; Micarelli et al., 2006b;
Mitchell and Faulkner, 2009; Savage and Brodsky, 2011; Scholz et al., 1993; Sibson, 1977).
The decrease in fracture density is generally approximated with a power-law relationship.
However, Nicol et al. (1996) argued that this relationship may only be an apparent one, due
to sampling biases caused by transect lengths, data resolution and differences in sampling
methodology. Due to large number of datapoints, the best fit trendlines are usually
characterized by relatively low R? values. Another factor that might have a complicating
effect on the quantitative description of fracture patterns is the existence of single and
multiple strand fractures (Vermilye and Scholz, 1994). Single strand fractures are easier to

describe and usually follow a clearer trend.

Regardless of the type of best-fit trendline, the decreasing trend of fracture density, generally
observed in the damage zones, can be locally altered due to the presence of subsidiary faults;
in these cases, damage zone fracture density can be anomalously higher than in their
surroundings (Mitchell and Faulkner, 2009, Fig. 2.12). Although the width of the damage
zone is considered as a function of the displacement along the fault, field-based quantitative
studies showed that fracture intensity close to the fault core is independent from fault

displacement it (Mitchell and Faulkner, 2009, Fig. 2.12).
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Figure 2.12 - Graph showing macrofracture density versus perpendicular distance from
the fault core
Locations of large subsidiary faults around the Caleta Coloso fault are marked with arrows.
Data points where the subsidiary faults appear to have a clear effect on the density are
ignored for the least square lines of best fit (represented as the points with no border) (from
Mitchell and Faulkner)

Fracture connectivity is defined by the degree to which the fracture network provides
continuous pathways through the rock (Stauffer, 1985). It is dominantly controlled by the
density, length, orientation and spatial distribution of fractures (Odling, 1992). It can be
quantified using percolation theory (e.g. Odling, 1992, 1997; Odling et al., 1999; Stauffer,
1985; Stauffer and Aharony, 1991; Zhang et al., 2009; Zhu and Wong, 1999) that is a concept
describing the behaviour of connected clusters in a random graph (Broadbent and
Hammersley, 1957). Within the graph the studied objects (in this case fractures and/or veins)
intersect to form clusters and at a certain density of objects a theoretically infinitely large
cluster is formed (Stauffer, 1985). Using percolation theory, connectivity can be quantified in
2D or 3D by analysing the clusters of intersecting fractures. If an intersecting cluster of
fractures intersects all sample boundaries, the cluster reached its percolation threshold values

(pe, Reynolds et al., 1980), or in other words, it is fully connected. Micarelli et al. (2006a)

studied the variation of fracture connectivity across fault zones, and found that the outer parts
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of the damage zones are characterised by low connectivity, while the inner parts of the

damage zones and the fault cores are characterised by higher connectivity.

In 2D, for a given area, fracture connectivity can be measured as the fractional connected
area (FCA), that is the area within the clusters of interconnected fractures compared to the
total sampling area in per cent (Ghosh and Mitra, 2009, Fig. 1.2e). Fracture connectivity can
also be quantified using intersection point density (e.g. Manzocchi, 2002; Micarelli et al.,
20064a; Sleight, 2001, Fig. 1.2c). Intersection point density can be quantified for: a) each

interconnected cluster, b) unit area, or c) each fracture.

Another important fault zone parameter is the aspect ratio of fractures within the damage
zone. The aspect ratio is the ratio between the height and the length of the fractures (Kim and
Sanderson, 2005; Schultz and Fossen, 2002, Fig. 2.13). This parameter can control modelled
values of fracture connectivity as, for example for two fractures with equal heights, the one
that is more elongated than the other is more likely to intersect other fractures producing
higher fracture connectivity values. Based on structural observations of 3D exposures of
fractures in damage zones, of faults located within sandstones, in the Goblin Valley, Utah,
Schultz and Fossen (2002) estimated that the aspect ratio of fractures typically ranges

between 1/1 and 1/10.

Other authors who studied the quantitative properties of fracture and vein patterns found that
the cumulative frequency versus vein thickness and cumulative frequency versus aperture
show a power-law distribution, while vein spacing is following an exponential function with

negative slope (McCaffrey et al., 2003).0On the contrary, Gillespie et al. (2001) found that
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veins also show power-law spatial distribution; however, veins and fractures can have very

different spatial and scaling properties.

Figure 2.13 - 3D visualization of fractures with different aspect ratios
(from Schultz and Fossen 2002)

2.3.3. Complex fault zone architectures

Although classic fault zone models describe fault zones as being made of three distinct fault
zone domains (fault core, damage zone, protolith, Chester et al., 1993), many faults in nature
were observed to display more complex architectures due to the development of multiple
strands of fault cores (e.g. Faulkner et al., 2003), by the presence of subsidiary faults in the
damage zones (e.g. Mitchell and Faulkner, 2009), due to fault zone asymmetry and fault

attribute variations along strike and dip (e.g. Billi et al., 2003).

63



Complex fault cores

Based on structural observations at the Carboneras fault in Spain Faulkner et al. (2003)
described a fault zone with anastomosing strands of fault gouge interlocked with heavily
fractured country rocks (Fig. 2.14). The development of this complex, more diffuse fault zone
is due to the host rock, as the Carboneras fault is located within phyllosilicate-rich material,
as opposed to fault zones displaying more localised and less complex architectures in
quartzofeldspathic host rocks, suggesting that the geometry of the fault zone is strongly

influenced by the host rock (Antonellini and Aydin, 1994).

Figure 2.14 - A conceptual model of a fault zone containing a large proportion of
phyllosilicate-rich material
The fault is wide and contains anastomosing strands of fault gouge which contain lenses of
country rock. The fault may also contain blocks of rock that are more competent than the
country rock, and this material may respond differently to the deformation, developing
localized fault planes. (from Faulkner et at., 2003)

Complex damage zones

It has been observed that the damage zone of a fault zone, in this case located within
carbonates and characterized by a displacement of approximately 800-1000 m, can be

subdivided into a weakly deformed damage zone (WDDZ) and an intensely deformed
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damage zone (IDDZ) (Micarelli et al., 2003; Micarelli et al., 2006b). The subdivision is based
on the values of fracture density. The IDDZ is usually located close to the fault core and is
characterised by 3-6 times higher fracture density than the WDDZ, which is located further

away from the fault core.

Berg and Skar (2005) were able to subdivide the damage zones of normal faults hosted in
sandstones into an inner and an outer zone based on differences in deformation band
frequencies. They found that deformation bands are up to a magnitude higher in the inner
damage zone, which is located close to the fault core, than in the outer damage zone, located
further away from the fault core. Kim et al. (2004) introduced a general subdivision of the
damage zones of faults into tip, wall, and linking damage zones based on their relative

position to the fault.

Fault damage zones can also display an asymmetric geometry, as described by (Billi et al.,
2003), resulting from the development of a master fault, the major slip surface, that bounds
the fault core on one side; in this case the damage zone can be considerably narrower and less
fractured on one side of the principle slip zone than on the opposite one (Fig. 2.15, Berg and
Skar, 2005). On the contrary, other authors have suggested that the fault core is bounded by
principal slip surfaces on both sides (e.g. Childs et al., 1996, Bonson et al., 2007). The
development of these asymmetric patterns can be due to the asymmetric stress field that
develops during fault propagation (Berg and Skar, 2005), the irregularities on the fault trace
(Aarland and Skjerven, 1998), or the different stress conditions in the footwall and in the

hanging wall during faulting (Knott et al., 1996).
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Figure 2.15 - : Conceptual sketch of a fault zone sectioned perpendicular to the shear
direction
(not to scale) (from Billi et al., 2003)
Fault zone architecture can vary both along the strike, as a function of displacement, and
along the dip of fault planes, as these cut through different lithology. According to models of
fault propagation (e.g. in Wilson et al., 2003), where displacements are larger at the centre
than at the tip of the faults the damage zone in the central portion of the fault is the most
developed when compared to sections which are closer to the tip of the fault. The central
segments of faults have been used as good analogues of faults in their mature stage of
deformation, whilst the tip segments have been considered as good analogues for the early
stages of fault development (Billi et al., 2003; Micarelli et al., 2006a). This assumption can
be made because a fault zone is a four dimensional system involving slip along the main fault
surface and deformation within a volume around that surface, both of which accumulate

through time (Shipton and Cowie, 2001). Lithological control on the fault zone architecture
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can be studied by observing dip-parallel variations in quantitative fault attributes, such as the
thickness of the damage zone and across-fault variation in density as done by Berg and Skar
(2005) within damage zones of a fault located in various Carboniferous to Cretaceous
sandstones in Utah, finding different damage zone widths in different lithologies along the

same fault.

2.3.4. Fault zones in carbonates

Fault zones in low-porosity, low-permeability carbonates can somewhat differ from fault
zones in other lithologies (e.g. Agosta and Aydin, 2006; Agosta et al., 2007) due to the
significant role of pressure solution features (Alvarez et al., 1978; Graham et al., 2003;
Groshong, 1988; Peacock and Sanderson, 1995; Willemse et al., 1997), peculiar pore types,
such as vugs, molds, fractures and channels (Lucia, 1999; Wang, 1997) and finally their
unique deformation mechanism related to dissolution, transportation and deposition of host
rock materials (e.g. Agosta et al., 2007; Graham et al., 2003; Salvini et al., 1999; Willemse et
al., 1997). However, it is important to note that the general architecture of faults, developed
within carbonate host rocks are similar to faults developed in other host rocks and the
classical fault zone models of Sibson (1977) and Chester et al (1993) can be applied to these

faults as well.

Mimran (1975) highlighted the importance of mechanical compaction in chalk samples,
collected at the Dorset coast of the UK. It has been shown that mechanical compaction due to
differential stresses can lead to a loss of approximately 20% of the initial porosity. This
process can also be seen on the amount of complete coccoliths, whose number significantly
reduced during mechanical compaction. Furthermore, Mimran (1975) also highlighted the

importance of pressure solution. During the deformation of chalk pressure solution is usually
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following mechanical compaction as the pore space is reduced and further compaction can
only be achieved by pressure solution, leading to transportation of the calcite within the host
rock. The total volume loss achieved by the two deformation stages can be as high as 70%

(Mimran, 1975).

Graham et al. (2003) refer to a pre-phase and four syn-phases of normal fault development in
thrust fault carbonates. The pre-phase is the development of pressure solution surfaces, whose
orientation is always perpendicular to G;. The actual faulting process is summarized in four
stages. The first one is the shearing of bed-parallel and bed-perpendicular solution surfaces
and the formation of oblique solution surfaces. This stage does not produce significant offset.
The second stage is a an increased slip that results in fragmented rock by linkage of pre-
existing solution surfaces with the oblique solution surfaces, produced during stage 1. This
stage can produce a total offset of approximately 20 cm. Stage three is the shearing and
linkage of fragmentation zones in adjacent mechanical layers and formation of breccias and
eventually discrete slip surfaces. This stage can lead up to 10 m of offset. The final, fourth
stage is the development of a mature fault zone with well-defined fault surface(s), cutting
across multiple mechanical layers and forming a fine-grained fault rock. This stage can lead
to offsets well over 10 m, and in some cases it can lead up to km-scale displacements

(Graham et al. 2003).

Fluids present in carbonates can highly enhance the transportation of calcite and this can lead
to the healing of the fractures present (e.g. Agosta et al., 2007; Graham et al., 2003; Salvini et
al., 1999; Willemse et al., 1997). Egeberg and Saigal (1991) showed that the calcite that
healed fractures in North Sea oil fields are locally derived from the host rock that has

precipitated in the fractures spaces.
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Finally, Agosta and Aydin (2006) summarized three main deformation features that can
develop along faults in carbonates such as a) throughgoing slip surfaces and fault breccia that
initiated by echelon joints and were later sheared, producing cross joints, which broke up the
joint-bounded bridges (Mollema and Antonellini, 1999), b) faults developed entirely by
pressure solution-based mechanism (Graham et al., 2003) with the shearing of the pre-
existing bed-parallel and bed-perpendicular pressure solution seams, producing oblique
pressure solution seams in their contractional quadrant; and by continued deformation, the
isolated blocks were linked together by thoroughgoing breccia and slip surfaces, and finally
c) are deformation features developed as a combination of the previous two cases occurred
(Willemse et al., 1997). Although these deformation features are unique to carbonate hosted
faults, faults in carbonates can also be host other deformation features discussed further up in

the text.

2.4, Transport properties of fault zones

The main attributes controlling fluid flow in a finite volume of faulted rocks are the fault
zone transport properties. Fluid flow across and parallel to fault zones is a function of the
host rock permeability (e.g. Mallon, 2008; Mallon et al., 2005), and the fault rock
permeability in the fault core and in the damage zone (Wibberley and Shimamoto, 2003).
Hence, fluid flow is significantly influenced by the fault zone internal architecture and, in
particular, by the nature and distribution of fault rocks in the different fault zone domains
(Caine et al., 1996; Chester and Chester, 1998; Chester et al., 1993; Collettini et al., 2009;
Lockner and Beeler, 1999; Seront et al., 1998). Specific sets of faults and associated
deformation features may act as conduits or barriers for fluids migrating through the upper

crust (Caine et al., 1996; Sibson, 2000). Based on field observations and laboratory
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experiments, fault cores are generally considered as barriers for migrating fluids, whilst
damage zones are considered as conduits (Caine et al., 1996, Fig. 2.16). Fluids may be
preferentially transmitted along fault-parallel fracture corridors, forming conduits, whilst, at
the same time, being retarded by across-fault barriers, such as fine-grained fault gouges
developed in the fault core (Byerlee, 1993). This is due to the fact that fault cores are often
characterized by reduced porosity and permeability, compared to the surrounding damage
zone and protolith rocks, due to the intense grain size reduction and/or mineral precipitation;
on the other hand, fractures developed within the damage zones (e.g. veins, fractures,
subsidiary faults) may enhance the porosity and permeability, favouring fluid flow. However,
the assumptions of Caine's (1996) conceptual model are oversimplified and can be
significantly flawed in the presence of heterogeneity and anisotropy in the distribution of

fracture patterns within natural fault damage zones and fault cores.

Figure 2.16 - Conceptual model of fault zone with protolith removed
(after Chester and Logan, 1986; Smith et al., 1990). Ellipse represents relative magnitude and
orientation of the bulk twodimensional permeability (k) tensor that might be associated with
each distinct architectural component of fault zone (from Caine et al., 1996)
A key role in controlling fluid flow in damage zones is played by the attributes of fracture
patterns such as the orientation distribution (Sleight, 2001), the fracture density (McQuillan,

1973) and connectivity (Ghosh and Mitra, 2009; Odling, 1992), and the fractures aspect ratio
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(Schultz and Fossen, 2002). Fault-parallel fracture corridors are usually located in the damage
zones, close to the fault cores (Agosta et al., 2007; Micarelli et al., 2006a; Micarelli et al.,
2006b) however, fracture corridors can also develop as the initiation of subsidiary faults
(Micarelli et al., 2003) and as the damage zone of subsidiary faults (Questiaux et al., 2010).
Additionally, high permeability karstic cavities, bedding surfaces an sinkholes can also
develop in damage zones (Billi et al., 2007). On the contrary, fault cores are usually assumed
to be barriers for fluids due to the presence of fine-grained fault rocks; however, certain fault

rocks, such as breccias, can behave as conduits on the microscale (Evans et al., 1997).

Complex fault zone architectures, discussed in Chapter 2.3.3 can largely modify and
complicate the relatively simple fluid transmissibility model of Caine et al. (1996) (e.g.
Agosta et al., 2007; Bussolotto et al., 2007; Chester and Chester, 1998; Chester et al., 2000;
Needham et al., 2008), resulting in fluid transmissibility models showing a great degree of
heterogeneity and anisotropy in all directions (e.g. De Paola et al., 2009; Evans et al., 1997,
Rowland and Sibson, 2004). Detailed structural analysis of individual faults have led many
authors to elaborate fluid flow models which differ significantly from the relatively simple
fluid transmissibility model proposed by Caine et at. (1996). These models consider the
effects of the development of pulverised fault rocks in the damage zone (Agosta et al., 2007),
karstic cavities and sinkholes of the host rock (Billi et al., 2007) and the development of an
intensively connected damage zone (Micarelli et al., 2006a). These features can either
contribute to the increase fluid transmissibility on one hand, or reduce fluid transmissibility
due to the presence of interlayered marl rich units (Billi, 2005), lenses of illite, smectite and
previously precipitated large grains of calcite and quartz (Koukouvelas and Papoulis, 2009)

and mylonites (Wibberley and Shimamoto, 2003) on the other hand.
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Impermeable seals can also develop along subsidiary faults and associated fractures within
the damage zone creating compartments that can contain fluids under different pressures
(Byerlee, 1993). Brittle cataclasis during faulting causes grain size decrease, reducing the
overall porosity and permeability in the fault core. The sealing properties of faults play an
important role in creating reservoirs (Yielding et al., 1997). Faults can act as seals in the four
following cases: 1) juxtaposition in which reservoir rocks are juxtaposed against a low-
permeability unit, 2) clay smear into the fault plane, 3) cataclasis that causes grain size
reduction therefore a decrease in permeability, 4) diagenesis (Knipe, 1992; Watts, 1987).
Fault seals can lead to fluid overpressure in the fault zones, causing hydrofracturing and
hydraulic brecciation of the host rocks. Although this classification is widely accepted it
should be noted that due to the presence of several slip surfaces within the same fault
smearing might not be that effective, therefore compartmentalization of fault zone might not

occur that effectively.

Fracturing in the damage zone, and cataclasis in the fault core can lead to the development of
the dual, conduit-barrier behaviour of faults (Caine et al., 1996). Aydin (2000) lists three
different fault zone permeability structures (Fig. 2.17) that can develop within a fault zone.
The first type of structure is pure permeability decrease (barrier-type behaviour, Fig. 2.17a).
The amount of decrease is a usually a function of the host rock (Caine et al., 1996; Knipe et
al., 1998), and in high porosity sandstones it can be as high as two to four magnitudes
(Antonellini and Aydin, 1994; Antonellini et al., 1999). The second structure is a dual model
(conduit-barrier-type behaviour, Fig. 2.17b). This model is similar to the one introduced by
Caine et al. (1996) with the fault core behaving as a barrier, while the surrounding damage
zone behaving as a conduit. The permeability in the fault core can be up to 4 orders of

magnitudes lower than the surrounding host rock, while the damage zone permeability can

72



increase by 1 order of a magnitude compared to the host rock (Jourde et al., 2002). Finally,
the third structure describes pure increase (conduit-type behaviour, Fig. 2.17c) where the

amount in permeability increase depends on porosity of the fault zone (Aydin, 2000).

Figure 2.17 - Idealized fault architectures and corresponding permeability structures
(a) A deformation-band fault zone with reduced permeability in a direction perpendicular to
the fault. The degree of permeability reduction depends on the lithology of the rock but on
average the reduction is two to four orders of magnitude with respect to that of the rock
matrix. (b) A fault developed by shearing across a joint zone. Fault rock formed by this
process is similar to that of the deformation band process but it is surrounded by a damage
zone, more permeable than the parent rock. (c) A brecciated fault zone filled with
hydrocarbon. The permeability depends on the porosity of the zone and the ratio of the fault
thickness to particle radius (after Aydin, 2000)
Laboratory measurements on samples, collected from different fault zone domains, showed
that the permeability of fault cores, built up of gouges and cataclasites, can reduce 3-4 orders
of magnitudes compared to the host rock, while breccias in the fault cores can increase
permeability by up to two magnitudes (Antonellini and Aydin, 1994; Mizoguchi et al., 2008).
In comparison, the permeability of the damage zone is sometimes measured to be increasing
with one magnitude compared to the host rock (Evans et al., 1997), while in other cases it is

measured to be slightly decreasing (Seront et al., 1998).

The transport properties of faults are not constant, but evolve with time and space (Allan,
1989; Bouvier et al., 1989; Harding and Tuminas, 1988; Knipe et al., 1998; Smith, 1980).
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Faults are initially forming as conduit fracture corridors, but as their fault core develops they
evolve into barriers (Roberts et al., 1996). The permeability of seismically active fault zones
is also strongly affected by the faultds position in the earthquake cycle. During earthquakes
permeability increases, but then fault rocks, such as breccias, reseal the system. Woodcock et
al. (2007) studying the Dent fault in NW England found that may breccias reflect only a
single phase of brecciation. After reseal the newly developed breccias get stronger than the
intact country rocks and subsequent brecciation is inhibited within the newly deformed rock

volume.

Carbonates are typically low porosity (5-20%), low permeability (< 4 x 10?° m?) rocks and
can act as an effective seals for fluids in the subsurface (Mallon et al., 2005). Once fractured,
however, chalk can develop significant amounts of fracture porosity and may become highly

permeable, up to 10> m? (e.g. Frykman, 2001; Scholle, 1977).

Understanding the complex internal architecture and transport properties of fault zones has a
great scientific and economic importance. Overpressure of fluids in fault zones can lead to
(periodic) earthquake nucleation (Miller et al., 2004), and also earthquake nucleation can lead
to the migration and release of fluids (Sibson, 1992; Sibson, 2000; Sibson et al., 1975; Sibson
and Rowland, 2003). High permeability fault zone domains can provide flow paths for fluids
migrating in the upper crust, but also can behave as fractured hydrocarbon reservoirs or
aquifers. In onshore, fractured chalk forms an important aquifer for water suppliers, for
example in East Yorkshire (Price, 1987), while some large oil reservoirs occur in highly
fractured rocks chalk (e.g. Ekofisk, Skjold and Dan fields, North Sea, Egeberg and Saigal,
1991; Jensenius, 1987), and some reservoirs are also potential sites for sub-surface CO,

sequestration and storage in the future (Wilson et al., 2007).
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3. Flamborough Head

3.1.Introduction

Natural fault zones are thought to comprise three main domains a fault core, a damage zone
and a protolith (Chester et al., 1993; Sibson, 1977). Dip-slip fault systems, hosted in low-
porosity carbonates, can display significant differences in the extent and intensity of
fracturing in the footwall and the hanging wall damage zones. Such asymmetric patterns may
develop through fault propagation (Berg and Skar, 2005), resulting from different stress field
conditions in the footwall and hanging wall during faulting (Knott et al., 1996), or from the
varying displacements occurring along faults, with irregular traces (Aarland and Skjerven,

1998).

Classical fault zone models predict that fracture density and connectivity monotonically
decreases moving away from the fault core (e.g. Chester et al., 1993, Sibson, 1977).
However, based on structural observations and quantitative analyses of the variation of
fracture density along 1D structural transects. Micarelli et al. (2003, 2006a, 2006b) found that
in faults hosted in carbonate rocks, these parameters may vary in a more complex fashion.
They subdivided the damage zone of a fault zone, hosted in low-porosity carbonates, into a
weakly deformed damage zone (WDDZ) and an intensely deformed damage zone (IDDZ),
based on the variation of fracture density values. According to their subdivision, the IDDZ is
located closer to the fault core and it is characterised by higher fracture density values than

the WDDZ, located further away from the fault core.

It is well known that the transport properties of fault zones are controlled by their internal
architecture, and fluid transmissibility can vary significantly within the different fault zone
domains (Caine et al., 1996). Fluid transmissibility is primarily controlled by the nature and
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distribution of both the host and the associated fault rocks (Antonellini and Aydin, 1994;
Caine et al., 1996; Chester and Chester, 1998; Chester et al., 1993; Collettini et al., 2009; De
Paola et al., 2008; Faulkner et al., 2003; Lockner and Beeler, 1999; Seront et al., 1998), and
also by the density (McQuillan, 1973), connectivity (Odling, 1992) and orientation

distribution (Sleight, 2001) of fractures within the different fault zone domains.

Specific sets of faults and associated fractures may act as conduits or barriers for fluids
migrating in the upper crust (Caine et al., 1996; Sibson, 2000). Fluids may be preferentially
transmitted along fault-parallel fracture corridors that can provide migration routes for fluids,
I.e. acting as conduits (Evans et al., 1997); as well as being retarded by across-fault barriers.
In this latter case, brittle cataclasis, which causes grain size reduction, can reduce the overall

porosity and permeability of the fault core (Antonellini et al., 1994; Byerlee, 1993).

Chalk is typically a low porosity (5-20%) and low permeability (<4x102° m?) carbonate rock
and it can act as an effective seal for hydrocarbons in the subsurface (Mallon et al., 2005).
However, once fractured, chalk can develop significant amounts of structural porosity and
may become highly permeable, up to 102 m? (e.g. Frykman, 2001; Scholle, 1977). The faults
and associated fracture patterns developed within chalks are known to exhibit great
variability in fault attributes such as fracture density and connectivity e.g.(Agosta and Aydin,
2006; Aydin, 2000; Tondi, 2007). This has important applications for the hydrocarbon
industry, as some large, North Sea oil reservoirs occur in fractured chalk (e.g. Ekofisk, Dan,
Skjold fields). Laboratory measurements showed that structural porosity in fractured chalks
can be as high as 30%, and heavily fractured chalk is generally accepted to be a good
reservoir rock (e.g. Odling, 1999, Egeberg and Saigal, 1991). These reservoirs can also be

potential target sites for sub-surface CO, sequestration and storage in the future (Wilson et
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al., 2007). In onshore regions, adjacent to the North Sea, chalk forms an important, strategic

aquifer for water suppliers, for example in East Yorkshire (Price, 1987).

In this chapter a case study from coastal exposures of fractured chalk at Flamborough Head,
Yorkshire is presented. These outcrops are likely to be representative of sub-surface chalk
reservoirs in nearby onshore and offshore regions, e.g. the North Sea. The architecture,
geometry and associated fracture and vein density and connectivity patterns of naturally
developed fault zones and fracture/vein networks in chalk were characterized. These fracture
networks comprise small (cm-scale offsets) and large displacement faults (offsets up to a few

tens of meters).

Field and microstructural observations on fault patterns at a range of scales and in different
lithological host rocks were integrated with quantitative analyses of fracture/vein density and
connectivity across the studied fault zones using 1D, 2D and 3D methods (see Chapter 1.3).
These data are discussed in terms of their potential controls on subsurface fluid flow in
fractured reservoirs. Additionally, LIDAR based 3D models of fracture/vein networks,
characterized by different aspect ratios, were created. The variations of fracture/vein density
and connectivity were compared to 1D and 2D results, in order to validate the different 3D

models and to estimate the mean aspect ratio of fractures/veins in the fault damage.

3.2.Geological setting and study areas

Flamborough Head forms part of the Yorkshire coast in the UK, located north of Bridlington
(Fig. 3.1), at the eastern termination of the E-W trending, extensional Howardian-
Flamborough Fault Belt (Fig. 3.1a). This fault belt forms the southern boundary of the

inverted, Mesosoic Cleveland Basin and the northern boundary of the Market Weighton
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Block (Hawkins and Aldrick, 1994; Kirby and Swallow, 1987). The Howardian-
Flamborough Fault Belt was initially active during the Late Jurassic-Early Cretaceous, and
was later reactivated as a network of thrust fault between the Late Cretaceous and the

Tertiary (Kirby and Swallow, 1987).

Figure 3.1 - Location map
a) Location map and geological setting of Flamborough Head, b) study areas (modified after
Peacock and Sanderson, 1994)

The southern termination of the Peak Trough faults is also located close to Flamborough
Head (Fig. 3.1a). This N-S trending extensional fault system was also reactivated during the
inversion of the Cleveland Basin, during the early Tertiary (Milsom and Rawson, 1989). The
Flamborough Head area, being located at the intersection of the Howardian-Flamborough
Belt and the Peak Trough, has experienced deformation phases including both N-S (during
the Late Jurassic-Early Cretaceous) and E-W (during Tertiary) extension and inversion

related reactivation.
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The well exposed cliff sections at Flamborough Head make it a particularly suitable site for
studying fault and associated fracture systems in chalk. First studied geologically by
Lamplugh (1895), the high (>20 m) cliffs and foreshore are made up entirely of well stratified
Upper Cretaceous chalk. The fine grained, low porosity, homogenous beds are between 2 mm
and 1.5 m thick (Childs et al., 1996) and at certain areas, are typically interlayered with thin

(1-80 mm) clay-rich marly horizons (Lamplugh, 1895).

Outcrop scale, field-based structural studies and microscale diagenetic studies suggest that,
after burial to a depth of about 0.8-1.5 km (Hillis, 1995; Stewart and Bailey, 1996), the rocks
present in the area, experienced several phases of deformation, producing a wide range of
deformation features (Childs et al., 1996; Starmer, 1995). Both Peacock & Sanderson (1994)
and Starmer (1995) refer to several phases of Late Cretaceous to Cenozoic extensional and

contractional, brittle deformation, based on cross-cutting relationships observed in the field.

Based on preferential cross-cutting relationships and orientation of faults, Peacock &
Sanderson (1994) suggested that the small displacement normal faults developed in a triaxial
paleostress system, with h; oriented sub-vertical, and the far-field hs is interpreted to have
been approximately N-S, but stress release on the large normal faults caused approximately
equal horizontal paleostresses in the areas between these large faults, resulting in an
approximately 1% extension in all horizontal directions (Peacock & Sanderson, 1994). In
comparison, Starmer (1995) interpreted the small displacement normal faults to be Late
Cretaceous (100 Ma) to Paleocene (fipost-Laramideo, 60 Ma) age, developed in a stress field

characterized by isotropic horizontal stresses.
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Peacock and Sanderson (1994) observed that the characteristic flat-ramp-flat geometries,
developed in association with the small displacement normal faults (<20 cm), are
lithologically controlled by the presence of marly horizons that are interlayered with the
chalk beds in some areas. Additionally, Childs et al. (1996) showed that the offsets of the
small displacement normal faults, across adjacent chalk beds, can be controlled by the
presence of marl-rich layers, producing a range of different fault geometries, including

contractional and extensional jogs, overlaps and bends.

The present study focuses on two locations, where detailed structural observations and 1D
and 2D quantitative data collection have been carried out: Selwick Bay and Dykes End
(Fig. 3.1b). These localities were selected based on the quality of the exposures which best
represents faulting relationships in the region. At Dykes End the cliffs can be studied over a
length of several kilometres, while at Selwick Bay the cliffs and foreshore sections are
exposed for several hundreds of meter and are extensively incised, providing a good 3D
exposure of the structures preserved. Additionally, due to the good 3D exposure of fault
zones and fracture patterns, the Selwick Bay study area was chosen to collect LiDAR data for

3D modelling of fracture networks.

At Selwick Bay (which is stratigraphically lower than Dykes End), two main large
displacement (up to 20 m of cumulative displacement, Lamplough, 1895), ENE-WSW
trending normal fault zones can be observed, which are 4 m apart. At Dykes End, only one
large displacement normal fault zone (approximately 1 m of offset) was observed. At both
locations, widespread, brittle deformation is accommodated by many small displacement (up

to a few cm) normal faults and associated fractures and veins.
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3.3.Structural observations

3.3.1. The protolith

The Upper Cretaceous chalk at Flamborough Head is well bedded with an average bed
thickness of approximately 25 cm. At Dykes End the chalk beds are often interlayered with
clay-rich, marl horizons that have a thickness between a few mm and 3 cm, and their
combined thickness makes up approximately 5% of the total outcrop height (Fig. 3.2a). By
contrast, at Selwick Bay (Fig. 3.2b), interlayered marl horizons are rare (< 1% by volume)
and, when present, have a maximum thickness of 2 mm. At the same time bedding-parallel
stylolites are common features at Selwick Bay, but rare at Dykes End (Fig. 3.2a-b). Closer to
the fault zones of the larger displacement faults a few sub-vertical to inclined stylolites can
also be found at Selwick Bay. Clay-rich, mm-thick films of residual material are commonly

observed on stylolitic surfaces.

Optical microscope (OM) observations show that the matrix of the chalk is very fine grained

(Fig. 3.2c); the individual grains cannot be resolved even under 50x magnification. Brighter,
circular or ellipsoidal zones, with sizes ranging from 10 to 100 um, have been observed
(Fig. 3.2c). These generally appear to be randomly dispersed in the matrix, although they
occasionally show a preferential alignment. These brighter spots may represent recrystallized

regions of chalk.

Scanning electron microscope (SEM) images show that the matrix is very homogenous,

comprising grains with an average size of 50 microns in diameter (Fig. 3.2d). The individual

grains do not appear to contain any intragranular fractures.
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Figure 3.2 - The protolith
at a) Dykes End and b) at Selwick Bay: the thickness of the chalk beds varies from a few mm
up to 50 cm. Some sub-horizontal, bedding parallel stylolites are present. Bedding surfaces at
Dykes End (a) usually contain interlayered marl horizons with a thickness up to 2-3 cm. At
Selwick Bay (b) no interlayered marl horizons are present but those bedding planes that are
stylolitic surfaces as well contain residual clay material from pressure solution processes, c)
Optical microscope photo showing the protolith with examples of recrystallized chalk, d)
SEM photo of the fine grained, homogenous chalk
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3.3.2. Small displacement normal faults

The displacements of the small normal faults range from 1 mm to 20 cm. Both at Selwick
Bay and at Dykes End they are often organized into apparently conjugate sets of Andersonian
fault systems (Fig. 3.3a), where individual faults are observed to be mutually crosscut
(Fig. 3.3a-b). At both localities these faults are often characterized by flat-ramp-flat
geometries (Fig. 3.3c-d) resulting in the development of dilational and compressional jogs

related to the ramp and flat sections, respectively.

Dykes End

The orientations of small displacement normal faults at Dykes End are scattered (Fig. 3.4a),
with one major fault set striking NW-SE. Many fractures contain filling of marl (Fig. 3.4b-c,
see text below), with no kinematic indicators. It was only possible at a few places to observe

some slickenlines that suggest dip-slip to slightly oblique slip, normal kinematics (Fig. 3.4a).

Most of the small displacement normal faults are characterised by flat-ramp-flat geometries
(Fig. 3.4b). The ramp sections are mostly located in the chalk beds, while the flat sections
follow the interlayered marl horizons (Fig. 3.4b), that represent mechanically weak layers.
Dilational jogs, developed along the ramp sections, are either open features, or, partially,
filled with clay-rich materials, due to injection and smearing from the interlayered marl
horizons (Fig. 3.4c). Compressional jogs, related to the flat sections of the faults, are
characterized by intense, local fracturing of the chalk in the hanging wall, with the fractures
characteristically organized in a radial pattern (Fig. 3.4d-e). There were no veins or other

deformation features suggesting fluid assisted processes at Dykes End.
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¢) Small displacement normal faults displaying flat-ramp-flat geometry

R0 cnf

Figure 3.3 - Small displacement normal faults
a) outcrop view with the most prominent small displacement faults (northern cliff, Selwick
Bay), b) view of apparently conjugate sets of Andersonian faults on the cliff, ¢) small
displacement normal faults with flat-ramp-flat geometry, d) line drawing of the small
displacement normal faults
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Flgure 3 4 - Small displacement normal faults at Dykes End
a) stereonet of the small displacement normal faults at Dykes End with scattered orientation,
and one minor NW-SE striking trend, and the slickenline data indicating dip-slip kinematics,
b) forming flat-ramp-flat geometry while cutting through chalk and interlayered marl
horizons, c) smearing of the interlayered marl horizons into the fracture plane, d, e) open
fractures organised in a radial pattern around the flat section
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Selwick Bay

The orientations of small displacement normal faults at Selwick Bay are scattered (Fig. 3.5a).
Similarly to Dykes End, there is one major set of NW-SE striking fractures, with dips
typically greater than 70° (Fig. 3.5a). Kinematic indicators on the fault planes are rarely
observed, obliterated by the calcite filling of fractures (Fig. 3.5b-c). Similarly to Dykes End,
the few slickenlines, observable on small fault planes, suggest dip-slip to slightly oblique slip

kinematics (Fig. 3.5a).

The flat sections of the small displacement normal faults are often located on bedding planes,
which are also reactivated as stylolitic surfaces due to pressure solution (Fig. 3.5b-c).
Dilational jog structures, developed along small displacement normal faults are almost
always (>90%) filled with crystalline calcite (Fig. 3.5¢). The widths of the jogs are up to 30
cm, and the individual calcite crystals within the jogs can grow up to 5 cm in length. Angular
chalk clasts, found within calcite veins, are 2-3 cm long. Compressional jogs are usually
characterized by pressure solution features (Fig 3.5¢), with some residual, clay-rich material

left undissolved on the stylolite surfaces.
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Dilational jog
= calcite healing

Figure 3.5 - Small displacement normal faults at Selwick Bay
a) stereonet of the small displacement normal faults at Selwick Bay with scattered
orientation, and one minor NW-SE striking trend, and the slickenline data indicating dip-slip
kinematics, b) flat-ramp-flat geometry, c) ramp section dilational jogs are healed with calcite
veins, while flat section compressional jogs are showing evidence for pressure solution with
some residual material, d e,) veining zone on the wave cut platform indicating crack-seal
mechanism, f) vein with hydraulic brecciation, (notice how the damage increases from the
bottom towards the top of the photo)
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The small displacement normal faults can also be observed in plain view, on the wave-cut
platform in front of the cliffs (Fig. 3.5d-f). Typically, these are made of a braided, up to 0.5 m
wide zones of veining (Fig. 3.5d-e), terminating by a series of en-echelon calcite filled
fractures. These geometries are very similar to those seen in the fizebra rockso described by
Holland and Urai (2010) in low porosity limestones in Oman. Most individual veins have an
average thickness of 1-2 mm, but the thickest can, locally, reach widths of up to 30 cm, and
show clear evidences for hydraulic brecciation processes, with white angular wall-rock clasts
dispersed in a crystalline calcite matrix (Fig. 3.5f). These textures are thought to form due to
the hydraulic brecciation of the host rock, followed by rapid drop in fluid pressure, which
causes instantaneous calcite precipitation (Sibson, 2000). In most of the thin veins, the
individual calcite crystals cannot be seen with the naked eye, but in the thickest veins they
can grow up to 6 cm in length. The orientations of the crystals within the veins do not clearly

define weather the veins were formed as hybrid shear/extensional or pure tensile features.

3.3.3. Large displacement normal faults

Dykes End

At Dykes End, a larger, thoroughgoing fault with about 1 m displacement has been observed
(Fig. 3.6). The fault has an orientation of 169/50 NE, does not display a flat-ramp-flat
geometry, and is characterised by a well developed fault core, where most of the
displacement was accommodated (Fig. 3.6a). The fault core is continuous (Fig. 3.6b-c), and
varies from 5 to 20 cm in thickness. It is mostly made of a clay-rich gouge, which developed
from the smearing of the original marl horizons along the fault plane, but also contains cm-
scale clasts of the original host rock dispersed within the clay (Fig. 3.6¢-d). Within the gouge
a localised slip surface displays several well-developed slickenlines, indicating pure dip-slip

kinematics (Fig. 3.6d).
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Figure 3.6 - Large displacement normal faults at Dykes End T outcrop scale
a) Fault zone with narrow (<20 cm) fault core and surrounding 3-4 m wide damage zone, b)
sharp fault core T damage zone boundary, ¢) well defined slip surface within the gouge of the
fault core, d) slickenlines on the slip surface showing dip slip kinematics

Adjacent to the fault gouge layer, both in the hanging wall and the footwall, a 2-3 m wide
zone of damage occurs, characterized by intense fracturing (Fig. 3.6a-b). There is a sharp
transition between the gouge layer in the fault core and the surrounding damage zone
(Fig 3.6b). Most of the fractures in the damage zone are open and a large proportion of them
is sub-vertical (Fig. 3.6a-b). Some of the fractures in the damage zone, particularly those

closer to the fault core and/or to the interlayered marl horizons, are partially filled with clay,
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intruded into the fracture planes both by smearing and injection. There is no field evidence

for veining or other fluid-assisted fracturing processes within the fault core and damage zone.

5 mm

5 mm 5 mm

Figure 3.7 - Large displacement normal faults at Dykes EndT microscale

a) original location of the thin sections on the outcrop: b, ¢) F2 sample from the fault core,

containing fault gouge and some mme-scale clasts of the host rock, d, ) D1 sample, collected
10 cm away from the fault core, containing some fractures that are clay filled due to the
injection on the fault plane, and some stylolites, f, g) D9 sample collected 20 cm away from
the fault core, showing one clay filled fracture

Microstructural observations, made on thin sections cut from representative rock samples of
the different fault zone domains of the large displacement normal fault show that the fault
gouge of the fault core contains chalk clasts up to 4 mm in diameter (Fig. 3.7), dispersed in a
very fine-grained matrix made of clays and fine-grained chalk (sample F2, Fig. 7b-c; for
sample location see Fig. 3.7a). The chalk clasts are slightly elongated, with rounded edges
and are homogenously distributed in the matrix showing no preferred orientation (Fig. 3.7b-

c). Thin sections cut from samples taken from the heavily fractured damage zone, 10 cm

away from the core (sample D1 in Fig. 3.7a), show the presence of open fractures (Fig. 3.7d-
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e). Some of these fractures have originated by the reactivation of stylolitic planes, which can
be observed from the 2-3 mm stylolite teeth on the digitized images (Fig. 3.7e). Optical
microscope images from samples collected 20 cm away from the slip zone (sample D9 in

Fig. 3.7a) showing the presence of less fractures and stylolites (Fig. 3.7f-g).

Selwick Bay

Two large displacement normal faults have been observed at Selwick Bay, both striking
ENE-WSW, and dipping steeply (>70°) to the NNW (Fig. 3.8). The fault zones of the normal
faults together form a promontory on the cliffs (Fig. 3.8). The faults are located about
4 meters apart, diverging from each other slightly across the foreshore, towards the NE
(Fig. 3.8). The north facing fault has a well-defined fault core (hereafter referred as FC)
characterized by a slip surface, located within a narrow (up to 10 cm) domain of fault gouge
(Fig. 3.8a-b), whilst the south facing fault instead of a fault core, is characterized by an
intensely brecciated zone (hereafter referred as IBZ), without a well-defined slip surface
(Fig. 3.8a, c). The two faults are surrounded by damage zones that are 4-5 m wide in the
footwall, but less than 1 m wide in the hanging wall. The damage zones are characterised by

a higher density of calcite veins, when compared to the surrounding regions.
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Figure 3.8 - Large displacement normal faults at Selwick Bay T outcrop scale
a) the headland forming the fault zone with the FC and IBZ, b) The FC, with a slip surface
and sharp contact with the dragged beds of the hanging wall, ¢) fault breccias in the IBZ, d)
thick (> 5 cm) veins with coarse grain crystals cross-cutting braided, narrow veins, e) thick
(10 cm) vein with clear median line
In the hanging wall of the FC, the beds are almost vertical, possibly due to the drag along the
fault (Fig. 3.8a-b). Calcite veins are less common in this region compared to the nearby cliff

sections. The sub-vertical beds in the hanging wall are in direct contact with the FC. The FC
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