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Abstract

Outcrop study of fracture geometry and topology in limestones of high-level thrust sheets in the Frontal
Himalayan Thrust, north of Islamabad, Pakistan has enabled the determination of convergent tectonic
spatial geometries and distributions of thrust-fold related fracture networks. Multiple and
superimposed stresses generate unique fracture patterns, within this environment and the

characteristics had previously been difficult predict and relate to structural domains.

A new type of fracture mapping approach has been developed, combining the topological and fractal
characteristics of fractures. Cross-plots of this data created-alarge amount of fracture information. All
fractures are compiled and analysed, enabling complete analysis of the effects of successive tectonic
stresses. Rock composition is divided based on percentage of shale and limestone studied, but no
distinction is evident in the topological and fractal cross-plots of the various limestones. This
consistency is interpreted to be because of their geomechanical similarity, a result of the pervasive
abundance of pore-filling micrite and microspar cements in the wackestones which imparts brittle

strength.
It is possible to:

1. Identify geological characteristics, especially topological and fractal relationships of the rock-
mass, allowing discrimination of fracture networks associated with thrusting and folding.

2. Utilise the topological and fractal characteristics to define and compare geological structures
at depth and hence determine the fractures and dominant deformation mechanism.

3. Assess the fractal and topological characteristics to enable the evaluation of different fold and

thrust belts, both from surface and subsurface to understand potential fracture distributions.

XXVi



Chapter 1 Introduction

1 Introduction

1.1 Background

Rock fracturing is a result of the mechanical response of applied stresses on lithologies of varying
strengths (Brown, 1984). Rock fractures are ubiquitous in the Earth’s upper crustal levels due to brittle
deformation where the rock changes shape but cannot reform once it has fractured. There are two
types of brittle deformation, tensile, and shear failure (Hobbs, 1964). Tensile failure typically results in
joints and veins, and shear failure in faults. These modes of failure can act together to produce

complex sets of fractures as the applied stress fields vary in both time and space (Barton et al., 1985).

The distribution of fractures in a rock-mass determines its ability to maintain its structural integrity
and hence the excavations or constructions sited within the rock-mass. As mining is becoming deeper,
both from excavations underground, and larger open-cast pits, the applied stresses at the mining face
are increasing, causing the failure of fractures. This requires a greater understanding of both the intact

rock and the existing fractures (i.e., the rock-mass) to prevent accidents when mining.

Fractures play a significant role in discoveries of minerals as fluid movement pathways and storage
volumes of valuable metals can be identified (Cox, 2005, Lonergan et al., 1999). The knowledge of
fracture patterns has stemmed from the exploitation of metal deposits for many centuries, especially
as fractures and faults are not passive conduits but are active in transporting mineral rich fluids during
deformation by thrust-fold related pumping and controlling the type of mineralisation (Jolley et al.,

1999).

Understanding the variations in the fracture types that causes differences in fluid flow and hence the
metal compositions of an ore deposit allow a more efficient identification and environmentally
sustainable exploitation of future mines. Fractures are due to the natural applied stresses, the stress

per unit area, in a rock of a particular strength. Compressive stresses are the most common at convergent
1
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tectonic plate boundaries causing folds and faults. Tensile stresses cause rocks under tension to
lengthen or break apart typically at divergent plate boundaries. Shear stress is the most common stress
at transform plate boundaries. Importantly, fractures vary in scales from hundreds of kilometres to
abundant fractures of less than one millimetre in size. The fractures at these different scales are all still
due to compressive, tensile or shear stresses. Closely spaced fractures can form due to varied strengths
of the rock and different magnitudes of the stresses applied to the rock-mass. Highly fractured rocks,
such as those adjacent to and associated with thrust structures can form significant fracture networks
and they may possess both high permeability and fracture porosity (Aydin, 2000). The porosity,
permeability and flow mechanisms in carbonate rocks are primarily due to post-depositional
characteristics, such as fractures. Without fractures, carbonates do not typically host viable
hydrocarbon fields, and the structural geological history of the carbonates is a significant factor in
governing the reservoir potential (Burchette, 2012). Thrust-fold related fracture corridors in limestones
can have a permeability order of magnitude greater than the surrounding carbonate rock matrix and

have a considerable impact on oil, gas, and water production.

1.2 Field area

The field area is within the Islamabad Capital Territory and Punjab provinces of Pakistan in the vicinity
of the capital city of Islamabad (Figure 1.1). Within the field area, the Indian tectonic plate subducts
beneath the Eurasian tectonic plate causing the folding and thrusting to form the Himalayas (Chapter
2). Outcrops of folded carbonates and shales ranging from the middle Jurassic Saman Suk Formation

to the early Eocene Chorgali Formation occur in these mountainous areas. Chapter 2
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(Literature Review) describes the types of these rocks, whilst Chapter 4 (Field Mapping) defines the

physical characteristics of the rocks across the sites in the different field regions of the field area.

Afghanistan

Balochistan
india

Arabian Sea 5 R

Figure 1.1: Location map of Pakistan, and its different provinces shown in various shades of grey,
including especially Islamabad Capital Territory (ICT) which contains the city of Islamabad. The field

area is indicated by the red rectangle.

The northern boundary of the Himalayas foreland fold and thrust belt is marked by allochthonous
wedges of pre-Tertiary rocks, which are thrust over the foreland sediments (Alam et al., 2014). These
largely Mesozoic and lower Tertiary sediments form the tightly folded decoupled rocks in the field
regions above the Main Boundary Thrust, which lies directly on the southern edge of the study area,

specifically Field Site 1.
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1.3 Aims and Objectives

The principal aim of the research is to identify and quantify the variability of the key characteristics of
limestone fractures associated with fold and thrust belts and develop a fundamental understanding
of the controls. Most fractures are related to the orientation of local structures, with some sets parallel
and some sets perpendicular to local hinge lines, but refolded regional fractures may also be widely
distributed (Al-Kindi, 2020). The type and structure of the fold and thrust will be identified, including

the tectonic evolution of it (Marshak and Engelder, 1985).

Fractures in rocks are extremely complex and variable and are rarely uniform nor truly random in their
spatial distribution. Theoretically, if the strength and stress magnitudes are accurately measured, then
the resultant fracture distribution could be quantified. However, this is not the case due to the high
degree of uncertainty and variability in the fracture systems of the field area. It is better to determine
the combined characteristics of the geometry and distribution of thrust-fold-related fractures in
different structures of the limestones. Once these have been quantified, it will be possible to
understand the fracture patterns in different areas. Distinctive fracture patterns form in different
structural features which allows them to be characterised by the combined sets of data ensuring that

all the fractures are considered when evaluating a rock-mass.

The arrangement of the fracture patterns in space will be determined topologically, to provide an
improved understanding of the physical properties of intersections of the fractures in the rock-mass
(Sanderson and Nixon,2015). The spatial distribution of the fractures will be evaluated by determining

the fractal dimension of the fracture distribution, which indicates the proximity of features.
Three main objectives will be utilised in this thesis:

1. Fieldwork will identify and quantify the geological characteristics, including basic

descriptions, geometries, topological and fractal relationships of the rock-mass. This will allow
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the discrimination of different fractures and fracture networks associated with the thrusting
and folding of the limestones. The most appropriate analytical techniques for defining and
grouping of the different data types will be determined.

2. The relationships between the variations of different characteristics including the topological
and fractal, in the various different geological environments will be distinguished from the
field data. These values will be defined for various rock types and structural features. Different
measurement sites will be evaluated, considering all the fracture data within the sites.

3. The ability to evaluate different fracture patterns which represent different structural features
and use this to accurately predict the variations will be determined. Fracture groups will be
defined by using the different data types, both fractal and topological, increasing the

confidence in the set, while at the same time accounting for the variabilities of the grouping.
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2. Literature Review

Brittle rock fracture patterns define the characteristics of physical discontinuities within surface and
near-surface rocks and have been widely used to determine the economic and safety aspects within
the rock-mass (Barton et al., 1974; Bieniawski, 1979; Palmstrom and Stille, 2007). The characteristics
of fluid-flow (such as hydrocarbons or water) through the rock are often determined by the
distribution of fractures (Cardona et al., 2021). Fractures are rarely uniform nor truly random in their
spatial distribution. Because they exhibit some order (Healey et al. 2017), several different potential
patterns will exist due to specific processes such as different folding and fracturing styles. A non-
random arrangement may spontaneously emerge due to interaction among fractures during their
propagation, resulting in a self-organised pattern. This is the principal basis of the prediction of the
fracture characteristics within the rock-mass in this thesis. The characteristics of the rock-mass and

the utilisation of these to define fracture trends are reviewed in this chapter. These are:

e The nature of shelfal marine carbonates, and the effect the alteration of micrite and microspar
have on the rock mechanical behaviour of limestones to fracturing.

e The stratigraphy of the field-area.

e The types of fold and thrust (FAT) belts and especially the characteristics of the foreland FAT
belt within the study area.

e The characteristics of rocks caused by fracturing and folding.

e Conventional fracture mapping techniques, and especially topological and fractal methods
that will be applied in the thesis.

e Geostatistical spatial analysis from remote sensing tools is examined to determine possible

links to the outcrop mapping techniques.
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2.1 The geology of shelfal marine carbonates

Carbonate rocks display heterogeneity at all scales caused by the combination of a variety of factors
(Ham and Pray, 1962; Mogensen and Masalmeh, 2020; Tavakoli, 2020). This heterogeneity can be due
to primary sedimentary and biogenic features formed during the deposition limestones ranging from
lime mudstone to packstone (Dunham, 1962). However, the porosity, permeability and fluid flow
properties in carbonate rocks of the research area are primarily due to post-depositional processes,
especially fracturing. Without fractures, these fine-grained lime mudstones and wackestones do not
host producing oil and gas fields, and hence the structural characteristics of the fractures and folds of
the carbonates in an area such as the field-area is a significant factor in governing the reservoir

potential (Burchette, 2012).

The fine-grained sedimentary carbonates and associated clastic rocks (especially siltstone that has
been subjected to extensive tectonic stresses such as large-scale thrusts and converted to shale) are
the sediments encountered in this research. The types of carbonates present in the field area are
reviewed, along with the micritisation and microspar processes which recrystallise the original lime
mud matrix. As a result, this modifies and homogenises the rock-mass properties, making the

limestones very brittle and thus restricting the variations of the subsequent fracture processes.

Carbonate sediments form by biological, chemical, and detrital processes (Tucker, 2013). More than
clastic sediments, carbonates typically continue to undergo major fabric and mineralogical change
after deposition — for example, their stratification may be homogenised by burrowing organisms (Ham
and Pray, 1962), bioclasts can be altered by diagenesis, recrystallisation and replacement can

completely alter fabric and mineralogy (Choquette and Pray, 1970).

Depositional, diagenetic, and biogenic processes create carbonate rock textures and fabrics that are
described in connection with carbonate build-ups, or reef growth, and are useful descriptors of

physical conditions at the time of formation (Kidwell and Holland, 1991). Allochemical carbonate



Chapter 2 Literature review

grains are transported a distance after their formation and deposited. like the grains of clastic
sediments. Orthochemical components form in the site of deposition or are subjected to very limited
transport; rocks include carbonate mud, micrite (< 4 um diameter), and the crystalline calcium
carbonate cement, sparry cement, or spar. The most commonly used classification scheme of
carbonate rocks is that of Dunham (1962). This scheme includes detrital carbonates (ranging from lime
mudstone to grainstone, through biogenic “reef” carbonates to diagenetically altered crystalline
carbonates (Figure 2.2). The Dunham classification scheme is used by the majority of geologists

working to describe the petrography of carbonate facies (Lokier and Al Junaibi, 2016).

Depositional textures recognisable Depositional
— texture not
Original components not bound together during depostion Original recognisable
components
) bound together )
Mud-supported Grain-supported shown by Subdivided on
intergrown physical
<10% > 10% < 10% > 10% skeletal texture .
bioclasts grains grains grains matter or diagenesis
Mudstone Wackestone Packstone Grainstone Boundstone Crystalline
Carbonate
- ® ‘
R €
#
& ’ L

[ ] Clastic material [ ] Calcite cement B Biological material

[l Carbonate crystals

Figure 2.2: The classification scheme of Dunham (1962).

In the field area, the small-scale mechanical units correspond to entire sequences with no or little
rock-property contrasts between beds, due to similar amounts of micritisation and microspar
formation (Barbier et al., 2012). Fracture localisation is also influenced on a larger scale by the
characteristics of the carbonate rock, even up to sequence stratigraphy levels but this is not present

in the rocks that have been investigated (Zahn et al. 2010).
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2.1.1 Lime mud, micrite and microspar

Most carbonates are extremely susceptible to mineralogical and textural change, cementation and
dissolution that affect porosity. These alterations can occur at any time from initial deposition to deep
burial. The original primary porosity in limestones containing lime mud may thus be totally destroyed

during diagenesis and significant new secondary fracture porosity.

A large volume of most fine-grained limestones usually comprises carbonate mud, which is carbonate
material of <2 microns grain size and is typically aragonite or calcite. However, this material is
geochemically highly reactive and very quickly changes to micrite, although the actual process remains

the subject of debate and research (Lucia, 2017).

Micrite is generally accepted to be derived from the recrystallisation of lime mud, and as a component
of carbonate rocks can occur as a matrix, as micrite envelopes around allochems or as peloids (Folk,
1959). The origin of micrites remains poorly understood in carbonate diagenesis due to the non-
uniqueness of the processes by which it may be generated. In some marine environments, lime mud
that could become micrite can form chemically or biochemically through whiting events, whereas in
warm stratified marine waters it might be formed by chemical precipitation. Alternatively, microbial
process may lead to micrite formation. Other processes which might produce micrite include the
disaggregation of peloids, bioerosion, the mechanical degradation of larger carbonate grains and
dissolution-reprecipitation processes. The small size of the grains or crystals in the micrite makes the

identification of their origin is difficult to determine (SEPM STRATA, 2022).

Micrite may be precipitated chemically or biochemically from seawater, derived from the abrasion of
pre-existing calcium grains. This sediment accumulates in a variety of settings: in the still water of
lagoons, below wave base in deeper water, and within and beneath the protection of algal mats. The
recrystallisation of pre-existing broken skeletal and non-skeletal grains of micritised grains may be

mistaken for fragments of sedimentary micrite (SEPM STRATA, 2022). Limestones with a fine-grained
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matrix and carbonate muds (Figure 2.2) are susceptible to the development of micrite and microspar

and this forms a dominant constituent of all the limestones in the research area.

During early lime mud diagenesis, calcium carbonate is transferred from metastable carbonate
particles to micrite and microspar (calcite) cements which grow in adjacent micropores reducing the
pore size (Moshier, 1989). Complete cementation produces a mosaic texture of anhedral micrite- or

microspar-size crystals. Micrite crystals are characterised by grains less 4 um.

Many limestones which contained pervasive micrite are now cemented with calcite microspar,
inorganic calcite crystals with grain sizes between 4 and 30 um, mostly 5-15 um (Folk, 1959). It is
obvious that microspar, typically showing a mosaic-like texture, must be of diagenetic origin (Lasemi

and Sandberg, 1984).

Neomorphism is the term used to describe the recrystallisation of micrite to microspar (Longman,
1977). It can be formed by recrystallisation (aggrading neomorphism) of micrite by the removal of
Mg?* which forms a gap between the micrite and growing microspar (Folk, 1974). This is triggered by
freshwater flow or fresh water from interbedded clays (Carter et al., 2014). Microspar can also be
formed in a one-step neomorphic process of cementation of aragonite-dominated precursors without
micrite (Munnecke, 1997). Neomorphic growth of microspar from deep surface fluids is proposed to

occur due to saturated calcite (Fligel, 2013).

The development of microspar from micrite dramatically changes the porosity and permeability in
fine-grained limestones such as wackestones. Micrite is characterised by significant microporosity but

microspar becomes much more tightly cemented and typically has very low volumes of microporosity.

In the field area almost all the limestones are cemented by microspar and are investigated to

understand the development of fracture patterns in the rock-mass of the Himalayan frontal thrusts.

10
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2.1.2 Diagenetic processes

The major diagenetic environments that were present during the formation of the limestones in the
field area were subjected to the vadose, the phreatic, and the mixed meteoric marine zones (Moore,
1989). The vadose diagenetic environment is unique as it is a two-phase system of air and water and
is reflected in the unequal distributional patterns and unusual morphology of the cements precipitated
in a shoreline environment. For example, chicken-wire-shaped calcite pseudomorphs (after anhydrite)
as well as the existence of dolomitised algal mats point towards restricted sedimentary conditions
form in the Chorgali Formation of the study-area (Benchilla et al., 2002). The vadose zone is exposed
upper ramp surface, where cementation is confined to grain contacts. Most primary intergranular
porosity is preserved but permeability can be negatively impacted by precipitation of meniscus cement
(Moore and Wade, 2013). Diagenesis is generally slow in the vadose zone and the phreatic zone is
characterised by high diagenetic efficiency due to the presence of large volume of water (Moore,
1989). The phreatic meteoric aquifer is open to the atmosphere from the ramp interior to the low-
stand shoreline and subsidence of the outer ramp (Moore and Wade,2013). Carbonate strata show a
continuous loss of porosity with depth, and processes acting continuously from the surface to depths

in excess of 4 km (Scholle and Halley, 1989).

The structural complexity of FAT belts impacts on the fluid flow and diagenetic processes. Processes
including cementation, fracturing or secondary porosity development are impacted (Vandeginste et
al., 2012). The control of the cross-cutting relationships between fracture systems in thrusts helps to
understand the mutual relationships between different diagenetic phases. This includes the formation
of veins and fractures. Bedding parallel fractures form shallower than approximately 600 to 800 m.
The early diagenetic processes can exert a significant control on fluid flow pathways later in diagenesis.
Tectonic fractures form at steep angles to bedding and re-open especially in folding (Swennen et al.,
2003). These tectonic fractures are dominant in folds when only geomechanical processes are

considered but if diagenesis is also considered brittle thrusts are expected.

11
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Deeper level diagenesis allows the migration of different types of oils into the fractured limestones.
For example, the Eocene Chorgali Formation has different types of oil. The earlier rich light oil have
atypical associations of CO, and depleted H,0. The oil could be derived from source rocks in the buried
Palaeocene formations, such as the Patala Formation for the first input (Khan et al., 2004). The Patala
Formation is exposed in the field area and does not have any oil, indicating how the diagenetic
processes have affected the characteristics. A second phase of more mature oil with a large amount
of water originated from the deep part of the basin itself and mixed with tectonic and meteoric water
along the circulation pathways is also present in the Chorgali Formation. The fluids are mainly driven
by tectonics and are expelled from the hinterland farther to the north (Khan et al., 2004).

Because of the strong tectonic forces thrusting up the rock, it is possible to form a wide range of

diagenetic processes in the field area.
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2.2 Stratigraphy of the field area

The carbonate-rich sediments of the formations have a well-defined lithological range dominated by
lime mudstones and wackestones with subordinate packstones and grainstones based on the Dunham

classification shown Figure 2.1.

The depositional environments of the various formations represent a narrow range of successive
transgressive and regressive events resulting in fluctuations between the shallow outer ramp and
lagoons of the inner ramp (Khan, 2018; Hussain et al., 2013; Sameeni et al., 2007). A simplified
stratigraphic column is shown in Figure 2.3. But the characteristics are especially dependent on the

presence of pervasive microspar which increases the strength and brittleness of the rock.

2.2.1  Saman Suk Formation

The lowermost formation encountered in the study area is the Middle Jurassic Samana Suk Formation
(Abir et al., 2017). It consists of a sequence of sandy, bioclastic carbonates and interbedded mudstones
(Wadood et al., 2021). Bioclastic wackestone containing rugose corals, foraminifera, gastropods, and
other species including pelecypods and bryozoans, locally become packstone (Nizami, 2019). The
Samana Suk Formation has undergone significant diagenetic alteration, including recrystallisation of
the lime mudstone matrix to microspar, precipitation and replacement by dolomite and calcite veins,

and developments of stylolites (Ali et al., 2013; Cheema, 2010).
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Figure 2.3: Stratigraphic column of the various formations investigated in this thesis. Black coloured

text indicates the appropriate formation thickness, and the rock types it contains. Continued below.
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Figure 2.2 continued: Stratigraphic column of the various formations investigated in this thesis. Black

coloured text indicates the appropriate formation thickness, and the rock types it contains.

2.2.2 Kawagarh Formation

The Cretaceous Kawagarh Formation is composed of thick to medium bedded foraminiferal
wackestones and associated calcareous shales, with some of the wackestones being dolomitised
(Rehman et al., 2021). The gradual increase in the frequency of plankton and decrease in detrital
content from the underlying calcareous shale microfacies indicates the increase in the water depth

that corresponds to the Late Turonian global sea level rise (Rehman, 2021; Ahmed, 2019). The large-
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scale occurrences of pervasive dolomite indicate subsurface processes and long-term seawater

circulation over platform sediments (Rehman et al., 2021).

2.2.3  Lockhart Formation

The Palaeocene Lockhart Formation was deposited unconformably over the Kawagarh sediments in a
marine setting on the northern leading edge of the Indian Plate as the Palaeo-Tethys Ocean closed. It
is a thick bedded, sometimes nodular, grey to dark grey fossiliferous limestone. The principal facies
associations are lime-mudstone and wackestones (Hanif et al., 2014). The contact of the Lockhart
Formation and the younger shallow-marine mudstones and subordinate carbonates of the Patala

Formation is transitional (Wandrey et. al., 2004).

The Lockhart Formation was extensively examined during the field visits as it forms prominent
outcrops that may be folded or thrusted forming well developed fractures. Various diagenetic features
are apparent in the Lockhart Formation including micritization, development of pervasive microspar
cement, pressure dissolution (formation of microstylolites), to tectonically induced fracturing and
calcite veining (Khan, 2015). The nodular texture of the Lockhart Formation is at least in part due to
pressure dissolution, which reveals a trend from mechanical and chemical compaction, through deep
burial pressure dissolution to tectonic fracturing (Khattak et al., 2017). The fracturing of this formation
is clearly visible due to the thick lime mudstone and wackestones beds as well as the microspar

cement.

2.2.4 Patala Formation

Thinly bedded lime mudstones and foraminiferal wackestones of the Patala Formation are widespread
in the study area and are interbedded with shales (Gee and Gee, 1989). The Patala Formation is
approximately 70 metres thick and is in sharp contact with the overlying Nammal Formation (Jamil et
al., 2014). The limestones in the Patala Formation are dominated by foraminifera including longer

ranging smaller types and larger benthic intertidal and lagoonal types (Akhtar and Butt, 1999). The
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interbedded lime mudstones and argillaceous shales contain limonite concretions and weather
whitish green. The foraminiferal wackestones are finely crystalline and hard due to the presence of
micrite and abundant recrystallised calcite microspar (Khan et al., 2018; Malik and Ahmed, 2014).
Burial diagenesis, which includes dolomitization, especially of the clastic siltstone, further restricts the

intergranular porosity.

2.2.5 Nammal Formation

The sediments of the Eocene Nammal Formation are of Ypresian age (Wandrey et al., 2004) and are
dominated by, foraminiferal wackestones with subordinate interbedded lime mudstone and
argillaceoussiltstone (Gee and Gee, 1989; Wandrey et al., 2004). Based on microfacies assemblages, the
Nammal Formation is interpreted to have been deposited in outer to mid ramp settings (Hussain et
al., 2021). The formation is modified by diagenesis comprising micritization, microspar cementation,
dissolution, neomorphism and mechanical compaction to form stylolites, fractures and veining

(Hussain et al., 2021).

2.2.6 Margalla Hills Formation

The early Eocene age Margalla Hills Formation consists of shallow marine shelfal limestones with thin
interbeds of shales. It has a diverse faunal and floral assemblage, including foraminifera, echinoderms,
molluscs and algae, and varies from wackestone to locally packstone (Swati et al, 2013). The

burrowing and bioturbation form irregular nodules.

The nodular fabric is further enhanced by chemical compaction of the alternating sequence of thin
bedded limestone and calcareous shale (Azhar et al., 2014). Overall, the depositional environment of
the Margalla Hills Formation is interpreted to range from the shallow inner shelf to a middle shelf

subtidal setting (Swati et al., 2013).

The diagenetic overprinting of these limestones includes neomorphism of aragonite to calcite

transformation, recrystallisation of micrite to microspar, dolomitization and compaction and

17



Chapter 2 Literature review

disorientation of bioclasts with pressure dissolution fabric (Naeem et al., 2014). The recrystallisation
of micrite to microspar and including the dolomitization, forms a much stronger sequence of the

interbedded limestone and calcareous shale (Azhar et al., 2014).

2.2.7 Chorgali Formation

The carbonates of the Chorgali Formation range from shales and lime mudstones, followed grey to
pale grey wackestones, and by dolomitic limestones, and crystalline dolomites (Wandrey et al., 2004;
Khan et al., 2004; Awais et al., 2020). The dolomites are up to 15 m thick creating a strong layer and the
near surface sedimentation conditions are also reflected by the presence of dolomite conglomerate
pebble and breccia beds in the upper part of the dolomites indicating early diagenetic evaporite

collapse breccias (Khan and Ur Rashid, 2022).
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2.3 Fold and thrust belts

2.3.1  General characteristics of fold and thrust belts

A fold and thrust belt (FAT belt) is a linear region of the earth's surface, typically on the external edges
of orogens that consists of deformed sedimentary rock in which the layers are folded and duplicated
by thrust faults. Folds and reverse faults are the dominant structures in unmetamorphosed rocks

exposed in a belt that may be tens or hundreds of kilometres wide.

Fold and thrust belts are far from simple structures. Pre-orogenic architecture, basement interactions,
sedimentation and mechanical properties of stratigraphy, all play a critical part in the evolution of this
convergent tectonic system (Hammerstein et al., 2020). The deformation styles of FAT belts, and
hence the fracture patterns are highly sensitive to the mechanical properties of the rock-mass. Less
strong rocks form folds with distributed strain so that layer thicknesses become heterogeneous with
deformation. In contrast, rock sequences with moderate strength will exhibit flexural slip and
therefore form concentric structures with better preservation of layer thickness. With stronger strain
weakening properties, the rocks deform with increasing formation of fractures. Pre-existing structures
can have an influence on the evolution of a FAT belt, such as the presence of salt, that influences the

variability of the Himalayan fold and thrust belt.

2.3.2 Types of fold and thrust belts

FAT belts are remarkably diverse and although they exhibit a number of common characteristics, no
single model can provide a global portrayal. The belts are developed in a number of tectonic
environments. On a large-scale in map view, fold and thrust belts may be linear, however they show
geometrical variations along-strike in the form of salients where the belt bulges. Folds verge usually
towards the foreland in the case of foreland FAT belt of the study site, towards the trench in

the case of accretionary wedges and towards the basin in the case of toe thrust belts. Although the
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dominant orientation of the tectonic transport vector prevails, in detail the sense of motion of each
thrust sheet may vary in its orientation spatially and/or through time. The characteristics of different
fold and thrust belts are reviewed below, before examining the features of the foreland fold and thrust

belt in the field area.

Accretionary prisms are the main locus of deformation in subduction zones, where the rock
assemblages are mechanically scraped off the down-going oceanic slab and accreted to the seaward
edge of the upper advancing plate forming thrust sheets (Moore, 1989; von Huene and Scholl, 1991).
The bulk geometry of the prism and its detailed structure are strongly controlled by the thickness of
the sedimentary pile of the subducting oceanic plate. The wedge is underlain by a detachment that
ramps up to progressively shallower levels towards the trench and propagates seaward decoupling
mass from the down-going slab that accretes to the overriding slab usually in the form of duplex

(tectonic underplating).

Toe thrust belts develop in deep water at the leading edge of large-scale gravitationally driven
sedimentary prisms. Unlike other FAT belts, they do not require lithospheric shortening, their
deformation and transport are achieved entirely by gravity (Poblet and Lisle, 2011). The thrusts are
generally detached on salt or over-pressured shales forming sedimentary prisms on continental
margins such as those in the Gulf of Mexico and offshore Brazil, or as thick delta complexes such as

the Niger delta (Poblet and Lisle, 2011).

The internal portions of a passive-margin fold and thrust sequence are regions that exhibit higher
initial-taper angles and thick sections of stronger metasedimentary rocks that detach on weak
sedimentary horizons, or brittle-ductile transitions zones, to create hinterland megathrust sheets
(Boyer and Elliott, 1982; Boyer, 1995; Mitra, 1997). Megathrust sheets are remarkable for their length,

thickness, and lack of internal deformation associated with transport.
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Plate subduction FAT boundary belts form by the oceanic crust subducting beneath the adjacent
continent before collision such as the Andes that is developed along the western coast of South
America by the subduction of the Nazca and Atacama oceanic plates. The denser oceanic crust is
forced down beneath and friction between the plates causes them to fracture and deform (Schellart,
2008). With continued subduction oceanic crust is accreted and folded onto the continental plate which
increases in thickness. Andesitic magma rise up from the subducted oceanic crust to create large
volcanoes prior to collision with the lighter tectonic crust forming accretionary wedges and andesitic
lavas (Ort, 1993). Other FAT thrust subduction processes are more evolved and longer existing
containing a variety of tectonic sequences including the upper-plate fragmentation, oceanic slab
break-off. This is characterised by major shifts in arc magmatism and distributed extension within the
upper plate, and progressive migration of deformation that forms for example the complex Zagros fold

and thrust belt processes (Agard et al., 2011; Lacombe et al., 2011).

Neighbouring intraplate fold and thrust belt plate convergence requires complex geological
movements. The Yinshan Jurassic-Cretaceous FAT belt of China, underwent contractional and normal
faulting, folding, and contemporaneous terrestrial sedimentation and magmatism (Poblet and Lisle,

2011) that includes normal faulting, magmatism and thick-skinned deformation.

Inverted rift fold-and-thrust belt are caused by the shallow fold-and-thrust geometry and the
shortening of syn-rift strata, due to rift inversion in the cratonic far-foreland setting (Ferreira, 2019)
Rift faults control the position of the thrust ramp nucleation, by causing syn-rift strata to overfold and
drape fold. Back-thrust and fore-thrust pairs form over elevated horsts. Multiple thrusting and lower

relief occur over buried rifts with multiple inverted faults (lzquierdo-Llavall et al., 2018).

The Canadian Rocky Mountains zone is a well-known and extensively studied foreland FAT belt with
the influx of immature gold-bearing clastic sediment that accumulates ahead of the thrust sheets,
especially in the Klondike Region which has formed due to the tectonic, geometrical and

lithostratigraphic complexity of their location (Groves et al., 2016). Significant knowledge of the fold
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and thrust belt mountain systems arose from hydrocarbon exploration in the foothills of the Canadian
Cordillera and the Rocky Mountains in the USA, both by surface mapping and targeted drilling (Bally
et al., 1966; Dahlstrom, 1970). Large-scale structural models have been developed that represented
the general geological characteristics. Thin-skinned fold and thrust belts were found to be foreland
directed thrust systems. Folds usually verge towards the foreland in the case of foreland FAT belts,
towards the trench in the case of accretionary wedges, towards the basin by back thrust belts (Ferrill

et al.,, 2021).

2.3.3 The foreland fold and thrust belt of northern Pakistan

In the field area, crustal collision related to tectonic plate consumption has resulted in the Indian
tectonic plate subducting beneath the Eurasian tectonic plate causing the continental crust to thicken
by folding and thrusting to form the Himalayas foreland fold and thrust belt due to the low-density
contrast between the two plates (Pearson and De Celles, 2005). The fold and thrust belt is the result
of the tectonic collision of two continental tectonic plates that was initiated when the tectonic Indo-
Australian tectonic plate separated from the African tectonic plate in the Upper Cretaceous Period (84
Ma) and began its very rapid northward drift towards the Eurasia tectonic which continues to this day
(Figure 2. 4). The northern boundary of the foreland basin is marked by allochthonous wedges of pre-
Tertiary rocks, which are thrust over the foreland sediments (Alam et al., 2014). These rocks form the
sediments in the field area above the Main Boundary Thrust. With the ongoing tectonism, the
southward migrating thrust sheets from the Himalayas shed their erosional products into the Indo-

Australian foreland basin (Figure 2.4).

Continual south-directed, décollement-related thrusting of the Indian Plate crust has caused the fold
and fault features within northern Pakistan and especially in the study area. There are three main
thrust faults in the Himalayas. These are, from north to south, the Main Mantle Thrust (MMT), the
Main Central Thrust (MCT) and the Main Boundary Thrust (MBT). Displacement on the MCT is on the
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scale of kilometres and is defined by a mylonitic zone separating the High Himalayan Crystalline Terrain
from the lower Tertiary sediments in the Lesser Himalayas (Korup et al., 2006). The MBT lies
immediately south of the field study area. and thrusts a Tertiary to current molasse of clastic rocks

and limestones atop of the Precambrian to Cretaceous lower Indian Plate rocks (Chen and Khan, 2009).
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Figure 2 4: Tectonic plates involved in the development of the Himalayas. Location of the study area

on the convergent Himalayan plate boundary is shown by black square.

The development of foreland fold and thrust belts consists of many types of folds and thrusts that
develop during various periods of tectonism. As the field-area shows, many of these structures are
concurrently active. The oldest stage of foreland FAT belts is considered to be the propagation of the
basal detachment and formation of foreland-directed fore-thrusts (Yeats and Hussain, 1987). During
the subsequent period, corresponding to a subcritical Coulomb wedge stage, back-thrusting
accommodates significant shortening (Torres-Carbonell et al., 2011). In addition to folds and thrusts

verging and directed respectively towards undeformed regions following a break-forward propagation
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sequence, other types of structures (back-thrusts and back-verging folds) occur in many belts behind

the deformation front, to the north of the field area (Poblet and Lisle, 2011).

Both fore-thrusts and back-thrusts bound the pop-up structure, which is a deformed zone
characterised by thrust-related anticlines (Fabbi and Smeraglia, 2019). Pop-up structures mainly form
subnormal to the maximum horizontal stresses and can be the only features which show evidence of
an earlier tectonic age or are not significantly affected by the current deformation ( Rutty and Cruden,

1993; Grodner et al., 2021).

Towards the hinterland, basement rocks become involved in the thrust sheets (crystalline thrusts).
Although these basement rocks may have been transported in a thin-skinned manner on sub-
horizontal thrusts over other basement or cover rocks, eventually, the thrusts root down into
crystalline basement rocks and lose their thin-skinned character and force the following sub-

horizontal thrusts to be confined. This results in the development of strongly deformed back-thrusts.

In thin-skinned tectonics sedimentary strata are detached from their basement along a decollement
horizon made up of rocks with low shear strength such as salt or shales. True thin-skinned tectonics
requires a detachment layer of sufficient thickness and in most cases, there are several thrusts
involved with thin-skinned tectonics. These are typical structures within the field area. In the foreland
of the Zagros FAT belt, sedimentary rocks with several décollement horizons have undergone similar

in-sequence thrusting thin-skinned region (Sarkarinejad and Goftari, 2019).

In contrast to this, thick-skinned tectonics consists of crustal shortening that involves basement rocks
and deep-seated faults (Pfiffner, 2017). In the internal parts of the Zagros fold and thrust belt, the
Tutak granite-gneiss dome is associated with sole thrusts and deformation in this part of the orogen
was thick-skinned (Sarkarinejad and Goftari, 2019). Thus, FAT belts can exhibit both thin- and thick-

skinned tectonics.
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The Neoproterozoic Salt Range Formation forms the Salt Range mountains and salt avalanches in front
of the range, along the Salt Range Thrust to the south of the field area (Qayyum et al., 2022). This style
is laterally transitional toward areas of thinner or lower net salt to up-dip domino fault arrays and
down-dip thrust systems such as in the fore-thrusts adjacent to the field area (Stewart, 1999). The
structural changes across the Salt Range reflect a systematic variation in the stage of their tectonic
development. It has a thick salt sequence, and the distribution of the salt affects thrust, normal, and

reverse faults (Ghazi et al., 2014).
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2.4 Folds and fracture characteristics

2.4.1 Fracture characteristics

The theoretical characteristics of individual fractures and folds are not investigated in detail in this
thesis as the entire fractured rock-mass is considered to represent a specific set of stresses and hence
the rock-mass response. A rock-mass consists of all the intact and fractured rock, as the solid
fragments may have different strengths and stresses. Various sets of fractures can be defined and
used to recognise groups of fractures but within the structural entity, all the fractures interact to a
greater or lesser extent. Fractures can be extended or terminated depending on the direction and
magnitude of the stresses and strength of the rock-mass. For example, large fractures or a highly
fractured rock-mass prevent the stresses cutting across and can reduce the chances of fractures.
Therefore, all the fractures are considered when evaluating a structural domain, allowing a greater

and more representative sample of the fracture characteristics of a particular fold and thrust type.

It is commonly recognised that the abundance of fractures is different in various rock types and
stratigraphic units. A combination of independently variable factors in carbonate rock, including
micrite content, sedimentary facies, the position of the bed in the stratigraphic cycle, as well as bed
thickness all impact on the fracture pattern (Ortaga et al. 2010). ldentification of mechanical
stratigraphy and fracture stratigraphy leads to a clearer understanding of fracture patterns and
attributes (Laubach et al., 2009). When considering fluid movement in rocks, fractures are often the
most important of geological structures, especially if the unfractured host rock is non-porous as it is

the research field area.

Fractures form to accommodate brittle deformation that occurs when the applied stresses exceed the
strength of the rock. Figure 2.5 illustrates that the type, orientation, and frequency of fracture sets

formed depends on the ratio of &1, 6; and &3 (Jadoon et al., 2007; Cosgrove 2015).
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Figure 2.5: Type, orientation, and frequency of fracture sets formed depends on the ratio of 61, 6, and
63. From Sorkhabi (2014).

The high level of abundance of fractures in a FAT belt, such as the field area, is because the rocks have
experienced numerous different types, phases and degrees of stress until they have reached the
current position. This is why it is necessary to quantify all the fractures within a rock mass. Importantly,
in this thesis, the different types of fractures, including age, displacement and composition are

considered as a single combined entity that defines the overall rock-mass.

2.4.2 Fold characteristics

In the brittle (near-surface) regime the two standard models of strain distribution within a fold are
those of the tangential longitudinal (TL) and the flexural flow (FF) (Bonne et al. 2001; Cosgrove 2015,).

These develop in homogeneous isotropic and anisotropic layers, respectively. In TL folds 61 or 63 is
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always tangential to the layer boundary. In an FF fold, parallel layers such as bedding planes in flexural
are planes of zero strain (a neutral surface as shown in Figure 2.6). These two different fold types have
the same profile geometries (they are both parallel folds with a uniform orthogonal thickness), but
the strain distribution in each is different (Cosgrove, 2015). In the field-area it was noted that
Transitional Longitudinal strain was more prevalent in stratigraphic units that were dominated by
limestone, such as the Lockhart Formation. In those strata which had a large amount of shale beds

between the limestones, such as the Patala Formation, strain deformation was in the form of flexural

flow.
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Figure 2.6: The two brittle (near-surface) regime, standard models of strain distribution for the
development. (a) Transitional Longitudinal (TL) consisting of isotropic wackestone that have a higher
fracture density shown by the changes in the shapes of the ellipses. (b) Flexural Flow (FF) consisting of

sheared layers of shale and limestone which form long bedding parallel fractures.

The tensile fracturing above the plane of zero strain (the neutral surface as shown in Figure 2.6a) in a
thicker isotropic layer of a TL fold extends along the fold axis (Figure 2.6). The extensional joints may
become shear faults as the angle between the fold axis and 81 increases. As a result, second-order
synthetic and antithetic shears may also develop on the flanks of the fold axis, typically in areas where

the dominant mode of deformation has become lateral shear, and the initial tensile fractures are re-
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exploited to accommodate the lateral stresses. The utilisation of pre-existing discontinuities (even at

a non-perfect orientation) is a typical method of stress relief at all scales (Bladon et al. 2015).

In the multilayer sediments being studied, both types of deformation and the associated fractures will
develop. The deformation of the more massive brittle limestone is likely to be dominantly by TL
fractures, whereas the shales will deform more by flexural flow and bedding-parallel slip (Figure 2.5).
During the buckling of the complex multitude of layers of different lithologies and different layer
thicknesses, the individual layers will develop their characteristic fracture distribution due to their

mechanical properties and thickness (Cosgrove 2015).

The various layers will start fracturing and folding at different times during the shortening with the
more competent layers fracturing due to TL strain, before the less competent layers that will
accommodate the stresses by shear through FF. It is likely that the flexural flow that results in the
shearing of the shales will cause the fracturing of stratigraphic layers and or shearing as the
compressive strength of the limestones is significantly higher than this strength. These can become
thrusts that break through the hinge regions of the fold (Jadoon et al., 2006). When combined with
the fractures generated as a result of TL stresses, this further increases the permeability of the hinge
zones. Because of the substantial mechanical anisotropy of the shale and limestone layers, the thrusts
typically exploit the weak shale decollement surface for a considerable distance before cutting up

through the stratigraphy.

Below the neutral surface, compression parallel to the layer will generate local thrusting or layer
parallel buckling and extensional fractures (Figure 2.6). In contrast, fractures that form in FF folds
develop as layer parallel shears on the limbs of the folds (the areas of maximum strain). The hinge
areas are areas of zero strain and are not fractured as the stresses are accommodated by flexural slip

along the layer parallel shears.

Because of the difference in strain distribution, the two types of fold have different fracture patterns.

The areas of high strain in TL folds are located in the hinge. In the hinge-zone above the neutral surface
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of a TL, in for example a strong limestone, the extension will give rise to either normal faults or

extensional fractures (Figure 2.7).
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Figure 2.7: Types of fractures forming around an anticline. Modified after Jadoon et al., (2006).

The folds at the end of a thrust can vary along strike from fault-bend to fault-propagation folds
(Qayyum et al. 2015). As these strata experience different strain histories, different fracture patterns
will develop. Where the mechanical anisotropy is higher, upright folds dominate with zones of more
intense fracturing in the brittle (in this case limestone) layers (Ferrill et al., 2016). The fractures may

not extend through interbedded shales which have deformed by FF.

Fault-bend folds, detachment folds, fault propagation folds, forced folds and roll-over folds are all
folds related to a movement on a pre-existing (thrust) fault, and the associated faults and fracture
networks are formed as a result of folding. As any of the fault-related folds amplify, they will fracture
more. With continued compression, these fracture networks may themselves form faults that cause

a variety of folds (Cosgrove, 2015).
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2.5 Fracture mapping methods

To allow proper analysis of the fracture systems, the data must be combined into geologically
homogenous groups which are characterised, and statistics defined. This is because a single fracture

is part of a network of fractures (Laubach, 2003; Hafver et al., 2014; Peacock et al., 2016).

Various types of data may be collected and calculated to characterise a fracture or group of fractures.
The relationships between the characteristics of the different data can then be analysed and
quantified. The specific kinds of data collected depends on what is being evaluated. Peacock and

Sanderson (2018) define seven types of structural analysis:

Geological descriptions,

e Geometries and topology,
e Age relationships,

e Kinematics,

e Tectonics,

e Mechanics, and

e  Fluid flow.

To allow proper analysis of the fracture systems, the data must be combined into geologically
homogenous groups which are characterised, and statistics defined. Geospatial and geophysical
techniques of relevance also provide information about groups or more correctly networks of

features. Common field measurement techniques are described below .

2.5.1 Linear scanline sampling

The simplest method for mapping fractures, apart from simple sketches, are to measure scan-lines of

the intersections of fractures or other discontinuity types including sedimentary bedding contacts or
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edges of igneous intrusions. Linear scanlines are one-dimensional mapping sections aligned
perpendicular to a fracture set likely to be of the same known orientation, timing, mode, or filling
(Watkins et al., 2015). The intersection of each fracture with the scanline, as well as attributes such as
aperture, throw or mineralisation are recorded. A scanline is subject to orientation bias, as fractures
subparallel to the scanline are under-represented. To correct for this bias, several scanlines at different
orientations should be measured in the same area. Typically, two scanlines would be set up
perpendicular to each other to ensure each fracture set intersects at least one scanline. Due to the

limited accessibility of the field area because of steep mountain slopes this would not be suitable.

2.5.2  Circular scanline sampling

Circular scanlines provide an estimate of the fracture characteristics based on the number of fractures
intersecting a circular scanline (n) and the number of fracture trace end points (m) within a circular
window (Mauldon et al., 2001). The fracture density, intensity, and an estimate of mean trace length
for the scanline can then be calculated ensuring the number of fracture ends should exceed 30
(Rohrbaugh et al., 2002). The circular sampling tools and estimators eliminate most sampling biases
due to orientation because of its non-directionality. As this method counts fracture intersections with
and terminations within each circle, rather than direct measurements of fracture attributes, it is also
not affected by length censoring or orientation, unlike the linear scanline. However, the location and
the size of the circle can have an impact on the results obtained. Topological measurement circles are
better as the characteristics of the nodes (intersections of fractures) allow more information of the

fracture characteristics to be determined.
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2.5.3 Topology of fractures

Topology is the study of geometrical properties and spatial relations unaffected by the continuous
change of shape or size of objects such as lines (fractures). It describes the spatial relationships such
as connectivity and continuity of objects and the mapped fracture intersections (nodes) define
properties rather than the inherent properties of the individual fractures (Sanderson and Nixon,2015).
This approach provides an improved understanding of the overall behaviour of the physical properties
of the rock mass under consideration, particularly in terms of its strength, porosity, and permeability

(Sanderson and Nixon, 2015).

Topology emphasises the relationships between structures, e.g., crossing and abutting of faults and
joints as nodes and branches. A measurement circle is placed on the outcrop and the number of
fracture intersections with the circle edge, and the number of fracture terminations within the circle
determined. From these intersections (nodes) the topological characteristics of the outcrop are
determined. Fracture topology describes the fracture network as a series of nodes (Sanderson et al.,
2018; Procter and Sanderson, 2017; Sanderson and Nixon, 2015). Node are defined as “e” nodes,

w:n
|

intersecting the circle edge, “i" nodes, terminating into rock (unconnected terminations), “y” nodes,

abutting against another fracture or “x” nodes crossing another branch (Figure 2.8).

The proportions of node types provides a basis for characterising the topology of the network. The
relationships between the fractures and, hence, to the network rather than its constitutive elements
are evaluated (Sanderson et al., 2018). The main topological descriptions are number of nodes,
connectivity(interlinking) of nodes by branches, intensity of nodes, fracture density per unit area and

mean trace length.
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Figure 2.8: Different topological node types in a measurement circle. It is easy to see how the lines
within the circle can be equated to fractures and hence the types of nodes determined. Modlified after
Procter and Sanderson (2017). Node types are: “x” — cross-cutting intersections (red); “y” — abutting
against a single branch (green), “I” unconnected terminations in the rock (blue), and “e” intersecting

the circle edge (yellow). These colours are used throughout the thesis.

Topology analysis can determine the intensity, frequency, orientation, and length of fractures. The
system of branches and nodes can be used to define both geometrical features, such as length and
orientation, and the relationship between elements of fracture network — the topology. This can

facilitate the prediction of the geotechnical behaviour of the rock.

2.5.4  Fractal analysis of fractures

In Euclidian space, a line is one dimensional, a surface is two dimensional and shape such as a cube is

three dimensional. This can also be considered as the number of variables in a system, for example,
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each dimension increases the number of different axes. A ratio that determines how detailed the
complexity of the variables of the intermediate dimensions determines an irregular geometric object

with an infinite nesting of structure at all scales.

The intermediate dimensions are referred to as fractal dimensions and have values between the
dimensions of the objects and the dimensions in which the objects are observed. A key property of
fractals is that the fractal dimension differs from the conventionally understood dimension
(Mandelbrot, 1983). If a fracture was measured with a millimetre-scale ruler, considering all the
irregularities, it would show a longer dimension than if it was measured with a single metre-scale ruler.
This relative increase in the total measured length is known as the fractal dimension as it increases in
fractions from whole spatial dimensions. In this research, fractal dimensions vary from one dimension,
a perfectly straight line, to two dimensions when the when the object forms a planar shape. All other
fractal dimensions between one and two are greater than a straight line but not a planar shapes which
allows the perception of the increase in complexity of the shape. A variety of one-dimensional lines
and two-dimensional surfaces associated with fractures were investigated, but it was suggested that

these did not exhibit fractal characteristics (Gillespie et al., 1993).

In this study, fractal dimensions are calculated using a scale-independent box-counting method as
defined by Mandelbrot (1983) and employed by many authors to characterise fractures (e.g., Cahn,
1989; Kagan, 1991; Odling, 1994; Berntson and Stoll, 1997; Libicki and Ben-Zion, 2005; Zhang, 2020).
Other methods for the calculation of fractal dimensions, such as the probability-density (Nykamp,
2020) or pair correlation functions (Satoh, 2003), which compare the number of points closer together
than a specific distance with the total number of points, may also be employed (Grodner et al., 2021).
Importantly, the fractal dimension calculated using the box counting and the pair correlation methods
have the same average values (Mou and Wang, 2016). The point analysis methods are typically utilised
where there is uncertainty in the validity of the much simpler and more widely recognised box-

counting methods.
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With the box-counting method, features a square divided overlying the object of interest is divided

into a grid of smaller and smaller box sizes (Fernandez-Martinez and Sanchez-Granero, 2014). The

number of boxes containing the object of interest is then counted for each box size — in this case lines

(Figure 2.9).
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Figure 2.9: A square with red lines sub-divided into a grid of smaller and smaller box sizes. The number

of boxes containing fractures (indicated by lilac shading) increases from 4, to 15, to 61, to 165.

The number of boxes containing the object (N) is plotted against the box size (S) to determine the

fractal dimension (D), that is shown by D = log(N)/log(1/5)

D = log(N)/log(1/5)

(Equation 1)

(Equation 1.
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A number of different box-sizes are measured and a log-log graph of 1/box length vs. number of boxes

with the object is plotted. The slope of this graph is the fractal dimension (Figure 2.10).
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Figure 2.10: Log-log graph of 1/box length vs. number of boxes of different sizes within a dataset. The

slope of the best-fit line represents the fractal dimension.

The line of regression defines the trend of the data points on a scatter plot. It is used to predict the
behaviour of data using the slope of its line. The lower the correlation between the two axes, the lower
the confidence is to predict the accuracy of the trend. In the case of the box-counting curve, especially
considering the tightly focused variations in box size and the small number of boxes that do or do not
contain fractures in this thesis, it is still possible to derive different fractal dimensions, even though the

correlation may not be as high as one would desire.

Determination of the statistical self-similarity of the box-counting dimension is a function of scale,
especially at smaller scales (Bouda et al., 2016). Box-counting methods may not be especially accurate in
small box scale due to the restriction of pixel sizes in digital images (Wu et al., 2020). Fractals are
generally described by the Hurst exponent of a power law. This power law may have implications on

fractals as it would require unrealistically large-sized fractures (Baecher, 1983).
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Upper and lower restrictions to the box-counting method are clearly important. The greatest spread
of box-sizes that do not bias the upper and lower box data are required. Hence, one-metre-wide boxes
are utilised to include typical fracture spacings, with a minimum size of five-centimetre boxes to
ensure that irregularities at a small scale do not affect the calculation of the fractal dimension. To
allow the realistic comparison of topological and fractal data, the circular measurement circles for

topological data have all been placed on the fractal grid.

2.6 Remote Sensing

Data pertaining to fracture distribution can be collected remotely, either from satellite, or flight,
ground-based surveys, or underground collection. As these techniques are not part of the high-
resolution outcrop mapping as described in Section 2.5, they are broadly classified as “remote sensing”
techniques. The high-resolution data is used to better understand the characteristics of the remote

sensing data.

2.6.1 Satellite imagery

Landsat is a joint NASA / USGS earth observation satellite program that was launched in 1972 — the
most recent satellite, Landsat 9 was launched in 2021. It contains optical and thermal sensors, with
the OLI optical sensor acquiring data for nine spectral bands with a ground sample distance of 30 m
for all bands. Sentinel-2B is a comparable satellite operated by the European Space Agency (ESA) and
has a Multispectral Instrument (MSI) that collects data in the visible, near-infrared, and short-wave
infrared portions of the electromagnetic spectrum. The ground sample distance is too long for the
detection of fractures, stratigraphic contacts, including those caused by faults can only be mapped
over a wide scale. Collection and interpretation of this data is expensive, and it was considered

inappropriate as the objective of the project was to investigate details fracture patterns.
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2.6.2 Geospatial data tools

Google Earth is probably the easiest software that can be used to process satellite images. The visible
spectrum images are sourced from a variety of satellite companies and are combined into a mosaic of
digital elevation models of images taken over many days, months, and years. The collected imagery is
then displayed as one blended image at resolution ranges from 15 metres to 15 centimetres. All the
GIS data for this thesis, including spatial positions of mapping sites and stratigraphic and structural
information have been captured on Google Earth. Google Earth allows the positioning of the field GPS

points and the outcrop mapping can then be rectified by using ridge-lines or linear features (faults).

ArcGIS is geospatial software to analyse geographic data. ArcGIS is built around a geodatabase of
spatial data. It links the spatial features with attributes and rules on how features relate to one
another. A geodatabase can store multiple feature classes or type of features within one file.
Importantly, ArcGIS can be used at a variety of scales to test the geospatial relationship between
factors. In this thesis, the spatial relationship of fractures on metre-scale outcrops are analysed using
ArcGIS, but on a more detailed scale. The fracture patterns and characteristics are defined using the
same spatial and analytical tools. A highly fractured wackestone was also analysed using 5 cm wide
circles and it also produced an accurate analysis of the fracture pattern. ArcGIS is however very time-
consuming as unless lineaments can be automatically picked up from the image they need to be
manually mapped. Unfortunately, the similarity of the colours of the fracture patterns made this

impossible.

2.6.3 Electromagnetic data

The variations in the electrical of properties of rocks including conductivity, resistivity, permeability or
permittivity are measured by employing electromagnetic fields, including methods that use direct
current (electrical or resistivity methods) and induced polarization, especially detection of shallow
carbonate landslides (Revil et al., 2020), as well as methods that use microwave frequencies such as
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ground-penetrating radar (GPR). GPR provides a high resolution, cross-sectional image of the shallow
subsurface as a short pulse of electromagnetic energy is radiated downward. Depth measurements to
interfaces are determined from travel time of the reflected pulse and the velocity of the radar signal. GPR
is well known to image subsurface geological stratigraphic layers and structures including faults and
fracture trends. Other methods that use natural electromagnetic fields known as magnetotelluric
methods. As fractures generally have different electrical properties to the host-rock, many of these

techniques can be used to identify and map especially large-scale deeper fractures (Figure 2.11).
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Figure 2.11: Magnetotelluric section profile showing the high resistivity zone (100 Qm) zone beneath

the Main Boundary Thrust (MBT). From Unsworth (2009).

Electromagnetic techniques can be used on surface and underground in boreholes. The resolution of the
target, be it a shear-zone hosted gold deposit or fracture characteristics, ranges from kilometre to
millimetre scale utilising satellites to microscopes if there is a strong enough electromagnetic contrast in
the target.

Drone mapping of visible spectrum data can acquire high-resolution datasets at altitudes between 10

to a few 100 m (Vollgger and Cruden, 2016).
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Photogrammetric modelling of the data in software such as Agisoft or Pix4D generates a
georeferenced spatial dataset — a point cloud. Each point within the point cloud is associated with the

following nine attributes (Vollgger and Cruden, 2016):

e X,Y,Zcoordinates (digital elevation model or DEM);
e Colour channels (red, green, blue); and

e Orientation data of the vertex normal vector (nx, ny, n;) for each point.

Images are mapped on the triangulated DEM surface with sub-centimetre resolution and centimetre
accuracy. The DEM creates surfaces from triangulated irregular networks (TINs), the orientation and
continuity of which are digitally extracted. This enables automated measurements of planar structures

such as fractures, bedding and foliation (Corradetti et al. 2017).

Synthetic aperture radar produces its own energy by simulating a synthetic large antenna from a
sequence of shorter antenna and recording the amount reflecting back. Radar sensors utilize longer

wavelengths at the centimetre to metre scale and can produce high resolution topographic images.

LiDAR uses lasers to produce a high level of accuracy for 3D mapping with a level of a few centimetres.
This can be used to map decimetre scale outcrops to detect the fracture pattern. Unfortunately, the
Pakistani authorities would not allow me to fly drones in the field area so | could collect these types

of data.

2.6.4 Seismic data

This thesis attempts to provide better understanding of how the mapped fracture characteristics can
be translated into the subsurface and hence affect the production of hydrocarbons, thereby increasing
the understanding from seismic data. Seismic data holds a lot of information. Not only does it identify
reserves, but it also provides critical information on fracture density and orientation, which is crucial
to accurate drilling and well placement. Fractures in a rock mass influence the velocities and
amplitudes of seismic waves that have propagated through them (Boadu and Long, 1996). Detection
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of changes in the velocities of seismic waves permits a detection of fractured rock-mass. (Pan et al.,
2021). Identification of fracture systems is possible using wide azimuth long offset 3D seismic data
together with azimuthal processing techniques such as offset vector tiling, which provides attributes
such as fracture intensity, fault likelihood and coherence within the rock- mass (Shoaib et al., 2022).
The structures in the oil-bearing sections of a FAT belt are mostly thrust-related anticlines and
associated pop-ups, making it important to identify these fracture patterns (Shoaib et al., 2022).
Seismic attribute generation associated with the orientations of fractures can be to investigate

structural complexities and assign fracture intensities to the rock mass. (Figure 2.12).
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Figure 2.12: Plan view of the fracture intensity of the main carbonate reservoir in Lockhart Formation
of the Ratana Field (Shoaib et al., 2022). The study area of this thesis also contains a significant amount

of Lockhart Formation.

The investigation of fractures should start early in the exploration stage. Relevant surface outcrops of
the reservoir section or reservoir analogues can form the basis of a lithology and structural
models(Bratton et al., 2006). Fracture surface maps are likely to be consistent with production data

from the field in that areas of high fracture intensity as long as the geological models are correct.

2.6.5 Borehole data
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The primary use of boreholes is to generate models of the stratigraphy and structural geology at depth.
Boreholes serve to confirm that geophysical projections are accurate. Thisis acquired by drilling an open
drill bit and recovering sections of the core progressively from the hollow core barrel (Figure 2.13a).
The extracted core, which is a physical specimen shows clearly what the rock and the fractures are and
does not depend on the interpretation of measurements from downhole geophysical tools (Figure
2.13b). The rock-types and stratigraphic succession are logged are directly compared and accurately

analysed with the surface exposures of the relevant rocks.

(a) (b)
Figure 2.13: (a) Drill-core with a rotary diamond drill bit; (b) Diamond drill-core from the Bushveld
Complex, South Africa, showing the physical characteristics of the stratigraphy and fractures and the

sampled drill-core (halved core) above the yellow marker.

The structural characteristics of surface exposures can be compared with those mapped in the seismic
section and detected in the borehole. Typically, the geological and geophysical characteristics are
measured and compared with surface 3D exposure models to permit an understanding of the reservoir
shape and size (Raeesi et al., 2012). Downhole tools are utilised in the long boreholes to provide a
constant set of data. Two broad groups of measurement are undertaken with downhole tools. Firstly,
measurements while drilling (MWD) which are directional drilling measurements mainly to ensuring
the smooth operation of the drill (Halliburton, 2019). Logging while drilling (LWD) refers to

measurement of the geological characteristics of the rock. LWD tools can measure a suite of geological
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features, including density, porosity, resistivity, and formation pressure (Rigzone, 2019). Fracture
identification can be done with acoustic logging (Wallace International, 2019). These different datasets
provide a high-resolution 3D structural and stratigraphic orientation data that can be utilised to

confirm and calibrate seismic interpretations.

2.7 Geostatistics of fracture patterns

Tools to quantify variations in the properties of fractures and fracture sets involve an array of concepts
ranging from basic statistical characteristics such as minimum, maximum, mean and variance through
fractal analysis, power laws, scaling and resolution, and percolation theory (Guerrieo et al., 2011). If
the geostatistical variability between datasets is low or it varies systematically, then it is likely that the
fractures are geologically related even with different fracture types showing varying mathematical
characteristics (Petford and McCaffrey, 2003). Traditional techniques do not account for the sequence

of fracture spacing nor possible coordination between fracture size and position (Bonnet et al. 2001).

2.7.1  Spatial statistics of fracture patterns

The stochastic character of fractures is widely recognized; and statistical sampling and evaluation and
probabilistic descriptions are in general use. However, in many instances not enough empirical
evidence can be obtained to confirm the characteristics of the random variables, and many of the
characteristics have thus a significant speculative component. Two potential techniques for describing
fracture patterns exist. Firstly, disaggregate characterisation where each fracture characteristic is
described separately as shown in Table 2.1 (Dershowitz and Einstein, 1988). The second technique,
aggregate characterisation, determines the interdependence of joint characteristics. It allows the
regular, uniform, periodic arrangements with some form of clustering or repeating pattern.
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Table 2.1: Disaggregated fracture characteristics (after (Dershowitz and Einstein, 1988).

Parameter Description

Shape Fracture boundaries can be polygonal, elliptical or irregular.

Planarity Fractures can be planar or non-planar and this deviation can occur on a number
of scales

Joint size Generally expressed as trace length on a 2D surface or as the surface area of an

individual joint

Persistence The sum of all the trace lengths or sum of the surface areas

Co-planarity The number of joints that can be located on the same plane

Location Position of joint, often it is only the spacing or intensity

Spacing Distance between points produced by a line perpendicular to the joint surface
Intensity Number of joints per unit area or unit volume

Orientation Orientation of the joint plane in space expressed by dip and strike

Fracture surfaces are described to exhibit fractal features, mostly characterised by the Hurst exponent of a
power law. This power law may have profound implications on the mathematical modelling of fractures.
If this scaling effect exists at all scales the physical properties of fractures must be functions of the fracture
sizes in all ranges, which could present problem for the characteristics of the physical properties of large-
sized fractures (Baecher, 1983). Proportional length bias in which larger discontinuities are
sampled with increased probability, and censoring biases in which larger discontinuities are often

only partially observed, complicate the statistical inferences (Baecher, 1983).

The complete description of fractures is difficult because of their three-dimensional nature and their
limited exposure in outcrops. An ideal characterisation of fractures would involve the specific
description of each fracture in the rock mass, defining its geometric and mechanical properties.

Fractures in a rock mass are usually described as an assemblage rather than individually. The fracture
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pattern has stochastic character that varies in space. Spatial variability can but does not have to imply
random underlying mechanisms. It may just as well be the result of a number of simultaneous or

sequential but very specific mechanisms.

The spatial distribution of fractures can be interpreted in the function of the processes responsible for
their formation and evolution. The classic example of the analysis of spatial variability of rock fracture
orientations or vectorial variables in general is kriging which was created by Danie Krige (hence kriging)
in his analysis of the gold reefs of the Witwatersrand Basin in South Africa (Young 1987). With kriging,
the variation and hence, the range of influence of object pairs is determined by creating a semi-
variogram in different directions. Successively more points are paired up with increasing search radii
until the variance no longer increases, reflecting the range of influence of the point. Semi-variograms
are determined for various directions, and an ellipsoid is created. Fracture pattern variations can also
be determined by kriging. For example, the proximity to a fault strongly influences the magnitude of
spatial variability for both fracture intensity and intersection density (Hanke et al., 2018). When there
are additional structures, such as a fold, the spatial variability becomes less correlated with trends of
the fault. Directional semi-variograms of the fracture intensity and intersection density of the fracture
network can become subparallel to the fold axis (Hanke et al., 2018). Prediction of the distribution of
fractures requires careful consideration of the sequence-of structural deformation processes (Zahm

et al., 2010).

46



Chapter 2 Literature review
2.8 Summary of literature review

The fieldwork in Pakistan has been undertaken between 5 and 30 km north of the capital city of
Islamabad where the geology is dominated by sedimentary deposits and structural features associated

with the Himalayan Orogen.

Fold and thrust belts typically form on the external edges of this orogen and consist of deformed
sedimentary rock in which the layers are folded and duplicated by thrust faults. This makes it an ideal
environment to evaluate folded and fractured rocks. The limestone and shale fractures in the frontal
Himalayan fold and thrust belt of the research area, form an evolving stress regimes leading to
progressive deformation that is affected by diagenesis and then thrusting up of the slabs of rock.
Fractures are rarely uniform nor truly random in their spatial distribution. Specific types of fractures
occur that are affected by burial diagenesis with hydrofracturing and then meteoric water

modification and especially thrusting in the field area.

Distinctive patterns form in different structural features which allows them to be characterised by the
combined sets of data in the fracture. The characteristics of all the different fractures can assist or
terminate the growth of the pattern due to the changes of strength and applied stresses within the
rock-mass. Therefore, all the fractures should be considered when evaluating a rock-mass. Due to the
great exposure of the rock types, it is possible to capture complete data-sets of the fracture patterns

of many examples of different structures.

Sedimentary carbonates including wackestones, packstone and lime mud along with associated clastic
rocks (especially shale) are encountered in this research area. The depositional environments of the
various rock types are considered to represent a narrow range of successive transgressive and
regressive events resulting in sedimentary deposits between the shallow outer ramp and lagoons of
the inner ramp. Micritisation and microspar processes have however recrystallised the original matrix

modifying and homogenising the rock-mass properties of the limestones. The development of
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microspar from micrite dramatically changes the porosity and permeability in fine-grained limestones
such as wackestones. Micrite is characterised by significant microporosity but microspar becomes
much more tightly cemented and typically has very low volumes of microporosity. These brittle and
highly strengthened limestone are highly stressed and fracture as larger blocks across the bedding by
transitional longitudinal (TL) fracturing (Cosgrove 2015). The shales allow slippage between the
numerous closely spaced beds causing parallel shearing the due to flexural flow (Cosgrove 2015).
Intensely fractured rock causes the termination of different rock-mass responses and hence the shale
layers act as barriers between the strong limestones in formations of rocks such as the Patala which
contain alternating layers of shale and limestone. This allows the description of the relative
proportions of the two rock types, and each mapping site can be described as relative proportion of

them.

A different type of fracture mapping approach is suggested, combining the topological and fractal
characteristics of fractures. Topology describes the spatial relationships such as connectivity and
continuity of objects and the mapped nodes define properties rather than the inherent properties of
the individual fractures. Fractals dimensions of fractures on a surface vary from one dimension, a
perfectly straight line, to two dimensions when the when the object forms a planar surface. The fractal
dimensions of the mapped fractures are between one and two which allows the determination of the

increase in complexity of the fracture.

Both measurement positions are taken in the same location (the topological circle is centred on the

measurement grid). This allows a distinctive set of characteristics to be defined for structural features.
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3. Methodology

3.1 Introduction

This chapter provides a description of the field techniques and data analysis techniques used and
developed for this work. A summary of the most important methods and their implications for a select
number of outcrop localities are published in Grodner et al., (2021), whilst full details of all the
localities and data are given here. The methods described include geographical data capture to ensure
the correct positions of the mapping sites and regional and local geological data. This involved
mapping of sites using measurement circles, measurement lines, and interpretation of photographs
using ArcMap. Seven field regions have been evaluated in a study area in the Himalayas north of
Islamabad, ranging between 5 km west and 45 km northeast from Islamabad (Figure 1.1, Chapter 1).
The proximity of the field area to Islamabad allowed access to the mountains of the Himalayas both

via tar road, and dirt tracks.

The Himalayan Fold and thrust (FAT) belt is a characteristic structural system (Hammerstein, 2020).
FAT belts potentially host large oil and gas fields, but as they are difficult places to explore substantial
resources remain thereby promoting research into thrust fold related structures (Graham et al., 2010;
Butler et al., 2018; Zuccari et al., 2022). There are many different geological structures in a FAT terrain
and the techniques applied here allow the separation and quantification of these features such as

thrust fold related structures.

Mapping transects are at right angles to the southwest-northeast main frontal Himalayan structural
trends in the field area. These cross-sections are perpendicular to the major structural features
including folds and thrusts in the limestones of the hanging-wall of the Main Boundary Thrust. The
field-data is analysed using a combination of topological characteristics and fractal dimensions to

characterise fracture patterns and relate them to structural domains. When these methods are
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considered together for all the fractures within an area, fore-thrusts, pop-ups, synclines, anticlines
and back-thrusts can be distinguished (Grodner et al., 2021). Specific nomenclature and descriptive

terms are applied to data types and collection methods (Table 3.1).

Table 3.1: Data collection terms and their meaning in this thesis.

Term Meaning

Brittle discontinuity separating the mechanical properties of a rock. It is very

narrow in width relative to the other two dimensions. The term includes joints,
Fracture . . . .

extension fractures (and veins) as well as shear fractures with displacement sub-

parallel to the fracture (Peacock et al., 2018).

A fracture set is a subsection of a fracture system within a rock-mass with similar
Fracture set properties (Peacock et al., 2018). Properties can include orientation,
and fracture mineralisation, or genetic origin. The cumulative characteristics of a fracture
network network are formed by the interactions of different fracture sets that need to be

considered to define the rock-mass character.

A matrix consisting of intact rock and associated fractures. The properties of a

rock-mass are a product of the fractures and the intact rock-mass (Bieniawski,
Rock-mass

1975; Barton et al., 1974; Laubsher, 1977).

A tape-measure extended over a fractured rock to permit the spacing of the
Measurement . . .

fractures to be measured. This allows calculations such as fracture density and
line fracture frequency to be determined.

A 1 m diameter circle drawn on a scaled digital photograph of the rock exposure
Measurement | and used to determine the topological characteristics. A 1 m wide box is centred
circle and box | on the circle and used to collect box-counting data to determine the fractal

dimension.
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Terminations and intersections of fractures in a measurement circle used in the

Nodes topological analysis of data (Sanderson and Nixon, 2015).

Quantification of the arrangement fractures and how they are connected

(nodes) from which it is possible to derive fracture density, fracture intensity,
Topology

mean trace length and the number of fracture tips, lines, and branches.

A quantification of the self-similarity or scale invariance of a fracture network.
Fractal
There are numerous methods to quantify the fractal dimension. This work
dimension
employs the box-counting technique (Figure 3.22).

Microsoft Image Composite Editor (ICE) takes a series of photographs and

ICE creates a high-resolution panorama which permits cross-sections of folds and

thrust faults to be analysed.

A geospatial processing programme that is used to view, edit, create, and
analyse geospatial data. Conventional geospatial evaluation such as analysing
geographic maps and satellite images were not applicable. In this research,
geospatial data are cross-sections of faults (metre-scale) and closely spaced
ArcMap
fractures (centimetre-scale) and was captured using ICE The ArcMap tools for

determining the box density, linear density, and length of features are used to

characterise different fracture sets.

3.2 Geographical data capture

The position of the mapping sites in each of the seven mapping regions was recorded using a hand-
held Garmin Map64 GPS navigation device (Table 3.). This data was checked during each evening of
the fieldwork to ensure that the positions were correct using known roads, rivers, and topographic

features (Figure 3.14). A map was generated in Google Earth to analyse the regional structural setting
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of the field area (Figure 3.15). The stratigraphic and structural information was transferred from the

maps of the different field sites described in Chapter 4.

Table 3.2: Geographical locations of mapping sites as measured with the Garmin Map64 GPS.

Region | Name Site | Latitude | Longitude
1 | 33.723° | 72.916°
2 | 33.723° | 72.921°
3 | 33.725° | 72.926°
1| tosarBaoli = s | 720207
5 | 33.744° | 72.932°
6 | 33.746° | 72.940°
1 | 33.807° | 73.127°
2 | 33807° | 73.126°
3 | 33.807° | 73.127°
4 | 33.807° | 73.128°
2| Makhnival e | 73.1340
6 | 33.815° | 73.134°
7 | 33.820° | 73.133°
8 | 33.826° | 73.129°
1 | 33.766° | 73.039°
2 | 33.766° | 73.037°
3 | 33.771° | 73.031°
3 | Talhaar 4 | 33.776° | 73.036°
5 | 33.781° | 73.037°
6 | 33.781° | 73.036"
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33.773° | 73.046°
33.774° | 73.046°
33.777° | 73.045°
33.796° | 72.998”
33.796° 73.000°
Najafpur 33.792° | 73.022°
33.793° 73.035°
33.793° 73.059°
33.778° 73.169°
33.779° 73.171°
Shah Dara 3776 T
33.775° | 73.173°
33.919° 73.203°
33.922° 73.197°
33.922° | 73.192°
Jabbri 33.895° | 73.171°
33.872° 73.173°
33.867° 73.174°
33.857° 73.161°
33.992° 73.392°
Changla Gali 33.992° | 73.393°
33.993° 73.393°

Methodology
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Figure 3.14: (a) An example of the Google Earth image of the mapping sites in the Talhaar region; (b)

Locations showing how the mapping sites were confirmed using features such as roads and rivers

clearly visible on Google Earth.
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Figure 3.15: Geological map of the Talhaar region.
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Figure 3.16: Google Earth image of all seven mapping sites in the field area. MBT = Main Boundary
Thrust — all the field areas are located in the hanging wall of the MBT. Note the southwest — northeast

strike of the geological structures.

3.3 Geological data capture methods

At each mapping site, information on the lithologies and geological structures were collected. The
lithological information permitted confirmation of the stratigraphic position of the site and aiding in
the understanding of the geomechanical characteristics of the site. Mapping of the structural features
is important both to relate the characteristics of each site with large regional structures as well as to

determine the appropriate measurement methods.

The individual constituent fracture types within the fracture system are not separated for analysis. In
these complexly fractured rocks of the field sites, the concept of fracture sets is problematic. Sets are
typically defined as fractures sharing a narrow range of orientations and broadly contemporaneous
timing characteristics captured by fracture patterns (abutting and crossing relations) or distinctive

mineral deposits (Hancock, 1985). In this thesis, all fractures are considered for analysis to investigate
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how the true cumulative effects of successive tectonic stresses can be used to discriminate different
characteristics of the strained rock-mass. The fracture patterns investigated during this work reflect
progressive deformation resulting in the creation of numerous stresses and fractures associated with
each successive deformation event. As such, orientation and other typical aspects of sets are
considered to be unreliable markers of relative timing of formation and of set membership. The
complexities of the timing of these multiple fracture events, which could potentially be resolved from
fracture cement fill sequences and their dating (Laubach et al., 2019), interactions with fracture tip
propagation dynamics (Renshaw and Pollard, 1994), and other processes (Long et al., 1996), are
impractical to work out without detailed petrographic analysis, which is beyond the scope of this work.
The focus of this research is to understand the spatial and connectivity relationships of the whole

fracture population in the context of the wider structural scale.

To capture the fracture characteristics, the fracture properties were recorded together at each site.
This approach integrates discrete topological and spatial methods for characterising fractures and
fracture networks by employing fractal dimension to provide a spatial context of the distribution of
the constituent fractures. This data is then combined with analyses of the observed topological
relationships and interconnectivity of the fracture networks. The approach provides a more robust
assessment and analysis of the fractures observed within the rock-mass and their characteristics than
can be achieved from application of either method in isolation (Grodner et al., 2021). As all the
topological and fractal data are considered together, all the interactions between fractures, and their
effects upon the characteristics of the rock-mass are defined. Moreover, this approach dramatically
reduces the time taken for data collection compared to traditional fracture sampling techniques and
provides large amounts of unbiased data representative of fracture network characteristics over a

wide range of fracture of the rock-mass.

A series of measurement techniques have been employed at each site to quantify the fracture

characteristics. The most notable of these techniques is the measurement circle and the associated
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topological and fractal data measurements (Grodner et al., 2021). Other field mapping techniques
include line mapping, and mapping of fracture characteristics in small (5 and 10 cm wide) squares in
highly fractured rock-mass. The fracture density, length, and count has also been determined by
digitising images of the rock into ArcMap. The different types of measurements taken at each site are
listed in Table 3.3. A total of 151, one metre circles at 42 different sites and 34 additional sets of data

were captured including:

e 5and 20 cm, and 2 m diameter measurement circles (6 in total)
e Measurement lines (12)

e 5and 10 cm measurement squares (9 in total)

e Digitised ArcMap image analyses (3)

Details of the different data capture methods are described below (Table 3.3).

Table 3.3: Measurement methods per site. “No. circles” refers to the number of measurement circles

used to collect topological and fractal data and “Total” is the total number of circles in each region.

Name | Site No. circles | Other measurement methods | Other data types
1 6
2 5
3 2
.TSU
I - L
a
3 5 2 Measurement lines * 3 frac spacing and frequency
6 3
Total | 20
1 0 Fracture mapping
‘©
£ |2 10
2 | £
©
= 3 4
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4 0 10 cm measurement fracture spacing and
squares * 6 frequency
5 6
6 5
7 0 Fracture digitising in ArcMap of | fracture density, length,
5 cm diameter measurement | count
circles * 4
8 6
Total | 31
1 4
2 4 Measurement lines * 2 frac spacing and frequency
3 3
4 4
5 2 Measurement line * 1, detailed| fracspacingand frequency
3 5cmsquare * 6
6 3
7 10 Fracture digitising in ArcMap frac density, length, count
< 8 6
©
|_
9 2 Measurement lines * 3 frac spacing and frequency
Total | 38
1 0 Measurement lines * 2 frac spacing and frequency
2 2
s | 3
® 3 8 Fracture digitising in ArcMap frac density, length, count
O
4 4
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5 2
Total | 16
1 4
2 1
c o |3 1 2 m and 20 cm diameter circles in
5 &5
w O same centre
4 6
Total | 12
1 1
2 0 Bed thick vs. fracture count
3 6
4 6
S
6 ® 5 5
6 1
7 3 Measurement line * 1 frac spacing and frequency
Total | 22
1 1 10 cm measurement squares frac spacing and frequency
§ 2 5
©
! & 3 6
©
£
(@]
Total | 12
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3.4 Measurement circles

Folded and faulted rocks in the study area are characterised by individual fractures that have lateral
extents on the scale of centimetres to millimetres and vary in type and orientation within a small area.
Characterising each individual fracture is therefore inappropriate at the outcrop scale in these strata.
Moreover, the wide range of fracture strikes at any one measurement site means that the one-
dimensional scanline technique (Guerriero et al., 2010) has a strong bias as fractures that are sub-
parallel to the scanline are less likely to be intersected by it. For such inherently two-dimensional
patterns, techniques of rectangular or circular window mapping are preferable (Mauldon et al., 2001;
Watkins et al., 2015). Circular window mapping is utilised as topological information can also be

derived (Mauldon et al., 2001; Sanderson and Nixon, 2015).

At each sampling location a circle of 1 m in diameter was marked onto the outcrop and photographed
with numerous digital photographs covering the 1 m circle (Figure 3.17). Several measurement circles
were mapped at each sampling site, on surfaces oriented both parallel to and perpendicular to
bedding, and on surfaces created by road-excavations at oblique angles to bedding (Table 3.3).
Analyses of the fracture characteristics at each of the sampling sites are based on the combined data

of all the circular windows, and the different angles of the circles, thereby reducing orientation bias.
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Figure 3.17: Examples of measurement circles chalked on the rock-mass which can be highly fractured.
The chalk circle is not clear in the right-hand image due to the high degree of fracturing. To compensate
for this, circles of the appropriate size are drawn during the compositing of the photographs of a

measurement circle.

3.5 Topology from measurement circles

Topology describes the way in which constituent parts of a system are arranged, interrelated, and
connected. The arrangement of components within a geometrical system - in this case, a fracture
network - can be defined in terms of topology, and an analysis of that arrangement can provide critical
information on network pathways. For example, a high number of cross-cutting fractures suggests
interlinked networks with continuous pathways between them. The topological characteristics of a
fracture network can be determined at any scale (Sanderson and Nixon, 2015). The types of
intersections (termed 'nodes') between fracture traces present within the measurement circles at

each of the sites in this study were characterised (Figure 3.18).
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Figure 3.18: Node types of intersecting fractures as defined by Mauldon et al. (2001) and Sanderson

“” .,

and Nixon (2015). Fractures branches are labelled “B”. Every “x” (red) node has four branches, every

wn
]

“y” (green) node has three branches and every “i" (blue) node has one branch.

The types of nodes are defined as follows (Mauldon et al., 2001; Sanderson and Nixon, 2015), and are

identified in all subsequent diagrams and photographs by the following colours (Figure 3.19):

e “e” nodes (yellow) - intersections of fracture traces with the edge of the circle where the
traces continue out with the circle,

e “x” nodes (red) — intersections of fracture traces that cross each other and continue,

e “y” nodes (green) — termination of one fracture trace against another fracture trace,

i

nodes (blue) — termination of a fracture trace within the rock-mass contained within in the

circle.
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Figure 3.19: Examples of the 1 m diameter measurement circles. Fractures are shown by lines or shaded
polygons (for surface-parallel fractures). A 10 cm box grid is overlain on the mapping circles to permit
data collection employed in the determination of the fractal dimensions (see Section 3.6 Circle

mapping for fractal dimensions). Nodes are coloured as per Figure 3.18.

The node positions were captured on composite digital images as this allowed a more accurate
investigation and mapping of the node positions (Figure 3.20). As a result of this methodology, a digital

record of all the nodes on all the mapping circles is also available.
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Figure 3.20: Nodes within a 1 m measurement circle. The node colours are defined in Figure 3.18.
The topology of a fracture network is determined by counting the numbers of the different node types
and using this to determine specific topological characteristics (Sanderson and Nixon, 2015). As the
rockmass is considered as an entity, both the earliest bedding plane fractures in these sedimentary and
all the subsequent fractures (that could be of several different generations). This because the rockmass
acts a coherent system with stress relief occurring across discontinuities reducing the chance of them
from crossing into the adjacent strata or simply rock fragments. Therefore, it was not necessary to
discriminate between bedding and fractures (see Table 3.4). Where large voids had been formed by
earlier karst development, the symmetrical system of the rockmass does not exist as stresses cannot be
applied against the different fragments. In this case, the rockmass can no longer be considered as a

system and the discontinuities of different ages are literally not connected.
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The number of tips is calculated by summing the number of “i"-(N;) and “y”-node (Ny) as each of these is

a fracture termination. The number of lines (N,) is half of this total as each line is terminated by either

an “i"-(N)) or “y”-node (Ny) N, = %(N, + Ny) (Equation 2):
N, = %(N, + Ny) (Equation 2)

As each branch has two nodes, with an “i"-node contributing to one branch, a “y”-node to three

branches and an “x”-node (Nx) to four branches, the number of branches (Ns) is calculated as:

1
Ng = ;(N, + 3Ny + 4Ny) (Equation 3)

The ratio of the number of branches to lines (NL) is an important tool for determining the fracture

pattern as it indicates how irregular and interconnected the fracture network is

(Equation 4).
x—f = (N, + 3Ny + 4Ny) /(N; + Ny) (Equation 4)
The fracture connectivity is dependent on the number of branches ( (Equation 5).
Fe=(Nx+ Ny)/(N;+ Ny) (Equation 5)

Fracture Intensity, (F;) is a comparative measure of the number of edge-nodes (Ng), within a

measurement circle (of radius r) as defined in Error! Reference source not found..

Ng

F, =
I 4,

(Equation 6)

Fracture Density (Fp) represents the number of fractures per unit area (Equation 7) and a fracture is

o“. o n Ilill

terminated inside a measurement circle of radius r by either a “y” or an “i" node.

Fp = (Ny + N))/2mr? (Equation 7)

The Mean Trace Length (MTL) provides an estimate of the average fracture trace length as it considers
the number of fractures that are contained within the measurement circle of radius r and the number
that transect it. It is derived from multiplying Intensity by area and dividing by number of lines

(Equation 8).

MTL = (NNE * nr) /2 (Equation 8)

y+N1
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The individual constituent fracture types within the fracture system are not separated for analysis, but
rather how the cumulative effects can be used to discriminate the different characteristics of the rock-

mass are considered.

Topological analysis of all the fractures was undertaken of each measurement circle and all the nodes,
including those formed between different fracture sets, to ensure these were accounted to define the
true topological characteristics. Table 3. and Figure 3.21 demonstrate that not considering all the nodes
in a single measurement will result in an under-accounting of the intersecting “x” and “y” nodes, an over-
accounting of the number of “i" nodes and an under-estimate of the total number of nodes. This will

affect the calculation of the topological characteristics.
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Table 3.4: Number of nodes considering all fracture sets together in a single measurement compared

to summing the number of nodes of individual fracture sets from a site. The number of “e” is the same,

“x” and “y” nodes are more common in the former and

in the latter. This indicates a greater number

of intersections are present when all fractures are considered together which changes the topology.

Node type e X y i all

Unmineralised 19 48 71 97 235
Single Mineralised 23 33 58 202 316
measurement

Total 42 81 129 299 551

Unmineralised 8 0 6 14 28
Fractures cross-cut | Mineralised 7 3 9 36 55
bedding

Total 15 3 15 50 83

Unmineralised 10 2 6 58 76
Fractures parallelto | mineralised 4 3 10 51 68
bedding

Total 14 5 16 109 144

Unmineralised 1 17 17 110 145
Fractures oblique to | Mineralised 12 4 25 97 138
bedding

Total 13 21 42 207 283

Unmineralised 19 19 29 182 249
Sum of sets Mineralised 23 10 44 184 261

Total 42 29 73 366 510
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Figure 3.21: Number of different types of nodes present at a site, according to measurement type. The

ratios and total number of nodes is different if all fractures are considered in a single measurement.

3.6 Circle mapping for fractal dimensions

Shapes can be quantified relative to the spatial dimension (1D, 2D or 3D) in which they are observed.
The intermediate dimensions are referred to as fractal dimensions and have values between the
dimensions of the objects and the dimensions in which the objects are observed. In this work, fractal
dimensions are between one (the dimension of a fracture line) and two (the dimensions of the
measurement surface). The fractal dimensions of each of the entire rock-mass within a measurement
circle are calculated utilising a modified scale-independent box-counting method, initially defined by
Mandelbrot (1967) and employed by many authors to characterise fractures (including Cahn, 1989;
Kagan, 1991; Odling, 1994; Berntson and Stoll, 1997; Libicki and Ben-Zion, 2005). In this thesis, the
box-counting only considered the boxes containing fractures within the topological measurement

circle (Figure 3.22).
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Figure 3.22: Box-counting technique within the 1 m measurement circle with boxes within the circle
(shaded). This data are utilised to determine the fractal dimension (D). Crossed out boxes are ignored
as these unmapped areas do not contain information about the presence or absence of a fracture
because they are outside of the measurement circle. Compare with Figure 2.9 which illustrates the

conventional box-counting method.

Boxes of various sizes are laid over the image in a fixed grid pattern. The number of boxes that contain
fractures are tallied as a function of box size (Figure 3.7). Box sizes of 100, 50, 25, 20, 10, 7.5 and 5 cm
were utilised in this study. Although the area of the 1 m square box used to define the fractal

dimension is larger than the area covered by the 1 m measurement circles, these different shapes
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were always centred on the same position and hence in each case the relative values of the topological

and fractal parameters were compared. The fractal dimension (D) is calculated as:
Number of boxes with fractures = (box size) D (Equation 9)

The fractal dimension can be derived from the slope of the trend-line in a log-log plot of the inverse
of the box size against the number of boxes containing fracture traces (Buczkowski et al., 1998; Irfan
and Stork, 2009). An example of this is shown in Figure 3.23. Although a slightly lower minimum
correlation coefficient of 0.95 was decided upon, before the slope of the trend-line was considering
to be representative of the fractal dimension, the smaller range of box sizes meant that this value is
correlation coefficient suitable (Roy et al., 2001). The strict methodology of Walsh and Watterson,
(1993) was applied to ensure that boxes wholly outside the measurement circle were not included in
analyses (Figure 3.22). Care was also taken to ensure that the minimum box size used in any analysis
could fully contain the shortest fracture trace, and that the maximum box size used was no larger than
the size at which the number of boxes containing fracture traces is equal to the total number of boxes
in the analysis (Barton, 1995). The fractal dimension for all fracture traces within the circle is
determined from an independent count of boxes containing fracture traces, and not from a
summation of the number of boxes containing fractures for each of the different sets, to avoid

problems of ‘double counting’” when boxes contain fractures of more than one set.
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Figure 3.23: Log-log plot of box-count data from a measurement circle. The slope of the best-fit trend-

line is the fractal dimension of this data. Red numbers indicate box length in centimetres.

If the box lengths are too large or too small then the gradient of the trend-line may form a plateau at

either end of the plot (Walsh and Watterson, 1993). As the minimum (5 cm) and maximum (1 m) box-

length of all the fractal data were the same, any relative changes in the gradient of the trend-lines

were attributed to changes in the actual fractal dimension and not the mathematical behaviour of the

slope. Thus, the box size distribution of between 5 cm and 1 m is considered appropriate for these

fractures in this context.
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3.7 Measurement lines

To better characterise closely spaced fractures, measurement lines were created parallel to the thrust
transport direction to ensure the highest fracture frequency is recorded on the regular planar thrusts
common in the field area. An example of these measurement lines is shown in Figure 3.24 where Lines
1 and 2 cross-cut the S1-S2 conjugate shears and Line 3 the J1 fractures. On average, the fractures are
15 mm apart, with Line 3 (J1 fractures) being more closely spaced. It is however noted that the J1

fractures occur in clusters separated by portions of less fractured ground (Figure 3.25).

This simple evaluation of the fracture spacing highlights the distribution of closely spaced fractures.
Other characteristics such as the spacing of fractures in different orientations and the spacing of

different fracture types can also be compared by employing measurement lines (Figure 3.26).

Figure 3.24: Measurement lines. Lines 1 and 2 are 50 cm long and line 3 is 40 cm long. The short lines

are sufficient to characterise the spacing of the fractures.
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Figure 3.25: Distribution of fracture spacings on the three measurement lines shown in Figure 3.24.
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Figure 3.26: The fracture spacing characteristics of unmineralised and calcite mineralised fractures in

horizontal and vertical measurement lines as well as the overall spacing of all fractures (Figure 3.24).

The graph shows that the calcite fractures in the vertical measurement line (Figure 3.24 (3)) are the

dominant type (most closely spaced).
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More widely spread measurement lines can be utilised to examine the fracture characteristics of
geological structures such as thrusts. For example, abundant fractures are identified from the hanging-

wall up to the thrust contact and fewer fractures are present in the foot-wall (Figure 3. 27).

Fracture spacing across a thrust

count
O P NW R U O N X

IIII IIIIIII|IIIIIIIII III
5 9 14 19 24 ) 32 36 41 44

28 (thrust]
Distance (m)

B0 to0.5cm 05tolcm MW1ltolbS5cm MW15to2cm

Figure 3.27: Fracture spacing from measurement circles across a thrust. The thrust hanging-wall is to

the right with more fractures and the thrust foot-wall to the left with fewer fractures.

Thrust-fracture typically occurs on a shale horizon, due to stresses that result in Flexural Flow (FF). As
such the relative abundances of the different topological node types are very different on the thrust
bedding plane. The relative abundance of hanging-wall and foot-wall topologies is dependent on if
they form closed folds or open structures. For example, in Figure 3.27, more topological nodes in the
thrust hanging-wall. The relative abundance of the fractal dimension also increases when the strata
become more compressed (in the centre of a synform) or dilated (in an antiform). The behaviour of

different portions of a thrust can therefore be identified using the topological and fractal characteristics.
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3.8 Measurement squares

At certain sites the fracture intensity was so high, it was decided to examine the fractures in detailed
squares (Table 3.3). Two methods were used — firstly a 5 cm grid was placed over the area of interest
and the various types of nodes (“e”, “x”, “y”, and “i") were counted in each square. This data is not
valid as the nodes used to determine the topological structures are based on measurements within

circles. In addition, even if a relationship could be established between the different nodes, the “e”

nodes would be double accounted for on any shared face.

5cm

Figure 3. 28: Fracture intersection node types within 5 cm grid. This approach is not valid as topological

analysis is based on circular sampling windows.

The second method was the examination of the specific characteristics of the fractures within 10 cm
squares at a measurement site (Figure 3.29 and Figure 3.30). The detailed images all show a dominant
top-right to bottom-left fracture set. However, the characteristics of the overall fracture pattern vary.
Early large-scale tensile fractures Examples of secondary synchronous shear, in some cases clearly
dextral are evident. In other areas tensile fractures are developed that are not related to the cross-
cutting set are evident. Later fractures are also present. These different fractures suggest that the rock-
mass has been subjected to several variations in applied stress. However, a single event, such as
dextral shear can produce both the dominant cross-cutting fractures and dextral shears. As
measurement circles consider all the different fracture types and ages, the detailed images are useful
for understanding the combined effects of the structural events as indicated in Table 3. and Figure

3.21.
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Figure 3.29: 10 cm squares for analysis of the fracture pattern. These are show in Figure 3.30.

The subparallel, closely-spaced en echelon veins are present as sheared calcite filled minor structural
features in the limestone (Figure 3.29). These sheared tension fractures are oblique to the overall
structural trend caused by the major stress orientation, o1, in the thrust zone. The antithetic second-
order fractures generally terminate against the en echelon sets of fractures at approximately 30
degrees.

The sets en echelon veins and the different groups of antithetic have similar relative orienations to each
other suggesting that they are related to the thrusting

To what extent do you think the main fractures are all thrust-related (e.g. Fig. 3.29&3.30) — is there any
evidence of earlier fracturing?
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Figure 3.30: Detailed images of fracture patterns from Figure 3.29. Scale bar =2 cm.

3.9 Fracture data capture in ArcMap

To capture fracture distribution and different types of data from ArcMap, a series of digital
photographs of the exposures are combined using Microsoft Image Composite Editor (ICE). This
software corrects for distortion and different orientations of the photographs by breaking them down

into over 500 individual files and then re-combining them to produce a single uniform JPEG image.

This composited JPEG image is then imported and georeferenced in ArcMap. Standard world
geographical co-ordinate systems are not used, both because the images are vertical and because the
pictures are far too detailed. The geo-referencing is simply the x and y co-ordinates of the image. For
example, the image of a thrust shown in Figure 3.31 is 18 m long and 2 m high, so the minimum and
maximum co-ordinates are (0;0 m) and (18;2 m). The geo-referencing is relative to the size of the

image, for example the exposure shown in Figure 3.34 is 8 m long and 2 m high and hence the
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minimum and maximum co-ordinates are (0;0 m) and (8;2 m). In Figure 3.38, the fracture traces in
four 5 cm diameter measurement circles recorded on a geo-spatial grid with the co-ordinates (0; 0 cm)

and (15; 11 cm).

The JPEG image is then used to digitise the fractures. ArcMap can then geostatistically represent
attributes such as the spatial distribution of features such as the length of fractures or fracture density.
This makes it possible to examine facts such the length and density of fractures the in different
orientations across a thrust (Figure 3.32). By creating polygons within the co-ordinate system, the
fracture data can be sub-divide the into different areas which for example allows the quantification of

the fracture characteristics across a thrust (Figure 3.32 and Figure 3.33).
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Figure 3.31: Data-capture methods using ArcMap to define the spatial distribution of fractures in an 18 m * 2 m of a thrust in the Talhaar region. The images

are based on the geostatistical distribution of the fracture data.

(1) photo-mosaic of 22 images created with ICE, (2) spatial distribution of length of bedding parallel and (3) spatial distribution of lengths of bedding orthogonal

fracture (in both cases warmer colours represent longer fractures), (4) fracture density — darker shades represent higher density.
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Figure 3.32: Variations in fracture length along the exposure derived from spatial distribution of
digitised fractures. The bedding parallel fractures extend towards the thrust and are longer than the

orthogonal fractures as is expected in fore-thrusts.
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Figure 3.33: Variations in fracture abundance along the exposure. The maximum number of bedding
parallel fractures is present in the thrust (4 to 8 m) and the maximum number of bedding orthogonal
fractures is in the fault propagation fold (6 to 10 m). See Figure 3.31 for the spatial orientation of the

fractures.
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The distribution of different fracture groups can also be defined in ArcMap. This based on the box-density
function or total length of an object (often roads when examining satellite images, but here fractures) in ArcMap.
When all the fractures are considered together at an outcrop, the fracture pattern may be dominated
by steeply dipping fractures (Figure 3.34). If different sets are extracted, the specific characteristics
become apparent. Figure 3.35 to Figure 3.37 show the cluster of fractures at the core of the overturned

anticline and the arcing of the bedding parallel over these fractures.

Figure 3.34: Data-capture methods and types produced using ArcMap to define fracture density (linear
and box) and fracture length. (1) photo-mosaic created in ICE with fractures traced over it, (2) traced
fractures, (3) box-density of all fractures, based on a 50 cm sampling window, (4) linear density of all

fractures, based on a 20 cm sampling window, (5) fracture length.
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Figure 3.35: Box-density plot of fractures across the same area as Figure 3.34 — (1) bedding parallel
fractures across exposure, (2) oblique fractures, principally in fracture zone at the centre of the

overturned anticline. The ArcMap data extends to the traced fractures in Figure 3.34 (2).

Figure 3.36: Linear-density plot of fractures across the same area as Figure 3.34 — (1) bedding parallel
fractures across exposure, (2) oblique fractures, principally in fracture zone at the centre of the

overturned anticline. The ArcMap data extends to the traced fractures in Figure 3.34 (2)
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Figure 3.37: Fracture lengths across the same area as Figure 3.34 — (1) bedding parallel fractures across
exposure, (2) oblique fractures, principally in fracture zone at the centre of the overturned anticline.

The ArcMap data extends to the traced fractures in Figure 3.34 (2).

As it is impractical to measure fracture lengths in highly fractured rock, such as that shown in

Figure 3.38, it was decided to digitise the fractures in the four 5 cm wide circles in ArcMap and use the

data to define fracture length distribution.
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Figure 3.38: Digitised fractures in 5 cm measurement circles. The fracture length distribution in this

highly fractured rock has been established by digitising the fractures and calculating their lengths in

ArcMap.
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The skewed distribution of the fracture lengths derived from the ArcMap data shows that the majority of
the fractures are less than 1 cm and that the different measurement circles show similar distribution
characteristics (Figure 3.39). This allows a more robust characterisation of the fracture pattern within the

rock-mass.
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Figure 3.39: Fracture length distribution within the 5 cm diameter circles digitised in ArcMap.

3.10 Electronic data

The number of boxes containing fractures at different grid sizes for fractal dimensions ((Figure 3.40)
in each measurement circle are captured in Excel spreadsheets for the various field regions. A
standardised table with automatic calculation of all the topological parameters as determined by the
number of the different types of nodes and of the fractal dimension from the slope of the log-log plot

was developed in Excel (Figure 3.40). Different tabs were created for this data at each measurement
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site within the field region, as well as further tabs for different types of data including measurement

lines and ArcMap data (Figure 3.40).
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Figure 3.40: Data spreadsheet for the Talhaar field region (see file name at top of image). Tables for
the various measurement circles at each site (circles 1 to 4, at Site 1 shown) are created. The topological
parameters (blue text) and fractal dimension (green text) are automatically calculated. Tabs for each

site were also created (see bottom of image)

The data from all the measurement circles in the various circles in different sites was gathered
together for analysis of the characteristics of the sites and the region (the “all” tab in Figure 3.41). The
determination of the averages of the numbers of nodes (shown in black Figure 3.41), the different
topological characteristics (shown in blue in Figure 3.41) and the average fractal dimension (shown in

green in Figure 3.41) are vital for the characterisation of the different characteristics of the rock-mass
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utilising the methods applied in this research.
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Figure 3.41: All data from the various tables in each tab (that is circles at each site) in a field area.
Averages and standard deviation for each site are determined as these are used in the analysis of the

topological and fractal characteristics as well as variations in the node distributions.

Averages and standard deviations of all the data were determined. All the distributions ranging from
circles to sites, to field areas as well as the different rock types and structural features were analysed
to determine any trends. Analyses included the relative distribution of nodes (Figure 3.42) and hence

the topological characteristics (Figure 3.43).
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Figure 3.42: Average (solid points) and a single standard deviation (shaded ellipse) of the total number
of nodes and fractal dimensions of all circles for each structural feature. The orange point indicates the
average value of circles in the pop-up zones. Arrows show the variations from this weakly deformed
site relative other structures. The variations in the number of different node types result in different
topological characteristics. The figure illustrates the spatial distribution of fractures (fractal dimension)
and the fracture intersections (number of nodes) allowing different fracture patterns to be defined

(Grodner et al., 2021).

Pop-up features have the lowest total number of nodes and lowest fractal dimension which indicates
that they are the least structurally disturbed in the brittle near-surface zone of a thrust-fold belt
(Figure 3.42). Normal faults, fore-thrusts and anticlines show an increased fractal dimension, but the
total number of nodes remain relatively low, between 80 and 120 (Figure 3.42). The fractal dimensions
vary between 1.88 and 1.93 on average but extend from 1.84 to 1.97 (a single standard deviation).
This indicates that these structural features contain fewer intersecting fractures, but a greater number
of fractures overall. Back-thrusts have a large number of nodes, which is caused by more fracture
intersections due to the restricted space in which movement can occur. In contrast to this, both

overturned anticlines and synclines have a high number of nodes and high fractal dimension to the
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dominant compressive forces crushing the rock mass and increasing the number of fractures.

The analysis of the different structural domains show that pop-up structures have the lowest fractal
dimension and also generally the lowest topological value for the fracture density, connectivity,

fracture intensity, and mean trace length.

Fracture density represents the number of fractures per unit area. As a fracture is terminated inside a
measurement circle which provides the density. The highly compressive stresses within a back-thrust
results in the high topological values of this structure. Fracture connectivity is the ratio of the fracture
branches formed due to the intersections of the different nodes. Back-thrusts and synclines have the
highest fracture connectivity due to the highest compressive stresses. Fracture intensity is a
comparative measure of the number of edge-nodes within a measurement circle which indicates how
extensive the fractures are. The high values of connectivity and fracture intensity in overturned
anticlines and synclines is due to the widespread fracturing of these structures caused by the tight
confinement of the folded features. Likewise, the fracture intensity is highest in synclines, back-
thrusts, and overturned anticlines. In both of these graphs (Figure 3.43 connectivity and fracture
intensity) it is obvious that the overturned anticlines and synclines have the highest fractal dimension,
indicating a high number of fractures within the rockmass. Mean trace length represents the average
trace length of the fracture and hence the faults and fore-thrusts have longer fracture lengths, as a
result of the focus of shear stresses in features such as a fault zone or along shale layers in a fore-

thrust.

The characteristics of the rock-mass can be analysed and compared with different structural domains

as these have specific features and the deformation exerted deform the rock strongly (Figure 3.43).
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Figure 3.43: Topological characteristics of various structural domains. Solid circles represent the

average values of the structures and the shaded ellipse, one standard deviation. The arrows indicate

the trend structural features within the fractal dimensions and the different topological features.

The rock compositions are divided into groups based on the relative percent of clastic mudstone (due

to the abundance of micrite and microspar). These are:

Lime mudstone

Wackestone

Wackestone and minor shale

Wackestone and shale

Interbedded wackestone and shale, and

Shale
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The topological distribution of the rock types is shown in Figure 3.44 which also includes the trends of
the fracture patterns of the different structural features (from Figure 3.43) which have less variability
than those of the different rock types which show greater range of values. Unlike the structures, there
is a consistent low number of nodes, the topological characteristics and fractal dimensions —that is a
pop-up structure. In the different topological graphs, the only constant is the high fractal dimension
of the lime muds, and the slightly lower fractal dimension of combined mudstone and wackestone.
Different fracture mechanics are present here with the high number of fractures in the lime muds
being caused by TL stresses being applied and FF stresses being applied in the combined mudstone
and wackestone. Therefore, the orientation and strength of the stresses cannot be compared. The
other three rock types, wackestone and mudstone, wackestone and minor mudstone, and wackestone
do not display consistent trends with regards the topological characteristics of fracture density,
connectivity, fracture density, and mean trace length. These can therefore also not be compared
(Figure 3.44).

If one considers the various rock types and their topology very few structural features have similar
characteristics. Wackestone and mudstone only have similar fracture intensities and mean trace
length in back-thrusts, as well as same types of fracture densities and connectivity of overturned
anticlines. Lime muds have similar values fracture densities and fracture intensities for synclines.
These are the only meaningful correlations between the rock types and structures. There are
unfortunately no strong relationships between the rock types and the structural features.
Mathematically or statistically it difficult to define trends between the rock types and the structural

features.

It indicates that the physical characteristics and processes that form the fracture patterns in the rock
types and structures are different. The reasons for this are examined in detail in Chapter 5

(Interpretations) and Chapter 6 (Discussion).
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Figure 3.44:Topological characteristics of the various rock types. Solid circles represent the average
values of the structures and the shaded ellipse, one standard deviation. The arrows indicate the trend
of the structural features within the fractal dimensions and the different topological features. The
structures are stronger, more focussed features where-as the standard deviations show a wide

variance.

3.11 Summary of methodology

Mapping transects of 42 sites have been measured, approximately perpendicular to the major north-
east structural the trends of the folds and thrusts in the limestones of the hanging-wall of the MBT.

Topological and fractal data have been collected from all the sites. Topology defines how parts of a

“"_ n

system are connected (fractures). Intersections of the fractures are divided into “e” (edge),
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win
|

“x”(crossing), “y” (intersecting) and (terminating) nodes. The proportions of the various nodes
determine the topological characteristics. Importantly, all the nodes and fractures are considered
together within a measurement site to ensure the entire structural history is considered. Topological
parameters are fracture density, connectivity, fracture density, and mean trace length. Fractals are
determined by measuring the number of boxes containing a fracture at various scales. The fractal
dimension can be derived from the slope of the trend-line in a log-log plot of the inverse of the box
size against the number of boxes containing fracture traces. ArcMap has been used to digitise outcrops
and small portions of the rock using photo-mosaics with fractures traced over it. This defines fracture
density (linear and box) and fracture length. Other techniques that were used included line mapping,
circular mapping, and square mapping. The distribution of nodes and various topological types are
cross-plotted against the fractal dimensions of the different structural features. The structural
domains have specific abundances of different nodes (and hence topology), as well variations in the
fractal dimensions. The pop-up structures have the lowest fractal dimension and generally the lowest
topological values. Anticlines have lower topological values and higher fractal dimensions and greater
fracture lengths. The rock compositions are divided into groups based on the relative percent of clastic
mudstone. There are no clear separations between the cross-plots of topological characteristics and
fractal dimensions of the various limestones, due to the abundance of micrite and microspar.
Unfortunately, as a result of this, no relationships between the topological characteristics of rock types

and structures can be determined.
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4. Field Mapping

This chapter presents the field-mapping data, including lithological and structural characteristics.
Measurements of the topological and fractal characteristics utilising the methodology described in

Chapter 3 are defined for the various sites in the different field regions.

4.1. Overview of the geology of the field regions
A study area consisting of seven field regions has been evaluated in the Himalayas north of Islamabad,
Pakistan (Figure 4.1). The regions are between 5 km west and 45 km northeast of the centre of

Islamabad.

Khyber LI
Pakhtunkhwa [
-~ -
3
2 [} 6
............ '3 4@ Punjab
Punjab m "
{l' . lIslamabad
Islamabad CaPItOI
~~ o Territory ¢
E F|eld region with mapping
7 sites shown by black circles | 10 km

Figure 4.1: The distribution of the field regions are indicated relative to Islamabad as blue rectangles.

The names of the various field regions are listed in Table 4..

The field regions and the sites within them were selected based on two criteria:

e Select a site on a major geological structure, especially thrusts.

e Evaluate different types of geological structures in a region.
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With these simple, unrestricted guidelines, it was possible to collect data from a wide variety of
geological structures in different rock assemblages. The guidelines ensure that different structures
across a region and hence across the field area were mapped to allow meaningful comparison of the

data from the 42 mapping sites (Table 4.1).

The geology of the study area in the Potwar Basin of northern Pakistan is dominated by sedimentary
deposits and structural features associated with the collision of the Indian and Eurasian plates during
the ongoing Himalayan Orogeny (Acharyya and Saha, 2018). The oldest mapped rocks in the study
area, the Jurassic Samana Suk Formation (Figure 4.2) has a disconformable contact with the underlying
Datta Formation. The Samana Suk Formation consists of thick bedded, bioturbated carbonate with
shale interbeds. The upper contact with the Chichali Formation is highly sheared. The Lower
Cretaceous Chichali Formation consists of glauconitic sandstones and shales. It is overlain by similarly
siliciclastic sediments of the Lumshiwal Formation. They consist of freshwater lagoonal or delta front
shale and clays, covered by sandstone, micrite and shell fragments with subordinate dolomite (Shah
et al.,, 2013). The overlying Upper Cretaceous Kawagarh Formation consists of marl and marly

limestone deposited in mid- and outer-ramp settings.

The Palaeocene Lockhart Formation was then deposited unconformably over these Cretaceous fluvial
and marine sediments in a marine setting on the northern leading edge of the Indian Plate as the
Palaeo-Tethys Ocean closed. Strata of the Lockhart Formation comprise a series of stacked
foraminiferal—algal build-ups intercalated with siltstone and deposited in cycles on a low-energy
shelfal carbonate ramp, and the sediments record many shallowing and shoaling events from open
marine to inner ramp conditions (Hanif et al., 2014). The limestone units of the formation generally
comprise argillaceous wackestones and, more rarely, packstones with little or no primary matrix
porosity. The contact between the Lockhart Formation and the younger shallow-marine shales and
subordinate carbonates of the Patala Formation is transitional (Wandrey et. al., 2004). The late

Palaeocene to early Eocene Patala Formation of the Kala Chitta Range represents the latest
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Palaeocene foraminiferal dominated unit of the low latitude Tethyan carbonate platform benthic
community evolution (Hanif et al 2013). The Patala Formation shales are widespread around the study
area and varies from green shales with thin limestones (Gee and Gee, 1989) to calcareous black shales.
There is a transitional and interfingered contact between the Patala Formation and the overlying
Eocene Nammal Formation. The rocks of the Nammal Formation consist of light grey shallow-marine
to lagoonal shales with interbedded limestones (Gee and Gee, 1989; Wandrey et al., 2004). The
Nammal Formation is overlain by the Margala Hills Formation consisting of marine limestones and

shales.

The subsequent carbonates of Chorgali Formation were deposited in shallow environment (Khan et
al., 2004) and defines a shallowing upward sequence starting with open marine bioclastic medium-
bedded limestones, which grades, into a destructive massive fabric and subsequently fine-crystalline
dolomites (Benchilla et al., 2002). The near surface sedimentation conditions are also reflected by the
presence of flat channel conglomerate and breccia beds in the upper part of the dolomites. Eocene
strata are overlain unconformably by Miocene fluvial sediments of the Murree Formation (Wandrey
et al., 2004) that record deposition of post-initial collision Himalayan molasse. Pleistocene and
Holocene superficial deposits complete the record of the post- collisional deposition and consist of
windblown silt and sand, along with alluvial gravel adjacent to the active thrust scarps (Robert et al.,
1997). Figure 4.3 is a regional stratigraphic map. There is a complex inter-relationship between the
stratigraphy and the structural geology mapped at each site in the various field areas. This is outlined
inTable 4.1. The geographical positions of the mapped stratigraphy relative to the regional stratigraphy
is shown in Figure 4.4 and the geographical positions of the mapped structural geology of each site

relative to the regional structural trends is shown in Figure 4.5.
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Figure 4.2: Stratigraphic column indicating the age, composition, and thickness (undeformed) of the

various formations in the field area.
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Figure 4.3: Stratigraphic map of the study area with field regions and sites indicated. Names of field

regions corresponding to numbers are listed in Table 4. .

Modified after Ali (2014). It is noted that the geological maps of the different areas are based on Ali (2014) as well.
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Table 4.1: Distribution of stratigraphy and structures across the field areas based on the mapping
undertakn by Ali (2014).. Numbers refer to individual sites within the field areas. Figure 4.4 and Figure
4.5 are maps showing the geographical location of these features across the various field areas and

sites.
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Figure 4.4: Stratigraphy of the field area (see also Figure 4.3) with the mapped stratigraphy of each
study site indicated. Names of field regions corresponding to numbers are listed in this chapter.

Modified after Ali (2014).

The west-northwest — east-southeast striking structural features of the field area are a product of the
on-going collision between the Indian and Eurasian tectonic plates and are typical of fold and thrust
(FAT) belts. Although FAT belts are recognized as the most common mechanism to accommodate
crustal shortening, there is an enormous heterogeneity in deformation styles. The various folds and
thrusts develop between major bounding thrusts - in this study these are the Main Boundary Thrust
immediately to the south of the study area and the Main Central Thrust to the north. The Main
Boundary Thrust outcrops on the southern edge of the study area, in the Losar Baoli field region.
Successive fore-thrusts developed past the Main Boundary Thrust are interpreted as low angle, flat
décollement thrusts, of down to 10 km deep accompanied by shallow (< 3 km) back-thrusts (McDougal
et al, 1993). This work has found that the fore-thrusts are generally not at a low angle, and this is
described in detail in the following sub-sections. The folds initially form by buckling and are then

subjected to progressive deformation towards the foreland. Thrusts are developed roughly
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perpendicular to the maximum tectonic compression and thrust-related folds develop, especially
fault-bend folds and fault tip folds. The distribution and characteristics of fore-thrusts, back-thrusts,
and their thrust footwalls are mapped (Figure 4.5). Thrust-related anticlines, synclines and overturned

anticline folds are investigated in the various field regions of the FAT-belt (Figure 4.5).

33.900—

Site structure Structure
® Fore-thrust - Fore-thrust
| @ Back-thrust —~4~ Back-thrust
@ Thrust footwall & Anticline
® Anticline 4% Overturned anticline
® Overturned anticline % Syncline
O Syncline £ Shear fault
O Shear fault -~ Normal fault
® Normal fault -~ " Projected structure
| |
73.200 73.300 73.400

Figure 4.5: Regional structural geology with the mapped structural features of each study site

indicated. Broadly based on the map of Ali (2014).

Data from several mapping circles were captured at each site utilising the methodology described in
Chapter 3. From this node and fractal data, the topological characteristics of the different
measurement circles at the various sites were determined. The graphical results of these
measurements are presented together with the descriptions of the lithological and structural

characteristics of each site to allow comparison of the various datatypes.

The variations in the different fractal and topological datasets across the sites is compared with the
differences in the stratigraphy (including details of the lithologies) and structural features to create an
integrated description for the field region.
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4.2. Field regions

4.2.1. Losar Baoli region

Field Mapping’

The Losar Baoli region forms the southwestern edge of the study area. It is located five kilometres

northeast of Islamabad along the Margalla Hills road and 5 km southwest of the Talhaar region (Section

5.2.4). A stepwell (Losar Baoli) is present in the centre of the region within the anticline of the pop-up

structure. The strata are aligned approximately east-west in a series of folds and thrusts associated

with the ongoing Himalayan mountain-building (Figure 4.6 and Figure 4.7). A south-north transect of

six sites were measured in the structural domains of this tectonism (Table 4.2).

33.75° N—

33.72° N—

7290°E

[] Unconsolidated windblown sand
[ Murree Formation

B Chorgali Formation

[] Margalla Hills Formation

A Khanpur Dam (5 km)

Islamabad (3 km)

[ Nammal Formation Y Thrust
Il Patala Formation 2 Anticline
M Lockhart Formation A Syncline

[ | Kawagarh Formation

(wy ) ueepuer Joy

72.96°E

@® Mapping site

/ Road
® Well

Figure 4.6: Geological map of the Losar Baoli region. It is the most south-westerly region,

approximately 5 km southwest of the Talhaar region. All larger scale maps in this chapter are modified

after Ali (2014) but include additional unmapped stratigraphic and structural features as well as

mapping sites and roads travelled.
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Table 4.2: Location of mapping sites, Losar Baoli region.

Site | Latitude (N) | Longitude (E) | Stratigraphy | Structure

1 33.723° 72.916° Lockhart Fore-thrust
2 33.723° 72.921° Lockhart Fore-thrust
3 33.725° 72.926° Lockhart Fore-thrust
4 33.733° 72.922° Lockhart Anticline

5 33.744° 72.932° Lockhart Back-thrust
6 33.746° 72.940° Lockhart Back-thrust

The most significant of these tectonic features in the region is the Main Boundary Thrust (MBT), which
forms a steep barrier between Islamabad and the mountains to the north (Figure 4.8). The elevation

increases by at least 100 m when crossing from Islamabad.

A B
1000 m
Main Boundary Thrust

900, 4 ' LA

800|

700 ,—’/"
[
0 1 2 3 4 km
_| Unconsolidated windblown sand [l Patala Formation % Thrust
7] Murree Formation [ Lockhart Formation 2 Anticline
B Chorgali Formation [ Kawagarh Formation # Syncline
| Margalla Formation [ Lumshiwali Formation (DMapping site

] Nammal Formation

Figure 4.7: Cross-section through the Losar Baoli region. See Figure 4.6 for position of cross-section. based
on interpretation of map from Ali (2014) but including updated mapping from this work. All cross-sections

have been generated by the author.
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Figure 4.8: View eastward along the Main Boundary Thrust cliffs formed in the Lockhart Formation.

Islamabad lies directly to the south (right hand side) of this image.

4211 Sitel

Site 1 is situated a on a sheared silty mudstone layer in between the lighter coloured wackestone of
the Lockhart Formation (Figure 4.9). The data from six 1-metre-wide measurement circles at site 1,
was captured and analysed. Circles 1 and 2 are in the northern hanging-wall of the thrust, whilst circles
3 to 6 are in the footwall (Figure 4.9). The mudstone layer that forms the décollement surface of the
thrust is too highly fractured and weathered to be measured. A strong linear character is evident in all
the circles (Figure 4.10). This fabric is likely to have formed early during the deformation process as it
is bedding parallel, irrespective of the orientation of the bedding. Later fractures cross-cut these

fractures affecting the number and type of nodes present (Figure 4.11).
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“North

Figure 4.9: Fore-thrust of lime-mud developed over a shale band. Mapping circle positions at site 1. Blue

geologist for scale. Detailed mapping of the fracture nodes is shown in Figure 4.10.

Although the total number of nodes measured in the six circles does not vary significantly, the type of
node does. In circle 1, high in the hanging-wall of the thrust there are very few cross-cutting “x” nodes
(Figure 4.11). Circle 2 in the immediate hanging-wall of the thrust, has fewer nodes. there is a higher

ou:n
[

number of “e”, “x” and “y” nodes, but only one “i” node. The nodes in circles 3 to 6 in the footwall of
the thrust decrease in abundance away from the thrust (Figure 4.11). Circles 3 and 4 either side of the

syncline axis in the immediate footwall of the thrust (Figure 4.11) have the greatest number of nodes

(Figure 4.11).

Due to their high number of nodes, circles 3 and 4 have the highest number of branches and tips
(Figure 4.12). Site 4 has the highest fractal dimension. The average mean trace length (MTL) of the
measurement circles is 39 cm, and shortest in circle 3 (19 cm), but doesn’t have a clear trend away
from the thrust, apart from circle 6 being nearly twice the average (76 cm). Connectivity is high in

circle 6 (Figure 4.13) due to this long MTL.

Connectivity is high in circle 6 due to long MTL. The long MTL has also has highest fracture intensity
but lowest fracture density in circle 6, as the fracture pattern is dominated by longer fractures that

intersect the edges of the measurement circle (Figure 4.13).
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Figure 4.10: One metre measurement circles, site 1. See Figure 4.9 for positions. nodes are shown

“”. ,n

in yellow, “x” in red, “y” in green and

win
]

in blue. This colour scheme is used throughout the thesis.
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Figure 4.11: Node count, site 1.
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Figure 4.12: Fracture characteristics and fractal dimension, site 1.
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Figure 4.13: Fracture characteristics and fractal dimension, site 1.

4.2.1.2 Site 2

At site 2 the sedimentary sequence consists of the following units:

e Strongly laminated, dark grey, finely bedded shale with twisted and folded vertically

oriented fragmented limestone beds.
e  Grey-brown, finely bedded marl that is laminated due to deformation.

e Alternating grey (orange-brown weathering) limestones and dark grey siltstone. The
siltstone displays an intense tectonic fabric forming fragments of rock approximately 1 cm
wide by 10 cm long parallel to the bedding planes whilst the limestone is generally fractured

at a steep angle to bedding.

e  Grey limestone with minor millimetre thick silty partings.

The distribution of these rock-types is shown in Figure 4.14, where five measurement circles were

placed across this exposure

The greatest number of nodes is developed in circle 3, which is sited across the dark grey, finely
bedded shale and limestone {{Figure 4.15). This juxtaposition of two rock types with different failure

modes (flexural flow for the shale and tangential longitudinal failure for the limestone) increased the
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number of nodes. Circle 4 consists predominantly of the strongly laminated, dark grey, finely bedded
shale with fewer “e” and “x” nodes and hence has the second highest number of nodes (Figure 4.16).
Circle 1 has the lowest fractal dimension (Figure 4.17) because it is on a bedding plane. The number of
nodes, the number of lines, tips, and branches is highest in circles 3 and 4 (Figure 4.17). The fracture

density and fracture intensity are also greatest in these two circles (Figure 4.18).

0 1 2 3 4 5 6 7 8 9 10 1" 12m

Bl Dark grey, finely bedded mudrock

" Grey-brown fine-grained, thinly bedded marl ;

| Grey bedded limestone with mudrock partings Measurement circle
| Limestone

Figure 4.14: Photo-mosaic, fracture traces and rock types of site 2. Positions of the measurement circles

are also indicated.
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Figure 4.15: Site 2 measurement circles. See Figure 4.14 for positions of circles at site 2.
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Figure 4.16: Node count, site 2.
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Figure 4.17: Fracture characteristics and fractal dimension, site 2.
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Figure 4.18: Fracture characteristics and fractal dimension, site 2.
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4.2.1.3 Site 3

The rocks at site 3 consist of metre thick beds Lockhart Formation that weathers light creamy grey but
is light grey on fresh surfaces (Figure 4.19). Circle 1 is smoothly weathered exposing many hairline
calcite fractures (Figure 4.20). Circle 1 has the highest number of nodes of all the circles in the region
and has resulted in site 3, when considered with the large number of nodes in circle 2, to have the
greatest average number of nodes of the region. The hairline calcite fractures terminate within the
rock mass of circle 2 creating a large number of “i" nodes (166). The large number of nodes in circle 1
has resulted in high values for all the fracture characteristics (Figure 4.22 and Figure 4.23). The highly

fractured nature of both circles has resulted in a fractal dimension of 1.99 (almost 2 dimensional).

Figure 4.19: Positions of measurement circles 1 and 2 at site 3. Resting geologist (in blue) for scale.
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Figure 4.20: Measurement circles, site 3.
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Figure 4.21: Node count, site 3.
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Figure 4.22: Fracture characteristics and fractal dimension, site 3.
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Figure 4.23: Fracture characteristics and fractal dimension, site 3.

4.2.1.4 Site 4

At site 4 the Lockhart Formation has a gentle dip of 14 degrees as it is located in a pop-up structure
rather than the surrounding thrusts and folds. Two measurement circles were characterised at the site
— circle 1 on the bedding plane and circle 2 across bedding (Figure 4.24). Fine hairline fractures, both
filled with calcite and unmineralised are present on the exposed bedding surface (circle 1). The thin

mineralised fractures do not penetrate into the limestone bed (circle 2). The mineralised fractures
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do not intersect with each other on the bedding surface, resulting in a large number of nodes

(Figure 4.26).

ain
|

There are no mineralised fractures that terminate in the rock mass forming “i" nodes in circle 2 but

the total number of nodes is similar (Figure 4.26). As a result of the different abundances of the “y”

ain
|

and “i" nodes in the two circles, the number of tips is greatest in circle 1 and the number of branches
is greatest in circle 2 (Figure 4.27). Despite the greater number of intersections (“y” nodes), the mean
trace length (MTL) is longer in circle 2 (16 cm) vs. 8 cm in circle 1 (Figure 4.27). The connectivity and

fracture intensity is higher in circle 2, where-as the fracture density is highest in circle 1 (Figure 4.28).

The average fractal dimension (1.93) at site 4 is the lowest in the region.

Figure 4.24: Positions of measurement circles at site 4.Circle 1 is located on a bedding plane and circle 2

across the bed. Dotted red line indicates edge of bed. Blue geologist for scale.
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Figure 4.25: Measurement circles, site 4.
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Figure 4.26: Node count, site 4.
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Figure 4.27: Fracture characteristics and fractal dimension, site 4.
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Figure 4.28: Fracture characteristics and fractal dimension, site 4.

4.2.15 Site 5

Site 5 is sited in the east-west valley near the intersection of the Margalla Hills and Kot Jandaan roads

(Figure 4.29) in the northern portion of the Losar Baoli region (Figure 4.6).

It is positioned on a southward dipping back-thrust in the light grey packstone of the Lockhart
Formation. The thrust surface has prominent calcite veining developed across the exposure surface,

including matching conjugate shears with an acute bisector parallel to the thrust direction (51 and S2)
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and fractures perpendicular to the thrust direction (J1). These dominant calcite-filled fractures are on
the forelimb of the thrust and are caused by the bending of the beds during thrusting. In between
these dominant fractures are fragments of limestone with discontinuous calcite filled hairline fractures
in a variety of different orientations. They appear to form part of a larger fracture network that

predates the folding and thrusting.

Two measurement circles were placed on the highly fractured thrust plane (Figure 4.29 c). Although
the hairline calcite fractures are common in the measurement circles, the larger S1 and S2 fractures

dominate the measurement circles (Figure 4.30).

117



Chapter 4 Field Mapping’

Figure 4.29: View eastward along the Kot Jandaan road (Figure 4.6) showing progressively zoomed in

views of site 5 with circles 1and 2 shown.
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Figure 4.30: Measurement circles, site 5. See Figure 4.29 for location of circles.

Circle 1 has more cross-cutting S1-S2 fractures creating more nodes. In addition to cross-cutting each

other, many of these fractures terminate within the circle creating more nodes (Figure 4.31).
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Figure 4.31: Node count, site 5.

Circle 1 has twice as many lines and nodes than circle 2, and nearly double the number of tips
(Figure 4.32). The MTL of circle 2 is 50% greater than that of circle 1 (28 cm vs. 12 cm). The fracture
density of circle 1 is twice that of circle 2 (Figure 4.33). These quantified fracture characteristics

correspond with the abundance of cross-cutting S1 and S2 fractures in circle 1.
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Figure 4.32: Fracture characteristics and fractal dimension, site 5.
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To better characterise the closely spaced fractures, three measurement lines were created parallel to

the thrust direction (Figure 3.24). Lines 1 and 2 cross-cut the S1-S2 conjugate shears and Line 3 the J1

fractures (Figure 3.24). On average, the fractures are 15 mm apart (Figure 4.34).

The fractures on Lines 1 and 2 are more widely spaced (as they are the prominenS1-S2 conjugate

shears), with Line 3 (J1 fractures) being more closely spaced. It is however noted that the J1 fractures

occur in clusters separated by portions of less fractured ground.
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Table 4.3: Characteristics of the measurement lines at site 5.

Spacing (mm)

Line | Average | Maximum | Minimum
1 15 64 1
2 15 37 2
3 10 39 2

Field Mapping’

Figure 4.34: Measurement lines, site 5. Lines 1 and 2 are 5 cm long and line 3 is 4 cm ling. The short

lines are sufficient to characterise the spacing of the fractures.
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Fracture spacing along measurement lines
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Figure 4.35: Distribution of fracture spacings on measurement lines 1, 2, and 3 at site 5.

Site 5 was actually mapped at the end of a long day after site 6. The kind locals from a farm adjacent to

site 5 invited us for tea which was extremely refreshing and gratefully received (Figure 4.36).

Figure 4.36: Local farmer who provided us with a refreshing cup of tea.
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4.2.1.6 Site6

Site 6 is the most northerly of the study sites in the Losar Baoli region (Figure 4.36). It consists of a well
exposed southerly dipping back-thrust. The various components of the thrust are visible including the
thrust foot-wall, the thrust plane, the fault propagation fold in the hanging-wall, a hanging-wall flat

and a triangle zone within the hanging-wall (Figure 4.37).

Northeast

Southwest
= Triangle structure /
— Hangingwall flat
[:] Fault propagation fold
E Thrust plane
‘\_1 Footwall /%<§

20m

Figure 4.37: View towards site 6 showing the various components of the thrust. Circle positions are
labelled 1, 2, and 3. The fault propagation fold above circle 1 is shown in detail in Figure 4.39 and Figure

4.40.

The footwall of the back-thrust at site 6, like site 5, comprises a light grey foraminiferal packstone
typical of the upper stratigraphy of the Lockhart Formation. It is only weakly deformed (circle 1, Figure

4.38) with discontinuous, randomly oriented, thin (less than or equal to 1 mm) calcite-filled fractures.
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The thrust (circle 2) is characterised by abundant “y” fractures (Figure 4.38 and Figure 4.41). The rock
mass within the fault propagation fold (Figure 4.37) is highly fractured by older, iron oxide-rich bedding
plane parallel thrust surfaces and steeply dipping fault propagation fold fracture planes. The limestone
fragments between these fractures contain abundant small, millimetre-wide, calcite-filled fractures

that formed before the folding and thrusting (Figure 4.39 and Figure 4.40).

ain
|

Although the footwall has the greatest number of nodes (144), the majority of these are “i" type nodes
associated with pre-thrusting hairline calcite fractures. These fine fractures are disguised by the
strongly developed later fractures (Figure 4.38 and Figure 4.39). The fracture characteristics vary within
the different parts of the thrust system, with the most noteworthy being the larger number of tips

(Figure 4.42) and lower connectivity of circle 1 (Figure 4.43).Circle 1 also has a significantly lower

fractal dimension (1.88) than both of the other circles (1.99).
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Figure 4.38: Measurement circles at site 3. Figure 4.37 shows the positions of the circles. The ammonite
on the right-hand side is not deformed indicating that the footwall is relatively undisturbed by the

thrusting.
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Figure 4.39: Fault propagation fold located just above Measurement circle 1. Steeply dipping fault
planes bend portions of the clay-coated bedding upwards through other fragments of bedding. The
planes in the fold are both mineralised and unmineralised. Large calcite fractures cross-cut the fold at

various angles.

Original bedding
plane fragments,

| 220/80

Fault propagation fold plane

Figure 4.40: Block diagram of the main components of the fault propagation fold shown in Figure 4.39.
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Figure 4.41: Node count, site 6.
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Figure 4.42: Fracture characteristics and fractal dimension, site 6.
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Figure 4.43: Fracture characteristics and fractal dimension, site 6.
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4.2.1.7 Summary

Six sites were mapped in the Losar Baoli region (Figure 4.44). The sites were located on the following

geological structures:

1) Fore-thrust with trailing anticline
2) Fore-thrust with trailing anticline
3) Fore-thrust with trailing syncline
4) Pop-up syncline

5) Back-thrust

6) Back-thrust

/@/’ ) — Main Boundary Thrust:
- 7,-‘&7___--"__1;__7__,-———

v

(=)
=
n
-
=
3

Figure 4.44: Position of the sites in the Losar Baoli region.

A systematic trend in the number of nodes and resultant fracture characteristics, and especially the

fractal dimension is evident moving from south to north (i.e., site 1 to site 6). The number of nodes

lowest at site 1 and increases progressively towards the centre (Figure 4.45). There is a slight decrease
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in the number of nodes at site 4, but this is compensated for by the large number of “i" nodes at this
site. The overall number of nodes decreases at the northernmost site 6. The fracture characteristics
mimic this node distribution with the number of branches being highest at sites 3 and 5. The mean
trace length of site 1 (fore-thrust) is 37 cm, compared to 15 cm and 16 cm for sites 5 and 6 on the back

thrust (Figure 4.46).

The two highest fractal dimensions (1.99) are found adjacent to the lowest fractal dimension (1.93) at
site 4 (Figure 4.47). This may be related to the higher stresses in the thrusts adjacent to the pop-up
structure (site 4) where the confining stresses have been released and the area of rock fractured is

less.

Two individual measurements, which is topological and fractal characterisation show the same
characteristics; that is an increase in fracturing in both the fore-thrust and back-thrust towards each

other and a decrease in the fracturing in the pop-up zone in between.

Losar Baoli Region
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Figure 4.45: Node counts at sites across the Losar Baoli region.
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Figure 4.46: Fracture characteristics and fractal dimensions across the Losar Baoli region.
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Figure 4.47: Fracture characteristics and fractal dimensions across the Losar Baoli region.
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4.2.2. Makhniyal region

This region is located between two and five kilometres north-east of the Islamabad Capital Territories
and the Khyber Pakhtunkhwa border, along the Pir Sohawa Road. The village of Makhinayal (33°
49.3’ N, 79° 7.3’ E) is sited on a hilltop developed on an overturned anticline in fine-grained Kawagarh
Formation mudstone (Figure 4.48). The strata, including the axis of large-scale overturned anticline
have a strike and dip parallel to the large regional scale thrust fault encountered across the area
(Figure.4.49). The thrust fault has been termed the “Whispering Pines Fault” as the fault and adjacent

rocks were mapped at four different sites on the road to the Whispering Pines Resort (Figure 4.50).

Figure 4.48: Road to the hilltop village of Makhniyal.

The mapping sites are in rocks ranging in age from the Upper Cretaceous Kawagarh Formation to the
Early Eocene Nammal Formation (Table 4.4 and Figure.4.49). Half of the mapping sites are in the

Nammal Formation as it has good exposure of the Whispering Pines Fault (Figure 4.50 and Figure 4.51). The
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difference in the rock types of the other formations and associated deformation styles is compared with

the those of the Nammal Formation in this area.

Table 4.4: Location and stratigraphy of study sites.

Site | Latitude (N) | Longitude (E) | Formation | Age Structure
1 33.807° 73.127° Patala Late Palaeocene Fold
2 33.807° 73.126° Nammal Early Eocene Fore-thrust
3 33.807° 73.127° Nammal Early Eocene Fore-thrust
4 33.807° 73.128° Nammal Early Eocene Fore-thrust
5 33.812° 73.134° Nammal Early Eocene None
6 33.815° 73.134° Patala Late Palaeocene Normal fault
7 33.820° 73.133° Kawagarh | Upper Cretaceous | Overturned anticline
8 33.826° 73.129° Lockhart Late Palaeocene None
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Kohala Bala (10 km) '3 E

33.82° N

e

Pir Sohawa (4 km)

[ Recent cover ¥ Whispering Pines thrust
B Chorgali Formation ~ Normal fault

|| Margalla Hills Formation %5 Overturned anticline

[ ] Nammal Formation e Settlement

Il Patala Formation —~ Roads

B Lockhart Formation 1) Mapping site

[ 1Kawagarh Formation .- Elevation (MVAMSL)

Figure.4.49: Geological map of the Makhniyal region. The dominant NE-SW striking thrust, and
overturned anticline control the orientation of the stratigraphy. Figure 4.50 provides a more detailed

view of the distribution of sites 1 to 4. Modified after Ali (2014).
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GoogleEarth

Figure 4.50: Google Earth image showing the geology and the position of sites 1 to 4 relative to the

thrust on the road to the Whispering Pines Resort.Figure.4.49 is a geological map of the entire region.

4221 Sitel

The Patala Formation is exposed at site 1 at the top of the hill. The rocks are dominated by grey-brown
coloured mudstone beds interbedded with 10 to 20 cm thick grey limestone beds grouped together
forming units of approximately 1 m thickness. The limestones are highly fragmented into centimetre
to decimetre sized pieces and are stained orange-brown with iron oxides such as goethite and
limonite, but when it is fresh it is a dark grey colour. The strata have an overall orientation like that of
the Whispering Pines Thrust (320/60). Smaller scale folds are also apparent in the strata of the Patala
Formation — it is suggested that these are caused by small amounts of differential movement on
bedding surfaces parallel to the thrust that cause small-scale folding and faulting and intense

fracturing (Figure 4.51 and Figure 4.52).
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Figure 4.51: Photo-mosaic of site 1 showing highly fractured rock mass and iron oxide staining. View

towards Whispering Pines Thrust (approximately 75 m ahead).

West East

i 3

350/55 0—_ i 340/75

Figure 4.52: Line drawing of site 1 showing the general orientation of the strata (320/60) and plunging
anticline (350/55) and syncline (340/75) pair caused by slight differential movement related to the

Whispering Pines Thrust.

4.2.2.2 Site 2

Site 2 is a 45 m long section that cuts across the Whispering Pines Fault with the thrust foot-wall
exposed up to 12 m along the section, the thrust between 12 and 42 m and the hanging-wall up to
45 m (Figure 4.53). Both the hanging-wall and foot-wall are composed of Nammal Formation. The
foot-wall rocks consist of decimetre-thick beds of tightly cemented packstone interbedded with
centimetre-thin grey mudstone. These rocks are strongly sheared, but the orientation and spacing of

bedding is still visible. In contrastte-this, the Nammal Formation in the immediate hanging-wall of the
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thrust is highly crushed as it is folded into a fault tip fold. Within the thrust, distinct faults and zones
of secondary folds are present. The fault zones appear to dip steeply towards the west as shown in
Figure 4.54 through to Figure 4.53, but this is due to the orientation of the road-cutting, with the fault
zones actually dipping steeply to the north-east. An exposure consisting of fragments of calcite-coated
fault blocks is visible between 14 and 24 m because the road-section is at an acute angle to the thrust

allowing a large exposure of these fractures.

/ 10m
sheared bedding o calcile coated IR calcite coated shaar folded limestane faull tip fold
0 12 42 45 m

Figure 4.53: Diagram showing the orientation of the Whispering Pines Thrust. The rock sequence is

drawn parallel to the road edge for easy comparison with Figure 4.54 and Figure 4.55.

1 m wide measurement circles were placed in the hanging- and foot-walls of the thrust as well as the
thrust itself (Figure 4.54), circles 1, and 2 were located in the foot-wall, circles 3 to 8 in the thrust and
circles 9, and 10 in the hanging-wall. Photographs of the measurement circles with their fracture node
types indicated are shown in Figure 4.57 and Figure 4.58. The fractal dimensions of the fracture
distribution within the circles was determined by placing a measurement grid with square box sizes
between 1 m and 5 cm over the measurement circle and counting the number of boxes containing
fractures. Utilising the box-counting method, it was possible to determine the fractal dimension of

each circle.

o n oo n

Analysis of the number of nodes (fracture intersections), both in the individual categories (“e”, “x”,

o, n

y”, and

o“:n
|

) and as a total for each circle does not show a clear discrimination between the various

structural elements (hanging-wall, thrust and foot-wall) exposed at this site (Figure 4.59).
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10 20 30 40 45m

Figure 4.55: Photo-mosaic of the Whispering Pines Thrust outcropping at site 2 with major fracture trends drawn on. The thrust extents from 12 m to 42 m in this view but it is only 10 m wide and at an acute angle to the section Figure

4.53).

— — — — — — T— — — — — — — — — T— — — — — — T— —
10 20 30 40 45m

Figure 4.56: Line drawing of major fracture trends of the Whispering Pines Thrust at site 2. The thrust extents from 12 m to 42 m in this view but it is only 10 m wide and at an acute angle to the section (see Figure 4.53).
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Figure 4.57: Measurement circles 1 to 6 at site 2. See Figure 4.56 for position of circles. Circles 7 to 10
are shown in Figure 4.58 Standard colours are used throughout to show the various node types, that is

win
[

yellow for “e”, red for “x", green for “y” and blue for
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Figure 4.58: Measurement circles 7 to 10 at site 2. See Figure 4.57 for position of circles 1 to 6.

The “i” nodes are rare throughout site 2, making up only 5% of the total number of nodes. There are
more than three times as many “y” (terminating) as “x” (cross-cutting) nodes at site 2 (Figure 4.59).
Number of nodes at site 2 — derived from the measurement circles shown in Figure 4.57 and Figure 4.58.
The topological analysis of the data does show some differences in the various domains. In general, the
mean trace length of the fractures is longer (50 cm) within the thrust, apart from circle 4, where the

mean trace length is 25 cm (Figure 4.60). Figure 4.60 shows that the number of tips and branches are
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slightly higher within the thrust. The fracture connectivity is higher in both the foot-wall (6.09) and
hanging-wall (5.31) than the thrust (4.84) as shown in Figure 4.61. This may be because the hanging- wall
and foot-wall are highly crushed whereas the thrust itself consists of larger fragments of entrained rock.

o“:n
|

Circle 4 has the greatest number of nodes and lowest fractal dimension. This relationship is not
consistent as the circle with the second-highest number of “i" node (circle 7) has the highest fractal

dimension of the site.
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Figure 4.59: Number of nodes at site 2 — derived from the measurement circles shown in Figure 4.57

and Figure 4.58.
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Fracture characteristics - Site 2
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Figure 4.60: Mean trace length (MTL) in centimetres, number of lines, nodes, and branches and fractal

dimension at site 2.
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Figure 4.61: Connectivity, fracture intensity, fracture density and fractal dimension at site 2. The

fracture intensity is highest in the thrust zone, increasing towards the thrust surface.
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4.2.2.3 Site 3

The Whispering Pines Thrust is a laterally extensive structure (Figure.4.49) with intense fracturing of
the rock mass in the immediate hanging-wall and foot-wall (Figure 4.51 and Figure 4.54). However,
the damage zone of this thrust is of limited width, due to the straight orientation of the thrust surface
in this area. Site 3 is approximately 50 m east of site 2 and 10 m into the hanging-wall of the Whispering
Pines Thrust, but the fracture pattern at this site does not show any influence of the thrust (Figure
4.62). Rather, the fracture spacing, and orientation is controlled by the thickness and orientation of
the bedding of the Nammal Formation. Five sedimentary layers are clearly recognisable at this site
(Figure 4.62 and Figure 4.63) consisting of alternating thick (approximately 1 m) and thin
(approximately 15 cm) beds. The thick beds consist of nodular limestone and the thin of alternating
layers of limestone and shale. The fractures in the thicker beds (labelled a, c, and e in Figure 4.63) are
mainly vertical where-as in the thinner beds (labelled b, and d, in Figure 4.63) are sub-horizontal,

possibly related to bedding parallel shear. Various fracture sets are restricted to a single bed.

Four measurement circles (Figure 4.64) were employed at site 3 to characterise the fracture pattern.
As beds b, and d are only 15 c¢cm thick, it was not possible to place a measurement circle on these beds
alone. Rather, two sets of circles were utilised. Circles 1 and 2 were located on thicker bed whilst
circles 3 and 4 crossed beds b, ¢, and d and beds c, d, and e, respectively (Figure 4.63). This was to

ensure that data regarding the thinner beds would be obtained.
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Figure 4.62: Composite, orthorectified image of the Nammal Formation outcrop at site 3. Although this
is only 50 m east of the outcrop of the Whispering Pines Thrust and, in the hanging-wall, 10 m north of

the thrust plane (see Figure 4.53), no damage specifically related to the thrust can be seen.

Figure 4.63: Line drawing of the fracture patterns at site 3 derived from Figure 4.62 . Five layers are
recognised with the thicker layers (a, ¢, and e) being dominated by near-vertical fractures (shown in
black). In contrast, the thinner layers (b, and d) contain mainly horizontal fractures (shown in red). The

positions of measurement circles are also indicated in blue.
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Figure 4.64: Measurement circles at site 3. See Figure 4.63 for positions.

The circles in the thicker layer (1 and 2 in Figure 4.63) have very similar numbers of all fracture types
whereas the circles that incorporate the thinner layers (3 and 4 in Figure 4.63) have greater differences
in number of nodes, especially “y” nodes (Figure 4.64). This is due to the strongly developed bedding

parallel shear in the lower third of measurement circle 3 (Figure 4.63).
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Circles 1 and 2 each have 88 and 89 nodes in total, but ten more of the nodes are “y” and eight fewer
are “i"in circle 1 resulting in circle 1 having a higher fractal dimension. This is correlated with the higher
fractal dimension of circles 3 and 4, which also have more “y” nodes and fewer “i” nodes like circle 1,
(Figure 4.65 and Figure 4.66). Circle 3 has the greatest number of nodes and hence the number of lines,

tips and branches is highest in this circle (Figure 4.66). Interestingly, circle 3 has the lowest mean trace

length.
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Figure 4.65: Number of nodes at site 3 — derived from measurement circles show in Figure 4.64.
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Figure 4.66: Mean trace length (MTL) in centimetres, number of lines, nodes, and branches and fractal

dimension at site 3.
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With the higher number of nodes, circle 3 has greater fracture connectivity, density, and intensity than

the other circles (Figure 4.67).
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Figure 4.67: Connectivity, fracture intensity, fracture density and fractal dimension at site 3.

4.2.2.4 Site 4

Site 4 is an exposure of the Whispering Pines Thrust, approximately 70 m to the east in the valley
below Site 2. The various portions of the thrust are clearly visible, but the rock mass within the thrust
is highly fractured and it was decided that the normal 1-metre-wide measurement circles would be
overwhelmed with fracture node data. As such, six measurement areas were selected within the thrust
(Figure 4.68), on which 5 cm wide measurement squares were drawn (Figure 4.69). All the
measurement squares were 5 cm by 5 cm, although different numbers of squares were analysed at

each area to see whether zooming in (and hence resolution) had a significant effect on the node ratios.

ain
|

The density of the nodes within the measurement squares (i.e., the “x”, “y” and nodes) was
calculated by calculating the total area of the total numbers of nodes and dividing these by the area
of each set of measurement squares. For example, in area 1, there are 15 squares resulting in a total

area of 375 cm? and in area 3 there are four squares resulting in a total area of 100 cm?. This

transformation normalised the node distribution. The number of edge (“e”) nodes were counted
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around each square and although this results in the double counting of nodes where squares share a
boundary, the average spacing of the “e” nodes was determined by taking the total length of the
perimeter of the square, thereby giving a true reflection of the spacing of the “e” fractures around the
square edge. With a three-fold increase in resolution, no differences in the node density or average

spacing is discernible (Figure 4.70).

- e ". \ . *;
“+Hangingwall

Footwall

. .

0 5m

Figure 4.68: Image showing the intensely brecciated fault rock of the Whispering Pines Thrust, well
exposed at site 4. Measurement squares were evaluated at the sites labelled 1 to 6 as shown in Figure
4.69. This method of data gathering was utilised to characterise the fracture pattern as the fracturing

at this site is too intense to use the conventional 1 m measurement circles.
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0 5 10 cm

Figure 4.69: Detailed view of the measurement blocks indicated in Figure 4.68 which illustrates the steeply
dipping 5m width of the brecciated Whispering Pines Thrust. Node distribution in the different
measurement squares within the rectangles. Scale bar is 10 cm but note that it is of different lengths in
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each photograph. The measurement squares are all 5cm by 5 cm.

Importantly, even though counts of the same four node types were made in the measurement squares
as the conventional measurement circles, it is not possible to determine the topological characteristics
as these require circles to calculate the values. Even the number of nodes cannot be realistically
evaluated as the area of the high resolution fracture patterns in a 5 cm by 5 cm square, asa 1 m
measurement circle would be more than 300 times bigger and potentially contain a large number of

fractures at too high a resolution.
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Figure 4.70: Average density of x, y, and e fractures in measurement squares and spacing of e fractures

" n
e

along square edges in each rectangle. The double counting of nodes on adjacent squares is
accounted for by dividing by the total length around each box, however the “e” count and node ratios

cannot be compared with circles.

4.2.2.5Site 5

Site 5 is located in the Nammal Formation away from any major geological structures (Figure.4.49),
The rock mass at this site consists of light grey limey northwards dipping mudstone beds

approximately 1 m thick, which are bounded by thin centimetre wide sheared mudstone layers .East-
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west striking, steeply dipping shear fractures cross-cut the beds forming large 1 m by 1 m blocks.

Around the edges of these blocks there is further fracturing.

Although the strata have been tilted to the north at approximately 30 degrees and there are at least
two sets of fractures, this site is relatively undisturbed relative to sites 1, 2 and 4 on the Whispering
Pines Thrusts, site 6 on the sheared contact between the Patala and Lockhart formations and site 8
sited in a large-scale anticline axis. The topological and fractal characteristics of this site therefore
represent the minimum fracturing of the Makhniyal region. Interestingly, site 8, which is located on
the northern flank of the anticline running through the village of Makhniyal, and approximately 1 km
away from the axis has similar numbers of nodes to this site which is approximately 1 km south of the
anticline. The composition and dip of the rocks at site 8 is quite different to those at site 5. Figure 4.71
is a series of merged photographs of the northward dipping Nammal formation exposed in the road-
cut at site 5. The upper image has three rectangles labelled a, b, and ¢ which correlate with the lower
three images labelled a, b, and c. Within each of these lower images, the positions of the
measurements circles 1 to 6 is indicated. Figure 4.72 shows the measurement circles and nodes within

each circle.
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Figure 4.71: Site 5 — bedding dips in the direction of view (north) at 30 degrees, with steep east-west
cross-cutting fractures. Squares a, b, and c in the upper part of the image indicate the position of the
zoomed in views shown in the lower part. In turn, the position of the 1 m wide measurement circles

illustrated in Figure 4.72 below is indicated in the zoomed in views. Geologist in white.

The total number of nodes in each of the measurement circles is similar, varying between 65 and 74

H U
[

(average = 69). The greater numbers of “i" nodes (circles 2 and 6) are associated with lower fractal

dimensions (Figure 4.73). The average mean trace length of circles 2 and 6 (Figure 4.74) is shorter —

29 cm compared to the average of 42 cm for the other four circles because the fractures terminate on

ow:n ain
| |

nodes and do not cross-cut or intersect other fractures. As more of the fractures have nodes t

both ends in circles 2 and 6, the number of tips is higher (Figure 4.74). As these nodes make up a

larger proportion of the total number of nodes, there is lower connectivity (Figure 4.75).

ain
|

The greater proportion of “i" nodes at site 5 compared to the other sites on the faults may be due to

o" o n

shorter fractures being extended by shearing and linking up with other fractures with “x” and “y”

nodes.
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Figure 4.72: Fracture node measurement circles at site 5.
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Figure 4.73: Number of nodes at site 5 — derived from the measurement circles shown in Figure 4.72.
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Figure 4.74: Mean trace length (MTL) in centimetres, number of lines, tips, and branches and fractal

dimension at site 5.
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Fracture characteristics - Site 5
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Figure 4.75: Connectivity, fracture intensity, fracture density and fractal dimension at site 5.

4.2.2.6 Site 6

A large steeply dipping reverse fault zone consisting of at least 10 m of highly fractured, grey-coloured
limestone and several metres of highly laminated (sheared) brown shale, is developed at site 6 (Figure
4.75). As the rocks on the north-western side of the fault only consist of limestone, they are considered
to be of the Lockhart Formation. The highly laminated shale on the south-eastern edge of the fault
zone is of the Patala Formation (Figure 4.76). Stratigraphically, there is a gradual transition between
shale-dominated and limestone-dominated strata of the Patala to the Lockhart formations, but where
thrusting is developed, this contact becomes abrupt. The appearance of the thinly-bedded, brown-
coloured shale of the Patala Formation matches closely with the mapped contact of Ali (2014) and is
consistent with the rocks on the north-western side of the fault being the Lockhart Formation. This
prominent 10 m wide reverse fault is not apparent on the map of Ali (2014), which only indicates thrust

and folds.

Five measurement circles were placed on the Lockhart Formation limestone from the faulted contact

with the Patala Formation. The first circle is positioned on the foot-wall contact of the fault and the
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subsequent circles at 4 m, 6 m, 8 m, and 11 m northwards (Figure 4.76). Circles 1 and 2 are located
within the fault zone, circle 3 on the hanging-wall contact and circles 4, and 5 deeper into the north-

western hanging-wall block.
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T B L o

Patala Formation | Faulted Lockhart Formation | Lockhart Formation

Figure 4.76: Faulted contact between the Patala and Lockhart formations (site 6). This is a large steeply dipping reverse fault, at least 10 m wide and highly
faulted (as shown in detail in Figure 4.77) is located approximately 500 m north of the Whispering Pines Thrust. Note that because this is a composite image of
photographs around a bend in the road, it gives the incorrect impression that the fault is dipping to the northwest. Figure 4.50 illustrates that the fault actually

dips southeast as do the hanging-wall strata shown in Figure 4.77.
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Figure 4.77: 1 m diameter measurement circles in the fractured Lockhart Formation at site 6. The fault contact between the Nammal and Lockhart formations
is at 0 m and measurement circles progress northwards further consisting of greater fragments of Lockhart Formation limestone (from Circle 1) into the foot-

wall of the normal fault zone. The long mean trace length of the faults are shown by the large number of yellow “e” nodes in the measurement circles.
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Circles 1 and 2 have an average of 137 nodes in each circle. There are fewer “e” nodes in circle 1 as
part of the circle edge is obscured by vegetation (Figure 4.76). The high degree of fracturing close to
the contact with the Patala Formation is highlighted by the large number of “y” fractures (68). Circle
2 is more representative of the faulted Lockhart Formation with 53, 54, and 53 “e”, “x”, and “y” nodes

win
|

respectively and no nodes (Figure 4.77) due to fault movement extending fractures until they
intersect or cross-cut. Circle 3 is sited across the foot-wall contact of the reverse fault. A large portion
of the measurement circle is covered by a steeply dipping major shear-plane oriented parallel to the
road-cut surface (Figure 4.77). These shear-planes dominate the immediate foot-wall of the fault
(Figure 4.71) and appear to pre-date the fault as they terminate against it and are not visible in the
foot-wall. Due to the presence of this shear surface, the total number of nodes is lower (105), also

ain
|

there are still no nodes.

In circles 4 and 5, located in the hanging-wall of the reverse thrust there is an average of 84 nodes,

ain
|

significantly lower than the average number of nodes in the fault (126). Circle 4 is different as “i" nodes
compose 10% of the total nodes, versus an overall average of 3% of for this site. Circle 5 has the fewest

nodes of all categories of all circles at this site clearly showing the decrease in the number of nodes

moving away from the fault (Figure 4.78).
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Figure 4.78: Number of nodes at site 6 — derived from the measurement circles shown in Figure 4.77.

There is a clear correlation between the number of nodes and the fractal dimension with the circle
with the lowest number of nodes (particularly “y” nodes) having the lowest fractal dimension
(compare Figure 4.78 and Figure 4.79). Circles 1 and 2 have a fractal dimension of 2, that is, the entire

surface is fractured down to the resolution of the 5 cm measurement box-length.

Topologically, circle 5 is characterised by the longest mean trace length as well as the lowest number
of lines, tips, and branches (Figure 4.79) which is consistent with the few (long) fractures visible in the
measurement circle (Figure 4.77). Circle 2, with its large number of nodes (the most for the entire
region) has the highest fracture connectivity, intensity, density, and number of branches (Figure 4. 80).
The significant contribution of the fracture characteristics of circle 2 to the generally more fractured
ground at site 6 has resulted in this site showing more damage than site 2 located on the Whispering

Pines Thrust.
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Figure 4.79: Mean trace length (MTL) in centimetres, number of lines, nodes, and branches and fractal

dimension at site 6.
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Figure 4. 80: Connectivity, fracture intensity, fracture density and fractal dimension at site 6. Highest

intensity in the ‘fault zone. But interestingly the connectivity does not show the same relationship.

160



Chapter 4 Field Mapping’

The alternating thick (1 m) and thin (centimetre-scale) limestones beds exposed in the road-cut
approximately 200 m north into the foot-wall of the faulted contact between the Patala and Lockhart
formations dip steeply to the south-east (Figure 4.81). The southwest-northeast strike of the beds
matches both the dip and strike of the normal fault exposed at this site, and also, the structural

characteristics of the overturned anticline at site 7 and the south-eastward dipping strata at site 8.

Figure 4.81: Steeply south-eastward dipping beds of the Lockhart Formation exposed approximately
200 m north of the faulted contact between the Patala and Lockhart formations shown in Figure 4.77.
The white squares labelled “SP” indicate the position and orientation of a major shear-plane similar to

those shown in Figure 4.76.
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4.2.2.7 Site 7

Site 7 is located in the village of Makhniyal on the hinge-line of regional overturned anticline
(Figure.4.49). Both the north-eastern and south-western flanks of this anticline dip steeply to the
southeast; and the Cretaceous Kawagarh Formation (the oldest rocks in the region) is exposed at this
site. The Kawagarh Formation is a medium to dark grey coloured, calcareous shale. The rock mass is
highly damaged with six different discontinuity sets being identified. These range in size from metre-

wide clay-gouge covered bedding to millimetre sized chaotic breccia (Figure 4.82).

Figure 4.82: Discontinuities at site 7: (i) clay gouge coated sheared and folded bedding; (ii) calcite filled
Riedel shears developed across the fold axis; (iii) millimetre thick, decimetre long calcite-filled fractures
developed in the limey shale; (iv) intense network of randomly oriented calcite fractures, typically less
than 5 'mm thick and 5 cm long; (v) chaotic matrix-supported breccia with millimetre sized rotated
calcite fragments; (vi) fault gouge with remnant fragments of limestone; (vii) unmineralised late-stage

cross-cutting metre-long fractures.
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The predominant fracture type is an intense network of small (millimetre-scale) calcite-filled fractures
which is present through-out the rock mass at this site (Figure 4.83). These calcite fractures are both
cross-cut by, and terminate on, the sheared bedding planes (Figure 4.84). This is clearly due to re-
activation of bedding plane movement as the same calcite fracture can be seen off-set on the opposite
side of the of bedding plane. The small calcite fractures, breccia and associated fault gouge most likely
represent tight anticlinal crush fractures as no shearing or preferential orientation is evident. The
abundant small fractures and re-activation of bedding parallel movement can be directly attributed to
the tightening of the steeply dipping overturned anticline at site 7. Other small calcite-filled fractures
in different areas are not directly related to tight folding and may represent hydraulic or release

joints (Engelder, 1985).

Due to the high intensity of fractures (especially type iv), it was decided not to use the conventional 1
m measurement circles to quantify the fracture pattern of site 7. Instead, four 5 cm diameter
measurement circles were placed on the unmineralised late stage fracture surface (Figure 4.83), and
the characteristics of the fractures within each circle was determined by digitising the calcite fractures

in ArcMap (Figure 4.86).

Figure 4.83: Outcrop at site 7 — dark grey Kawagarh Formation limestone with small millimetre-sized
calcite fractures throughout. Strongly developed layering related to the folding and overturning of the

anticline axis at this site (Figure.4.49) is super-imposed on these fractures. Geologist in blue.
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Figure 4.84: Close-up view of fractured rock mass perpendicular to bedding. Rock is not in-situ having
fallen off the outcrop shown in Figure 4.85. Red rectangles indicate zoomed in area. Final zoom (left)

is 20 cm wide. Randomly oriented calcite fractures are clearly visible.

Figure 4.85: View of earlier generations of fractures exposed on a late-stage fracture surface (see

Figure 3.24). The zoomed in view (right) shows the distribution of 5 cm wide measurement circles.

The image was scaled, and fractures traced within each circle to allow the determination of the length
and number of fractures within each circle. These results are shown in Table 4.5 and illustrated in
Figure 4.86 There are an average 175 fractures in each 5 cm circle. These fractures have an average

length of 0.6 cm, but because of the large number, it equates to a total fracture length of 5.4 m. More
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importantly, 80% of the fractures have a length of less than 0.75 cm (Figure 4.87) and cross-cut and

intersect each other frequently (Figure 4.86).

Table 4.5: Characteristics of the fractures measured in the four 5 cm wide measurement circles

illustrated in Figure 4.86.

Circle 1 2 3 4 Ave
Fracture count 150 245 168 147 178
Min length (cm) 0.1 0.1 0.1 0.2 0.1
Max length (cm) 2.6 2.3 2.0 3.6 2.6

Total length (cm) 101.1 130.9 103.7 99.6 108.8
Average length (cm) 0.7 0.5 0.6 0.7 0.6
SD 0.5 0.4 0.4 0.5 0.4
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Figure 4.86: Fracture lengths of 5 cm wide measurement circles. Image was imported into ArcMap,

calibrated and the fractures traced out in each circle. Table 4.5 summarise the characteristics of the

fractures.
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Figure 4.87: Fracture length distribution in the 5 cm wide measurement circles (Figure 4.86). It clearly
illustrates the logarithmic distribution in the fracture length with more than 80% of the fractures

having a length of less than 0.75 cm.

Figure 4.88 and Table 4.6 show the distribution and number of nodes within the 5 cm wide
measurement circles. When the number of nodes is determined for the 5 cm and converted to
equivalent numbers in a 1 m circle, interesting fracture characteristics are revealed (Table 4.6). The
circumference of a 1 m wide circle is 20 times that of a 5 cm wide circle and the area is 400 times

oo u

greater. The number of “e” nodes is therefore multiplied by 20 and the number of “x”, “y”, and “i”
nodes is each multiplied by 400. In the larger theoretical circle, the connectivity remains the same, the
fracture intensity increases twenty-fold, and the mean trace length decreases twenty-fold. The
fracture density, the number of lines, tips, and branches all increase 400 times. This shows that the
topological values from measurement circles of different sizes cannot be directly compared as they
vary by different amounts and can result in anomalously high node counts such as 138 650, obtained

from converting the number of nodes in circle 2 (Table 4.6) compared to the average total of 86

nodes per circle for the rest of the area. Interestingly, the connectivity of the fractures in the
167



Chapter 4 Field Mapping’

measurement circle remains the same, but as fractures are not distributed uniformly, it is also not
possible to equate the connectivity of fractures in measurement circles of assorted sizes directly with
each other. Having measurement circles of the same diameter at various sites is the only way in which
the topological and fractal characteristics can be correctly compared across different areas and

structural domains.

Figure 4.88: Fracture nodes of the measurement circles. Note that these circles are 5 cm in diameter,
not the conventional 1 m. Table 4.6 provides the node count for each circle and the associated
topological values. It also lists the hypothetical number of nodes and topological characteristics if these

circle were converted to the usual 1 m wide measurement circles.
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Table 4.6: Node count and topological characteristics of 5 cm diameter measurement circles at site 7
converted to 1 m circle equivalents by multiplying the number of “e” nodes by 20 (increase in

circumference) and “x”, “y”, and “I” nodes by 400 (increase in area.

circle Characteristic 1 2 3 4
E 29 28 34 30
X 28 46 23 26
% Y 124 186 112 132
= I 49 113 122 168
Total 230 373 291 356
Connectivity 4 3 2 2
cm Fracture Intensity 15 14 17 15
Fracture density 32 55 41 52
g?a Mean trace
3 0.14 0.08 0.13 0.09
g length (cm)
2
No. lines 87 150 117 150
No. tips 173 299 234 300
No. branches 267 428 275 334
E 580 560 680 600
X 11200 | 18400 9 200 10 400
% Y 49600 | 74400 | 44800 | 52800
= [ 19600 | 45200 | 48800 | 67200
Total 80980 | 138560 | 103480 | 131 000
Connectivity 4 3 2 2
1m Fracture Intensity 290 280 340 300
Fracture density 12 796 21963 16 361 20754
>
%D Mean trace 0.0072 | 0.0041 | 0.0066 | 0.0046
§- length (m)
No. lines 34600 | 59800 | 46800 | 60000
No. tips 69200 | 119600 | 93600 | 120000
No. branches 106 600 | 171000 | 110000 | 133 600
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4.2.2.8 Site 8

Site 8 is characterised by two different types of limestone that dip north-westward forming the
overturned limb of the anticline centred at site 7 (Figure.4.49). The rocks consist of a series of younger,
underlying dark grey coloured wackestone beds, structurally overlain by older fossiliferous packstone
beds (Figure 4.89). The bioclastic foraminiferal packstone contains abundant foraminifera as well as
broken gastropod and bivalve shells. Distinctive Cruziana and Thalassonoides trace fossils (horizontal

feeding burrows) are exposed on the bedding surface (Figure 4.90).

Figure 4.89: Site 8 — view northeast along Kohala Bala Road showing overturned Lockhart Formation
limestones units dipping steeply to the northwest (Figure.4.49). Images (a) through to (d) are of

progressively older limestone units. Strongly sheared bedding contacts are present between the beds.
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Figure 4.90: Contact between the fine-grained dark grey-coloured wackestone (left) and older
bioclastic foraminiferal packstone. Both have bedding surfaces that are weathered and sheared, but the

older packstone surface is more irregular due to trace fossils.

The bedding surfaces are strongly weathered at this site. The minerals present on the surface have
been dissolved, and become muddy, reducing friction among grain interfaces, enlarging gaps among
the particles, and weakening cohesion within mineral grains. This leads to reduced strength and

mechanical deformation with the beds able to slide past each other (Li et. al., 2018).

Despite this, millimetre thick calcite fractures cross-cutting the bedding surfaces are common at this
site, both in the packstone (Figure 4.91) and wackestone (Figure 4.92). These fractures are developed
almost perpendicular to the bedding, and both terminate against the weathered bedding surfaces and
cross-cut it. This suggests that they post-date bedding plane shear. However, these fractures do not
change their orientation relative to bedding even when the strata are more shallowly dipping. As the
greater variety and density of fractures at site 7 shows, there have been several phases of movement
associated with the anticline. It is suggested that the calcite filled fractures are able to be developed

and extended during different phases of movement along the weathered bedding surface.
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Figure 4.91: Bioclastic foraminiferal packstone. (a) and (b) bedding surface showing a variety of
Thalassonoides ichnofossils (mostly horizontal feeding burrows); (c) and (d) bivalve and gastropod

shells exposed on the bedding surface. Also visible are millimetre thick bedding perpendicular calcite

fractures.
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Figure 4.92: Younger, dark grey-coloured wackestone with extensive cross-cutting brittle calcite-filled
fractures and bedding parallel shears. (a) approximately 500 m west of the contact between the two
different limestone types (Figure.4.49); (b) bedding parallel gouge coated shear fractures and open
orthogonal calcite which also have gouge fill; (c) close-up view of bedding parallel gouge-filled
fractures and orthogonal calcite fractures which are much longer and more parallel than the abundant
small calcite fractures at site 8; (d) bedding plane fracture consisting of sheared weathered calcite and

limonite.

The wackestone and packstone appear to have different fracture patterns, with more brittle calcite
fractures present in the younger wackestone and the older packstone containing more weathered

bedding parallel fractures (Figure 4.93).
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Packstone

Figure 4.93: Measurement circles placed on the distinctly different wackestone and packstone at site 8.
Wackestone circles are shown on the left and packstone circles on the right. This has resulted +n in the

wackestone circle having odd numbers and packstone circles having even numbers.
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There are more “e” and “y” nodes in the wackestone, the same number of “x” nodes in the two rock

aw:n
|

types and more nodes in the packstone (Figure 4.94). On average, there are fewer nodes in

packstone which agrees with the empirical observations of the packstone being less fractured.
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Figure 4.94: Number of nodes at site 8 — derived from the measurement circles shown in Figure 4.93.

The wackestone has a greater (and more consistent) number of tips, lines and especially branches as
well as a slightly shorter mean trace length (Figure 4.95). Figure 4.95 also shows that the wackestone

has a lower average fractal dimension (1.95) compared that of the packstone (1.97).

The wackestone is also characterised by higher connectivity, fracture intensity, and fracture density

than the older fossiliferous packstone (Figure 4.96).

It is suggested that the Thalassonoides burrows and surface tracks in the packstone may have
impacted its mechanical behaviour. As a result of the bioturbation, the thicker beds are less mud-rich
(either because the mud has been filtered for food or disturbed by movement). Thin layers of mud are

periodically deposited on the thicker units which has allowed a significant difference in the shear

175



Chapter 4 Field Mapping’

strength of different units to develop. This contrast in shear strength, especially considering the
associated weathering of the mud-rich layers has caused the fracture pattern of the packstone. The
wackestone was probably deposited at a greater depth and therefore not inhabited but similar

periodic deposits of shale also allow the development of low cohesion layers that can be sheared.
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Figure 4.95: Mean trace length (MTL) in centimetres, number of lines, nodes, and branches and fractal

dimension at site 8.
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Figure 4.96: Connectivity, fracture intensity, fracture density and fractal dimension at site 8.

4.2.2.9 Summary

Overall, the sites in the Makhniyal area have a high degree of fracturing, being located on a regional thrust
(1,2, and 4), a large normal fault (6) and a tightly folded and overturned anticline (7). Different methods
were employed to the characterise the most highly fractured sites. Topological and fractal fracture
characteristics were derived from conventional 1 m wide measurement circles in both highly fractured sites
(2,3, and 6) and less fractured sites (5 and 8). As the rock mass was highly weathered at site 1, it was decided

that no meaningful measurements of the fracture characteristics could be made there.

Site 4, located on the Whispering Pines Thrust, was examined using squares to evaluate the density and
spacing of fracture node intersection types in grids of 5 cm squares. At site 7, theintensity of the fracturing
required the evaluation in 5 cm wide circles to determine the different fracture types, the distribution of
different fracture lengths. The graphs in Figure 4.97 through to Figure 4.99 only show data from sites 2, 3,
5, 6, and 8, as site 1does not have measurement circles and at site 7, the circles are 5 cm in diameter. Site 6,
located on a large-scale normal fault (Figure.4.49), has the greatest number of nodes (“e”, “x”, and total) of
data-sets of the Makhanyal region (Figure 4.97). The site is characterised by the highest (Figure 4.98). It also
has the highest fracture intensity, density, and connectivity (Figure 4.99). These all appropriately

characterise the highly fractured rock mass of the fault zone shown in Figure 4.101

The high values of the intensely fractured rock mass quantified above for site 6 are closely followed number
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of fracture nodes, the calculated topological characteristics, and the high fractal dimension by the
characteristics of site 2 (Whispering Pines Thrust). This site has the second highest “e”, “x”, and total
number of nodes. It has the second highest connectivity and fracture intensity as well as the longest MTL. It
also has the second highest fractal dimensions. These lower values are because foot-wall and hanging-wall
measurements needed to be included to properly characterise the rock mass. Focussing only on the thrust
(site 4) generates high values indicative a highly fractured rock mass. However, as the thrust is part of a
structural and fracture system (including the immediate foot-wall and hanging-wall), it is appropriate to
consider the characteristics in the manner that they have been done (two measurement circles in the foot-

wall, six in the thrust and two in the hanging-wall.
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Figure 4.97: Average number of nodes at the measurement sites in the Makhniyal region.

The high values of the intensely fractured rock mass quantified above for site 6 are closely followed by
intense fracturing as evidenced by the high number of “e”, “x”, and “y” nodes (Figure 4.97) with resulting
higher topological values, especially the number of branches (Figure 4.98). Site 3 has the lowest
MTL. The fracture connectivity, density, and intensity as well as the fractal dimension (1.87) is also lowest at

this site which has been subjected to the least structural deformation.
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Figure 4.98: Fracture characteristics — mean trace length (MTL), number of lines, tips, and branches as well

as fractal dimensions at the various mapping sites in the Makhniyal region.

The overturned limb of the anticline (site 8) is very similar, low numbers in the same relative abundance with
“y” nodes being the most abundant followed by “e”, i” and “x” nodes. As a result of this, the calculated
topological values with them either having the lowest or second lowest value for each parameter, apart
from MTL which is shortest in the thrust hanging-wall (site 3). A similar distribution occurs when considering

the fractal dimension with site 5 having the lowest, followed by site 3 and then only site 8. (Figure 4.99).
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Figure 4.99: Fracture characteristics — connectivity, fracture density, fracture connectivity and fractal
dimension at the various mapping sites in the Makhniyal region.
When comparing the number of nodes with the associated fractal dimension for each measurement
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circle, several distinctive characteristics are evident:

1. Figure 4.100 shows that the overall number of nodes and fractal dimensions have a limited
distribution and form a tight concentration. There is no systematic relationship between the
two parameters and the slope of the best-fit line (0.001) suggests that the fractal dimensions

will remain similar whatever the number of nodes is.

2. When divided into different sites, distinct clusters are apparent (Figure 4.101). Site 2 has, on
average, the second highest number of nodes and a similar fractal dimension to site 8, which
has much fewer nodes. Site 3 forms a tight cluster with a lower fractal dimension. The lowest
fractal dimension is at site 6, but it also has the greatest variety in fractal dimensions
(Figure 4.101). The highest average number of nodes and fractal dimension is found at site 6

and in fact circle 2 of this site has the greatest value (161, 2.00).
3. The most abundant of node types are “y”, followed by “e”, “x” and “y” nodes (values of 39,

25, 14, and 6 respectively). There is large amount of overlap between the number of each type

of node (Figure 4.102).
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Figure 4.100: Contoured plot of the total number of nodes versus fractal dimensions for all circles inthe

Makhniyal region.

There is a distinct separation in the number of different of nodes, irrespective of site (black symbols
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in Figure 4.102) and the fractal dimensions show separation depending on the site (different coloured

“, n

symbols in Figure 4.102). This is because there are an increased number of longer cross-cutting “y

awin
[

nodes that intersect the circle boundary where-as there are few “i" nodes that do not interrsect. This

suggests a greater shear stress in the region relative to the strength of the strata.
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Figure 4.101: Plot of the total number of nodes versus fractal dimension at each site in the Makhniyal region.
The average number of nodes and fractal dimension is shown by the larger circle bordered in black. The semi-

transparent ovals, the same colour as the site, indicates the area covered by one standard deviation.
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Figure 4.102: The number of nodes of each type at each site (in the Makhniyal region) are plotted

against their fractal dimension. The extent of the different node types is highlighted; “y” nodes are

“e” and “x” nodes, with “i"

generally more numerous, followed by nodes being the least abundant.
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4.2.3. Najafpur region

The Najafpur region is located north of the Talhar region (Section 4.2.2) and immediately to the west of the
Makhniyal region (Section 4.2.4). The river valley is extensively farmed with fields and scattered farmhouses
spread across the alluvium (Figure 4.103), and the only settlement in the area that is demarcated on Google
Earth is the village of Najafpur (33° 48.1’ N, 72° 59.1’ E). The field mapping sites are located along the road

between the Kanpur Dam to the west and Pir Sohawa to the east (Figure 4.104 and Table 4.7).

Figure 4.103: View southwards from site 1 across the farms in the river valley towards mountains

composed of the Lockhart Formation.

The most geologically significant feature in this area is a large, overturned anticline (which is examined
in detail in the description of site 3). The anticline has controlled the flow of the rivers and hence the

guided the distribution of the farming and accompanying roads (Figure 4.104).

The rocks in the region range from the Lower Cretaceous Lumshiwal through to the Early Eocene
Margala Hills formations. Of all of the rocks, the Early Eocene Nammal Formation had the best

exposure, due to the east-north-east striking folds and the cover of recent alluvium (Figure 4.104).
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The only good exposure of the Middle Paleocene Lockhart Formation (which usually outcrops well

because it is a wackestone, that is resistant to erosion), was in the steep sided valley near site 3.
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Figure 4.104: Geological map of the Najafpur region. The region is separated from the Talhaar region

(Section 5.2.3) directly to the south by a 1 300 m high range of mountains.
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Table 4.7: Location of mapping sites relative the major structure and their stratigraphy.

Site | Latitude (N) | Longitude (E) | Stratigraphy Structure
1 33.796° 72.998” Nammal 1.5 km from overturned anticline
2 33.796° 73.000° Nammal 1.5 km from overturned anticline
3 33.792° 73.022° Lockhart Overturned anticline
4 33.793° 73.035° Nammal 1 km from overturned anticline
5 33.793° 73.059° Nammal 1.5 km from overturned anticline
4.2.3.1Sitel

The rock exposure is poor at site 1 (Figure 4.105). However, it was possible to determine both rock
type and structural features. The rock is a light grey wackestone without any fossils or any internal
sedimentary structures visible. Fractures are developed in a variety of orientations, with NNE-SSW
striking, unmineralised and calcite filled fractures dominating the assemblage. This is sub-parallel to
the regional strike and is a similar strike to the shears encountered at site 2. As the strata have a steep

regional dip, the 30 cm width of the exposures may indicate bedding thickness.
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10 cm

Figure 4.105: Plan-view of light grey wackestone at site 1. Although fractures are developed in many
different orientations, the predominant direction is ESE-WNW (shown in red and orange). The rocks
are steeply dipping with the upper and lower contacts possibly representing bedding surfaces. Ruler in

photographs =1 m.

4.2.3.2 Site 2

Approximately 200 m east of site 1, a multi-faceted group of rocks is present at site 2. This variety is
due both to the original sedimentary characteristics and how the rock has subsequently deformed and
weathered. The rocks consist of a sheared dark grey shale and limestone layer bound by fragmented
wackestone and underlain by a section of flowstone covered limestone fragments (Figure 4.106). As
the strata are steeply dipping and may have been overturned, it is not possible to determine the
relative stratigraphic age. The assemblages are therefore described in terms of the structural

deformation with the addition of flowstone defining a third rock-type, which is re-cemented limestone
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fragments. The uppermost portion of the exposure consists of decimetre-sized fragments of light grey

wackestone.
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ROAD-SIDE RUBBLE
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1 % Fragmented, gently folded light grey wackestone with centimetre-long calcite veins

2 Sheared, dark and light grey mudstone with abundant centimetre-long calcite veins

LT i i _size i
3 d'! Flowstone covering decimetre-size limestone fragments

Figure 4.106: Cross-sectional sketch of the rock types exposed at site 2. The rocks are categorised
according to their primary sedimentary character, deformation characteristics and subsequent

weathering into three types. Geologist in blue.

These rocks are folded both north-south and east-west to form a small dome structure that dips to
the north at approximately 50 degrees (Figure 4.107). It is not known if this dome is the right way up
or overturned. The central portion of the exposure at site 2 is similar in character to the rocks at sitel,
being a strongly sheared shale. At site 2, there is much better exposure and the strongly developed

steeply dipping sheared bedding with decimetre-long calcite veins are well developed (Figure 4.107).
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Figure 4.107: Metre- and decimetre-scale images of the three rock types exposed at site 2. (1) sectional
view of fragmented and gently folded light grey wackestone, (2) plan view of sheared dark and light
grey shale, (3) sectional view of flowstone coated limestone fragments. Coloured dots on metre-wide
measurement circles indicate positions of fracture nodes used in topological analyses. See Figure 4.106

for position of images.

The bedding (and shearing) is sub-parallel to the regional WNW-ESE strike of the strata (Figure 4.104).
The lower portion of site 3 consists of fragmented limestone covered with flowstone (Figure 4.107)

indicating that the fractures in this portion of the rock have been open for some time .The fragmented
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rock of circle 1 (Figure 4.107) has the highest number of nodes (Figure 4.108). Circle 3 was mapped in
the flowstone coated portion of the exposure. The flowstone obscured many of the nodes and
fractures, and as a result the total number of nodes at each site varies between 25 and 154 (Figure
4.108), with an average of 100 and standard deviation of 55. With this sort of variability, it is unlikely
that the average topological characteristics, such as porosity and permeability derived from these
measurements would be widely applicable to the rock mass as flowstone tend to precipitate at the

edge of a void rather than throughout the rock mass.
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Figure 4.108: Node counts for circles at site 2. The fragmented rock of circle 1 has the greatest number
of nodes. Although circle 3 may have the same underlying rock type as circle 1, most of the nodes and

fractures have been covered by flowstone.

The average topological and fractal values of site 2, with and without the flowstone measurements
were calculated (Figure 4.109). Without the data from the flowstone measurements (circle 3), the
fracture connectivity, intensity and density increase the mean trace length is reduced (more individual
fractures), and the number of lines, tips and branches increases. It was therefore decided to use the

average of circles 1 and 2 alone, to characterise the rock mass at site 2.
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Figure 4.109: Average topological values of site 2, with and without data from the flowstone coated
circle 3. (1) The average mean trace length (MTL) decreases in value as more individual fractures are
considered. The average number of lines, tips, and branches all increase. (2) The average connectivity,
fracture intensity and density are higher when data from circle 3 is removed. The fractal dimension

increases from 1.94 to 1.98.

4.2.3.3 Site 3

The Najafpur region is dominated by an overturned anticline (Figure 4.104) which is clearly visible on
Google Earth (Figure 4.110). The overturned anticline extends down to site 3 where the steep dipping

Lockhart Formation is folded into a smaller 4 m wide parasitic fold on the main 200 m wide fold.
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Strike-lines -~ River
Dip-lines -~ Road

® Reference point
® Site3

Figure 4.110: Eastward looking Google Earth image showing the dip and strike of the large, overturned

anticline and their relationship to the smaller parasitic fold exposed at site 3. “R” indicates the
reference point for the position of the anticline (33°47.9” N, 73° 01.4’ E). The lighter brown rocks in the
centre are of the Lumshiwal Formation, whilst the steep, light grey ridge extending eastwards from

site 3 is the Lockhart Formation.

Measurement circles 1, 2, 3, 4, and 5 are located from the gently northward dipping strata of the tight
parasitic fold, through the tight fold-axis (circle 6) to steeply southward dipping strata in circles 7 and
8 (Figure 4.111). The dip of the strata in these last two circles is the same as the steep regional dip to
the north (Figure 4.110). The locations of the fractures were digitised into ArcMap 10.2.2, from which
the box density, linear density and fracture length were determined for the fractures (Figure 4.112).

Figure 4.113 and Figure 4.114 show the characteristics of individual fracture sets.
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Fold axis

Shallow dipping Bedding and Fractured associated
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bedding . steep fractures | with fold axis bedding
Bedding — Fold fractures :3:  Measurement circle position

Figure 4.111: View eastwards of the outcrop of the Lockhart Formation at site 3. Fold axis may be assumed to be more to the right, but this is due to fractures
being parallel to the line of section. The true position of the fold axis can be identified by the more intense fracturing. The site is located in a deep narrow

gorge affording view of the strata on both sides (see Figure 4.110). The western side is however not accessible due to the deep, steeply sided river.
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Figure 4.112: Fractures characteristics at site 3 determined by digitising individual fractures. Conventional ArcMap geostatistical tools are used to calculate box
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density, linear density, and length of features. Typically, in ArcMap, these tools would be used to evaluate for example road characteristics, but as these are relative
measurements the fact that the scale of the combined photographs is probably a 100 times smaller doesn’t matter. (1) Fracture density — average number of fractures
in a 50 cm box on the photograph. This box is moved stepwise to define changes in the fracture density. The highest density of fractures is along a gently
northward dipping bed with abundant internal fractures related to the folding. (2) Linear density of fractures on a stepwise box-count across the surface. The
small section in the centre of the image with the highest linear density corresponds to the fold axis. (3) moving average fracture length. The fractures are
longest around the fold axis. Interestingly the fractures appear to radiate outwards from the fold axis. This is due to the combined lengths of the smaller

fractures restricted to particular beds. When average across the beds, the overall orientation becomes apparent.
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Figure 4.113: Characteristics of bedding surfaces and fractures contained within a single bed. Conventional

ArcMap geostatistical tools are used to generate the images.

When the induvial fracture sets are considered, a different picture, both of density and length
emerges. The fracture densities are lower and show different distributions. More interesting is the
variation in the estimated fracture length. When the fractures from a single set are considered, they
are not broken up by intersections with other fractures and therefore appear longer (compare Figure
4.112 and Figure 4.113). Similarly, closely spaced fractures are combined to form a more continuous

fracture (compare Figure 4.112 and Figure 4.114).
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Figure 4.114: Characteristics of cross-cutting fractures of the fold axis. Conventional ArcMap geostatistical

tools are used to generate the images.

The length of the bedding plane fractures (n = 137), and the bedding plane bound fractures (n = 560)
show a similar exponential distribution between 0.1 m and 1.0 m with a mean length of 0.19 m and0.17
m, respectively (Figure 4.115). In contrast to this, the length of the fractures associated with the fold
axis (n = 58) varies irregularly between 0.15 m and 1.65 m with a mean length of 0.60 m (Figure 4.116).

These differences are summarised in Figure 4.117.
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Figure 4.115: Length distribution of bedding plane fractures and fractures within bedding plane.
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Figure 4.116: Length distribution of fractures associated with the fold axis at site 3.
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Figure 4.117: Number of fractures and length characteristics. Due to their similar characteristics
bedding plane fractures and bedding plane bound fractures are considered together in the spatial

analysis (Figure 4.113).
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Eight measurement circles were inscribed (in chalk) on the outcrop, with circles 1 to 5 being on the
northward, flatter dipping beds, 6 on the fold axis and 7 and 8 on the steep dipping strata. Circles 1
and 4 were located on the bedding plane, whilst circles 2, 3, and 5 were orthogonal to the bedding
and between bedding planes. Circles 7 was orthogonal to and bound by the steeply dipping bedding

planes and circle 8 on a bedding surface.

The higher number of nodes on the measurement circles orthogonal to the bedding planes is clearly
visible in Figure 4.118 and Figure 4.119. Circle 6 (in the fold axis) has the highest number of nodes

followed by circles 2, 3, 4, 7, and 5.

The variation of fracture numbers affects the ratio of nodes in the circles at different positions and

orientations has had a clear impact on the across the sites.
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Figure 4.118: Site 3 measurement circles 1 to 4. See Figure 4.111 for location of circles on the outcrop.

Circles 5 to 8 are shown in Figure 4.119.
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Figure 4.119: Site 3 measurement circles 5 to 8. See Figure 4.111 for location of circles on the outcrop.

Circles 1 to 4 are shown in Figure 4.118.
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Figure 4.120: Node counts for circles at site 3. The highest number of nodes is in circle 6 in the fold axis.

With the highest number of nodes, circle 6 has the highest connectivity, fracture intensity, fracture
density, and the greatest number of lines, tips, and nodes. It also has the highest fractal dimension
(Figure 4.121 and Figure 4.122). The cross-cutting fractures of the shallow dipping beds (circles 2, ,3,
and 5) are the second highest in all the categories. These are followed by the steep dipping cross-

cutting fractures, and the bedding parallel circles have the lowest topological values and fractal

dimension.
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Figure 4.121: Fracture characteristics and fractal dimension, site 3.
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Figure 4.122: Fracture characteristics and fractal dimension, site 3.

This allows the separation into fracture groups into those centred around the fold axis, those
orthogonal to and bound by bedding and those parallel to bedding. The length distribution of the latter
two categories is very similar (Figure 4.115), it is likely the large number of bedding plane bound
fractures (n = 560), compared to the number of bedding plane fractures (n = 137) that have resulted
in different topological characteristics, resulting in them being separated into two different sets. The
fracture set around the fold axis contains fractures of both other sets and that the orientation and
frequency of these sets influence each other.
4.2.3.4 Site 4
No mappable exposures of the fissile dark brown Patala Formation marine shales were present along
the road (Figure 4.104). Site 4 is a steeply dipping exposure of the Nammal Formation (Figure 4.104).
The interbedded layers of more erodible sheared shale and more resistant wackestone are visible in
Figure 4.123. Figure 4.124 illustrates the location of the measurement circles on a 5 m wide
accumulation of 50 cm thick packstone beds. The nodes mapped in these measurement circles are

shown in Figure 4.125.
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Figure 4.123: Steeply dipping strata of the Nammal Formation. View northeast, across the river valley

along strike in opposite direction of Figure 4.124.

Figure 4.124: Distribution of measurement circles on the western sidewall of the road cutting at site 4.

Geologist in blue.
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Figure 4.125: Measurement circles at site 4.

The total number of nodes in the different measurement circles does not vary significantly (average =
130 and SD = 13). The node ratios are the same for the various circles being dominated by “y”, followed

by “e”, then “x” and few “i" nodes (Figure 4.126).
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Figure 4.126: Node counts for circles at site 4.

Figure 4.127 shows that different fracture nodes could be related to bedding and specific fracture sets.
Nearly half the nodes of the measurement circle are not included in this grouping of fractures. These
nodes may be related both to fractures that are bound by and cross-cut the sets identified or be
independent of them. The true interaction of the fractures can only be defined if all the nodes are

considered together.

Figure 4.127: Bedding and two possible fracture sets defined by the distribution of nodes in circle 1.
More than half the nodes are not included in these two fracture sets. These nodes may be bound by,

or cross-cut the fracture sets indicated. Many of the nodes on the two fracture sets are defined by their

intersection with the other set.
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As there is limited variation in the number and ratio of nodes in the circles the topological
characteristics of the fractures are similar (Figure 4.128 and Figure 4.129). Circle 2 has a lower fractal
dimension (1.93) whilst the fractal dimensions of the other circles are almost identical (1.97, 1.98, and
1.97). The similarity of the topological and fractal characteristics show that it is appropriate to use the

average values to characterise this mapping site.
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Figure 4.128: Fracture characteristics and fractal dimension, site 4.
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Figure 4.129: Fracture characteristics and fractal dimension, site 4.
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4.2.35 Site 5

Site 5 (Figure 4.104) is located on a stub of road that has recently been excavated to provide access to
a private residence. It is evident that during the excavation of this road that a large amount of material
had to be removed to stabilise both the loose rocks and gravel, and portions of the underlying fresh
rock (Figure 4.130). The bedding dips at approximately 50° to the south and consists of fine-grained,
dark grey wackestone separated by calcite and/or clay coated bedding planes. The low cohesion
bedding planes have allowed the rocks to slide into the excavation, and it is likely that portions of beds

could continue to do so. This may be the reason for this road being abandoned.

-~ Bedding

[] Calcite coated bedding planes
] Clay coated bedding planes
~~ Calcite fractures

~~ Unmineralised fractures

Figure 4.130: View westward at site 5 of 0.5 m thick wackestone beds coated by millimetre thick calcite
and clay partings. Also visible are abundant bedding perpendicular calcite filled and unmineralised
fractures. These fractures are generally restricted to a single bed with the low cohesion of the calcite

and clay partings preventing their propagation through to adjacent beds. Geologist in blue.
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In addition to the low cohesion clay and calcite coated bedding planes there are also abundant bedding
perpendicular calcite and unmineralised fractures. The calcite fractures are present either as longer
fractures (approximately 2 m) that cross-cut bedding (Figure 4.130) or sets of short (up to 10 cm long)
en echelon sets (Figure 4.131). The unmineralised fractures are restricted to individual beds (Figure
4.131). It is clear that the smooth surface of the low cohesion shale beds are what caused the
formation of the antithetic calcite fractures. This mechanism of fracturing is common in areas such as

fore-thrusts where the rock types are similar and the rocks are strongly sheared by thrusting.

Figure 4.131: Measurement circles at site 5 showing bedding shears and antithetic calcite fractures.

Figure 4.132 shows that there are twice as many “y” nodes and 20% more “e” nodes in circle 2
compared to circle 1. Circle 1 has 80 nodes in total and circle 2 has 122. Despite these differences the
only significant effect on the topological characteristics is a greater number of branches (Figure 4.133)
and higher fracture intensity (Figure 4.134) in circle 2. The fractal dimension (1.96) is the same in both

circles.
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Figure 4.132: Node counts for circles at site 5.
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Figure 4.133: Fracture characteristics and fractal dimension, site 5.
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Figure 4.134: Fracture characteristics and fractal dimension, site 5.

4.2.3.5 Summary

7
=

c

Figure 4.135: Sketch map showing location of sites relative to major geological features, rivers, and

roads. Variations in stratigraphy are shaded grey — see Figure 4.104 for details.

Due to the limited outcrop at site 1, it was not possible to draw a measurement circle and collect data.
Hence all the topological and fractal analyses presented do not contain information from site 1. Site 1
and site 2 are only 200 m apart and the being a strongly sheared shale at site 2 is very similar in

composition and structural deformation. The average characteristics of site 2 ignore the

210



Chapter 4 Field Mapping’

measurements taken in the flowstone coated circle 3 at the site. The flowstone has obscured many of
the nodes and fractures on the exposed surface, but this does not represent the general rock mass
conditions. The highest average number nodes (137) were measured at site 2, but the circle with the
greatest number of nodes is circle 2 at site 3 (Figure 4.136). This difference is likely due to the fact that
there are two circles at site 2 and eight at site 3. “y” nodes are the most abundant type, making up

between 37% and 52% of the nodes at each site. The next most abundant are “e” comprising 25% to

31% of the nodes at each site (Figure 4.136).

No systematic variation is evident in the number of nodes, or the percent of the different node types
at each site. This may be due to the fact that the transect is subparallel to the regional strike (Figure

4.135) and that three of the four sites analysed were located in the Nammal Formation (Figure 4.104).
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Figure 4.136: (a) Node count of all sites in the Najafpur region, and (b) percent distribution of the
different node types across the sites. Sites run from west to east as shown on the sketch map (Figure

4.135).

Overall, the fractal dimension (D) varies between 1.94 and 1.96 with an average of 1.96, which is the

same value as sites 4 and 5 (Figure 4.137). Although site 3 has the lowest average fractal dimension

(1.94), the values at this site vary between 1.91 and 1.99.
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The mean trace length is greatest further away from the overturned anticline, that is at sites 2 and 5.
Sites 2 and 4, approximately 1 km to the west and east of the overturned anticline (Figure 4.135) have
similar numbers of lines, tips, and branches when compared to site 3, on the overturned anticline, and
site 5, 3 km to the east of the overturned anticline (Figure 4.137). Connectivity and fracture density

are lowest at site 5, furthest away from the overturned anticline (Figure 4.139).
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Figure 4.137: Variations in fracture characteristics across the sites in the Najafpur region. Sites run

from west to east as shown on the sketch map (Figure 4.135).

There is a good correlation between the average number of nodes and the average fractal dimension
of each site (Figure 4.138). The relationship of this trend with the geological features is less clear. Sites
2 and 4, located 1 km to the west and east of the major overturned anticline axis have the highest
average number of nodes and fractal dimension. Site 5 (3 km east of the anticline axis) has as expected,
a much lower number of nodes. The overturned anticline itself (site 3), despite having zones of intense
fracturing (Figure 4.138) also has portions that are less fractured. As a result, the average number of
nodes and fractal dimension is lower. This emphasises the fact that it is necessary to consider the

whole rock mass.
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Unfortunately, when the number of nodes and fractal dimensions of each of the circles in the study

area is considered, no trend is apparent (Figure 4.139). This may however indicate a more uniform

rock mass with similar characteristics across the region.
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Figure 4.138: Average total number of nodes vs. fractal dimension at all the circles at each site.
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Figure 4.139: Total number of nodes vs. fractal dimension for all the circles at each site.
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4.2.4. Talhaar region

Field Mapping’

The Talhaar region is located approximately 6 km north of Islamabad, via the Pir Sohawa Road. It is 1

km south of the Najafpur region (Section 4.2.3). It is possible to look down into the Najafpur region

valley from site 6. Regionally, the strata strike northeast -southwest (Figure 4.140). The dip varies with

proximity to the thrust with values between 15 and 30 degrees at sites 1, 2, 4, 5, and 6. In contrast to

this sites 3, 7, 8, and 9 have steep dips of greater than 70 degrees.
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Figure 4.140: Geological map of the Talhaar region. It lies directly to the south of the Najafpur region

(Section 4.2.3) which can be seen from the mountain top at site 6.

214



Chapter 4 Field Mapping’

In the southerly portion of the region (Point B in Figure 4.140 and Figure 4.141), the strata dip
southeast due to a steeply dipping fold (Figure 4.142). Traveling northwards towards the town of
Talhaar and onwards into the valley (Point A in the cross section) the strata form an overturned fold that

was later thrusted into by the Kawagarh Formation (Point B in Figure 4.140 and Figure 4.141).
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Figure 4.141: Cross-section through the Talhaar field region, view eastward. See Figure 4.140 for

position of section-line.

Figure 4.142: View westward along strike from the Talhaar road towards site 1 showing the erosion of the

Nammal Formation (N) to expose the overturned south-easterly dipping Margalla Hills Formation (M).
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Nine sites were mapped —sites 1 and 2 are within 100 m of each other, sites 3 to 6 were measured up
a road to the mountains that overlook the Najafpur region to the north and the cluster of sites 7,8,
and 9 are located in a relatively narrow valley trending northwards (Figure 4.140). The geographical

co-ordinates of the sites are listed in Table 4.8

Table 4.8: Location of mapping sites.

site | Latitude (N) | Longitude (E)
1 33.766° 73.039°

2 33.766° 73.037°

3 33.771° 73.031°

4 33.776° 73.036°

5 33.781° 73.037°

6 33.781° 73.036°

7 33.773° 73.046°

8 33.774° 73.046°

9 33.777° 73.045°

Sites 1 and 2 are located in the uppermost strata of the Margalla Hills Formation directly beneath the
contact with the Nammal Formation. As the silty shales of the Nammal Formation are easily erodible,

there is good exposure of the Margalla Hills. Formation at site 1 (Figure 4.143).

4.2.4.1Site 1

The exposed bedding surface is inscribed with three sets of fractures (Figure 4.144). The fracture sets
are oriented parallel to strike (Set 1), parallel to dip (Set 2) and cross-cutting (Set 3). The relative ages
of the sets are difficult to determine as both Set 1 and Set 2 terminate against each other. The
terminations of Set 1 appear to be by displacement along Set 2, making Set 1 (strike-parallel fractures)
the oldest. Set 3 fractures terminate against both of the other fracture sets. Set 1 fractures are typically

spaced between 50 and 75 cm apart but can occur in closely spaced groups only a few centimetres
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apart. Set 2 fractures occur at 1 m intervals, whilst Set 3 fractures do not show a regular spacing

(Figure 4.144).

Figure 4.143: View eastwards at site 1 across the Margalla Hills Formation (M) into the dark brown
shaley siltstone of the Nammal Formation (N). Strata dip gently towards camera, with the slope of the

contact representing erosion and scree of the weak Nammal Formation. Circled vehicle for scale.
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Set1— Set2 — Set3

Figure 4.144: Fracture sets visible on a limestone bedding surface of the Margalla Hills Formation. Set 1

is oriented parallel to strike, Set 2 along dip and Set 3 cross-cuts these two. Geologist in blue.

Robust Thalassinoides trace fossils (several centimetres wide and up to a metre long) are common at

site 1 (Figure 4.145).

Figure 4.145: Thalassinoides trace fossils at site 1. GPS is 10 cm long.
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The relatively wide spacing of the major fracture sets resulted in few cross-cutting “x” nodes.
Numerous shorter “y” and “i" nodes are present. There are no “x” nodes in circle 1 (Figure 4.148 and
Figure 4.146) and the total number per circle varies between 56 and 65 with an average of 61 nodes
per circle (Figure 4.146). These lower numbers of nodes have reduced the values of the topological
characteristics of the circles, and hence those of the site overall. The number of lines, tips and branches
is the lowest of the Talhaar region (Figure 4.147). Likewise of the region has the lowest connectivity,
fracture intensity and fracture density (Figure 4.149). The mean trace length (43 cm) is the second
highest in the region due to lower number of nodes in the circles at this measurement site. The average
fractal dimension of 1.87 (Figure 4.147). The topological node and fractal characteristics of four 1 m

wide measurement circles on the bedding surface were determined (Figure 4.148).
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Figure 4.146: Number of nodes per circle at site 1. Colours match node type colours in circles.
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Figure 4.147: Fracture characteristics of site 1
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Figure 4.148: Measurement circles at site 1. As with all images of circles, nodes are shown in yellow,
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Fracture characteristics - Site 1

10 1.92

1.90
8 =
188 2
6 3

= 1.86
L) 1.84 —
4 I
182 &
2 s

0 178

1 2 3 4 Ave
Circle
m Connectivity Fracture Intensity mmmm Fracture density s Fractal dimension

Figure 4.149: Fracture characteristics of site 1.

4.2.4.2 Site 2

Site 2 is a cross-section of the beds exposed at site 1. The rocks at the site consist of a light grey
limestone that weathers to a creamy colour. These occur as 20 cm thick beds in clusters of
approximately 1 m thick. Dark grey shaley siltstone beds, up to 2 cm thick separate the light grey
limestone clusters. Data from four circles and two measurement lines (one horizontal and one vertical)

was collected from this site (Figure 4.150).

Figure 4.150: Circle and measurement line positions at site 2. Circles are labelled 1 to 4 and

measurement lines 5 and 6. Geologist is shaded dark blue.

221



Chapter 4 Field Mapping’

The fracture characteristics are different between the two rock types. On the fresh surfaces of the light grey
limestone, abundant near-vertical calcite fractures are visible. In the uppermost, weathered layer, these
fractures were seldom visible indicating that water has dissolved the calcite. The thin shale band acts as a
barrier against further downward movement of water and the rock beneath it remain fresh (Figure 4.150).
The shale band is highly fractured and sheared, broken into fragments only a few centimetres long and a few
millimetres wide. The appearance of the strong bedding parallel alinement of these fragments is why these

units are often referred to as shaley.

The measurement circles were placed across the shaley beds to see if nodes (especially “x” nodes) could
be detected along the bedding contact. The effect of this bed can be clearly seen with a line of nodes present
along the contact; it also forms a clear separation between the upper portion with few nodes and the lower

with more nodes (Figure 4.151).
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Figure 4.151: Measurement circles at site 2. Figure 4.150 shows distribution of circles at the site.

On average there are 106 nodes per measurement circle, with a standard deviation (SD) of 7. The most
abundant node-type are the “y” nodes, having nearly twice as many as both the “e” and “x” type and
three times as many as the “i" type (Figure 4.152). These distributions suggest that the fractures

terminating against the shaley layer are a significant contribution to the fracture population.
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At site 2, fractures are generally restricted to within the measurement circle, resulting in a shorter
mean trace length. There is inverse correlation between the topological characteristics of the number
of lines and the mean trace length — the fewer the lines, the longer they are. Those circles with a longer
mean trace length also have a greater fracture intensity. The circles with more branches more have
more tips, and when considered together have the highest connectivity. As can be expected, the circles

with the greatest number of tips have the highest fracture density.

The fractal dimension of the cross-section of the strata, that is, site 2 is significantly higher (1.95) than

that of site 1, the bedding surface of the same strata (viz. 1.86).
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Figure 4.152: Node counts at site 2.
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Figure 4.153: Fracture characteristics, site 2.
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Figure 4.154: Fracture characteristics, site 2.

The horizontal and vertical distributions of fractures were measured in lines 5 and 6 respectively. Line
5 (Figure 4.155) lies entirely within the fresh, light grey limestone and Line 6 (Figure 4.156) cross- cuts
vertically from the fresh into the weathered limestone (Figure 4.150). The characteristics of the two

fracture lines is summarised in Table 4.9.

Table 4.9: Characteristics of the measurement lines at site 2

Parameter Line 5 Line 6
Orientation Horizontal | Vertical
Length (m) 6 1
Number of fractures 60 15
Average spacing (m) 0.10 0.06
Maximum spacing (m) 0.99 0.12
Minimum spacing (m) 0.01 0.02
Percent less than 10 cm apart 90 60

Figure 4.157 and Figure 4.158 show the distribution of fracture spacings and clearly illustrate that the

majority of fractures are less than 19 cm (0.10 m) apart along these two measurement lines.
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Table 4.10: Fracture characteristics of Lines 5 and 6. This is also shown graphically in Figure 3.26

Combined 5 Calcite 5 Unmineralised 5 Combined 6 Calcite 6 Unmineralised 6 Overall
Ave 0.10 0.14 0.35 0.06 0.20 0.09 0.08
Max 0.99 1.03 1.32 0.12 0.58 0.24 0.56
Min 0.01 0.01 0.03 0.02 0.02 0.02 0.02
SD 0.13 0.19 0.38 0.03 0.20 0.06 0.08
Count 60 44 16 15 4 11 75
Frequency 10 7 3 15 4 11 13

i

1

HH-A-
2 3

A=
6

Figure 4.155: Horizontal Measurement Line 5 at site 2. Actual fracture positions are shown in the

photo-mosaic at the top of the image, whilst the lower portion of the image shows these fractures

along a straight line. Calcite fractures are shown in blue and unmineralised fractures in yellow. Line

length is 6 m. Figure 4.150 shows position of line.

Figure 4.156: Vertical Measurement Line 6 at site 2 (see Figure 4.150 for position). The measurement

line runs upward from the fresh light grey limestone on the left into the weathered creamy coloured

limestone on the right. The shale layer occurs between the fractures at 0.71 and 0.78 cm.
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Fracture distribution (Line 5)
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Figure 4.157: The number of fractures at different spacings along Measurement Line 5 at site 2. 90%

of the fractures are less than 10 cm apart. 65 fractures were measured along the 6 m line.
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Figure 4.158: The number of fractures at different spacings along Measurement Line 6 at site 2. 60%

of the fractures are less than 10 cm apart. 20 fractures were measured along the 1 m line.
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Characteristics of fracture spacings
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Figure 4.159: Fracture spacing characteristics of measurement lines 5 (horizontal) and 6 (vertical) as

well as the overall spacing of all fractures combined at site 2. See Table 4.10 for details.

4.2.43 Site 3

Site 3 is the westernmost exposure of a large southwards directed thrust that cross-cuts the field
region (Figure 4.140). This thrust and associated geological structures have been characterised in
detail at site 7, 8, and 9. The change in orientation across the valley into the steeply dipping bedding
of the thrust zone relative to the strike planes of the south-easterly dipping footwall strata to the south
are clearly visible at the site (Figure 4.160). Moving northwards, deeper into the hanging-wall, no
sudden change in dip is apparent, varying from steep north-westerly to steep south-easterly. The
fractures on the thrust plane consist mainly of open, unmineralised bedding perpendicular spaced 10
cm apart. The bedding planes are strongly developed and, like the other fractures are typically
unmineralised, apart from insignificant amounts of iron oxide probably introduced into the
dolomitisation of strata from other areas (Figure 4.161). The rock fragments at site 3 are composed of

light grey Margalla Hills limestone (Figure 4.162, circle 2). Three measurement circles (Figure 4.162)
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were mapped on the exposure of the thrust, with circle 1 oriented vertically and circles 2 and 3

horizontally (Figure 4.161).

As expected from the general rock-mass characteristics (i.e., fractures cross-cutting and trapped
within other fractures and bedding planes) there are more “x” nodes than all the others combined
(Figure 4.163). This greater number of “x” nodes results in a higher overall connectivity, and fracture
density (Figure 4.164). There are more lines, tips, and branches in the vertical circle 1. Other

topological parameters do not show a clear relationship with circle orientation (Figure 4.165).
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Figure 4.160: View northeast from site 2 along the strike of the thrust fault. The steep dip of the

bedding within the fault relative to the shallow dip at sites 1 and 2.
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Figure 4.161: View northeast of the road sidewall at site 3 showing the general disposition of the
fractures and bedding planes. The location of measurement circles is also indicated; circles 2 and 3 are

measured on the flat horizontal surface exposed during road excavation. Geologist in blue.

Figure 4.162: Measurement circles at site 3. Circle 1 is oriented vertically and circles 2 and 3 are oriented

horizontally. See Figure 4.161 for locations.
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Figure 4.163: Node count, site 3
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Figure 4.164: Fracture characteristics, site 3
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Figure 4.165: Fracture characteristics, site 3.
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4.2.4.4 Site 4

Site 4 is located in the middle of the Kawagarh Formation, which in this area consists of 50 cm thick
marlstone interbedded with 50 cm thick dark grey carbonaceous shale that is typically strongly

sheared into the marlstone (Figure 4.166 and Figure 4.167).

Figure 4.166: View down road at site 4 (Figure 4.140). Note the steep dip of the strata towards the

thrust fault in the southeast.

The node and fractal data from four circles along strike was collected and analysed. The circles were
located along a 10 m section of the road sidewall (Figure 4.167) each contain both marlstone and
shale. There are more nodes in the fractured (sheared) shale (see especially circle 1 in Figure 4.169).
As this site is away from any major geological structures or lithological contacts, it has a lower average

number of nodes in the circles (104) similar to site 2, despite being in a different stratigraphic unit.
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Here the “y” nodes are the most abundant (Figure 4.168) followed by “e” nodes, most likely
representing the bedding parallel shear fractures in the shale. There are few “i" nodes at site 4 (Figure
4.168). The standard deviation of the number of nodes in the different circles is low, apart from the
“i'" nodes, where the average and the standard deviation are the same (4). But on average, “i" nodes

are less than 4% of the total number of nodes in a circle. Hence the topological fracture characteristics

are similar for the various circles at site 4 (Figure 4.164 and Figure 4.165).

Figure 4.167: Positions of measurement circles on the south-eastern sidewall of the road at site 4. Pens

and notebooks are circled in red for scale. View is along strike.
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Figure 4.168: Node count, site 4.
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Figure 4.169: Measurement circles, site 4.
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Figure 4.170: Fracture characteristics, site 4.
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Figure 4.171: Fracture characteristics, site 4.

4.2.45 Site 5
Site 5 is located 500 m further north (Figure 4.140) and 200 m higher (Figure 4.172) than site 4. At this

location, intensely fractured Lockhart Formation with abundant calcite fractures separated by only a
few centimetres is exposed. The road-cuts are over 10 m deep but access to the steep limestone cliffs

is not possible due to the extensive debris (Figure 4.178) and hence only limited mapping was possible.
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Figure 4.172: View from site 5, southwards down the hill towards site 4, approximately 200 m below.

Two measurement circles were characterised at site 5 (Figure 4.173). Circle 1 has significantly more
nodes than the average number of nodes at a site in the region, with half of the nodes being “y” nodes,
and a quarter of the nodes being “x” (Figure 4.175). Circle 2 has an extremely high number of nodes.
It has 629 nodes, which is six times as many as the regional average and it has 383 more nodes than
the circle with the next highest number of nodes (318). This is in circle 2 at the nearby site 6. Despite
the large volume of data in circle 2 (site 5), no preferred distribution of the nodes, indicating a

preferred orientation of fracturing is apparent (Figure 4.174).
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Figure 4.173: Measurement circles, site 5. The high number of nodes is due to the intense calcite

fracturing.
Site 5 - Circle 2, node distribution
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Figure 4.174: Distribution of nodes in circle 2. This is not in true geographical space, but merely

represents the different portions of the circle where the different node types are clustered.
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The fracture characteristics of site 5 are shown in Figure 4.176 and Figure 4.177. The high values of
number of branches and fracture density in circle 2 are evident. The values of the different fracture
characteristics at sites 5 were compared with the rest of the Talhaar region (Table 4.11). Significant
differences include nine times as many “x” nodes, five times the fracture density, and number of
branches. The total number of nodes, tips and lines increased four-fold. The fractal dimension is the

same (1.99) and the mean trace length surprisingly only showed a very small decrease.
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Figure 4.175: Node count of the single measurement circle at site 5.
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Figure 4.176: Fracture characteristics, site 5.
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Fracture characteristics - Site 5
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Figure 4.177: Fracture characteristics, site 5.
Table 4.11: Ratios of nodes and fracture characteristics at site 5 compared to the rest of the Talhaar
region. Numbers of x, and y nodes are a lot greater and hence fracture density is higher and mean

trace length is slightly shorter,

o
= m
g
2 S S S 5
e P < =
o 3 3 S = o S g
o) < < = ] (1) — 3 (w)
=} 0 - -~ = ~
o = S Q Q S 3 3
2 |5 |8 |3 (& & |° |3
n < = @ 3
g | <
2 9 4 2 4 1 2 5 09 4 4 5 1

Other techniques were used to characterise the rock mass. A series of 5 cm squares were placed on
the exposed rock (Figure 4.178) and the characteristics of the fractures within these squares was

examined in detail (Figure 4.179).
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Figure 4.178: Fresh, in-situ, Lockhart Formation exposed within the debris at site 5. The positions of the

detailed images in and the measurement line (red box) are shown.

Several generations of fractures are visible within the detailed image, especially an image surface set
parallel and at least one set of image surface perpendicular fractures. Millimetre to centimetre thick
fractures are visible from the top right to the bottom left of the images. These appear to have
undergone sinistral shear as evidenced by the orientation of the second-order fractures in squares 2,
3, and 4, and the overstep of the fractures in square 5 (Figure 4.179). It is not known if these second-
order fractures were formed contemporaneously with the top right to the bottom left, both sets cut

through the image surface parallel fractures (Figure 4.179, square 2 and 3).
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Figure 4.179: 5 cm * 5 cm detailed images of the fracture patterns at site 5 (see for distribution). Scale-

baris1cm.

To determine the linear density of the calcite fractures, 50 cm (Figure 4.180) and 1 m (Figure 4.181)

measurement lines were drawn on the limited fresh Lockhart Formation.

Figure 4.180: 50 cm measurement line at site 5. Figure 4.178 shows the position of this line relative to

the detailed images in Figure 4.179.
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Figure 4.181: 1 m measurement line on a different fragment of Lockhart Formation at site 5.

Utilising the measurements from these lines, the centimetre scale distribution of the fractures at was
calculated. The fractures are less than 5 cm apart with the majority being less than 1 cm apart (Figure
4.182a, and Figure 4.182b). Average fracture spacing is 1.1 and 0.8 cm for lines 1 and 2 respectively.
Although the sorted spacing data shows that the spacing increases in a regular manner (Figure 4.182c,

and Figure 4.182d), the actual distribution of separation is not regular (Figure 4.182c Figure 4.182d).
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Figure 4.182: The number of fractures at different spacings along the measurement line at site 5.
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4246 Site6

Site 6 is located at the crest of the mountains (Figure 4.183) forming the northern edge of the Talhaar
region (Figure 4.140) which is immediately adjacent to the Najafpur region (Section 4.2.3). The

Lockhart Formation dips to the south at approximately 50 degrees and the fragments of outcrop are

separated by soil and dense vegetation (Figure 4.184).

Figure 4.184: View northwest at site 6, along strike showing the poor outcrop of the Lockhart Formation.

Although sites 5 and 6 are within 250 m of each other, there are fewer fractures evident at site 6. This
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is mainly because the thin calcite fractures have been obscured by surface weathering, compared to
the fresh road-cut exposures at site 5. The weathering has also changed the colour of the limestone

from dark to light grey making it difficult to see thinner fractures (Figure 4.185).

Figure 4.185: Measurement circles, site 6. The circles were drawn on widely separated fragments of

Lockhart Formation.

The different node types are not spread evenly around measurement circle (Figure 4.186). As the

measurement circle is not oriented in geographical space, these measurements only show relative
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ain
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distribution. The number of “x” nodes is highest (20) towards 135 degrees and the number of “i" nodes
is highest towards 270 and 315 degree (20 and 17 respectively). The clusters of these two node types
are directly opposite to each other (Figure 4.186).Circle 2 has 318 nodes, compared to circles 1 and 3
with 144 and 221 nodes each — this results in an average number of nodes of 228 (Figure 4.187). In
circle 2, with its high number of nodes, the connectivity not significantly higher when compared with
the fracture characteristics of the rest of the region (Figure 4.188). As expected, the mean trace length

is shorter, and the fracture density is greater (Figure 4.188).Circle 2 has more lines, tips, and branches

(Figure 4.189).
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Figure 4.186: Node distribution, in circle 2 at site 6.
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Figure 4.187: Node count, site 6.
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Figure 4.188: Fracture characteristics, site 6.

Fractire characteristics - Site 6

50 2.00
40 198 ¢
2
196 2
£ 30 E
2 1.94 3
© 20 =
192 5
o
10 190 *

0 [ | [ | [ | [ | 1.88

1 2 3 Ave
Circle
N Connectivity Fracture Intensity BB Fracture density e Fractal dimension

Figure 4.189: Fracture characteristics, site 6.
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4247 Site 7

Sites 7,8 and 9 should be considered together as they form parts of the same fold and thrust structure
(Figure 4.140). The sites are located on a road that travels northward up a steep sided valley, with 7

being on the west, 9 on the east and 8 within a gravel pit on the edge of the road (Figure 4.190).

Figure 4.190: Google earth image showing the positions of site 7, 8, and 9 and the associated geological

structures.

At site 7, an ortho-rectified 20 m long image of the Margalla Hills Formation was generated from 12
different photographs of the western sidewall of the road, using ICE (Image Composite Editor from
Microsoft Corporation). This was then cropped into an 18 m long by 2 m high image, which was

imported into ArcMap for further data capture and image processing.

The relative fracture and bedding lengths was determined in ArcMap using the Kernel Density method,
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which for lines involves placing a smoothed curve along the line and determining the value in a circle
around each line point. The raster is then coloured based on the sum of all the values for that point.
Separate images are shown for bedding parallel fractures (Figure 4.191.3) and bedding orthogonal
fractures (Figure 4.191.4). In both images red indicates longer lengths and blue shorter, but the

absolute values are not the same.
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Figure 4.191: (1) composite image of the western sidewall of the road at site 7; (2) traces of fractures (blue), bedding (red) and faults (black) from image;
(3) bedding parallel fracture length; (4) bedding orthogonal fracture length;(5) fracture and bedding density combined. As before conventional ArcMap tools
are used to quantify the fracture characteristics.
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The density of the bedding parallel and bedding perpendicular fracture traces was also calculated
using the Kernel Density method, but with a wider search radius of 50 cm to increase the range of
influence. This allowed regions of higher fracture density to be defined (Figure 4.191.5), rather than
the restricted 5 cm search radius, which ensured that the values were determined for individual

fractures.

The number of bedding parallel and bedding orthogonal fractures was determined. In total, 502
bedding perpendicular fractures and 450 bedding parallel fractures were measured. Figure 4.193
shows the distribution of both of these fracture types, with the majority occurring between 6 and 12

m.

The length characteristics of were also determined. Bedding parallel fractures are the longest, with an
average length of 1.29 m. The bedding parallel are longer between 4 and 8 m, and also at 12 to 14 m
and 16 to 18 m the section (Figure 4.191). Bedding orthogonal fractures do not show a preferred
distribution (Figure 4.194) and have a maximum average length of 0.28 m and an overall average

length of 0.12 m.

Fracture density (the product of the number of fractures and their lengths) is highest between 4 and
12 m, where the highest fracture counts (Figure 4.193) and lengths (Figure 4.194). This is confirmed

by Figure 4.191.

A series of measurement circles were placed on the sidewall exposure at site 7 (Figure 4.192). The
correspondence of these circles with the blocks used in Arc for the systematic analysis of fracture
distribution and lengths is presented in Figure 4.192: Western sidewall at site 7 (the same 18 m long
section as Figure 4.191). The photographs are offset to show the true position of the measurement

circles. Compare with Figure 4.191, where uniform 2 m high section is shown.
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Figure 4.193: Fracture counts from ArcMap counting boxes placed along the sidewall at site 7.
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Figure 4.194: Fracture characteristics for 2 m sections along the exposure at site 7. Compare with

fracture characteristics derived from circle measurements along the same section.
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Table 4.12: Location of measurement circles relative to distances along the section at site analysed for

fracture density and lengths.

Distance (m) Circle number
Oto2 None

2to 4 1

4to6 2,4

6to 8 3,5

8to 10 6,7

10to 12 8

12to 14 None

14 to 16 9

16to 18 10

On average 100 nodes were identified in each measurement circle with 50 of them being “y” nodes
(Figure 4.197). The “y” nodes are formed by the termination of the bedding orthogonal fractures

against the longer bedding parallel fractures (Figure 4.195 and Figure 4.196).

Circle 5, which has the highest number of nodes (Figure 4.197), and greatest number of lines, tips, and

branches (Figure 4.198). It also has the high fracture intensity and fracture density (Figure 4.199).

Circle 9 has the longest trace length, but the lowest fracture intensity and fracture density. This is
because the long fractures are fewest in number at the site and also have the least tips and branches.
The fractal dimension is also remarkably low at in this circle (1.62). Examination of Figure 4.196 shows

the long, widely spaced fractures of circle 9.
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Figure 4.195: Measurement circles 1 to 6, site 7. Figure 4.196 shows circles 7 to 10. The location of

measurement circles at the site is indicated in Figure 4.192.
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Figure 4.196: Measurement circles 6 to 10, site 7. Figure 4.195 shows circles 1 to 6. The location of

measurement circles at the site is indicated in Figure 4.192.
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Figure 4.197: Node count, site 7.
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Figure 4.198: Fracture characteristics, site 7.
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Figure 4.199: Fracture characteristics, site 7.
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The relationship between the topological and fractal parameters (derived from ArcMap) were
compared utilising the distribution of the measurement circles defined in Table 4.12. The relative
values of each parameter were determined in Excel using the Conditional Formatting tool. These
values were then converted into rankings of one to ten (ten circles, with “1" representing the highest
ranking) and then summed to determine the highest amount of fracture damage (Table 4.13). It was
found that circle 5, located in the tightest part of the syncline above the thrust has the greatest amount
of fracturing. It is followed by circles 3 and 7 which are located higher in the fold-plane and further
from the thrust. Interestingly, circles 4 and 6, which lie closer to circle 5 (centre of the hanging- wall
syncline), have lower values. This is due to the reduced of nodes (and hence topological values), which
is because the stress is being relieved more by shearing along the bedding parallel fractures rather

than the development of additional orthogonal fractures.

Table 4.13: Compound ranking of different circles at site 7.

Circle | Mean y and fractal dimension ranking
1 6
2 5
3 2
4 8
5 1
6 9
7 3
8 4
5 10
10 7

4.2.4.8Site 8

Site 8 is located in within a gravel pit adjacent to the road, to the east of site 7 (Figure 4.200). The
sidewall of the gravel-pit provides exposure to a shallow, gently folded anticline developed in the
between the thrusts at site 7 and site 9. The dip of the beds in the anticline flattens out to almost

horizontal at the base of the gravel pit. In general, the rock mass at site 8 is highly fragmented, but the
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most noteworthy features are bedding parallel clay filled partings, up to 20 cm thick, consisting of a

muddy, undeformed red-brown iron-oxide clay (Figure 4.201).
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Figure 4.200: View southwest towards site 7. The beds in the upper portion of the anticline dip

northwards at 50 degrees.
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Figure 4.201: Fractured rock mass at site 8, including 20 cm thick partings of red-brown clay.

These parting are generally separated by about 1 m, and only a few centimetres thick, apart from the

prominent shear in the middle of the outcrop (Figure 4.201). The lack of shear on this very soft material

suggests that it is a recent fill of voids created by the differential buckling of adjacent beds. Instead of

sliding past either ofthe thrust layers, the various beds in this central anticline folded upward to different

degrees creating the voids that could later be filled. The steep fractures have a variety of coatings from
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unmineralised light grey limestone, through orange iron oxide to red-brown clay coated fractures that
lead down to the bedding parallel fractures of the same composition. Six measurement circles were
placed on the fresh exposure of the quarry sidewall (Figure 4.202). The red-brown clay partings are

visible in all of the measurement circles, especially circle 4 (Figure 4.203).

Figure 4.202: Location of 1-metre-wide measurement circles at site 8. Circle 6 is not of a smaller

diameter, but at a greater distance from the camera, making it look smaller.

An average of only 78 nodes are present in each circle, with the majority being “y” and “e” nodes
(Figure 4.204). The limited number of “x” and “i” node fractures suggests that the limestone beds
between the clay parting have been subjected to less buckling. Thus, even though the exposure
contains abundant fractures, most of these cross-cut each other (especially in the limestone). There

are fewer lines, tips, and nodes and hence lower topological values at site 8 (Figure 4.205), compared
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to other sites. Fracture density and intensity is low, particularly in circle 3 (Figure 4.206). The relative
rankings of the circles at site 8 is shown in Table 4.14 which includes the node counts, fracture

characteristics and fractal dimension as shown in Figure 4.204 to Figure 4.207

Table 4.14: Compound ranking of different circles at site 8.

Circle | Node and fractal dimension ranking
1 2
2 6
3 3
4 4
5 1
6 5
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Figure 4.204: Node count, site 8.
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Figure 4.205: Fracture characteristics, site 8.
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Figure 4.206: Fracture characteristics, site 8.
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4.49Site 9

Site 9 is the northern-most of this cluster of three sites (7, 8, and 9) and hence furthest up the valley
(Figure 4.207). It was attempted to travel further up the valley, but within 200 m, the road became

impassable.

Figure 4.207: View southwards down the valley from site 9 towards site 8 and site 7.

Due to gravel and bush-cover, there is limited exposure of the thrust on the road at site 9. It is however
clearly visible to the east of the road. On the western side of the road, the steeply dipping beds can be
seen, but it is difficult to determine the position of the thrust (Figure 4.208) and access was not possible

due to a deep river valley.
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Figure 4.208: View westward at site 9. An estimate position of the thrust is shown by the dashed red

line.

The view of the thrust to the east is much clearer. As it is possible to determine the change in dip of
individual beds, the position and shape of the thrust could be defined (Figure 4.209). Loose boulders
and extensive vegetation prevented access to the outcrop. Fortunately, several exposures of the

thrust were present closer to the road.
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Figure 4.209: Photograph and sketch of thrust at site 9. View eastward.

The Margalla Hills Formation limestone has been sheared into decimetre wide layers. On a larger scale,
these bands appear to have been weathered smooth, with only centimetre thick layers of fragmented
and more deeply weathered rock separating these smooth layers (Figure 4.210). When exposures of
the limestone were examined in more detail, it is apparent that there are several types of fractures

(Figure 4.211).
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These fractures include:

e Unmineralised, straight, approximately east-west striking
e C(Calcite filled, showing northwards displacement with smaller calcite fractures (same direction
as bedding)

e Flat dipping, fractures coated with sheared calcite gouge.

Measurement circles were drawn on horizontal exposures on the road surface (Figure 4.212). As the
number of nodes in the two circles is very similar (157 and 150, with an average of 154), the topological
characteristics of the fractures in the circles are also similar. The mean trace length is longer in circle 2.
The number of lines, tips, and branches is only just greater in circle 2, with values higher by 2, 4, and
5 respectively (Figure 4.214). Even though there are more lines, tips, and branches in circle 2, the
fracture intensity is significantly lower (Figure 4.215). The fractal dimensions are 1.96 (circle 1) and

1.97 (circle 2).

Figure 4.210: Eastern side of road with an exposure of the Margalla Hills Formation in the footwall of

the thrust. Geologist in white.
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Figure 4.212: Measurement circles at site 9.
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Figure 4.213: Node count, site 9.
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Figure 4.214: Fracture characteristics, site 9.
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Figure 4.215: Fracture characteristics, site 9.
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4.4.4.10 Summary

The average number of nodes at each site was evaluated in a north-south direction (see Figure 4.216

for location of sites).

Figure 4.216: Sketch-map of location of measurement sites. Geology of the region is shown in Figure

4.140.

The number of nodes is dominated by the northernmost site, site 5 (Figure 4.217) with an average of
438 nodes (including the highest number of nodes in a circle, 629). The adjacent site 6 has the second-
highest number of nodes, but the values of site 5 are removed from the stacked column plot of the

different nodes at each site to allow these to be better resolved (Figure 4.218).
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Figure 4.217: Node distribution across the measurement sites in the Talhaar region. Sites are arranged

from north to south (see Figure 4.216).

In addition to the high number of nodes in the northern portion of the Talhaar region, there is a peak
in the number of nodes at site 9 and site 3, located on the thrust plane (Figure 4.218). Sites 7 and 8
are also on this thrust structure but each have a low total number of nodes. This may indicate that the
stresses along the thrust and hence the fractures (as quantified by the number of nodes) has been

sub-divided at sites 7 and 8 to form the smaller thrust and anticline developed at these sites.
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Figure 4.218: Node distribution across the Talhaar region. The northern-most site, site 5, is not shown

in this plot as it has twice as many nodes and hence obscures the differences between the other sites.
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The lowest fractal dimension (1.87) is located at site 1 (Figure 4.219). This low value is likely due to the

relatively smooth bedding surface that was measured at this site. Site 5 has the highest fractal

dimension (1.99) due to the high intensity of small-scale calcite fractures across the mapping circles.

Sites 3 and 4 have the next highest fractal dimension. Site 3 is located on a thrust which accounts for

the high fractal dimension, but site 4 is not near any major structures and is in the Kawagrah Formation

which consists of marls and shales. The number of lines and tips decrease gradually towards the south,

apart from site 4, which is significantly lower than the neighbouring sites.
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Figure 4.219: Fracture characteristics across the measurement sites in the Talhaar region.

Fractal dimension

Fracture density decreases gently towards the south. As with the other node counts and resultant

topological characteristics, apart from the very high values at sites 5 and 6 in the north, there are also

increases in fracture density at the two sites located on the thrust, namely sites 9 and 3 (Figure 4.220).

The connectivity is highest at site 5, followed unusually by site 4 and site 3.
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Figure 4.220: Fracture characteristics across the measurement sites in the Talhaar region.

With the large number of nodes and high fractal dimension at site 5 and the low fractal dimension at
site 1, a power-curve can be fitted to a plot of the average number of nodes vs. the fractal dimension.of

each site (Figure 4.221). The different sites are better characterised than simply placing them on this

curve.
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Figure 4.221: Total number of nodes vs. fractal dimension at all the circles at each site
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Site 1 is located on its own with a low number of nodes and a low fractal dimension as it is located on
the overturned contact between the Margalla Hills Formation limestone and the Nammal Formation
shales. This low cohesion contact absorbed most of the stresses, reducing the development of
fractures. Sites 7 and 8 contain extensive amounts of bedding parallel fractures. Although these

fractures are long, they do not interlock to form a fracture network.

The lower fractal dimension and number of nodes is unusual for this site as mapping of the fold and
thrust structures indicated that there is significant movement (both as folding and thrusting). In
contrast to these two sites, the other two measurement sites on the thrust, sites 3 and 9 have the
higher fractal dimensions and number of nodes expected of a thrust. The points plot close to each
other confirming that they are the same forethrust (Figure 4.221). Although site 4 is away from major
structures it has a higher fractal dimension, but the number of nodes is low. This indicates a densely
fractured rock mass with limited intersections (“x” and “y” nodes) of these fractures such as what may

form in the shales of the Kawagrah Formation at site 4.

The highly fractured Lockhart Formation at sites 5 is different to theother sites due to the high number
of nodes and a fractal dimension of 1.99, which indicates that the measurement circle can essentially

be considered as a plane (that is a fractal dimension of 2.00).

This is due to the closely spaced fractures of several generations, both tensile and later shear fractures.
These may have formed on an anticline axis along the top of the mountain. No evidence of this
structure was found, apart from the flattening of the dip on the limited exposure outside the house at
the end of the road (Figure 4.140). The relationship between the nodes and fractal dimensions of all
38 circles measured in the Talhaar region was examined to determine if trends or clusters in the circle

characteristics could be defined (Figure 4.222 and Figure 4.223).
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Figure 4.222: Total number of nodes vs. fractal dimension for all the circles at each site. The red

rectangle outlines the subset of data shown in Figure 4.223.
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Figure 4.223: Zoomed in view of a subset of the nodes vs. fractal dimensions for the circles in the

Talhaar region. The red rectangle in Figure 4.222 shows the location of this subset.
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Due to the considerable variability of the number of nodes and fractal dimensions of the different
circles at each site, this was not possible. This is in contrast to the evaluation of the average values of
the number of nodes and fractal dimension at each site (Figure 4.221). Thus, even though the larger
amount of data ensures greater confidence in the assumptions, the fact that it is “noisy” makes it
unrealistic to consider the number of nodes and fractal characteristics of each circle individually.
Because of the variability, individual circles of different sites could be compared, and incorrect

assumptions made.

4.2.5. Shah Dara region

The Shah Dara region is located at the intersection of the Shah Dara Road to Islamabad with a minor
gravel road from the east (33°46.7 N, 73° 10.1 E), approximately 18 km northeast of central Islamabad.
Four sites were mapped (Table 4.13) between two ranges of hills between 300 and 400 m above the
valley floor running parallel to the northeast-southwest strike of the strata (Figure 4.224). The north-
south oriented valley through which both the Shah Dara Road and a river run, is orthogonal to the
strike of the strata and is related to later faulting. Many valleys in this orientation are present
immediately north of Islamabad, parallel to the strike-slip Jhelum Fault to the east, although larger-
scale geological maps do not show fault traces or displacement of strata. A wonderful picnic site is

situated in the river in the valley close to the mapping sites (Figure 4.225).

Table 4.13: Location of mapping sites and other points of interest.

Site Latitude (N) | Longitude (E) | Formation Age Structure
1 33.778° 73.169° Nammal Early Eocene Fore-thrust
2 33.779° 73.171° Nammal Early Eocene Fore-thrust anticline
3 33.776° 73.170° Nammal Early Eocene Syncline
4 33.775° 73.173° Chorgali Early Eocene | Anticline & small thrusts
Picnic site 33.777° 73.171° River gravel Recent
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The rocks in this region are the youngest that have been evaluated in this study, all being Early Eocene
strata of Ypresian (llerdian) age (Swati et al., 2013). The oldest of these, the Nammal Formation,
consists predominantly of light grey coloured limestone, with olive green to grey siltstone and light
grey marl layers present towards the base. It is interpreted as a transgressive system tract (Gill, 2020)
consisting of shallow water limestone interbedded with near-shore marine to lagoonal silts. It has a
transitional contact from the underlying Patala Formation. The upper contact is also transitional with

the Margalla Hill (equivalent to the Sakesar) Formation (Farid et al., 2018).

278



Chapter 4 Field Mapping’

N.9LEE

Islamabad (8 km)

Islamabad (10 km)

[ ] Recent sediments > Thrust

Il Chorgali Formation £¢ Overturned anticline

] Margalla Hill Formation Mapping site

8 Nammal Formation & Elevation (MAMSL)
_~ Shah Dara Road

[] Lockhart Formation -~ River

[ ] Kawagarh Formation Y Shah Dara picnic site

Figure 4.224: Geological map of the Shah Dara site. Table 4.13 lists the co-ordinates of the sites.

The Margalla Hill Formation is thrusted out in this area. The overlying Chorgali Formation consists
mainly of thin to thick bedded fossiliferous nodular limestone with abundant carbonaceous marl and
shale at the base (Swati et al., 2014). This formation is interpreted to have been deposited in an inner

shelf lagoon to middle shelf subtidal environments during a falling stand systems tract (Gill, 2020).
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Figure 4.225: Shah Dara picnic site. The author cooling off after a hot day’s fieldwork.

4251 Site 1

Site 1 is situated on the hanging-wall of the northern flank of a near-vertical anticline. The light grey
limestone of the Nammal Formation is fractured into blocks approximately 20 cm by 10 cm (Figure
4.226). The fractures on the longer side are parallel to the dip of the bedding and the shorter fractures
do not generally cross the bedding. Occasional calcite veins are present, less than 0.2 cm wide (Figure
4.226, circle 4). All other fractures are open (between 0.5 and 1 cm wide) and often contain fragments

of sheared limestone or clay.

Due to the relatively large size of the rock fragments (20 cm by 10 cm), there are fewer nodes at this
site than any of the others in the area. Unsurprisingly, “y” nodes are the most common (Figure 4.227),
as they are formed at the intersection of the shorter fractures within and perpendicular to the beds
and the longer, bedding-parallel fractures. This lower fracture density has also resulted in the lowest
average fractal dimension of the area (1.91). As the measurement circles at site 1 are in a geologically

uniform area, the standard deviations are typically within 10% of the mean value.
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Figure 4.226: Mapping circles at site 1 (see Figure 4.224 for location).
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Figure 4.227: Number of nodes at site 1.

Due to the fact that the fractal dimension does not vary significantly between the circles at site 1 (SD
= 0.02), relationships between the topology and fractal dimension could not be discerned for this site
(Figure 4.228). When compared with other measurement sites in the area, it becomes evident that
site 1 has the longest mean trace length and the fewest lines tips, branches. The connectivity is high
as a result of the long mean trace length, but the fracture intensity and density are low (Figure 4.229).

This matches with the physical characteristics of the site, that is, long bedding-parallel fractures.
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Figure 4.228: Mean trace length, number of lines, tips and branches and fractal dimension at site 1.
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Figure 4.229: Connectivity, fracture intensity and density and fractal dimension at site 1.

4.2.5.2 Site 2

Site 2 is situated on a spectacular foot wall anticline (Figure 4.230). Unfortunately, it was not possible
to access the thrust plane itself as the cliff was too steep and covered in dense vegetation. Field
observations show that is a near-vertical, overturned thrust fault where the overturned Kawagarh

Formation has been pushed over the Nammal Formation. As the Kawagarh Formation consists
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predominantly of interbedded shale and wackestones, it has weathered to form a wide, flat valley

bounded by the overturned Lockhart Formation approximately 1 km to the north.

The thrust and associated anticline at site 2 is part of a trailing imbricate fan formed from an
overlapping array of fault propagation folds. The thrust is the older surface and has experienced

greater displacement with its overlying fault propagation fold being eroded.

NORTH SOUTH

Figure 4.230: Photographs of site 2. Each successive image is a zoomed in view of the previous one,
with the location of the zoomed in image shown by a white square.(d) indicates a 1 m measurement

circle Geologist in blue.

284




Chapter 4 Field Mapping’

Re-looking at Figure 4.230 (c) in detail, the exposed thrust and two thrust-tip fold anticlines with
associated radial fractures can be seen (Figure 4.231). The order of initiation of structural

deformations is:

e Thrusting

e Folding of bedding (New Thrust 1)

e Faulting (New Thrust 1)

e Re-folding of bedding (New Thrust 2)

o Re-faulting (New Thrust 2)

Folded bedding
Faults

Re-folded beding
Re-faulted

Expose st New thrust 1 New thrust 2

Figure 4.231: Line drawing of the thrusts and folds at site 2- compare with Figure 4.230 (c). The

structural deformation occurred in this order:

1) Development of initial exposed thrust

2) Development of new thrust 1 with associated faulting and folding of the strata into an anticline

3) Development of new thrust 3 with associated re-faulting and re-folding of the strata into another
anticline

4) s listed on the left-hand side. The different phases of deformation continue to develop at the same
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time with it being possible for the oldest thrust and faulting associated with the youngest thrust

occurring at the same time. Geologist in black.

Folding develops first above the thrust tip and then fold-axis parallel fractures radiate out from the
thrust tip for both of the new thrusts. Although the area is covered in gravel, the orientation of the
fractures of New Thrust 1 suggests that the thrust tip is just below the geologist in the photograph.

The more widely radiating faults of New Thrust 2 suggest that the thrust tip is deeper.

The large cross-cutting faults form structural boundaries and allow the movement of significant
amounts of fluid but are not characteristic of the majority of the rock mass. As such, a measurement
circle was placed on the anticline limb to allow the characterisation of the folded rock away from the
large faults. The fracture intersection nodes are dominated by “y” nodes with more of these than all
other node types combined (Figure 4.232). This node distribution has resulted in the measurement
circle having a high number of branches and low trace length compared to the other measurement
circles in the Shah Dara region (Figure 4.233). Although there are many “y” intersections, suggesting a

good connectivity between fractures of different orientations, because these do not cross-cut the

connectivity is the lowest in the region (Figure 4.234).
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Figure 4.232: Number of nodes at site 2.
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Figure 4.233: Mean trace length, number of lines, tips and branches and fractal dimension, site 2.
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Figure 4.234: Connectivity, fracture intensity and density and fractal dimension at site 2.

4.2.5.3 Site 3

Although no large-scale structural features (such as the thrust at site 1 and the footwall anticlines at
site 2), are present at site 3, the rock is still highly fractured. The site is positioned to the south of these

features in the dark grey coloured limestones of the Nammal Formation (Figure 4.224). This fresh
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exposure devoid of vegetation has allowed the effect of changing the diameter of the measurement

circle to be tested (Figure 4.235).

Figure 4.235: Measurement circles of different diameters on the same part of the outcrop at site 3.
nodes measured in a 2 m circle with the position of the 1 m measurement circle within it shown, nodes
measured in a 1 m circle with the position of the 20 cm circle measurement circle within it, nodes within

the 20 cm measurement circle.
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Measurement circles of decreasing diameters were placed within each other on the outcrop and the
number of nodes within each of these was counted. Importantly, the smaller the circle became, the
smaller the size of the fracture that was measured. This progressively higher resolution can be seen in
Figure 4.235. A fractal relationship between the various circles and fractures (along with associated

nodes) could therefore be expected.

However, the total number of nodes and the number of nodes of each of the circles was very similar
(Figure 4.236). This suggests that, for at least this site and its associated fracture pattern, the size of

the measurement circle does not affect the node count and hence the topological characteristics.
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Figure 4.236: Number of nodes at site 3.Circle 1 is 2 m in diameter, circle 2 is 1 m in diameter and circle

3is 20 cm in diameter, and the circles placed within each other.

None of the topological parameters show significant variation (Figure 4.237 and Figure 4.238). The
maximum and minimum values for each are within 10% of the average. In contrast to this, the fractal
dimension of the circles increased progressively from 1.61 to 1.94 to 2.00 for circles 1, 2 and 3,
respectively. Fractal dimensions were calculated using the box-counting method with boxes of the
same ratio being placed over the circles (Table 4.14). This variation in fractal dimension is expected as

in a smaller diameter circle, there is greater likelihood of a box having a fracture, especially as the
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resolution is higher. The consistency in the number of nodes and resultant topological characteristics

shows that the connectivity is independent of the spatial distribution.

Table 4.14: Box-counting sizes for circles at site 3. All values are in metres.

Circle | Diameter | Box1 | Box2 | Box3 | Box4

1 2 1 0.5 0.2 0.1
2 1 0.5 0.25 0.1 0.5
3 0.2 0.1 0.05 | 0.02 -

Fracture characteristics- Site 3
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Figure 4.237: Mean trace length, number of lines, tips and branches and fractal dimension, site 3. Circle
1is 2 m in diameter, circle 2 is 1 m in diameter and circle 3 is 20 cm in diameter, and the circles are

placed within each other.
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Fracture characteristics- Site 3
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Figure 4.238: Connectivity, fracture intensity and density and fractal dimension at site 3. Circle 1is2 m
in diameter, circle 2 is 1 m in diameter and circle 3 is 20 cm in diameter, and the circles are placed

within each other.

4.2.5.4 Site 4

The Chorgali Formation is a thin- to thick-bedded, fossiliferous nodular limestone with abundant
carbonaceous marl and shale at the base (Swati et al., 2014) and is exposed at site 4 (Figure 4.239)
which is located on an abandoned, older portion of the Shah Dara Road (Figure 4.224). The sequence

of rock types is (from oldest to youngest) is:

1. Thinly-bedded, light grey coloured limestone,

2. Medium-bedded limestone with thin shale interbeds,

3. Grey-brown coloured shale with 20 cm long fragments of fractured limestone beds formed
by the tectonism,

4. Thickly-bedded, yellow-brown coloured wackestone, and

5. Fine-grained, medium-bedded grey coloured shale.

The rocks are tightly folded and thrusted (Figure 4.240). The various lithological layers deform

differently within these folds (Figure 4.241).
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@ Measurment circle

B NORTH

Figure 4.239: Composite photograph of site 4 with numbered circles indicating measurement circle

positions. Compare with interpretations shown Figure 4.240 and Figure 4.241 Geologist shown in

white.
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Figure 4.240: Line drawing of fracture patterns at site 4 (Figure 4.239). Major features (bedding,
thrusts, and anticlines) are highlighted to show structural complexity. See Figure 4.241 for the various

rock types associated with the structural features. Geologist shown in black.

The rocks consist of thinly bedded brown shale interbedded units consisting of grey-brown shale and
fragmented limestone beds up to 30 cm long. These rocks are highly fragmented along the thrust
surfaces. At the top of the anticline, the 1 m thick strong yellow-brown wackestones is developed,

probably being the youngest stratigraphic unit (Figure 4.241).
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B Thinly bedded mudstone
- Grey-brown mudstone with fragments of limestone beds

I Highly sheared mudstone and fragments of limestone (thrust)
- Thick yellow-brown wackestone

BN Bush 1 Sky

Figure 4.241: Fractures and lithological types at site 4 - compare with Figure 4.239 and Figure 4.240.

Geologists shown in black. The deformation sequence shown on the drawing in numbers as follows:

1. Development of first (upper) thrust plane,

2. Southward thrusting of the hanging-wall strata of this thrust,

3. Thrust tip fold develops in the foot wall of the thrust forming a tight anticline restricting
movement,

4. Thrust tip emerges through thinly bedded shale in deeper footwall,

5. Thrust tip fold develops in thick yellow-brown wackestones ahead of this thrust-tip, and

6. Fault develops between two footwall anticlines and wackestones is fragmented as

thrusting continues.
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The earliest deformation at this exposure is the development of first (upper) thrust plane. Thinly
bedded shales intercalated with grey-brown fragments of limestone beds broken during the
deformation are thrust southward in the hanging-wall strata of this thrust with steepening of dip. The
deformation continued in the shales beneath the thrust which became folded into a tight thrust tip fold.
The progress of this fold appears to have been restricted by its intersection with the older thrust, causing
it to tighten up and reducing the ability of the thrust tip to progress. It is possible that the fragments of
the broken limestone also aided in the locking up of this feature. As such a new thrust tip is likely to
emerge through thinly bedded shale in deeper footwall. It is preceded by a thrust tip fold developing in
thick yellow-brown wackestones ahead of this thrust-tip. This folding continues to develop between

the wackestones in the two footwall anticlines, which is broken up into separate pieces.

The lower portion of the Chorgali Formation exposed at site 4 consists of highly sheared shale beds
and occasional limestone and shale beds as described above. Unlike the Nammal Formation at sites 1
to 3, there is not a thick, strong, brittle rock present which is necessary for the accumulation of stresses
and eventual failure through the development of a thrust. Instead, stress has been accommodated
and released incrementally, predominantly by small-scale flexural flow around folded the shaley beds.
The interbedded limestones have been fragmented and incorporated into the shaley beds. The

thicker, stronger wackestones have also been fragmented but remain as coherent units (Figure 4.241).

The two standard models for strain deformation in a brittle, near surface environment are the
tangential longitudinal and flexural flow (Cosgrove, 2015). These develop in isotropic and anisotropic
layers respectively, that is in this case, the thicker limestones beds and the finely bedded shales. Layer-
parallel buckling and extension tends to occur within the limestone and bedding parallel shear in the
shale. The various lithological units at this outcrop are composed of differing amounts of shale and
limestone causing them to deform and fracture in different ways. To quantify the variations in the
fracture patterns of the different rocks. six measurement circles were placed across the outcrop
(Figure 4.241). The number of “e”, “x”, “y” and “i" nodes (Figure 4.242) was counted in each circle and

used to define the topological and thereby fracture characteristics of the different sites. The fractal
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dimension was determined using the box-counting method with the box size ranging from 100 cm to

5 c¢m at the various sites.

The distribution of node types is independent of the total number of nodes with all measurement
circles having more “y” and “e” type nodes (Figure 4.243). Circle 3 is sited within the highly crushed
anticline axis of the thinly bedded shale in the footwall of the thrust (Figure 4.241) and has the highest

wn
|

total number of nodes and no terminating “i" nodes (Figure 4.243).Circles 2, 4, and 6 are in same rock

type (thinly bedded shale) but all have fewer nodes as they are not sited on a fold axis The

ain
I

measurement circles on the thinly bedded shale have more “i" nodes than those on other rock types.

The fractal dimension is highest in circle 3 (1.99) and lowest in circle 1 (1.88). Circles 2, 4, and 6 have
similar dimensions of 1.90, 1.92 and 1.91, respectively. These differences are due both to structural
and lithological variations. Circle 3 is located within a fold axis and is fractured throughout with circles
2, 4,and 6 on finely bedded shale that is less fragmented. Physical characteristics of the fractures
derived from the analysis of the topological vary between the circles. Due to the high number of “y”
nodes at circle 3, it has the highest number of fracture lines, branches, and tips (Figure 4.244). The
fracture density and intensity are also highest in circle 3 (Figure 4.245), although the mean trace length

is the second shortest at this site, characterising the highly crushed wackestones accurately.

The fracture density and intensity are highest in circle 3 and decreases in both directions away from it

(Figure 4.245). The fracture connectivity is similar in all the circles.
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Figure 4.242: Measurement circles at site 4. See Figure 4.239 and Figure 4.241 respectively, for the

location of the circles on the outcrop and the different rock units.
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Figure 4.243: Number of nodes in the different measurement circles at site 4.
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Figure 4.244: Mean trace length, number of lines, tips and branches and fractal dimension, site 4.
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Figure 4.245; Connectivity, fracture intensity and density and fractal dimension at site 4.
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4.2.4.5 Summary

The measurement sites of the Shah Dara region are positioned in the:
1. Thrust hanging-wall, Nammal Formation
2. Footwall anticline, Nammal Formation
3. Thrust horse, Nammal Formation

4. Stacked footwall folds, Chorgali Formation

The locations of sites are shown by the map in Figure 4.224 and the cross-section in Figure 4.246. The
detailed information of the fractures associated with small-scale folds and thrusts quantify the
characteristics of each site. This allows structural features such as back-thrusts to be identified as they
have specific sets of these characteristics that are quantified by the topological and fractal features.
The trend of these features and the resultant thrust complexes at the front of the Himalayan thrust

belt provide insight into the larger regional scale tectonics.

0 250 m

Figure 4.246: Schematic cross-section of the Shah Dara region .Circles show positions of mapping site.

Compare with Figure 4.224, the plan of the region.
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Although the different measurement sites are within 500 m of each other, slight variations in the
fracture patterns are apparent. The average number of nodes increases southwards from site 1 to site
3 but decreases at site 4 to below the average number of nodes at site 2 (Figure 4.247). The percentage
distribution of the different node types is similar across the different sites (Figure 4.247). “y” nodes
dominate and make up from 40 to 48% of the number of nodes in the various measurement circles at
each site; “e” nodes have a similar percentage throughout of around 30%; “x” nodes also have a
restricted range of between 13 and 25%; “i" nodes are uncommon with an average contribution of

just 8% in all the circles at the different sites.
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Figure 4.247: Node counts in the different circles at the various sites of the Shah Dara region. Whole

numbers indicate the different sites.

The number of fracture nodes, lines, tips, and branches is highest at site 3 (Figure 4.248). It has the
lowest fractal dimension. These characteristics describe a rock mass with distinct areas of higher

fracturing. The highest fracture connectivity, density and intensity and longest the mean trace length
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and highest fractal dimension is present at site 4 (Figure 4.249), defining a more uniformly fractured

rock mass.
Fracture characteristics - Shah Dara
200 2
Q
B 160 195 <
o 2
3]
& 120 19 G
o E
=]
E 80 185
o 40 1.8 o
: ] L -
0 _ 1.75
1 2 3 4
Site
s cm MTL e No. lines No. tips No. branches D

Figure 4.248: Average mean trace length in centimetres, (cm MTL), number of fracture lines, tips, and

branches the fractures and fractal dimensions of the various sites of the Shah Dara region.
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Figure 4.249: Average topology and fractal dimension of the various sites of the Shah Dara region.
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Sites 1 and 3 are located on tightly folded anticlinal axes of the Nammal Formation and thus have a
limited distribution in number of nodes and fractal dimension. In contrast to this, site 4 is located in
thrusted Chorgali Formation with numerous shale layers allowing the development of a variety of
structural features. This increases the variability in both the number of nodes and the fractal dimension

(Figure 4.250).
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Figure 4.250: Average number of nodes and fractal dimensions at Shah Dara.
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4.2.6 Jabbri region

This area, centred around the settlement of Jabbri (33° 54.3" N, 73° 10.4’ E), is characterised by an
east-northeast to west-southwest strike of folded and highly thrusted strata. As a result, the area has
a pronounced topography which parallels the fold and thrust structures, including rivers that flow
through the middle of the area broadly along strike (Figure 4.251) and the ridges to the north and

south which define this part of the study area.

Figure 4.251: View downstream (westward) of the river next to site 4 that is aligned parallel to the

strike of the structural features and stratigraphy (see Figure 4.252).
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Figure 4.252: Geological map of the Jabbri region. Note the dominant ENE — WSW orientation of

structural features and stratigraphy.
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Seven sites have been mapped (Figure 4.252). The first three are in the immediate hanging-wall of a
large-scale thrust. The fourth site is located close to an anticline axis (possibly a detachment fold)
whilst the final three are located between the two oldest back-thrusts (Figure 4.252). The sites are
located in strata ranging in age from the Middle Jurassic Samana Suk Formation but are mainly sited
in the Upper Palaeocene Lockhart and Patala formations (Figure 4.252). The Chichali Formation was
not encountered in the field investigations — the shales of this unit most likely form the decollement
surfaces for the large thrusts in this area (Figure 4.252), breaking the up this shale-dominated unit and
decreasing its outcrop exposure. Outcrop is poor at the first two sites as road-cuttings have not been
dug into the more gently sloping strata. The glauconitic sandstone and the shale of the Lumshiwal
Formation (Williams et al., 1995) were not mapped as the fieldwork was focussed on the carbonate

rocks of the Lockhart and Patala formations.

Table 4.15: Location, stratigraphy, and major structure of study sites in the Jabbri region.

Site | Latitude (N) | Longitude (E) | Formation Age Structure
1 33.919° 73.203° Samana Suk | Lower Cretaceous Thrust
2 33.922° 73.197° Kawagarh Mid Cretaceous | Southward dipping
3 33.922° 73.192° Lockhart Upper Palaeocene Normal fault
4 33.895° 73.171° Lockhart Upper Palaeocene Shear fault
5 33.872° 73.173° Patala Upper Palaeocene Tight fold
6 33.867° 73.174° Lockhart Upper Palaeocene Steep dipping
7 33.857° 73.161° Lockhart Upper Palaeocene Thrust tip fold
4.2.6.1Site 1

The Samana Suk Formation consists of thin- to thick-bedded limestone, dolomitic limestones and
dolomites alternating with marls and marlstone (Qureshi et al., 2018) and formed in a shallow marine

environment (Wadood et al., 2020). At site 1 it is exposed as a thinly bedded (on a 1 cm scale), light
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grey coloured, micritic limestone that is highly fractured (Figure 4.253a), with the predominant
fracture direction striking parallel to the regional thrust and fold-axes. Oblique joints (oriented in the
textbook 60 and 120 degrees to the fold axis) are also present (Figure 4.253b). Together these joints

result in a highly fractured rock that is dominated by cross-cutting “x” nodes (Figure 4.253c).
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Figure 4.253: Site 1 (a) measurement circle photograph with different nodes indicated; (b) fracture

trends - the majority of the fracture are parallel to the strike of the fold axis; (c) node count.

4.2.6.2 Site 2

The grey coloured marl of site 2 has weathered to an orange-brown colour, typical of the Kawagarh
Formation. Millimetre-sized foraminifera are visible on the outcrop surface due to weathering. Closely
spaced discontinuities between beds of generally less than 30 cm in thickness have allowed movement
of water through the rock mass enhancing the weathering on the limestone surfaces. The fractured
and weathered nature of the rocks made it unsuitable for conventional circle mapping. A series of
vertical sections (each 10 cm wide) were measured at the site to determine if there was a relationship

between bedding thickness and fracture. Figure 4.254 shows no such relationship occurs in the four
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sections mapped at site 1. Sections were of limited length (between 0.5 and 2.0 m) but did properly

sample the thinly bedded strata.

Bed Thickness vs. Number of Fractures
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Figure 4.254: Bed thickness vs. number of fractures. A 10 cm wide column was drawn against the
outcrop and the number of fractures within each lithological rectangle was counted. No clear trend (or

clustering) is apparent.

4.2.6.3 Site 3

The fine-grained, light grey limestones of the Lockhart Formation at site 3 have been folded into a
gentle southward plunging syncline-anticline pair with a wavelength of 10 m (Figure 4.255). The
limestone beds are approximately 1 m thick and are separated by centimetre-thick layers of sheared
lime shale with prominent slickensides (fracture set 1) formed during the formation of the plunging
folds. Open fractures partially coated with iron-oxides (fracture set 2), are restricted to individual
limestone beds and do not cut across shale interbeds. The folds are likely associated with a fault in the
adjacent valley that can be discerned on Google Earth from the change in position of strata (Figure
4.256). These changes indicate that it is oriented north-south and downthrown to the east by

approximately 20 m and therefore not directly associated with the NNE-SSW regional structures.
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Figure 4.255 Photograph and line-drawing of site 3. The geologist in the image is 1.8 m tall — the
apparent change in his height is due to the fact that the eastern portion of the section is further away,

around a bend in the road (Figure 4.256).

Circle 1 contains both a bedding surface and cross-section of a limestone bed (Figure 4.257 (1)). There

aw:n
|

are few cross-cutting fractures. “i” nodes are more common in the limestone bed. Circle 2 is closer to
a syncline axis and has more Set 2 fractures. This results in there being more cross-cutting “x” nodes.
Circle 3, sited on a sheared shale bedding surface, is dominated by “y” nodes due to the intersection

of fissures and slickensides. These do not typically cross-cut suggesting that the movement associated

with the slickensides post-dates the tensile fractures and smears the contact between them.
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Figure 4.256: Google Earth images of site 3. (a) change in outcrop lineaments due to a fault with a
downthrow to the east, (b) zoomed in view showing position of photographic section. Red dot indicates

position of site 3.

Circle 4 is sited on an anticline axis (Figure 4.255). The large number of fractures (Figure 4.257 and
Figure 4.258) indicate that there has been significant brittle deformation as it is not possible to
accommodate the applied stresses by flexural movement as occurs between the layers of highly
sheared shale and limestone on the adjacent flanks; but the deformed axial zone is only 2 m wide
(Figure 4.255). Circles 5 and 6 are dominated by limestone bedding planes cutting across from the left
to right (Figure 4.257). The restriction of fractures to particular limestone beds is clearly seen in these

two circles.
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Figure 4.257: Measurement circles at site 3. Various node types are indicated with standard colours

m”n
1

(“e” in yellow, “x” in red, “y“ in green, and “i" in yellow). See Figure 4.255 for positions of circles.

The large number of fractures in circle 4 on the anticline axis increased the number of “x” nodes with
the circle having the greatest number of nodes (101) compared to an average of 67 for the other circles
(Figure 4.258). Sites 3 and 4 have a higher number of fracture branches (Figure 4.259), as the fractures
are not restricted to a single bed as they are elsewhere on the outcrop. The connectivity, fracture

intensity and fracture density are all greater in circle 4, but only by a small amount.
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Figure 4.258: Node count at site 3, dominated by “y” type nodes. More “x” nodes are present in circle
III'II

4 (on the anticline axis) compared to the other five circles sited on the flanks which have more

fractures in the thicker limestone strata.
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Figure 4.259: Topological values and fractal dimensions of the circles at site 3.
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4.2.6.4 Site 4

Site 4 is located in highly faulted Lockhart Formation (Figure 4.252). The fresh dark grey limestone is
more argillaceous and is characterised by scattered small (> 5 mm long) calcite fractures with the
fracture length and connectivity increasing in lighter coloured, mostly clay-free limestones (Figure
4.260). These smaller fractures do not show a preferred orientation and are cross-cut by larger faults,
typically up to 5 cm wide, both un-mineralised and calcite coated that form an eastward verging thrust

system (Figure 4.261).

Further large calcite and calcite-iron oxide fractures cross-cut these two earlier fracture sets. These
east-west striking fractures are sub-parallel to the reginal-scale structures. Their steep dip (80° south)
compared to the dip of the bedding (20° south) indicates that they cross-cut and probably connect

several of the folded layers.
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Figure 4.261: Line-drawing of showing the fractures at site 4. The eastward verging thrusts are clearly visible.

312



Chapter 4 Field Mapping’

Six measurement circles were placed on the outcrop (Figure 4.260) to evaluate the variations in rock
type and structural features (Figure 4.262). Measurement circles situated in different rock types (Table
4.18) have similar numbers of nodes, but those on the intermediate age west-east thrusts show the

greatest differences from the average values (Figure 4.263). Circle 4, located on a thrust-flat, has

ou.n

significantly more nodes, mainly “y” type. In contrast to this, circle 5, on a thrust ramp, has fewer

asin
|

nodes than average and these are dominated by nodes unlike the other measurement circles

(Figure 4.263).

Figure 4.262: Measurement circles at site 4. See Figure 4.260 for positions of circles.
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Table 4.16: Measurement circle characteristics, site 4.

Site | Structural position Rock-type description

1 Foot wall Dark grey limestone with small calcite fractures
2 Foot wall Dark grey limestone with small calcite fractures
3 Fault plane (thrust ramp?) | Calcite joint with underlying dark grey limestone
4 Thrust Calcite joints and dark grey limestone

5 Thrust Fractured grey limestone

6 Vertical shear Sheared and fractured light grey limestone
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Figure 4.263: Node count of measurement circles at site 4. The highest and lowest number of nodes

are on a thrust flat (circle 4) and a thrust ramp (circle 5) respectively.

Only small topological differences were calculated for the measurement circle (Figure 4.264). As
expected, has the greatest number of lines, tips, and branches. As the rock is highly fractured in all the
measurement circles (Figure 4.262), the fractal dimension is also high in all, making it difficult to

discern differences in the fractal dimension despite employing a box-size of 5 cm.
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Figure 4.264: Topological characteristics and fractal dimensions of measurement circles at site 4. The

greatest number of lines, tips, and branches is in circle 4, located on a thrust flat.

4.2.6.5 Site 5

The Patala Formation is a late Palaeocene to early Eocene limestone and shale- sequence deposited
on a carbonate platform which is interpreted as representing a continuation of the transgressive phase
of the Lockhart Formation (Hanif, 2011). It also contains less limestone than the Lockhart Formation
because of the Palaeocene-Eocene Thermal Maximum (PETM) that killed much of the temperature
sensitive corals (Hanif et al., 2013) whilst the shale continued to be derived from benthic algae. This
change in composition from limestone dominated to sheared shale dominated strata has resulted in
a change in the type of failure of the rock mass. The thinly interbedded shale and limestone layers are
able to shear past each other with flexural flow (FF) being the dominant failure mechanism (Cosgrove,
2015). Small tangential longitudinal (TL) fractures are still developed within individual beds, but most
of the strain is accommodated by sliding of the different rock types and the transformation into shale.
This shear-failure has resulted in the development of tightly folded strata, often with closely spaced

recumbent or overturned fold axes Figure 4.265 and Figure 4.266).
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Figure 4.265: Photo-mosaic of the tightly folded Patala Formation at site 5. See Figure 4.266 for a line-

diagram of the site. Geologists shown in black.

Figure 4.266: Line-diagram of the tightly folded strata of the Patala Formation at site 5. Only general
trends and not all the strata have been mapped as beds are typically only centimetres thick. Positions
of measurement circles (shown in Figure 4.267) around the fold axis are also shown. Geologists shown

in black.
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Figure 4.267: Annotated photographs of the measurement circles at site 5. Natural fracture
intersections in circle 1 are obscured by excavator tooth marks (shown by blue lines) but it been
included to show the soft and plastic nature of the Patala Formation shales Almost all the other
fractures in the measurement circles represent small-scale transitional longitudinal failures in a layer

rather than the larger scale flexural flow between them.

Up to two to three times as many nodes are present in the measurement circles at site 5 (Figure 4.268),
mainly due to the thin bedding with FF fractures and TL fractures within the beds intersecting as “y”
nodes. Only one of the 801 nodes measured at the site is an “i" type and more than half of the nodes
(414) are “y” type, the remainder split between “e” (231) and “x” types (155). The high quantity of

nodes in circles 1 and 2 has resulted in a large number of branches being calculated for these two

circles (Figure 4.269). Importantly, the mean trace length (4 cm) is very similar across all six circles, as
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a result of the strong control of the intercalated thin shale and limestone beds on the fracture pattern.
The fractal dimensions of the different circles are all high due to the large number of widely spread

fractures.
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Figure 4.268: Node count at site 5 - “y” type nodes predominate.
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Figure 4.269: Topological and fractal characteristics of the measurement circles at site 5. The large
number of branches and dominance in other topological characteristics in circles 1 and 2 is due to the
larger number of nodes developed in the more thinly bedded shale. Although circle 6 has lower
topological values and the lowest fractal dimension (1.94), the difference in the fractal dimension is

not significant due to the high density of fractures.
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4.2.6.6 Site 6

At site 6 the steeply dipping Lockhart Formation limestone beds (between 10 and 20 cm thick) are
interbedded with thin centimetre thick shale beds (Figure 4.270). This interbedding allows the beds to
shear past each other with flexural flow (Cosgrove, 2015). As the limestone beds are thicker and more
dominant, tangential longitudinal (TL) stress redistribution has caused the number of layer
perpendicular fractures to increase. It is important to note that these abundant layer perpendicular

fractures do not cut through shale beds or even across adjacent limestone beds (Figure 4.271).

Interestingly though, because the limestone bed are thicker, cross-cutting “x” nodes are also common
making up approximately 30% of the total number of nodes compared to “y” nodes which constitute
46% of the total (Figure 4.272). No “i" nodes are present due to the fact that both the FF between the
layers and the TL failure within the layers is extensive in this type of mechanical layering, which is

intermediate layers brittle rocks interbedded with thin ductile layers.
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Figure 4.270: Photograph of highly fractured, steeply dipping Lockhart Formation at site 6. The site is
located approximately halfway between two thrusts, 1 km to north and 1 km to the south (see Figure

4.252). Geologist in white.

321



Chapter 4 Field Mapping’
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Figure 4.271: Line sketch of Figure 4.270. The large number of fractures within the limestone beds is
clearly evident as is the fact that these fractures do not link up to form longer continuous features.

Geologist in black.
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Figure 4.272: Measurement circle at site 6. Note the steeply dipping and closely interbedded strata, (b)

Ili"

node count — no “i" nodes are present.

4.2.6.7 Site7

Site 7, the most southerly site of this area is also within the Lockhart Formation (Figure 4.252). The
rocks here also consist of wackestone and shale, the latter makes up a very small amount of the total
(Figure 4.273). Although fractures can terminate at the edge of a wackestone bed, on the shale
interlayers, these may be too thin or absent, allowing many fractures cross-cut the bedding (Figure
4.274). This has resulted in the average number of “x” nodes (49) and the number of “y” nodes “(52)

per circle being very similar.

The greatest number of nodes was measured in circle 2, sited on the anticline axis (Figure 4.276). The
number node-is present in circle 1 — this may be caused by the thicker limestone beds in this circle
compared to circle 3. The thicker limestone beds with the associated decrease in the number of

fractures has resulted in a lower fractal dimension of 1.67 (Figure 4.277).
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A horizontal series of ten 10 * 10 cm squares was drawn on the rock. This strip was measured to see
if trends in topological characteristics might be seen across a measurement circle. No clear trends
were evident and most signficant problem was the fact that the “e” fractures were recounted at each
boundary changing leading to incorrect node-counts. These combined with the fact that the
topological analysis tools used in this work are designed for a circle and all the measurement sites

have 1 m wide measurement circles allowing comparison resulted in this technique bein abandoned.

Figure 4.273: Photograph of site 7 showing the gently folded Lockhart Formation limestone and the
well-developed typical fold fractures. See Figure 4.252 for location. Figure 4.274 is a line-drawing of

the photograph. Geologist in white.
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Figure 4.274: Line drawing of Figure 4.273. Bedding (which often has FF) and TL fractures within the
beds are highlighted. The anticlinal axis and positions of measurement circles and strip are also shown.

Geologist in black.

Figure 4.275: Circles at site 7. See Figure 4.274 for locations.
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Figure 4.276: Node count, circles at site 7. The highest number of nodes is present in circle 2, on the

anticline axis.
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Figure 4.277: Topology and fractal dimension, site 7.

10 cm

Figure 4.278: 1 m long horizontal measurement strip divided into ten 10 * 10 cm squares. See Figure

4.274 for location.
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Node Count in 10 * 10 cm Squares, Site 7
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Figure 4.279: Node counts of the ten 10 * 10 cm squares at Position 4 in Figure 4.274.

4.2.6.8 Summary

The average number of nodes decreases towards the centre of the study area (site 4) and then
increases again (Figure 4.280). Unusually, there does not seem to be a correlation between the
stratigraphic unit and the number of nodes. Sites 4, 6, and 7 are all located within the Lockhart
Formation but have quite different average numbers of nodes in their measurement circles (97, 196,

and 124 respectively).

win
|

The northerly nodes have, on average, ten “i" node per circle and the southerly nodes have on average
one i" node. These patterns in node distribution may be associated with the local hinterland dipping
backthrust duplex. The older thrust-blocks to the north may not have been as confined during their

initial development. In contrast, the sites in the south are associated with a more restricted backthrust

duplex and are hence more fractured.
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Figure 4.280: Node count of all sites in the Jabbri region. Sites run from north to south as shown on the

sketch map on the right. See Figure 4.252 for details of the geology.

As there is very little variation in the fractal dimensions of the different sites and in all cases, it is
extremely high (greater than 1.85), any conclusions about trends is not justified by the data. All that

can be said from the fractal dimension information is that the rock is highly fractured throughout the

area.

Topologically, there are a variety of trends (Figure 4.281):

1. The mean trace length is greatest at sites 3 and 4,
2. The number of lines is lowest at sites 3, 4, and 7,

3. Approximately half the number of tips at sites 3, 4, and 7 compared to the other sites, and

4. Half the number of branches at sites 3 and 4.

This suggests fewer, longer, less interconnected fractures at sites 3 and 4.
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Topology and Fractal Dimension - All Sites
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Figure 4.281: Topology and fractal dimension of all sites in the Jabbri region. Site numbers run from

north to south.

When the average number of nodes is compared with the average fractal dimension, the large number
of interbedded shales in the different sites cause the average fractal values close (all lie between 1.91
and 1.99), it is not possible to define any relationship between the average number of nodes and the
fractal dimension of the different sites (Figure 4.282). This may be due both to the high degree of
deformation at the measurement sites and the fact that all the sites are in a fore-thrust sequence. The
lack of correlation between fractal dimensions and number of nodes is even more apparent when the
values for the individual circles are compared (Figure 4.283). The best-fit curve of this data has a
coefficient of determination of 0.17.

Unfortunately, because of the lack of correlation between the number of nodes and the fractal
dimension, it does not allow meaningful predications of flow and mechanical properties of the
rockmass. All that can be noted is that comparison of fractal dimension with the number of nodes has

not allowed the recognition of any trends or clusters of fractures within the Jabbri area itself.
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Figure 4.282: Average total number of nodes vs. fractal dimension at each site.
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Figure 4.283: Total number of nodes vs. fractal dimension for all the circles at each site.
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4.2.7. Changla Gali region

Different fracture sets at Changli Gali are intriguing — any thoughts on their formation?

The Changla Gali region is the most north-easterly portion of the study area and is located

approximately 40 km from Islamabad, close to the village of Changla Gali (33° 59.6" N, 73° 23.0 E).

The oldest rocks of the Pakistan study area are reported either side of the measurement sites (Figure
4.284). The rocks include the Chichali Formation (of the Sugar Group) and the Samana Suk Formation

(Williams et al., 1999; Ali et al., 2013).
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Figure 4.284: Geological map of the Changla Gali outcrop region (modified after Chambers, 1991).
Apparently several large thrusts are developed between the Samana Suk and Chichali as well a large thrust

observed in the Lockhart Formation before it terminates against the Patala Formation in a thrust.
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The Samana Suk Formation (Middle Jurassic) is a fossiliferous, dark grey limestone interbedded with
subordinate is greenish-grey marl. The Early Cretaceous (Neocomian) to Late Jurassic (Tithonian)
Chichali Formation (Williams et. al., 1999) has been found some 300 m north of site 1 by Khan (2017)
who describes the Chichali Formation as consisting of dark bluish-grey to black splintery carbonaceous
shales and glauconitic fossiliferous sandstones and investigated the shales as potential hydrocarbon

source rocks.

The study sites are positioned within the Lockhart Formation (Figure 4.284) which is the main unit
mapped throughout the study area. By doing this, structural relationships on a regional scale can be
examined without the variable of switching between stratigraphic units. In this area, the Lockhart
Formation is a light grey, foraminiferal wackestone with occasional centimetre thick dark brown shale
bands between packages of limestone approximately a metre thick. The overlying Patala Formation
represents a gradual transition from shallow marine to lagoonal and subtidal settings. In this region it
has a significant shale content and hence its deformational characteristics are different to that of the
Lockhart Formation. Large-scale thrusts are present in the area (Chambers, 1991) bringing the Samana
Suk and Chichali Formation on top of the Patala and Lockhart Formations (Figure 4.284). The focus of
the current investigations is on the intra-formational thrusts within the Lockhart Formation. The
fracture characteristics of three sites, approximately 150 m apart (Figure 4.285) are quantified using
the standard methodology comprising identification of controlling geological features, identifying
fracture sets, and measuring the fractal and topological characteristics of each set at the different

sites.
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Figure 4.285: Location of study sites and orientation of major geological features at Changla Gali.

At site 1, a reverse fault is visible as well as examples of Fracture Set 1, Set 2, and Set 3 (Figure 4.286).

A single circle (Figure 4.286) was mapped at this site. A series of different node and fracture measured

at finer and finer scale to account for the significant number of the Set 3 features on the data-set. The

large-scale measurements were mapped at the outcrop, followed smaller scale measurements from

the measurement circle and finally a series of 10 cm squares analysed within the circle to define the

characteristics including those of the Set 3 fracture surface (Figure 4.287).
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Figure 4.286: Photo-mosaic of site 1, Changla Gali. The majority of the surface visible in this image is
the surface of Fracture Set 3. It is not coloured in as it would not be possible to see any other features.
Fracture Set 2 surfaces are also sub-parallel to the orientation of the photograph, but terminations of
the fracture plane are visible as lines. Note, the reverse fault is southward dipping and hence has the
opposite sense of movement to the thrusts at site 2 and 3. The circle above the geologist’s head

indicates the position of the 1-metre-wide mapping circle.

The smaller squares were used to determine an equivalent area as to that of the normal 1 m wide

measurement circle (Figure 4.287).
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Figure 4.287: Fractal and topological mapping of site 1, Changla Gali, at different scales. (a)
Photograph with different fracture sets indicated — note how Fracture Set 3 covers the majority of the
circle; (b) large-scale fractures; (c) smaller scale fractures (only visible with later analysis of

photographs); (d) detailed analysis of fractures in 10 cm * 10 cm squares to examine the effect of the

intense fracturing on the surface of Fracture Set 3. “e” nodes are coloured yellow, “x” red, “y” green and

“i” blue as they are throughout the thesis.
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Due to the fact that the total number of nodes increases by orders of magnitude as the resolution is
increased, the topological characteristics of the number of branches and tips, fracture density, and
intensity follow a similar pattern, (Table 4.17). Connectivity at a large scale and at a detailed level is
similar, where-as the small-scale analysis shows a much lower degree of connectivity. The detailed
evaluation produces a fractal dimension of 2. This is because each of the 10cm by 10 cm squares used
to estimate the characteristics of the surface had approximately 30 nodes. Thus, at the smallest box
size of 5 cm used in the calculation of the fractal dimension there would always be a fracture. This
shows that it is incorrect to include the data from a fracture surface parallel to the measurement circle

as this will disguise any other fractal relationship that might be present.

Table 4.17: Topological characteristics of the different measurement scales at site 1.

Mapping circle Large-scale | Small-scale | Detailed
Connectivity 5.60 1.72 5.54
Fracture Intensity 6 13 99
Fracture density 3.02 41.86 350.14
Mean trace length 0.63 0.10 0.09
No. lines 5 116.5 735.5
No. tips 10 233 1471
No. branches 28 247 3501

At site 2, an anticline is developed over a thrust-tip (Figure 4.288), which indicates that another thrust
must be developed within the Lockhart Formation. All three fracture sets are present at this exposure
(Figure 4.285), allowing the reason for their orientations to be determined. Fracture Set 1 is developed
parallel to the anticline axis (and also the thrust) whilst Fracture Set 2 and 3 are developed at
approximately 60 and 120 degrees to the fold-axis, thus representing synthetic and antithetic fracture
sets. It is likely that these initial fractures have been re-exploited and further sheared during continued

compression. Five measurement circles (Figure 4.289) were analysed at this
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site to determine the variation in fracture patterns associated with parts of the anticline and parts of
the thrust, including the footwall and the thrust-tip. Figure 4.290 illustrates that the greatest number
of nodes is present at the thrust-tip (circle 5) followed by the thrust (circle 4). The topological analysis
shows corresponding results (Figure 4.291). The thrust-tip has triple and the thrust has double the
fracture intensity of the other measurement circles. The fracture density in the thrust-tip is twice that
of circles 1 to 3. In fact, the thrust tip has the highest topological values for all categories, except for
connectivity, where the thrust itself has a higher value. The thrust and thrust-tip have fractal
dimensions of 1.98 and 1.99 respectively compared to the values of 1.85 and 1.84 of circles 1 and 2 at

the edge and centre of the anticline.

.......... Bedd|ng
-— Thrust
X~ Anticline

— Fracture Set 1
—— Fracture Set 2
— Fracture Set 3

Figure 4.288: (a) Photograph of thrust and anticline at site 2, Changla Gali; (b) interpretation of fracture

orientations; (c) line diagram of bedding, thrust, anticline and fracture surfaces.
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Figure 4.289: Measurement circles at site 2, Changla Gali with nodes indicated. The position of the

measurement circles is shown in Figure 4.0.288 (a).
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Figure 4.290: Node count at site 2, Changla Gali. The greatest number of nodes is in circle 5 (thrust-tip

anticline) followed by circle 4 (thrust).
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Topology and Fractal Dimensions - Site 2
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Figure 4.291: Topological and fractal characteristics of the measurement circles at site 2, Changla Gali.
“ant.” is an abbreviation of anticline. Note separation of data into those circles related to the anticline

and those related to the thrust.

At site 3, a large, 6 m wide thrust is present (Figure 4.292). Examination of the limestone either side of
the thrust reveals that it is an intra-formational thrust in the Lockhart Formation. The Patala Formation
is exposed approximately 5 m to the north in the hanging-wall of the thrust. Elsewhere in the field area,
the thrust would have been likely to be sited on the contact between the Lockhart and Patala
formations. This suggests that a greater amount of thrusting has occurred in the northern portion of the
field-area. This may be due to structural variation with the strike of the strata trending to the north-east
and the site being further from the Main Boundary Thrust (Figure 3.16). It may also be due to the

different rheological properties of the different rocks that are interacting at Changla Gali.

As at site 3, many of the fractures are obscured by a surface parallel shears - in this case those of Fracture
Set 1. These clearly pre-date the thrust which cross-cuts them. If the other two fracture sets formed
contemporaneously, perhaps due folding around the thrust-tip they would also pre-date the emergence

of the thrust at this higher level.
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Figure 4.292: Photo-mosaic image and corresponding line drawing of site 3, Changla Gali. The positions

of the measurement circles are shown on the photo-mosaic.

Six measurement circles (Figure 4.293) were evaluated in the Lockhart Formation across the hanging-
wall of the thrust, the thrust, and the footwall of the thrust to determine if variations relative to the
thrust could be discerned. Although the total number of nodes is similar in each circle, the number of
“y” nodes is higher closer to the thrust and the number of “i" nodes increases further away from the
thrust (Figure 4.294). The thrust (circle 3) has the highest connectivity, fracture intensity and longest
mean trace length (Figure 4.295). Away from the thrust, there is a decrease in connectivity, intensity,
and mean trace length and an increase in number of lines. The number of tips increase away from the

thrust — the greatest difference in the number of tips is however only 9 (between the thrust (36) and
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the footwall (45)). Fractal dimensions are range from 1.94 to 1.96. The two lowest dimensions (1.94)
are in the footwall of the thrust which is unusual because the fracture density is highest in the footwall.
The measured characteristics the various parts structure is similar. The differences of the

characteristics of different structures is likely to be greater than that within a single structure.

Figure 4.293: Measurement circles from site 3, Changla Gali. See Figure 4.292 for their positions

relative to the thrust.
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Figure 4.294: Node count at site 3, Changla Gali. The total number of nodes is similar in each circle.
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The number of “y” nodes is higher closer to the thrust (circle 3) and the number of “i" nodes increases

further away from the thrust.

Topology and Fractal Dimensions - Site 3

80 2.00

70
3 60 195 g
g 5o i
5 :
E" 40 190 =
© 30 s
o @
2 20 1.85 &

10

0 1.80
hw 1 hw 2 thrust  fw contact fw 1 fw 2
mmm Mean trace length s No. tips s No. lines No. branches D

Figure 4.295: Topological and fractal characteristics of the measurement circles at site 3, Changla Gali.

By comparing the number of nodes with the fractal dimension, characteristics of the individual
fracture sets and the various sites can be evaluated (Figure 4.296). At site 1, the effect of measuring

at higher and higher detail is evident with the exponential increase in the number of nodes producing
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a logarithmic curve (Figure 4.296). This curve has an excellent fit (R = 0.97), however there are only
three data points. The characteristics of five different structural features are evaluated at site 2. As
expected, these do show variations with, for example, the thrust-tip having the greatest number of
nodes and highest fractal dimension (Figure 4.296). When considered together, the data form a tight
cluster, indicative of a single structural regime. The data from site 3 are even more tightly clustered
(Figure 4.296 and Figure 4.297). When comparing the topological values and fractal dimensions of the
various sites against each other, it is necessary to use the broad-scale values of site 1. The site has a
low fractal dimension and long mean trace length; all other topological parameters have lower values
than the other two sites. The topological values and the fractal dimensions are very similar for sites 2
and 3. It is only the number of branches that varies much between the sites, and this is due to the high

number of branches at the fracture-tip.
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Figure 4.296: Distribution of the total number of nodes versus fractal dimension used to identify
groupings. Site 1 does not have any grouping, the “detailed” point is (1 060, 2.0), far to the maximum
x of the graph. The data from both sites 2 and 3 show little dispersion and lie close to each other,
indicating the similarity in the structural environment.
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Figure 4.297: Tightly clustered data from site 3, Changla Gali. The standard deviation of the total

number of nodes is only 3 and that of the fractal dimension only 0.01.
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5. Interpretation of fractures

In this chapter, the fracture data presented in Chapter 4 are interpreted to relate fracture
characteristics and their spatial arrangement to the structural domain (back-thrust, fore-thrust, pop-
up structures, anticlines, synclines, and overturned anticlines) in the frontal thrust belt north of
Himalayan Main Boundary Thrust in the field area. In the interpretation presented, different types or
sets of fractures are not separated using composition, orientation, or termination styles, as none of
these attributes are considered likely to be unique to a given set of fractures formed in response to a
single deformation event. Instead, fractures are considered in terms of their spatial distributions and
their topological characteristics. The hypothesis posed at the beginning of the study was that by
combining an analysis of the spatial distribution of the fractures in fracture networks as discrete
objects, such as fractal dimensions, with topological analysis (to characterises the connectivity of the
constitutive fractures) in that network (Sanderson et al., 2019) would provide new and potentially
unique insights into the relationships of the fractured rock-mass in various structural domains within
a fold and thrust belt. As the fractal dimension and topological characteristics measure different
dimensions (space and intersections), the analysis of a fracture network is better defined (Sanderson
et al., 2019). These combined approaches have provided a comprehensive, quantified set of data to
interpret the characteristics of the different fracture networks and predict fracture patterns in the
inaccessible remote of the field study area with the same fractal and topological characteristics. By
considering the topological characteristics and the fractal dimensions of all the fractures together, all
the discontinuities and intersections are included, and the true complexity of the rock-mass can be

determined.

Such an approach is inherently better at unravelling how the cumulative effects of successive tectonic
stresses discriminate between different characteristics of the rock-mass. The focus of this
interpretation is to understand the spatial and connectivity relationships of the whole fracture

population in the context of the wider structural scale. In addition, the field observations have shown
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that rock fracture behaviour is highly dependent on the amount of shale, equivalent to the term
‘volume of shale’ or Vsnale, that is an estimate of the rock's shale volume from the gamma ray log from
a wireline log in a borehole (Miaha, 2014). As the topological and fractal characteristics are different
for the different types of rocks, it may be possible to determine the fracture patterns from the Vshale
of the wireline log. The limestone sequences are typically tightly bound by secondary microspar

cement during diagenesis.

Due to the low clastic-mud content of most of the limestones, a result of pervasive microspar
precipitation and recrystallisation that tightly cements the limestones, they are mechanically strong
and brittle. It is this brittle nature of the limestones that results in the extreme deformation and
fracture intensity of the limestone packages. The interbedded discrete clay units (effectively shales)
by contrast are characterised by ductile deformation and the presence of calcite cemented veining.

Strong lateral shearing is present in areas such as fore-thrusts, which often occur with shale bands.

5.1 Fractures and lithology

The sediments in the study area were deposited within a closely related suite of depositional
environmental settings spanning from a coastal-lagoonal setting to the middle ramp (shallow open
marine) sedimentological range along a carbonate-dominated shoreline. The detailed characteristics
of the limestones in the different rock assemblages from ramp to lagoon facies are very similar (see
Figure 5.1) but differ mainly in the proportions of lime mudstone and bioclastic debris (e.g., Khawaj
et al., 2018; Rehman et al., 2016). The different formations of these assemblages are described in
Chapter 2 (sections 2.3., especially Figure 5.2.4). The various limestones are defined by the presence
of specific algae and foraminifera (Khawaj et al., 2018; Swati et al., 2013). There are no reefs
recognised in any these ramp limestones (Kendall and Flood, 2011) and corals are rare. Most of the

framework bioclasts are foraminifera, dasyclad algae and gastropods. Bioturbation is common with
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several trace fossils being recognised, which result in the sediment texture being pervasively
homogenised (Khan et al., 2018). The majority of the limestones were deposited on the middle ramp,
within the influence of wave action, except for the Patala Formation and the Chorgali Formation
sediments, which indicate deposition in increasingly shallow water such as a lagoonal and potentially
supratidal environments (Fahaad et al., 2021; Mizra et al., 2022). The detailed characteristics of the

different formations of the sedimentary succession are described in Chapter 2 (section 2.3.1).
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Figure 5.1:Distributions of the closely spaced depositional environments in the study.

Shale is present in the stratigraphy of the Palaeocene limestones ranging from the Kawagarh
Formation (Rehman et al., 2021) through to the Chorgali Formation (Awais et al., 2020) as discrete
layers of a dark brown coloured, fine-grained clastic mud that is a mixture of clay minerals and silt-
sized particles, especially quartz and calcite, (Chapter 2) separating lime mudstones and wackestones

in the ramp limestones, especially of the Lockhart and Nammal formations (Figure 5.2).

348



Chapter 5 Interpretation of fractures

Figure 5.2: Typical ramp limestone sequence within the Patala Formation showing cleaning-upwards
beds of wackestone separated by dark brown, highly deformed shale. The thin interbeds of shale

decrease in frequency with thicker limestone beds (site 5, Jabbri region).

The shales are fissile and usually highly deformed, concentrating strain in the form of shear zones and
folds. The shales range between 0.5 and 2m in thickness, and they typically split into beds of less than
1 cm thick, which has a significant effect on the fracture patterns (Figure 5.2). The strong bioturbation
fabrics (Figure 5.4) further contribute to homogenising the sediment fabric, combining thinly bedded

limestone and shale.

349



Chapter 5 Interpretation of fractures

Figure 5.3: Light-coloured wackestone displaying transitional longitudinal (TL) fractures, with dark
shale layers deformed by flexural flow (FF) to fill the void created by the initial TL fracture of the
wackestone. TL fractures do not propagate through the shale, but instead develop as bedding parallel

shears such as this outcrop in the Nammal Formation (site 2, Makhniyal region).

(a) (b)

Figure 5.4: (a) Bedding parallel Thalassinoides ichnofossils visible as prominent branching tubes
protruding above a bedding plane within the Nammal Formation (site 1, Talhaar region; (b) Small
chondrites type ichnofossils visible as light grey tubes within a foraminiferal wackestone of the

Lockhart Formation (site 8, Najafpur region).
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(a) (b) (c)

Figure 5.5: (a) Discrete burrows within fine grained argillaceous wackestone of the Margalla Hills
Formation (b) nodular appearance of the lower part of the Margalla Hills Formation produced by
intense bioturbation. (c) large horizontal burrows resulting in a strongly mixed wackestone texture of

the Lockhart Formation. From Burley, 2022.

These observations are the basis for the logic to categorise the rocks based on the proportion of
limestone and shale that can be approximated in the field from hand specimen observation (Table
5.18 and Figure 5.7). The different amounts of limestone and shale and other minor constituents (such
as vein-quartz) are determined by the areal coverage of the measurement circles which were mapped
in a variety of orientations This enabled the percentage of shale to be estimated in the combined rock

assemblages.

Importantly, the limestones in the field area have no significant intergranular porosity, which has been
excluded due to both pervasive early diagenesis including recrystallisation (Chapter 4, sections 4.1,
4.2, 4.3, 4.4 and 4.5). During the early diagenesis of lime muds, the calcium carbonate matrix is
transformed to micrite and subsequently to microspar cements (Figure 5.6). Microspar is formed by
the conversion of high magnesium calcite (micrite) to inequigranular low magnesium calcite, that is

microspar (Mosher, 1989; Munneke, 1997; Lucia and Loucks, 2013). In the limestones studied, early
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diagenetic micritisation, cementation, neomorphism and recrystallisation followed by compaction
during mesogenesis has completely destroyed any remaining primary porosity and permeability, to be
replaced by secondary fracture-controlled porosity and permeability (Khan, 2018; Shoaib et al., 2022).
Recrystallisation of micrite to microspar with no visible intergranular porosity is now pervasive in all
of the studied limestones (Cheema, 2010) such that most of the limestones now have a uniform
microspar microfabric (Chapter 4, as illustrated in sections 4.1.3, 4.3.1 and 4.3.6). These diagenetic
processes homogenise the texture and strength of the limestones such that their response to stress is
also very similar (Chapter 4). Hence from a structural perspective, the limestone lithologies have little
variability in the study area so type and character of fracture patterns in each limestone lithology are

not significant (Figure 5.6).

(a) (b) (c)

Figure 5.6: Micrographs illustrating the strong effect of microspar content in various microfacies in the
field area: (a) with crushed shell fragments, (b) with Dasyclad algal fragments, (c) with common

foraminifera (images from Ali et al., 2014). Width of each image = 1 mm.

The thickness and distribution of shale between the limestone beds defines the continuity of the
fractures within the rock-mass. Although bedding parallel fractures develop parallel to shale beds, and
seldom cross-cut the limestone, the length of the cross-cutting fractures (interbed fracture continuity)
can be defined for the different groups of rocks (Table 5.18). The most important feature is still the
shale partings as these typically cause the different beds to terminate. The shale layers cause
differential stresses between limestone and hence the thicker shales or more numerous shale partings

reduce the transfer of stresses (Figure 5.7).
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Table 5.18: Typical minimum and maximum unit thicknesses and bed thicknesses for the specific rock

assemblages (quoted in centimetres). The typical interbed continuity is also shown. The % clastic mud

represents the spatial percent of the rock assemblages in the different mapping circles, and “label”

refers to the rock assemblages shown in Figure 5.7.
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Figure 5.7: Block diagrams showing the idealised fracture patterns in the six variations of rock

assemblages considered in this study. Percentage mud and typical number of nodes and fractal

dimensions for the different rock assemblages are listed in Table 5.18. Front square=1m * 1 m.
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Variation in the fracture patterns that develop in the combinations of rock assemblages for the whole
study area are shown in Figure 5.8, expressed as the number of nodes and fractal dimension for each
rock assemblage. The fractal dimension provides a spatial context of the distribution of the fractures.
In this work, the fractal dimensions range between 1 and 2, with 1 being a single dimensional object
(i.e., a line or a perfectly straight fracture) and 2 being a perfectly flat surface. The more fractured a
rock, the more convoluted the fractures become, increasing its dimensional complexity. Lime
mudstone has the highest fractal dimension, a consequence of the more intricate fracture patterns
formed in the highly coherent, strongly micritised, uniform matrix. Shale has the lowest fractal

dimension, indicating a simpler fracture pattern (Figure 5.8).
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Figure 5.8: Number of nodes of each rock assemblage and the fractal dimension (with one standard
deviation). When there are differences between the number of types of nodes specific topological

characteristics can be defined for the different rock assemblages.

The number of different types of fracture nodes defines the number of terminations and intersections
of fractures. This determines the topological characteristics of the rock including connectivity, fracture

intensity, fracture density, and mean trace length (Grodner et al., 2021).
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The number of nodes (which determines the connectivity and other topological characteristics) and
the fractal dimension (the complexity of the distribution of the fractures) provide two independent
measurements of the rock-mass characteristics. The greater the number of nodes, the more of all e,
X, y and i nodes are present within a measurement circle. Fractal dimensions are determined by box-
counting. These number of nodes and fractal dimension are cross-plotted to determine the differences
in the characteristics of the different rock types or geological structures (Grodner et al., 2021). The
comparison of the total number of nodes and fractal dimensions (including one standard deviation)
are shown in Figure 5.9 which allows the specific characteristics of the spatial distribution of the
individual fractures (fractal dimension) and the intensity of fractures (nodes) of the rock assemblages

to be determined.
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Figure 5.9: Average and standard deviation of the total number of nodes and fractal dimensions of all
circles of the different rock type assemblages in the study area. This defines the topology (nodes) and
complexity of the fractures (fractal dimension). The average value is indicated by the colour of each

rock type and a standard deviation by the semi-transparent ellipse of the same colour.
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Wackestone, and wackestone and shale have the greatest range of fractal dimensions indicating that
these rock types have a wider variety fractures. The standard deviations of the lime mudstone, the
shale, and shale and wackestone lithologies are small, indicating they have a similar set of values
(Figure 5.9). In contrast, the wackestones have a limited number of nodes but a wide range of fractal
dimensions which shows as wide range of fracture pattern types (Figure 5.9). The fracture patterns of
the lime mudstone, and the shale and wackestone also overlap in the two-dimensional node count -
versus fractal dimension space (Figure 5.9). This assessment of the two-dimensional total number of
nodes versus fractal dimension space of the different rock assemblages do not indicate that distinct
fracture patterns can be defined for the assemblages of rock assemblages. However, the topological
characteristics are based on the differences between the number of the different nodes which show

variations in the fracture pattern and rock mass characteristics.

Fracture densities are higher in wackestones (Table 5.19) as the fractures are able to propagate easily
across the pervasive microspar matrix (Kendall and Flood, 2011). Combinations of wackestone and
shale have lower fracture densities as the stress build-up in folding and thrusting are relieved by the

interbedded shales, forming long fractures (Table 5.19).
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Table 5.19: Average topological characteristics of the different combinations of rock types. Topological

characteristics are derived from the numbers of different nodes and allow the characteristics of the

different fracture patterns in the rocks to be defined. See also Figure 5.10 for the topological

characteristics of various geological structures.

Different combinations Connectivity Fracture Fracture MTL Fractal
of rock types Intensity density dimension
Wackestone 3.47 13.17 19.10 0.25 1.90
Wackestone & minor

4.44 15.42 12.77 0.42 1.92
shale
Wackestone & shale 5.60 17.52 14.61 0.40 1.90
Shale & wackestone 4.85 18.10 16.04 0.43 1.94
Shale 5.75 15.52 12.50 0.51 194
Lime mudstone 4.65 17.25 17.61 0.37 1.97
Average 4.79 16.16 15.44 0.40 194

The geometry of fractures controls both the rock properties, especially between large fractures or

fracture sets that have a greater effect on connectivity (Table 5.19 and Figure 5.10). It is especially

evident in the shale with through-going fractures parallel to &; (Sanderson and Nixon, 2015). The shale

with bedding parallel fractures aligned to the primary stress direction has lower cohesion between

bedding which reduces the strength of the rock in this orientation allowing flexural flow (FF) movement.

As the similar limestones rock types contain similar distributions of microspar, this part of the rock mass

typically does not have preferred uniaxial compressive strength (UCS) and is less likely to fail in a

preferred orientation but rather tangential longitudinal (TL) failure and it thus the shale layers that

control the fracturing (Cosgrove, 2015).

Shale, and shale and wackestone rock have high fractal dimensions due to the closely spaced

alternating The fracture intensities increase as the clastic mud content increases (Table 5.19 and Figure

5.10). wackestone units forming tangential longitudinal (TL) fractures and shale layers generating layer

parallel flexural flow (FF) fractures. The high numbers of the shorter discontinuities including calcite
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fractures and closely spaced unmineralised fractures in the lime mudstone form more complex fracture

patterns and hence higher fractal dimensions.

The Mean Trace Length of the wackestone are the shortest whilst the trace length of the shales and
the shales and wackestone are significantly longer due to the thin shale beds allowing flexure flow (FF)

and increase in length of the fractures (Table 5.19 and Figure 5.10).

Topological characteristics of rock assemblages
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Figure 5.10: Topological characteristics of the different rock assemblages.

The broad-scale lithological variations cause distinctive differences in the rock-mass characteristics.
The different rock types are clearly visible in the field, and it is possible to quantify these for each
measurement circle or site. The fracture patterns are developed due to the applied stresses on the
different combinations of rock types with different strengths. The bioclastic content and bioturbation
structures do not have a significant impact on the variation of rock strength and general fracture
potential of the rock. The characteristics of the interlayered lime mudstones, shales and wackestones
are based on the different mineralogical types that can be approximated in the field from hand

specimen observation. In areas where there are lower tectonic stresses, the different rock types in a
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rock-mass have few differences in topological or fractal features. When prominent geological
structures such as fore-thrusts and back-thrusts occur at a sampling site, the different rock types have
more different topological and fractal characteristics. The geometry of fracture patterns thus controls
both the rock-mass properties, and the relationships between individual fractures or fracture sets with

large fractures or fracture sets having a greater effect on connectivity (Sanderson and Nixon, 2015).

The predominant control on the rock-mass is the relative abundance of shale within the lime
mudstone and wackestones as it acts as a decollement surface to allow shear movement of the thrust

faults (Figure 5.11). In fact, the areas of strong thrusting typically concentrate in the shale bedding,

which allows flexural flow.
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Figure 5.11: Shale beds form a decollement surface around a deformed remnant of limestone that has

nearly been thrusted into the shale (site 3, Losar Baoli region).

The diagenetic processes including micritisation has resulted in the limestone with no visible
intergranular porosity and hence it is deformed by transitional longitudinal (TL) movement, causing

the rock-mass to be fractured in a more brittle manner. A larger proportion of shale (and shale and
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limestone interbeds) reduces the shear strength of the rock (Maldonado and Dight, 2020). This is due
to the preferred orientation of the various clay particles enhancing the development of clay platelets
orthogonal to crack alignment at various scales. The anisotropy of clay forms due to a rotational axis
normal to the bedding plane forming the clay flakes (Anantharamu and Vernik, 2019). This results in
the type and extent fracture patterns around large-scale thrusts and other structures to be predictable
in a wide range of rock assemblages ranging from shale to wackestone. Abundant interbedded shales
and limestones typically emphasise the shear displacement which is the predominant structural

deformation in fold and thrust belts.

5.2 Fracture characteristics in different geological

structures

There is no significant variation in fracture characteristics and spatial relations with the lithology of
the limestones, except for the presence of shale, relationship between structural position and fracture
characteristics.

Figure 5.12 illustrates the type and distribution of the different geological structures related to the
formation of the Himalayan Main Boundary Thrust, which is the principal structural feature in the study
area. The thrust is manifest at the surface in Mesozoic and lower Tertiary strata forming a series of sub-
parallel, gently curving, high level, low angle thrust sheets (McDougall et al., 1993). Individual structural
features consist of thrust-related synclinal, anticlinal, and overturned anticlinal folds, back thrusts and
compressional pop-ups. The pop-ups are compressional structures formed between fore- thrusts and

back-thrusts.
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Figure 5.12: Distribution of geological structures in the field area. The hypothetical cross-section in

Figure 5.15 is based on the general foreland to hinterland distribution of these structures.

There are variations of the node characteristics and fractal dimensions of between various structures. The
most significant structure are the pop-up features located between the fore- and back-thrusts. At the
pop-up structures the tectonic stresses are lowest, resulting in the lowest fractal dimension and lowest
number of nodes (Figure 5.13). They consist of an uplifted block bounded by a foreland-verging fore-
thrust and by a hinterland-verging back-thrust The identification of pop-up structures are crucial for the
assessment of fold-and-thrust belt style at regional scale (Fabbi and Smeraglia, 2019). Pop-up structures
commonly occur in fold-and-thrust belts that are characterised by a multi-layered sedimentary sequence
such as in the field area, that consists of alternating limestones and shales (Coward et al., 1999). Pop-ups
may occur due to the erosional uplift of the crestal extensional faulting associated with the anticline
allowing relief of the horizontal stress component (Tavani et al., 2014). Increase in the relative vertical

tensile stresses of the rock-mass.
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Such conditions allow buckle and/or disharmonic folding and development of weak décollements and
fractures before fore-thrusts and back-thrust break through and pop-up generation (Fabbi and
Smeraglia, 2019). These discontinuities allow pop-ups to develop before the increased stresses of the
rock mass drives through the thrusts. The different stress directions which develop in the pop-up
structures cancel out each other resulting in a low number of nodes and a low fractal dimension (Figure

5.13).
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Figure 5.13: Average (solid points) and a single standard deviation (shaded ellipse) of the total number
of nodes and fractal dimensions of all circles for each structural feature. The orange point indicates the
average value of circles in the pop-up zones. Arrows show the variations from this weakly deformed
site relative other structures. The variations in the number of different node types (Figure 5.14) result
in different topological characteristics. The figure illustrates the spatial distribution of fractures (fractal
dimension) and the fracture intersections (number of nodes) allowing different fracture patterns to be

defined (Grodneretal., 2021). See Figure 5.15 for separate images of structures.

All the geological structures increase in fractal dimension relative to the pop-up structure. Anticlines
have a greater fractal dimension when compared to the pop-up structures and synclines and
overturned anticlines have an even greater number of nodes caused by the greater confining pressure

of these folds (Figure 5.13). Fractured limestone rocks adjacent to normal faults have a similar of nodes
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as pop-up structures but have a slightly higher fractal dimension.
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Figure 5.14: Number of nodes of the geological structures and the fractal dimension (D) with one
standard deviation. A lower fractal dimension represents less deformed structures with a pop-up
structure clearly having this position. The other geological structures have a fractal dimension of
greater than 1.90 (close to two-dimensional, resulting in strong connectivity and greater mean trace
length (Table 5.20). The type of nodes present defines the topology of the fracture network. Chapter 3

(Methodology) describes how the topological and fractal characteristics are determined.

Compared to the back-thrusts, the fore-thrusts have a more restricted number of nodes (Figure 5.14)
which results in different topological characteristics and rock-mass characteristics that are dominated
by fewer but longer fracture planes that are a product of flexural flow in the fore-thrusts. Back-thrusts
have a wider range of node-counts, which indicates that the fractures have different length, but all of

the back-thrusts fractures have a higher fractal dimension.

The topology defines the type and intensity of deformation the geological structures have been
subjected to. For example, back-thrusts typically have higher fracture density than the associated fore-
thrusts (Table 5.20). This because the back-thrusts are confined by the hinterland and therefore are

subjected to more crushing whereas the fore-land thrusts can be thrust over the large parts of the fold
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belt. This helps to identify the structure type and the applied stresses.

Higher fracture intensity and fracture density and are dominated by tangential longitudinal failure.
The back-thrusts, overturned anticlines and synclines have higher fracture intensity concentrated
especially in the hinge zone thereby causing buckle-folding and the highest number of nodes which

creates a greater connectivity (Table 5.20).

Table 5.20: Summary of average topological characteristics of each of the structural features. Compare

with Table 5.19 for the topological characteristics of the different rock types in the study area.

Structure Connectivity | Fracture intensity | Fracture density | Mean trace length D

Anticline 4.66 14.37 17.40 0.43 1.95
Pop-up 1.25 12.50 14.22 0.52 1.93
Fault 3.72 14.16 15.55 0.43 1.94
OT anticline 4.79 18.12 14.26 041 1.96
Back-thrust 4.59 15.64 19.36 0.32 1.95
Fore-thrust 3.93 14.36 12.90 0.40 1.95
Syncline 4.43 17.58 23.44 0.25 1.93

The distribution of the various geological structures across a schematic cross-section of the frontal
Himalayan thrust and fold belt and displays the topological characteristics, fracture types and fracture
patterns associated with the different geological structures is shown in Figure 5.15. Although the
cross-section is schematic, it is drawn in a north-south orientation to represent the general orientation
of the main structural elements encountered in the traverses studied and are organised in a sequence
that approximates to their actual occurrence. The structural features in the field area have an overall
distribution from fore-thrusts in the hinterland to the south and back-thrusts in the hinterland to the
north. Pop-up structures are located at an even distribution between the fore-thrusts and back-
thrusts. The compressed nature of the overturned anticlines results in these forming in the hinterland.
Each of these geological structures are illustrated and described in more detail in Figure 5.16 to
Figure 5.22.
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Figure 5.15: Schematic cross-section across the study area of the Himalayan Frontal fold and thrust belt illustrating the theoretical distribution of structural
features (shown in red with the different greys representing the strata). The diagrams below the schematic cross-section show:

(a) individual cartoons of each of the structural types with their associated fracture patterns shown in different colours

(b) cross-plots of the number of nodes and fractal dimension of each structure, colours matched with Figure 5.13

(c) fractures and nodes of each structure as it would appear in a representative measurement circle. Nodes are same colours as all figures, i.e., yellow, red,
green and blue represent e, x, y and i nodes respectively. Number of nodes is divided by 5 to unclutter the diagram.

The geological structures are described and illustrated in detail below.

No. nodes No. nodes

366



Chapter 5 Interpretation of fractures

The pop-up structures are thrust-bounded but have a low fracture intensity and the lowest fractal
dimension in these geological structures (Figure 5.13). This is because the principal compressive forces
are accommodated by upthrown fore- and back-thrusts and the upthrown block has a free Earth
surface with no significant vertical stress (Figure 5.16). As a result, pop-up structures are not subjected
to significant tensile forces compared to anticlines or other structures. Pop-up structures display the
lowest fracture connectivity, fracture intensity and mean trace length (Table 5.20) indicating that they

are the least disturbed geological structures.

= | nmineralised fractures

Figure 5.16: Pop-up structure — lowest fractal dimension and only unmineralised fractures.

In the thrust-related anticlines tensional stresses develop in the same orientation as the regional
compression, leading to opening mode fractures developing. However, as tensile forces dominate in
anticlines these structures develop the fewest nodes (Table 5.20). The low confining stress in these
structures also increases the fractal dimension as the fractures are more widely spread. Anticlines
have higher fractal dimensions than faults, fore-thrusts, and back-thrusts as well as pop-up structures,
but due to their reduced number of nodes, the fracture density, connectivity, fracture density and

mean trace length are low (Table 5.20).
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T
=== Bedding plane fractures -~ N |
Calcite veins pa / \
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Figure 5.17: Anticline with central thrust, indicated with calcite and fault gouge. It is characterised by
fewer nodes but a greater fractal distribution which results in fewer intersections but wider

distributions of fractures.

Normal faults (Figure 5.18) are characterised by a similar number of nodes as the pop-up structures
and but a lower fractal dimension than thrusts (Figure 5.14). The standard deviations of the various
topological parameters associated with normal faults overlaps to a large degree with that of the
thrusts. This due to the numerous fracture types including especially unmineralised fractures and clay

and fault gouge and orientations creating a wide range of fracture styles in these faults (Mitra, 2002).

3

Calcite veins

Clay gouge

m— Unmineralised fractures
me= Fault gouge

Figure 5.18: Normal fault — consists of unmineralised fractures and fault gouge with limited clay gouge.

Synclines and overturned anticlines have the highest fractal dimensions and the greatest number of
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fracture intersections.(Figure 5.19). For example, in the Jabbri region, a plunging syncline-consists of

thicker wackestone that is separated by centimetre-thick layers of sheared lime mudstone with

prominent slickensides formed during the formation of the plunging folds. Unmineralised fractures

have formed in the individual wackestone beds and do not cut across mudstone interbeds. The central

axis of syncline has even more cross-cutting nodes and the greatest amount of fracturing (Figure 5.19).

o Calcite veins
Fault gouge

Figure 5.19: Syncline — upper surface is in compression causing a significant number of fracture

intersections and high fractal dimension.

The overturned anticline in the Makhniyal field region consists of dark grey calcareous mudstone with

calcite fractures that both cross-cut, and terminate on, the sheared bedding planes. The abundant

small fractures and re-activation of bedding parallel movement can be directly attributed to the

increase in intensity of the fracture pattern particularly in the steeply dipping overturned limb

(Figure 5.20).
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p g

m—  Explosive hydro-fractures

=== Bedding plane fractures
Calcite veins

me=== Clay gouge

m Unmineralised fraciures

Figure 5.20: Overturned anticline. There are several different fracture sets formed due to the tight

compressive forces in the structure.

Back-thrusts have a vergence opposite the dominant trend of a thrust system and can accommodate
hanging-wall rocks as out-of-syncline folds if they occur within a competent unit (Mitra, 2002). Back-
thrusts, overturned anticline and synclines have the greatest number of total number of nodes due to
abundant strike-parallel as well as secondary oblique fractures (Figure 5.21). A strong relationship is
observed between fracture spacing and mechanical layer thickness in cases where there has been one
single phase of extension and when interbed contacts are weak, such as interbedded competent
limestones and incompetent shales of back-thrusts which results in a high number of clay-gouge filled
fractures and a high density of unmineralised fractures (Wennberg et al., 2006). Unlike the shales in
the fore-thrusts, the shales are rotated and crushed due to the opposite sense of dip in the back-
thrust. The rock-mass within the anticline fault propagation fold area of the back-thrusts is highly
fractured, due to the dominant compressive forces. It consists of iron oxide-rich bedding-parallel
thrust surfaces and steeply dipping fault propagation fold fracture planes. Calcite-filled veins are

dominantly strike parallel to the synclinal fold axis of the back-thrust, have a high angle to bedding
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and are strata-bound (Wennberg et al., 2006). Back-thrusts consist mostly of lime mud and with
abundant small calcite fractures and small unmineralised fractures. The structures therefore have a
high number of nodes and fractal dimension causing higher fracture densities and intensities
(Figure 5.21). The greater connectivity, lower mean trace length of the back-thrust is due to the higher

fracture intensities (Table 5.22).

Explosive hydro-fractures
Bedding plane fraclures
Caleite veins

Fault gouge

Figure 5.21: Back-thrust —high fracture intensity result in greater connectivity and lower mean trace

length.

Topologically, the fracture networks in the fore-thrust setting are the product of flexural flow
characterised by fewer nodes and a longer mean trace length, hence a lower density, but higher
connectivity of fractures. Extended clay gouge and fault gouge fractures are present in the fore-thrust,
as well as long bedding plane fractures (2 to 5 m), as well as unmineralised fractures. This is due to
extended periods of movement on the thrust sheets compared to back-thrust settings, where fracture
networks are more irregular with higher fracture density and varying mean trace lengths, because of

late-stage layer-parallel shortening (Figure 5.22).
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= Bedding plane fractures
Clay gouge

m— Unmineralised fractures

= [ault gouge

Figure 5.22: Fore-thrust — elongated bedding plane and other fractures due to extended periods of

movement on the thrust sheets within the field area.

5.3 Summary of fracture characteristics

The spatial distribution of the fracture networks as discrete objects such as fractal dimensions of the
fracture spacing provide valuable insights into the relationships of the fractured rock-mass. The
topological analysis of a fracture network characterises the connectivity of the constitutive fractures
in that network. This dual approach permits the understanding the spatial and connectivity

relationships of the whole fracture population in the context of the wider structural scale.

The recrystallisation of lime mudstone and wackestone to micrite and to microspar with no visible
intergranular porosity is pervasive in all of the studied limestones has resulted in the character of
fracture patterns in each limestone lithologies being very similar. Shale occurs as discrete layers of a
dark brown coloured, fine-grained clastic fissile mud and is usually highly deformed, concentrating
strain in the form of shear zones and folds. The thickness and distribution of shale in the limestones
defines the continuity of the fractures within the rock-mass as the two rock types have different shear

strengths which reduces stress-fracture transfer between the shale and limestone.
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Individual structural features consist of thrust-related synclinal, anticlinal and overturned anticlinal
folds, back thrusts and compressional pop-ups. In this active fold and thrust belt the complex
interaction all of the fracture types that is not easily resolved from fracture cross-cutting relationships.
The distinction of the fracture patterns in the different structural features are a result of the
cumulative effects of multiple fracturing events which are defined when all the constituent fracture
sets of the rock-mass are considered together. However, it is possible to determine different fractal

and topological characteristics that are specific to various structural types.
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6. Discussion

The geometry and distribution of fold and-thrust (FAT) belt related fractures in the limestone rocks of the
study area are extremely complex and variable. Field observations of fractured rocks and their structures
represent the most direct and important source of information on how these brittle rocks deform.
Conventional fracture mapping techniques of these fractures are laborious and time- consuming. The
characteristics of fractures within the rock-mass of different stratigraphic and structural domains and the
combined tectonic environment requires the determination of the orientation and spacing of the various
fracture patterns. Acquiring this data can utilise linear or grid pattern laid across the rock-mass and
mapped to collect these characteristics as shown was shown for example in Chapter 4 (Field Mapping) in
Section 4.1 - Makhniyal field region, where fracture intersections in grids were measured and Section 4.3
- Talhaar field region, which examined line measurements. These mapping techniques took a long time
or could not be spaced closely enough. This is because the data collected only consisted of the
intersection points of fractures on lines or grids but do not represent the true complexity of the fracture
pattern. The focus of this research is to determine the true spatial and connectivity relationships of the

whole fracture population.

6.1 Topology and fractal dimensions of rock types

A new method for characterising fractures; is presented in this thesis; that has been developed in the
FAT belt of the Himalayas in the field area. It investigates the topological and fractal characteristics of
the fractures of different rock types and geological structures. Data from a series of measurement
circles at various mapping sites has allowed a large amount of this type of fracture information to be
acquired. Individual fracture types within the fracture system are not separated, rather a complete
analysis of how the cumulative effects of how successive tectonic stresses affect the these complexly

fractured rocks is determined (Section 3.3 - Geological data capture methods).

The topological (spatial) and the fractal (complexity) of the fractures provide two independent
measurement types. By determining the location of these measurement types on cross-plots,
including spread of the data, the fracture pattern various parts of a FAT belt can be identified. It is
anticipated that this will allow details of the fracture patterns to be identified within the rock-mass at

large distances or depths.
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6.1.1 Topology and fractal dimensions of rock types in the study area

The northerly Lesser Himalayan Zone within the field area includes upper Proterozoic to lower
Palaeozoic rocks bounded to the north by the Main Central Thrust and to the south by the Main
Boundary Thrust (MBT). The southerly Sub-Himalayan Zone in the field area, is bounded by the MBT
to the north and the Main Frontal Thrust to the south and consists of Tertiary rocks deposited in front

of the rising mountain front. Both of these zones make up the foreland FAT belt of the Himalayas.

The composition of the sedimentary rocks in the FAT belt of the study area are very similar. They were
deposited within a closely related suite of depositional environmental settings from the middle ramp
(Khawaj et al., 2018; Rehman et al., 2016) to a coastal-lagoonal setting (Khawaj et al., 2018; Swati et
al., 2013). These sort of rock sequences are typical of the fore-land FAT belt particularly the Patala
Formation and the Chorgali Formation, which indicate deposition in increasingly shallow water such

as a lagoonal and potentially supratidal environments (Fahaad et al., 2021; Mizra et al., 2022).

Importantly, in the area investigated, the bioclastic content and bioturbation structures of the
limestones do not have a significant impact on the variation of rock strength and general fracture
potential of the rock. Rather, the limestones in the field area have no significant intergranular porosity
due to both pervasive diagenesis and recrystallisation. During the early diagenesis of the lime muds,
calcium carbonate matrix is transformed to micrite and subsequently to microspar cements (Mosher,
1989; Munneke, 1997; Lucia and Loucks, 2013). In the limestones examined, early diagenetic
micritisation, cementation by microspar, neomorphism and recrystallisation has completely destroyed
any remaining primary porosity and permeability (Khan, 2018; Shoaib et al., 2022). The
recrystallisation of lime mudstone and wackestone to micrite and microspar with no visible

intergranular porosity makes the character of fracture patterns in the lithologies similar.

From a rock-engineering perspective the most important feature are the shale partings as these
typically cause the different beds to terminate. The shale layers result in differential stresses between

limestone and hence the thicker shales or more numerous shale partings reduces the transfer of
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stresses resulting in shearing. The shale layers have a lower shear strength causing significant shearing
in the rock-mass. The characteristics of the interlayered lime mudstones, shales and wackestones can
be measured by the topological and fractal features. The predominant control on the rock-mass is the
relative abundance of clastic shale as it acts as a decollement surface with the wackestone rock causing
high fractal dimensions due to the alternating units. Although there are many thick bands of shale, these
do not form a single layer like the Cambrian salt band further to the south. This results in many scales

of thrusts, with various fracture patterns due to the surrounding rocks and tectonism.

Lime mudstone has the highest fractal dimension, as a consequence of the more intricate fracture
patterns formed in the highly coherent, strongly micritised, uniform matrix. Shale has the lowest
fractal dimension, indicating a simpler fracture pattern that is more linear (bedding parallel) on the 2D

outcrop exposures of the measurement circles.

Fracture densities are high in wackestones as the stresses cause fractures to develop in the pervasive
brittle microspar matrix (Kendall and Flood, 2011). Combinations of wackestone and shale have lower
fracture densities as the stress build-up are relieved by the folding and thrusting in the interbedded

shales, forming long fractures, particularly in the fore-thrusts.

The Mean Trace Length of lime mudstone and wackestone are the shortest whilst the trace length of
the shales and the shales interlayered with wackestone are significantly longer due to the thin shale

beds allowing flexure flow and increase in length of the fractures.

In areas of lower tectonic stresses, the different rock types have few differences in topological or
fractal features as both the tensile and compressive strengths of the rocks are not variable enough to
cause different patterns. However, the higher applied stress in the Lesser Himalayas is why the

different rock in the field areas exhibit different patterns.

The shear strength of geological structures, such as faults (particularly large thrusts) is often lower
than the compressive strength of the various rock-types, especially lime-mud, so it requires lower
stresses for the geological structures to deform. This deformation acts as stress-relief on the rock-

mass and the stresses do not reach high enough values to cause extensive brittle fracturing of the
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different rock-types. This is why the structural fracture patterns are more common and have strongly
developed features reflected by higher fractal dimensions. The statement may appear to be incorrect
as interbedded shales and wackestones have extensive fractures. However, the fractures of these
layers deform parallel to the low shear-strength bedding caused by folding and shearing of the layers
due to flexural flow. They do not break across the rock units as is required by transitional longitudinal
fracturing to deform where they presented with the high uniaxial compressive strengths, particularly
of the limestones. For this reason, it is more difficult to assign specific fracture patterns to different

rock compositions.

The broad-scale rock variations cause distinctive differences in the rock-mass characteristics. The
fracture patterns are developed due to the applied stresses on the different combinations of rock
types with different strengths. The bioclastic content and bioturbation of the limestone do not vary
the rock strength and hence fracture potential of the rock. The geometry of fracture patterns thus
controls both the rock-mass properties, and the relationships between individual fractures or fracture
sets with large fractures or fracture sets having a greater effect on connectivity (Sanderson and Nixon,

2015).
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6.1.2 Topology and fractal dimensions of other FAT belt rock types

Unlike the limestones in the field area, various limestone-strengths exist. The Dunham classification
scheme describes the characteristics of the limestones. If the grains of a limestone are touching one
another and the sediment contains no mud, then the sediment is a grainstone. If the carbonate is grain
supported but contains a small percentage of mud, then it is known as a packstone. Packstones and
grainstones are seldom found in the field area. It is expected that these rocks will be less brittle and
affected by more fractures, as they have lower UCS strength (Table 6.1).

Table 6.1: Combined percentage carbonate matrix and calcite compared to the of UCS of various

limestones (after Abd Ed-Aal et al., 2021).

Rock type % limestone | UCS
Lime mudstone 93 55
Wackestone 93 52
Packstone 85 35
Grainstone 83 46

Variations in the effects of different strengths of limestones are not discussed in this thesis, as the
limestones in the field area are considered to have a uniform strength due to micritisation and
microspar cementation. In limestones with less intense diagenetic micritisation and cementation,
other facts need to be considered including variations in composition and thus strength (Rehman
et al., 2019), causing differences in cleavage (Marshak and Engelder, 1985), and along-strike
alterations in the fracture patterns due to the varying strengths of the weaker limestones (Burmeister

and Marshak, 2006).

Shale as a detachment lithology is intrinsically weaker as it deforms through shearing rather than
building up stress to the point of brittle failure with rocks like limestone and sandstone. This results in
local variations in meso-structural suites produced through the fold-thrust belt stress cycle sequences
(Ferrill et al., 2021). There are variations in the thickness, and deformation style within shale-prone
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major thrusts. Limestone units within a shale-zone can also significantly affect fault zone architecture.
Considerable work remains to be done with shale detachments, including overlying structural styles,
and the controls of mechanisms and rates of deformation within the shale thrust zones (Morley et al.,
2017). It is considered that the evaluation of the fractal dimensions and topology would provide

significant insights into these variations.

The composition of sandstone in foreland basins has a wide range of provenance signatures, from
older foreland basin infilling marked by quartz-rich sandstones, with a cratonic or continental-block
origin. Later, fold-and-thrust belt grains start to be the main producer of lithic fragment-rich and
feldspar-rich particles, reflecting the space/time dependent progressive unroofing of the orogenic
fold-and-thrust belt (Critelli and Criniti, 2021). Facies variations may result in different rocks
developing between sequences of sandstone. The various types of sandstones can also form multilayer
stacks when displaced across thrusts. Most of the fracture patterns in brittle sandstones are related
to local stresses created by numerous, small intersecting fractures and typically have little relationship
to the regional tectonic stresses. These are complex settings that are beyond the scope of this thesis
and require continued investigation. The evaluation of the fractal dimensions and topology within the
sandstones could provide information on the fracture patterns considering both variations of the

sandstone and the structural forces which they have been subjected to.
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6.2 Topology and fractal dimensions of structures

Foreland FAT belts are characterised by continent-continent collision forming fore-thrusts and antithetic back-
thrusts. In a-foreland FAT belt like the field area, deformation becomes younger towards the foreland
with thrusts developing in a break-forward or piggy-back sequence defining a regional foreland-

directed tectonic transport direction (Poblet and Lisle, 2011).

Topologically, back-thrusts have higher densities of connected fractures (Grodner et al., 2021). This is
because back-thrusts have a vergence opposite the dominant trend of a thrust system and
accommodate stresses by fracturing within a competent unit (Mitra, 2002). Back-thrusts, overturned
anticline and synclines have the greatest number of total number of nodes and hence interconnected
fractures due to abundant strike-parallel as well as secondary oblique fractures. A strong relationship
is observed between fracture spacing and mechanical layer thickness of these folds with more
fracturing forming in closely spaced limestone and shale layers (Wennberg et al., 2006). Back-thrusts
form ideal markers that are also clearly offset and cut by overlying younger fore-thrusts (Alsop et al.,
2018). Due to continued and extended periods of movement on the fore-thrusts, the topological data
shows that they are dominated by fewer, well-connected fractures and longer fractures that are the
product of flexural flow (Grodner et al., 2021). Fore-thrusts and back-thrusts have lower fractal
dimensions than pop-up structures but the highest fractal dimensions of both types of thrusts occur
immediately adjacent to the pop-up structures and decrease away from them, indicating the tectonic
stresses are highest at the intersection of the two types of thrusts. The upper layer adopts its own
style of deformation, with pop-up structures independent from thrusts in the lower brittle layer. These
are unaffected by later structural movement in this study and therefore represent the initial strains
on the rock-mass with the lowest fractal dimension and number of nodes (Grodner et al., 2021) The
central Apennines FAT belt has layered carbonates similar to the study area and have rocks above a
strong décollement of dolostones (strong limestones). Pop-up structures form above these
décollements (Fabbi and Smeragli, 2019). The strain accommodation is attributed primarily to discrete

fault surfaces and does not penetrate into the pop-up structure.
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6.2.1 Topology and fractal dimensions of structures in the study area

The studies of how rocks deform in response to the stresses consists of descriptive and geometric
analysis where geological structures are identified, characterised, and measured to determine the
kinematic and dynamic analysis of the geological structures from field measurements. The topology
and fractal data provide more information for the kinematic and dynamic analysis of the rock-mass
measured.

With applied stress, depending on Young’s Modulus, the shear modulus can increase, causing
discontinuities to be displaced. An excellent example of this is the shearing of shale layers on fore-thrusts
of the field-area. The low cohesion of shale allows the thrust discontinuity to be easily thrusts of the
field-area. The low cohesion of shale allows the thrust discontinuity to be easily displaced. This type of
thrust environment is identified by lower fractal dimensions and fewer cross- displaced. This type of
thrust environment is identified by lower fractal dimensions and fewer cross- cutting nodes which
indicates longer fracture lengths and lower fracture intensity. Fore-thrusts are characterised by fewer
intersecting (y) nodes and a lower total number of nodes compared to back- thrusts. As a result, these
structures are characterised by longer mean trace lengths of the planes that are a product of flexural
flow in the fractures. The lower total number of nodes is due to the upward fore-thrusting and release

of stresses on the décollement (shale) fault surfaces without causing excessive fracturing.

In contrast to this, in the back-thrust environment of the research area, the rock-mass is confined by
the convergent stresses and hence the stress has to be relieved by fracturing. This type of environment
is characterised by higher fractal dimensions and greater number of nodes. Back-thrusts consist mostly
of lime mud with abundant small fractures have a high number of nodes and thus topologically a

greater fracture density and closer fracture spacing which is enhanced because the back-thrusts
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have a vergence opposite the dominant trend of a thrust system and can only accommodate hanging-
wall rocks as out-of-syncline folds if they occur within a competent unit. Unlike the shales in the fore-
thrusts, the shales are rotated and crushed due to the opposite sense of dip in the back-thrust and
associated synclines. The rock-mass within the overturned anticline fold area of the back-thrusts is

also highly fractured, due to the dominant compressive forces.

Hence, structural characteristics of these different thrusts, rather than the strength of the rock types
present that is more important. Portions of the structural features can lock up and prevent shear
movement on the faults and then, especially where the stratigraphy is weak, the intact rock will fracture.
Where the applied stresses are higher than the strength of the rock, such as back-thrusts, further

discontinuities develop in the rock-mass.

Overturned anticlines and synclines have the greatest total number of nodes of the structures
examined in the field, due to abundant strike-parallel as well as secondary oblique fractures as a result
of highly compressive forces in the hinterland. The fractures have the highest fractal dimensions and
the greatest number of fracture intersections. Anticlines cause opening mode fractures to develop.
However, as tensile forces dominate in these anticlines, these structures develop the fewest nodes
because the rock is not confined, compressed, and crushed. Due to the reduced number of nodes, the
fracture density, connectivity, fracture density and mean trace length are low in the anticlines mapped

in the field area.

Pop-ups have the lowest fractal dimension of the geological structures in the study area. This is
because the principal compressive forces are accommodated by combined upthrown fore- and back-
thrusts and the related upthrown block has a free Earth surface with no significant vertical stress
causing a low number of lines and branches. The strain does not penetrate into the pop-up structure
resulting in a low fracture intensity. The fractal dimension is lower as the fracture pattern is less

convoluted and more linear.
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The shear strength of geological structures, such as faults are often lower than the compressive
strength of various limestones especially with thicker bedding. Lower shear-stresses that geological

structures to deform (including the creation of fragments that form in large-scale thrusts.

This deformation acts as stress-relief on the rock-mass and the stresses do not reach high enough
values to cause extensive brittle fracturing of the different rock-types. Hence, the structural fracture
patterns are more common and have strongly developed features. Relative influence of rock types

and structures.

In areas where there are lower tectonic stresses, the different rock types have few differences in shale,
where there is possibly a shear-stress on the discontinuity. Hence, it is the structural characteristics of
these different thrusts, rather than the strength of the rock type that is more important. Portions of
the structural features can lock up and not allow movement on the faults and then, especially where
the stratigraphy is weak, the intact rock will fracture. Only where the applied stresses are higher than
the strength of the rock and it is confined, such as back- thrusts, will further discontinuities develop in

the rock-mass.

Fracturing and folding provides a clear insight into the mechanics operating in an active fold and thrust
belt. The topological and fractal characteristics can be used to determine the relative stresses and
strengths in the various parts of a FAT belt. Importantly, these measurements of the rock-mass can
also provide information on geometry and distribution of thrust-fold related fractures in buried or

older limestone.
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6.3 Topology and fractal dimensions of different FAT

belt types

In this thesis it is shown that the topological and fractal characteristics can identify the various parts

of a limestone dominated foreland FAT belt. These characteristics of the rock types and struct

ural

information provide better information on the distribution of the fracture patterns within the rock-

mass at distance or depth. Although fold and thrust belts are described as typically occurring on

the

outer parts of collision mountain belts, there are several types of FAT belts. The techniques presented

in this thesis can be used to determine the fracture patterns of the different fold and thrust belts

(Figure 6.1 and Table 6.2)

Salt layer Fore-thrust  Decollement Fore-thrust

Pop-up Back-thrust Pop-up Back-thrust

Foreland No. nodes Oceanic prisms
0

Fore-thrust

Volcanic Fore-thrust

Back-thrust

Pop-up Back-thrust Pop-up

Plate subduction Intraplate

Low 1l Moderate 1 High 1l

Figure 6.1: Preliminary characteristics of different FAT belts using fractal dimensions (D) and

topological characteristics (number of nodes). Compare with Table 6.2.
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Table 6.2: Preliminary characterisation of different FAT belts using fractal dimensions and topological

characteristics (number of nodes). Compare with Figure 6.1.

FAT belt types Structure Fractal dimension No. nodes
Fore-thrust Low Low
Back-thrust High High
Foreland
Pop-up Low Low
Salt layer Low Low
Fore-thrust Low Low
Back-thrust Low Low
Oceanic accretionary prisms
Pop-up Low Low
Décollement Low Low
Fore-thrust Moderate High
Back-thrust High Moderate
Plate subduction
Pop-up Low Low
Volcanic High High
Fore-thrust High High
Intraplate Back-thrust High High
Pop-up Moderate Moderate

There are many variables that determine the fractal dimensions and topology. These include the
strength of the rock types relative to the applied stresses. Different rock type sequences will respond
differently, with for example forelands and accretionary prisms being likely to contain shale layers or
décollements in the fore-thrusts reducing the fractal dimension and number of nodes. The applied
stresses create structural features which can result in compression in areas such as back-thrusts and

the volcanic portions of plate subduction. which also determines the fractal dimensions and topology.
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7. Conclusions

The objective of this thesis is to understand the distribution of fractures in platform carbonates of a
frontal thrust sheet of the Himalayan Fold and Thrust Belt in northern Pakistan. A new method for
characterising fractures has been developed in the field area, that analyses the topological and fractal

characteristics of the fractures of different rock types and geological structures.

7.1 Fractal dimensions and topological analysis

Quantifying fractal dimensions provides insights into the relationships of the spatial distribution of
non-Euclidean shapes. This allows the definition of a broad array of geometrical characteristics,
especially the distribution of fractures in different geological structural features. Topological analysis
of a fracture network characterises the connectivity of the constitutive fractures in that network,
rather than the inherent properties of the individual fractures of a fracture system (Sanderson et al.,
2019). By combining these analytical approaches, it has provided an improved understanding of the

overall behaviour of the physical properties of the rock mass under consideration.

As a fracture system is not simply the sum of the sets of fractures, but also the interactions between
them, it was necessary to develop a methodology that rapidly established the attributes of the overall
rock mass. From a geomechanical perspective, the behaviour of the rock mass is the sum of all its
constituent inhomogeneities, including both lithological variation and all fracture sets. In each
structural domain there is a general brittle failure pattern due to the stress-path that the rock-mass
has undergone (Everall and Sanislav, 2018). One cannot simply add together the number of nodes of
the different fracture populations as there are intersections between fractures of the different
populations which will increase the number and/or type of nodes and hence vary the topology. By
combining the topological and fractal characteristics of the fractures into a single group, the

cumulative characteristics of all the fractures in a single set of measurements, various combined
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stratigraphic and structural domains have been defined within each sampling circle. Because the

circles are all 1 m in diameter, the topological and fractal characteristics could be directly compared.

7.2 Key results

By examining the topological characteristics and fractal dimension of all the fractures together it is
possible to distinguish and quantify the fracture system of an area based on empirical evidence and

use this to define rock assemblages and especially structural domains.

The different limestones in the field area do not have a significant variation in strength. This is due to
the diagenesis of lime muds to micrite and microspar cement. The oldest Samana Suk Formation has
undergone significant diagenesis converting lime muds to microspar (Nizami, 2019). The Kawagarh
Formation is a dolomitised sequence of shales and wackestone. The Lockhart Formation consists of
bioclastic limestone converted to micrite with shale partings. The Patala Formation is a shale
dominated unit with micritised foraminiferal wackestone. The Nammal Formation consists of nodular
limestone with microspar, and minor shale (Ghazi et al., 2020). The Margalla Hills Formation consists
of limestone units recrystalised to micrite to microspar. The micrite and microspar layers typically
terminate against the shale partings which have low shear strengths. Due to the high compressive
strengths of the diagenetically altered limestones, variations in fracture patterns of different rock
types are more visible when shale horizons form decollement surfaces, especially in fore-thrusts that

allow tectonic stress relief.

It was found that the that fracture type, characteristics and abundance could be related to the main
structures, particularly thrusts and folds, and hence a predictive relationship of the topological

characteristics and fractal dimensions was established.

The important structural pop-up features are located between the thrusts and become tectonically

isolated with greatly reduced stresses in the rock-mass, resulting in the lowest fractal dimension and
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lowest number of nodes. These topological and fractal values can therefore be used to determine the

trajectory of the topological and fractal characteristics when different structures evolve.

The fracture systems developed adjacent to the pop-up structures, in both fore-thrusts and back-

thrust settings have higher fractal dimensions that decreases away from the central pop-up zone.

In general, the fracture patterns developed in the fore-thrusts have lower fractal dimensions than
those developed adjacent to back-thrusts. Topologically, the fracture networks in the fore-thrust
setting have on average, fewer nodes and a longer mean trace length and hence a lower density, but
higher connectivity. Back-thrusts are dominated by more nodes producing topological characteristics
of higher fracture density, higher intensity, and lower mean trace length (shorter fractures) which
reflects the high compressive forces present. This helps to identify the structure type and the applied
stresses from the fractal dimensions and topology of different thrusts that may have been displaced

or altered during subsequent tectonism.

In the thrust-related anticlines, that can develop as a fault-propagation folds, the tensional stresses
develop in the same orientation as the regional compression, leading to opening mode fractures
developing with higher fractal dimensions. As tensile forces dominate in the anticlines these structures
develop the fewest nodes, resulting in lower topological values, especially fracture density and

intensity.

Synclines and overturned anticlines have the highest fractal dimensions and the greatest number of
fracture intersections. This is because there are many different fractures that both cross-cut, and

terminate on, the sheared bedding planes creating a complex rock mass.
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7.3 Comparisons with previous studies

Previous studies of rock fracture patterns have not been able to determine a uniform way of

characterising by expressing it as pair of variables.

Detailed mapping has indicated that rock type is a significant contributor to fracture patterns (Butler,
2018; Watkins et al., 2019). Previous studies have shown that fracture density depends on distance
from faults (Vermilye and Scholz, 1999) as well as fault zone architecture (Caine et al., 1996). Other
studies have found a stronger relationship between fracture spacing and the thicknesses of
geomechanical units, (Pei, 2019; McGinnis et al., 2017; Ortega et al., 2010) forming groups of rock
with homogeneous fracture patterns due to the characteristics of the rock-mass (Laubach et al., 2009;

Boro et al., 2013).

All of these features can be defined by specific examples of the topological and fractal analysis of the

rock-mass behaviour in the field area.

1) A greaterdifference in the rock type results in a higher variability of the fractal and topological
characteristics. If, for example, a weak shear strength shale layer interacts with a high uniaxial
compressive strength wackestone it results in different fracture node patterns and different
topological and fractal features,

2) Fracture density decreases away from faults due to the high compressive strength of the
micritised limestone and low shear strength of shale partings, and

3) The same uniform geotechnical behaviour of the different rock types caused by micrite and
microspar cement has resulted in a stronger relationship between fracture spacing and the

thicknesses of geomechanical units.

This thesis only considers similar rock assemblages, stress conditions, and structural domains. It would
be possible to quantify and compare the fractal and topological values to determine a wider range of
rock assemblages, stress conditions, and structural features. It is only by combining and comparing

both spatial and topological data types that the characterisation of structural styles become apparent.
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Notwithstanding the facts that fracture fill and aperture can contribute greatly to the fracture
network, the results indicate that, in a qualitative sense, the permeability and porosity of fracture
networks developed adjacent to different structures can be determined from the methodology
described in this thesis. The technique requires further development in order for it to provide a truly
predictive approach, and the precise nature of these relationships to the structural and physical

characteristics of the rock mass requires further analysis.

7.4 Further research

The lithological effects and structural impacts are very interesting, with the latter considered in
Grodner et al. (2021). There is the potential for the former being investigated in a new paper. It is
likely that this will investigate the different rock-engineering characteristics of the strata, such as

bedding parallel slip in shales. The relative proportion of the different rock-types will be investigated.

Fold and thrust belts have been widely recognised as the most common mechanism to accommodate
shortening in the crust through an enormous heterogeneity of structural characteristics. Fold
kinematics play a primary role in determining the type, frequency, and attitude of folding-related
deformation structures in fault-related folds. In high strain regions fracturing is influenced by
structural controls, such as the area investigated by this thesis. Compared to this, in low strain regions
lithology becomes more important in influencing fracturing. It is necessary to confirm the validity of
the topological and fractal analytical tool in different types of fold and thrust terrains. Several different
field areas have been considered during this thesis but were not possible to visit due to the Covid
epidemic. Preliminary investigations have been undertaken at other sites. Suitable projects for
investigating the validity of topological and fractal dimensions to define the fracture characteristics

include:

1)  The Pyrenees are an asymmetrical, double-wedge continental fold and thrust mountain belt
that formed because of the collision between the Iberian and European plates and are thus

different to the area examined in the thesis. The southern, and most significant, thrust system
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is developed on top of the subducted Iberian Plate. The northern thrust system occurs on top
of the European Plate. The work should consider the stratigraphy and structural geology of the

South Pyrenean Zone, especially in the Central Pyrenees as it has a similar mechano-
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2)

3)

4)

stratigraphic character to the field area investigated in Pakistan. The Alpine Orogeny deformed
the Upper Cretaceous to Paleogene rocks of the South and Central Pyrenean Zone and the
Palaeozoic rocks Variscan metamorphic evolution in the Axial Zone (Cochelin et al., 2017,
Munoz et al., 1986). Both the structural differences between these two FAT belts and the
validity of the analytical technique would be evaluated.

Early debates about the Alpine FAT belt considered that folding was a necessary precursor to
thrusting (Westermann, 2009). Since that time there has been a tendency to classify structures
as fault bend folds, fault propagation folds, and detachment folds using seismics and
tomography. However, incremental evolution of the structures imply that folds do not conform
to these models. Characterising this by evaluating the topology and fractal dimensions of the
fractures and hence determining the appropriate mechanical models will allow the
understanding of more detailed features and relate this to the high density of seismic and
tomographic research within the Alps.

The Dorset coast consists of extensive near vertical to overturned bedding with the Lewes to
Portsdown chalk formations subjected to intense brittle deformation as the extensional Purbeck
Fault was reactivated as the Durdle Dore Thrust. Specific structural features can be mapped in
detail including the intensely folded and crumpled anticline Stair Hole, adjacent to Lulworth
Cove (West, 2017). Preliminary investigations by the author has showed that it is possible to use
the same circle measurements as in this thesis. It is suggested that drone-mapping is also used
and compared to variations in the number of nodes and fractal dimension. The strata of the
Dorset coast consist mainly of chalk with marls and flint scattered throughout, making these
strata a lot weaker than the micritised limestone of the field area. The differences in topological

and fractal characteristics and can be quantified.

In other FAT belts and even in different portions of the same FAT belt, there will be variations
of the topology and fractal characteristics. If the rock-mass (both the rock types, and the
fractures), has more similar fractal and topological characteristics it can be considered similar

to other portions of a FAT belt or different belts. This would be achieved generating a database
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of key information on the various rock types present, the styles of geological structures and
different scales of topological and fractal information. As more data is accumulated, it will be
possible to evaluate FAT belt styles. With this additional data it will be possible to determine
topological and fractal characteristics of FAT belt characteristics at a range of scales and hence
quantify the fractures associated with specific structural features. This will improve the

understanding of the fracture distributions in these rocks.

Further fractal and topologic research projects considering fractures have been examined. Fractals
may share the topological properties of “small-world” networks, which is a Graph Theory term for
close efficient systems (Valentini et al., 2007). This has important geological implications for a variety
of geological processes from fracture mechanics to fluid flow. The fractal and topological properties
of fractures defines the structural heterogeneity and anisotropy in a rock volume, and impacts the
understanding of how fractures initiate, propagate, and interact during the formation of fracture
patterns (Laubach, 2022). It is therefore necessary to understand the details of these processes which

can be assessed using topology.

As this this thesis has shown, it is possible to observe the interaction between the topological and
fractal characteristics of rocks, especially in FAT belts. The characteristics of microscopic rock
fragments are being investigated using these techniques. For example, in tests, the rock-burst
tendency has been found to be dependent on the fractal dimension of fractures and shape of the
sample (Zhang, 2015). Topological and fractal characterizations of pore systems in low-permeability
reservoirs have been undertaken using SEM, MICP, NMR, and X-ray CT. It was found that topological,
fractal and transport properties of pore space can be obtained (Wu et al., 2019). It has also been
possible to define the topological parameters of a random fractal surfaces and hence provide a

statistical description of the various rough surfaces (Borri and Paggi, 2015).
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It has been demonstrated that the stresses applied to the rock-mass determine the topological and
fractal characteristics. Rock engineering evaluates the increased and reduced stresses caused by
excavations and these have been evaluated by fractal analysis (Grodner et al., 2021). If the rock-mass
characteristics are better quantified by utilising the fractal and topological characteristics with the
well-established rock-engineering scheme, such as the Rock Mass Rating scheme (Bieniawski, 1973),
or the Q-System (Barton et al., 1974) it will provide a more accurate description of how the rock may

fail, and hence allow better rock-support to be selected.
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