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ABSTRACT

Deformation bands are tabular strain localization features, common in porous and granular
rocks. These structures of millimeter to centimeter thickness can occur as single bands and
develop into clusters or networks of bands. Deformation bands have been extensively
documented in siliciclastic rocks, whereas fewer studies address deformation bands in porous
volcaniclastic rocks. In recent years, volcaniclastic reservoirs have become a hot topic in
petroleum- and geothermal exploration, groundwater aquifers and CO; storage. Deformation
bands are generally associated with a permeability reduction from one to three orders of
magnitude compared to the host rock and deformation band networks may affect subsurface
fluid flow patterns. Knowing the network properties of deformation bands are therefore crucial
when predicting their impact on fluid flow. This M.Sc. project quantifies clusters and networks

of deformation bands in volcaniclastic rocks from Shihtiping, Eastern Taiwan.

A thorough topological analysis of deformation band networks has been carried out, focusing
on characterizing the distribution and connectivity of bands within a network. Individual
deformation bands were analyzed based on their geometry, including length, density, and
intensity, to access the spatial relationship of bands within the networks. The quantitative
relation of nodes and branches provides the basis for describing the connectivity in the studied
deformation band networks. The deformation band networks are generally dominated by
connecting Y-nodes and fully connected (C-C) branches, resulting in high average connectivity.
Furthermore, the topological characteristics can be associated with bifurcating, abutting, and
splaying bands, and bands are less prone to crosscut one another. The highest connectivity is
related to mature deformation band networks and deformation band networks in fully developed
faults. This supports the theory that the connectivity of deformation networks develops with
time and maturity (strain). The analyses of the deformation bands show that nodal distribution,

intensity and connectivity are vulnerable to lithological heterogeneities across the network.

This study strengthens our understanding of the development of deformation bands in
volcaniclastic rocks and explores the evolution of connectivity in deformation band networks.
Quantifying the topological and geometrical characteristics of deformation band networks is

essential as it generates parameters used to assess the potential for fluid flow in a reservoir.
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Chapter 1 Introduction

1 Introduction

This study builds upon two previous M.Sc. projects from 2018 (Jervidalo, 2018, Kjenes, 2018),
where deformation bands in volcaniclastic porous rocks on the eastern coast of Taiwan were
studied. These two projects focused on deformation mechanisms affecting volcaniclastic rocks
at micro- and macroscale, while the focus of the present thesis is a quantitative study of the
network properties (network geometry and topology) of deformation band networks in

volcaniclastic rocks.

1.1 Rationale and background

Deformation bands are millimeter- to centimeter-thick tabular zones of localized strain in
porous granular rocks and sediments (Aydin, 1978, Antonellini et al., 1994, Fossen and Bale,
2007, Ballas et al., 2015, Fossen et al., 2018). Deformation bands can occur as single structures,
cluster zones, or as networks. The evolution and microstructure of deformation bands has for a
long time been a topic of interest due to their influence on petrophysical properties
(permeability and porosity) within subsurface reservoirs and aquifers (Antonellini et al., 1994,
Sternlof et al., 2006, Fossen and Bale, 2007, Ballas et al., 2015, Fossen et al., 2018).
Consequently, deformation bands spatial relationship could have implications for hydrocarbon
exploration, geothermal reservoirs, groundwater aquifers and CO: storage (Schutter, 2003,
Annunziatellis et al., 2008, Lenhardt and Go6tz, 2011, Zhu et al., 2011, Dinwiddie et al., 2012).
Deformation bands have been extensively documented in siliciclastic rocks (e.g. Aydin and
Johnson, 1978, Antonellini and Aydin, 1994, Fossen et al., 2007, Charalampidou et al., 2011).
The last decade more research has been devoted to deformation bands in carbonate rocks and
in the less studied volcaniclastic rocks (Tondi et al., 2012, Antonellini et al., 2014, Cavailhes
and Rotevatn, 2018). Still, there are significant knowledge gaps surrounding the structure and
evolution of deformation bands in volcaniclastic rocks; notably, there are no previous studies,
to my knowledge, that study the network properties of deformation band networks in such

rocks.

To address this knowledge gap, a topological approach was used, quantifying the network
properties of the studied deformation band networks (e.g. Manzocchi, 2002, Sanderson and
Nixon, 2015, Nyberg et al., 2018). In recent years, node and branch topology has become the

state-of-the-art in the description, visualization and quantification of structural networks (e.g.
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Manzocchi, 2002, Sanderson and Nixon, 2015, Morley and Nixon, 2016, Dimmen et al., 2017,
Duffy etal., 2017, Nyberg et al., 2018, Awdal et al., 2020). This is an effective method to access
spatial relationships such as deformation band intensity and connectivity within a network
(described in Subchapter 2.5) (Sanderson and Nixon, 2015). The study of deformation band
network topology and geometry adds valuable insights into band growth and linkage in

volcaniclastic rocks, in addition to their effect on subsurface fluid flow.

1.2 Aims and objectives

The aim of this thesis is to investigate and improve the understanding of deformation band
network properties in volcaniclastic rocks. This is achieved through performing topological
analyses of clusters and networks of deformation bands. More specifically, quantifying and
characterizing the distribution, geometry, and topology of deformation bands in volcaniclastic

rocks from Shihtiping, Taiwan. The main aim will be reached by the following objectives:

1) Analyze virtual outcrops and merge images to obtain high resolution models of the
deformation band networks.

2) Use topological analysis to quantify and compare the network properties (geometry, topology
and distribution) of deformation band networks in volcaniclastic rocks.

3) Quantify and discuss spatial variation within deformation band networks in volcaniclastic
rocks. How does the topology compare to other structural networks?

4) Discuss how resolution affects the nodal distribution in a deformation band network and how

deformation bands topology control subsurface fluid flow.

1.3 Study area and data

The study area is located in Shihtiping on the island of Taiwan in East Asia (Fig. 1.1). Taiwan
is situated at the convergence boundary between the Philippine Sea Plate and Eurasian Plate
(Fig. 1.1A). The term ‘Cuesta’ is locally (and herein) used for the studied outcrop. The Cuesta
(Fig. 1.1C red box) is situated in the Coastal Range, one of four structural domains in Taiwan
(Huang et al., 2000). The Coastal Range is bounded to the west by the Longitudinal Valley
Fault and to the east by the coastline (Fig. 1.1B). The studied deformation band networks are
hosted in volcaniclastic rocks of polygenic conglomerate, ignimbrites and tuff of Miocene age

(Song and Lo, 2002). The results from this study come from high resolution UAV- (unmanned
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aerial vehicle) and close-up photos of deformation band networks. A more detailed description

of the study area and the geological development of Taiwan can be found in Chapter 3.
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Main_land China
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Figure 1.1: A) Satellite photo of Taiwan and where it is situated relative to South-Eastern China. Tectonic
plates and boundaries are highlighted. B) Satellite photo of the island of Taiwan. The Longitudinal Valley
and the Coastal Range are marked. C) Satellite photo of the coastline of Shihtiping and where the “Cuesta”
study area is located. Satellite image © Google Earth 2021.



Chapter 2 Theoretical background

2 Theoretical background

The focus of this chapter is to review and explain existing terminology, theory, and concepts
related to the formation and classification of deformation bands in porous media. The majority
of previous studies focuses on deformation bands in porous sandstone and carbonates (Aydin,
1978, Antonellini and Aydin, 1994, Fossen et al., 2007, Tondi et al., 2012, Ballas et al., 2015,
Fossen et al., 2018). Less research has been devoted to deformation bands in volcaniclastic
rocks (Cavailhes and Rotevatn, 2018), however, the concepts from sandstone are transferable
to volcaniclastic rocks. In this chapter, characteristics and classification of deformation bands
will be covered in the subchapters 2.1 and 2.2, deformation bands effect on fluid flow in 2.3,
deformation band in volcaniclastics in 2.4, whereas 2.5 will cover quantitative network

topology and its application to deformation band networks.

2.1 Deformation bands

Deformation bands are expressed as millimeter to centimeter-thick tabular zones of strain-
localization in granular and porous material. The term deformation band was first introduced
by Aydin (1978). Since then, deformation bands have become a common term used to describe
strain localization structures in porous rocks (e.g. Aydin and Johnson, 1978, Antonellini et al.,
1994, Fossen and Bale, 2007, Soliva et al., 2013). These structures are limited to granular and
porous material (porosity higher than c. 15%) and can develop in any tectonic regime (Fossen
and Bale, 2007). Deformation bands occur as networks of bands, clusters, or as individual bands

(Aydin and Johnson, 1978).

There is a significant difference between the accommodation of deformation in porous vs. non-
porous rocks, and there are several ways to distinguish deformation bands from faults and
fractures. Strain in highly porous rocks are associated with the formation of deformation bands,
while strain in stiff, low porosity rocks is accommodated by slip-surfaces and extensional
fractures (Fossen et al., 2007). In brittle fractures (e.g. joints), permeability increases, while
deformation bands usually have an opposite effect with enhanced cohesion and reduced
permeability and porosity (Davis et al., 2000, Lothe et al., 2002, Fossen and Bale, 2007). In
addition, the high porosity in granular rocks promotes reorganization of grains, stress
concentration at grain contacts and cataclasis (Fossen et al., 2007). The petrophysical properties

(porosity and permeability) of porous and granular rocks are considered important to petroleum
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geologists and hydrogeologists due to their good reservoir/aquifer potential. Deformation bands
affect the petrophysical properties of the host rock and generally lower the permeability and
porosity. Hence, deformation bands may act as baffles, or even barriers to fluid flow, if

sufficiently abundant and low-permeable (Fossen et al., 2007).

2.2 Classification of deformation bands
Deformation bands are commonly classified in two different ways, according to 1) the dominant

deformation mechanism, or by ii) kinematics (Aydin et al., 2006, Fossen et al., 2007, 2018).

2.2.1 Mechanisms

Deformation bands are formed by one or more mechanisms, where the classification is based
on the dominant deformation mechanism (Aydin et al., 2006, Fossen et al., 2007). The
deformation mechanisms comprise reorganization of grain, cataclasis (grain
crushing/fracturing), phyllosilicate smearing, dissolution and cementation (Fossen et al., 2007)
(Fig. 2.2). The type of deformation depends on several external and internal host rock
conditions. Internal properties include porosity, grain distribution, grain size and shape, sorting,
mineralogy, and cementation. At the same time, external conditions include burial depth
(confining pressure), deviatoric stress (tectonic regime), and fluid overpressure (listed in Fig.
2.1B). Over time, external conditions will affect the deformation of any porous material (Fossen
et al., 2007, Fossen et al., 2018). The different deformation mechanisms generate bands with
distinctive petrophysical properties which affect fluid flow in a reservoir, these different types

of bands will be addressed in the following.

Phyllosilicate content (% . i
A 10 ¥ ( 4%) B Variable Granular flow ——> Cataclasis
dlsaggre—l ! clay Burial depth (confining stress) | Shallow —— >  Deep
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Figure 2.1: A) Relationship between burial depth and phyllosilicate content and their effect on different
types of deformation bands. B) Table showing controlling factors influencing the degree of cataclasis. From
Fossen et al. (2018).

Disaggregation bands

Disaggregation bands (Fig. 2.2A) are formed by reorganization of grains when the host rock is
exposed to compression, dilation, and/or shearing, causing a granular flow (Rawling and
Goodwin, 2003, Fossen et al., 2007). This process involves breaking of grain-bounding cement,
sliding, and rolling and rotation of grains without crushing the grains, and will often lead to
localized compaction (and thus a reduction of porosity) of the porous material within the band
(Fossen et al., 2007). Disaggregation bands are normally formed at low confining pressure at
shallow burial depths (< 1 km) and are commonly found in poorly consolidated rocks (e.g.
Hesthammer and Fossen, 2001, Bense et al., 2003, Torabi, 2014). If fluid overpressure reduces
the stress of the grain contacts, disaggregation bands can be formed at even deeper depths
(Fossen et al., 2018). If the bands are dilatant (i.e. affected by an increase in porosity),
disaggregation bands may increase fluid flow in the host rock (Antonellini and Aydin, 1994,
Du Bernard et al., 2002a).

Phyllosilicate bands

Phyllosilicate bands (Fig. 2.2B), also referred to as framework phyllosilicates, develop in
porous rocks that contain a certain amount of mica/clay minerals (14% - 40%) (Knipe et al.,
1997). Phyllosilicate bands develop under the same conditions as disaggregation bands and are
often considered as a sub-group of these (Fossen et al., 2003). The minerals act as a lubricant
and enhance granular flow and grain boundary sliding (Fossen et al., 2018). Elongated
phyllosilicate minerals relocate and align parallel to the band, resulting in an increased sealing
effect (Fisher and Knipe, 2001). Permeability can be reduced up to five orders of magnitude
where phyllosilicate grains are small (< 0 — 5 um) (Fisher and Knipe, 2001). Determined by the
local source of phyllosilicates, the permeability may vary along the deformation bands (Fisher

and Knipe, 2001).

Cataclastic bands

Cataclastic bands (Fig. 2.2C) form when applied stress leads to mechanical grain fracturing and
crushing. Grain reorganization is also typical in the formation of these bands. Cataclastic bands
commonly have an inner, compact core characterized by fractured and crushed, angular grains,

poor sorting, a high proportion of matrix content (because of grain-size reduction), and less
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pore space (Aydin, 1978, Aydin and Johnson, 1983). Around the inner core, there is an area
that Fossen et al. (2007) has referred to as the transition zone. The transition zone is more
compact than the host rock but has less fractured grains in comparison to the inner core (Fossen

etal., 2007).

Cataclasis, grain-reorganization, and compaction cause grains to interlock, where crushed
grains provide more contact points and distribute stress more evenly (Aydin and Johnson,
1983). This results in a strain hardening effect, favoring formation of new bands in the host
rock instead of reactivating a stiffening deformation band (Mair et al., 2000). The deformation
band becomes stiffer and stronger and thus more resistant to weathering in relation to the host
rock (Rotevatn et al., 2013, Torabi, 2014, Tindall and Eckert, 2015). Cataclastic deformation
bands can occur as single strands to larger clusters depending on the deformation intensity
(Antonellini and Aydin, 1994, Nicchio et al., 2017). Cataclastic bands have been documented
in a variety of rocks and environmental conditions, e.g. bands in porous sandstones with burial
depth 1.5 - 2.5 km (most common) (Du Bernard et al., 2002b, Soliva et al., 2013, Fossen et al.,
2018), unconsolidated marine sand buried at 80 m (Cashman and Cashman, 2000), carbonate
grainstones (Rotevatn et al., 2016), subglacial deformation till (van der Meer et al., 2003) and
tuffs and non-welded ignimbrites (Wilson et al., 2003).

Solution and cementation bands

Solution and cementation bands (Fig. 2.2D) form due to dissolution and/or cementation
processes. The dissolution and cementation along the band take place normally after
deformation, occasionally during deformation (Fossen et al., 2007). These bands are typically
dense, packed zones with grain sizes smaller than the matrix, and with no or little indication of
cataclasis (Gibson, 1998, Fossen et al., 2007). These bands are associated with pressure solution
and/or chemical compaction. In sandstone, these processes are triggered by greater burial
depths and high temperatures (> 90°C) (Walderhaug, 1996, Fossen et al., 2007). However, these
bands are more common in carbonate rocks (Tondi et al., 2006, Cilona et al., 2012).
Precipitation and cementing along the bands occur most frequently on fresh cracked and
exposed grain surfaces, and in tensile fractures (Leveille et al., 1997, Fossen et al., 2007).
Compared to extensional regimes, the pressure solution is more common in contractional
regimes (Rath et al., 2011, Rotevatn et al., 2016). It has been observed that solution and
cementation bands have a great impact on porosity and permeability (Ogilvie and Glover,

2001). In dilation cementation bands, there can be as much as a 75% decrease in porosity and
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a decrease of five orders of magnitude in permeability (Ogilvie and Glover, 2001). However,
fluid flow is not affected to any great extent due to their discontinuous nature (Fisher and Knipe,

2001).

Cataclastic

\ Disaggregation N,
s | band

N band

. Solution and

Phyllosilicate . .
- ..; cementation

<1 ~ band

Figure 2.2: Classification of deformation bands based on the dominant deformation mechanism. A)
Disaggregation band formed by granular flow. B) Phyllosilicate bands develop as a result of alignment of
phyllosilicates. C) Cataclastic bands result from mechanical grain fracturing and crushing, resulting in grain
size reduction. D) Solution and cementation bands are results of dissolution and/or cementation processes.
Modified after Fossen et al. (2007).

2.2.2 Kinematics

The second approach to distinguish various types of deformation bands is by kinematics. Aydin
et al. (2006) suggested the classification of deformation bands based on three end members:
dilation bands (volume increase), simple shear bands (no volume change), and compaction
bands (volume decrease) (Fig. 2.3). However, a combination of these is more common (e.g.
compactional shear bands and shear enhanced compaction bands), with the combination of
shear displacement and compaction as the most common (Aydin et al., 2006, Charalampidou

etal., 2011, Fossen et al., 2018).
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Simple shear
P SSB

Dilational

% Compactional
shear bands DSB

CSE shear bands

PCB
Dilation Compaction

Figure 2.3: Classification of deformation bands based on kinematics, with the three end members: dilation
bands (volume increase), simple shear bands (no volume change), and compaction bands (volume decrease).
PDB: pure dilation band, SEDB: Shear-enhanced dilation band, DSB: dilational shear band, SSB: simple
shear band, CSB: compactional shear band, SECB: shear-enhanced compaction band, PCB: pure compaction
band. Modified after Fossen et al. (2018).

Dilation bands (Fig. 2.3) represent volume expansion or dilation and show no shear
displacement. This results in increasing pore space and permeability with respect to the host
rock (Du Bernard et al., 2002a, Aydin et al., 2006, Fossen et al., 2007). The increased amount
of porosity is accomplished by granular flow mechanisms through disaggregation (Fossen et
al., 2007). Dilation bands are documented by Du Bernard et al. (2002a) in poorly consolidated,
porous sand but is rarely found in the field (Fossen et al., 2007).

Compaction bands (Fig. 2.3) are characterized by volume loss or compaction, and no shear
displacement. Strain is accommodated entirely by compactional volumetric deformation,
resulting in a localized reduction of permeability and porosity loss with respect to the host rock
(Mollema and Antonellini, 1996, Issen and Rudnicki, 2001, Bésuelle and Rudnicki, 2004,
Fossen et al., 2015). Grain crushing (cataclasis), grain reorganization, or dissolution can
generate compaction. Pure compaction bands can only be formed in a rock with a porosity of
30% or higher (Tondi et al., 2006, Fossen et al., 2015). Pure compaction bands have been

documented in a variety of rocks, including Jurassic aeolian sandstones (Mollema and
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Antonellini, 1996, Sternlof et al., 2006) and limestones (Antonellini et al., 2014, Rotevatn et
al., 2016).

Simple shear or isochoric shear bands (Fig. 2.3) are characterized by no volume change, where
grains are deformed by shearing. The displacement takes place parallel to the band. Grain
rotation and translation (i.e. granular flow) are the primary deformation mechanism. Simple
shear bands are rarely found in the field. More common are compactional shear bands with a

combination of compaction and shear (Aydin et al., 2006, Fossen et al., 2018).

2.3 Effect on petrophysical properties and fluid flow

The influence of deformation bands on petrophysical properties has been heavily investigated
in previous studies (Sternlof et al., 2006, Fossen and Bale, 2007, Rotevatn et al., 2009b, Fossen
and Rotevatn, 2012, Rotevatn et al., 2013). Deformation bands can cause a reduction in
permeability up to six orders of magnitude and reduction in porosity by one order of magnitude
(Antonellini and Aydin, 1994, Fisher and Knipe, 2001, Ballas et al., 2015). The bands
distribution, orientation, connectivity and thickness determine whether they act as baffles or
pathways to subsurface fluid flow (Fossen and Bale, 2007, Brandenburg et al., 2012, Fossen et
al., 2018). Independent of the tectonic regime, deformation band development favors the
stratigraphic units with the highest porosity (and often with higher permeability). Conceding
that, a reduction in porosity and permeability in the most permeable layer would reduce fluid
flow (effective permeability) in the reservoir (Fossen and Rotevatn, 2012). The sealing capacity
of clusters and individual bands is greatly affected by lateral differences in porosity,
permeability, and thickness (Torabi and Fossen, 2009). According to Torabi et al. (2013) thick
clusters of cataclastic deformation bands have the potential to create significant hydrocarbon
traps if they are connected to a continuous slip-surface. Variations within the deformation band
clusters (porosity, permeability, and thickness) are components that can also act as leakage
points and will weaken deformation bands sealing effect (Fossen and Bale, 2007, Rotevatn et
al., 2013, Torabi et al., 2013). Even though the deformation bands do not completely seal fluids,
they may be of importance considering the three-dimensional flow patterns in the reservoir

(Fossen and Bale, 2007).
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2.4 Deformation bands in volcaniclastics

Deformation bands have been extensively documented in siliciclastics. However, less work has
been done on the development of deformation bands in volcaniclastics rocks (Soden and
Shipton, 2013). The term “volcaniclastic” was first introduced by Fisher (1961) to distinguish
sedimentary facies produced or affected by volcanism. This includes all clastic material entirely
or partly composed of volcanic fragments, as well as any particle-forming mechanism (e.g.
pyroclastic and epiclastic) (Fisher and Smith, 1991). Deformation structures such as faults,
fractures, and deformation bands are all naturally occurring in porous and granular
volcaniclastic rocks (Wilson et al., 2006, Dinwiddie et al., 2006, McGinnis et al., 2009, Riley
et al., 2010, Soden and Shipton, 2013). Deformation bands of volcanic origin are found in
ignimbrites (Wilson et al., 2003), and in welded and non-welded tuffs (Evans and Bradbury,
2004). Ignimbrites are pyroclastic deposits made mostly from pumiceous material, placed in a
hot and concentrated particulate flow (Walker, 1983). Tuff is ash deposits with a grain size of
< 2 mm (Fisher, 1961). Both ignimbrite and tuff have low bulk density and high porosity
(Moon, 1993, Fisher, 1961).

Previous studies show that porosity and the degree of welding are the primary controlling
factors for mechanical strength and failure in volcaniclastic rocks (Moon, 1993b, Wilson et al.,
2003, Evans and Bradbury, 2004, Zhu et al., 2011, Okubo, 2012). The rock's mechanical
strength is further enhanced by post-depositional mineralization of volcanic glass into crystals,
reducing pore space, and favoring brittle deformation (Wilson et al., 2003, Wilson, 2004).
Ignimbrites with low porosity and a high degree of welding typically deform as fractures and
faults (Wilson et al., 2003, Riley et al., 2010, Soden and Shipton, 2013). Deformation bands,
by contrast, form in non-welded, high porosity ignimbrites with poor consolidation (Zhu et al.,
2011). Properties of volcaniclastic rocks may also be influenced by several other factors,
including grain shape and size, presence of clay minerals, microcracks, grain organization, the
presence of water, pumice, and lithophysae (Wilson et al., 2003, Zhu et al., 2011, Okubo, 2012).
Several deformation processes have been documented in volcaniclastic rocks such as shearing,
grain crushing, grain boundary sliding, and compaction (Wilson et al., 2006), and various types
of deformation bands have been reported from field e.g. cataclastic bands in nonwelded tuffs
(Evans and Bradbury, 2004) and pumice (Wilson et al., 2006), disaggregation and dilation

bands in ash and pumice units (Dinwiddie et al., 2012).
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Deformation bands in volcaniclastic rocks show similar changes in petrophysical properties
relative to the host rock, as in sandstones and carbonates (Wilson et al., 2003, Evans and
Bradbury, 2004, Dinwiddie et al., 2006, 2012, Lin and Huang, 2014). Volcaniclastic rocks (like
ignimbrites and tuffs) often exhibit high porosity (Moon, 1993). They are therefore, potential
hydrocarbon reservoirs (Schutter, 2003), geothermal reservoirs (Zhu et al., 2011), groundwater
aquifers (Lenhardt and Gotz, 2011), nuclear waste repositories (Dinwiddie et al., 2012), and
CO; storage (Annunziatellis et al., 2008). However, the development of deformation bands in
volcaniclastic rocks are not investigated to a large extent (Walker et al., 2013, Cavailhes and

Rotevatn, 2018).

2.5 Quantitative network topology and its application to deformation band
networks

Topology is used to characterize and quantify complex networks in various sciences (e.g.
engineering, communication, social sciences, and geology) (Latora and Marchiori, 2002,
Boccaletti et al., 2006, Thiele et al., 2016). In geology, topological analyses have become an
effective method for characterization and visualization of fracture networks (Manzocchi, 2002,
Sanderson and Nixon, 2015, Nyberg et al., 2018). Previous studies focus on topology in fracture
networks, and thorough topological analyses of deformation band networks has only recently
been conducted (Awdal et al., 2020, Wilson et al., 2020). However, the concepts are
transferable. An individual deformation band is often described by its geometry, such as band
length, width, and orientation (Fossen and Hesthammer, 1997, Manzocchi et al., 1998, Fossen
et al., 2005). However, topology is useful as deformation bands often occur as networks, and
network properties are often more related to topology than geometry (Sanderson and Nixon,

2015).

In two-dimensions, the relationship of a deformation band network can be divided into branches
and nodes (Manzocchi, 2002, Nixon, 2013, Morley and Nixon, 2016). A branch is a continuous
line bounded by a node at each end, while nodes represent points where branches intersect,
meet, or end (Fig. 2.4). Thereof, branches and nodes can be classified: An [-node represents an
isolated tip of a branch, a Y-node is a point where a branch abuts or splays, and X-nodes
represent the point where two branches fully crosscut each other (Manzocchi, 2002). Nodes are
further used to identify three different types of branches: Isolated (I-I) branches, isolated by an

I-node on each side, partly connected (C-I) branches, with a connecting (X or Y) node and one
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I-node, and fully connected (C-C) branches having two connecting nodes (Fig. 2.4) (Sanderson

and Nixon, 2015).

@
o —4 A_—0
._/A ‘/‘.

. I-Node | - I Branch
A Y-Node = |- CBranch
[ X-Node C- CBranch

Figure 2.4: Schematic illustration of the different branches and nodes in a network. I-nodes represent the
termination of an isolated tip. Y-nodes represent where a branch splays or abuts against another branch. X-
nodes represent the point where two branches crosscut one another. I-I branches are isolated with two I-nodes
on both end tips. I-C branches are partly connected, with one connecting node and one isolated node. C-C
branches are fully connected branches with two connecting nodes on both end tips. Terminology from
Sanderson and Nixon (2015).

The development of software has made it easy to extract statistics from deformation networks.
For example, the proportions of branches and nodes can be addressed with ternary plots (Fig.
4.2) (Ortega and Marrett, 2000, Manzocchi, 2002, Sanderson and Nixon, 2015). An
underdeveloped network will normally have a lower proportion of Y- and X-nodes (Sanderson
and Nixon, 2015), representing low connectivity. Mature networks typically have higher
connectivity, thus, a higher proportion of Y- and X-nodes (Sanderson and Nixon, 2015).
Fracture networks generally show a higher proportion of Y-nodes than X-nodes. Preservation
problems occur when an active fault meets a recently active fault, the younger faults stop at the
older fault, resulting in two Y-nodes, instead of one X-node in two dimensions (Morley and
Nixon, 2016). Deformation band networks with a higher proportion of Y-nodes has been
documented in ternary plots from Manzocchi (2002). The use and visualization of topology in

this thesis will be further explained in the data and methodology chapter (Chapter 4).
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3 Geological framework

This chapter provides an overview of the regional structural and stratigraphic framework of
Taiwan. The main focus is the Coastal Range, on the eastern part of the island, where the study

area Shihtiping is located.

3.1 Regional tectonic setting

The island of Taiwan is located in southeast Asia and is separated from mainland China by the
South China Sea. The geological architecture of the island is dominated by the Miocene to
presently active Taiwan orogeny, related to the convergent plate boundary between the
Philippine Sea Plate and the Eurasian Plate (Lu and Hsu, 1992, Lu and Malavieille, 1994, Yui
et al., 2012) (Fig. 3.1A). Oblique convergence of these plates gives a relative NW - SE plate
motion of about 8 cm/yr (Fig. 3.1A) (Lee et al., 2001).

Taiwan is situated in an active subduction-collision region (Fig. 3.1). To the south, the oceanic
lithosphere of the South China Sea is subducted beneath the Philippine Sea Plate along the
Manila trench, inducing the volcanism of the Luzon Arc (Huang et al., 1997, Taylor and Hayes,

1983, Sibuet and Hsu, 2004).

In the north-east of Taiwan, the Philippine Sea Plate is subducted beneath the Eurasian
continent along the Ryukyu trench, resulting in the Ryukyu arc (Fig. 3.1B). The subduction of
the Philippine Sea Plate beneath the Ryukyu arc in the north, initiates the formation of Okinawa
back-arc basin. The subduction occurred as a result of active extension and extensional collapse
of the northern Taiwanese mountain belt as a result of crustal thinning (Teng, 1996, Lallemand
et al., 2001, Huang et al., 2006). The evolution of Taiwan itself is the result of arc-continent
collision between the Luzon Arc and Eurasian Plate, which took place in the Middle Miocene

to Late Pliocene (Chai, 1972, Page and Suppe, 1981, Malavieille and Trullenque, 2009).
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Figure 3.1: A) Sketch of Taiwan’s tectonic setting and where the four structural domains are located on the
island: (1) the Coastal Plain to the west; (2) the Western Foothills; (3) The Central Range, and (4) the Coastal
Range. Modified from Sibuet and Hsu (2004). B) Map of Taiwan and surrounding tectonics related to the
NW - SE convergence between the Philippine Sea Plate and the Eurasian Plate. Modified from Chang et al.
(2001). C) Geological cross-sections of Taiwan from west to east, from Cavailhes and Rotevatn (2018).

Plate reorganization along the Pacific Plate induced Taiwan's formation in the Early Miocene
(16 Ma). The Luzon Arc (N S trending) and the convergent collision zone were oblique relative
to mainland China, resulting in a stepwise evolution of the collision zone from the north towards
the south (Teng, 1990, Malavieille et al., 2002, Sibuet and Hsu, 2004). The southern part of
Taiwan, along with the Manila Subduction zone, is in a pre-collisional phase. The central part
of Taiwan represents on-going collision and mountain building, while the northeastern part is
in the stage of orogen collapse (Thomas et al., 2014a). The Manila Subduction zone became
active around 15 Ma due to the subduction of the Eurasian margin under the Philippine Sea
Plate and initiated the intra-oceanic subduction stage (Wolfe, 1981, Sibuet and Hsu, 2004).

Volcanism and accretion of marine sediments along the Manila Trench resulted in the formation
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of the Luzon Arc (Fig. 3.2A). From the Early Miocene to the Late Miocene, the forearc basin
was filled up by thick sequences of Tuluanshan volcanics and sediments (Thomas et al., 2014a).
South of the Luzon Island, near 21°N, the present intra-oceanic subduction stage is active

(Huang et al., 2000, Thomas et al., 2014b).

The initial arc-continent collision phase started in the Late Miocene (9 Ma), due to collision
between the Luzon Arc and the Eurasian Plate (Teng, 1990, Sibuet and Hsu, 2004). The Luzon
Arc failed to resist subduction and began colliding obliquely with the Eurasian Plate (Sibuet
and Hsu, 2004). The initiation of the arc-continent collision begins with the closure of the Luzon
Arc forearc basin, bringing the continental margin of China closer to the arc. During the
collision, the forearc basin and its basement is consumed, and the Luzon Volcanic Arc is placed
parallel to the fold-and-thrust belt of Taiwan (Fig. 3.2B). Today's initial arc-continent collision
stage is located just south of Taiwan, at 21° 10'N to 22° 40'N (Huang et al., 2000, Huang et al.,
2006).

The advanced arc-continent collision phase was entered 1.5 - 1 Ma. (Chi et al., 1981, Huang et
al., 2006). The eastern part of Taiwan, the Coastal Range, is highly affected by this step,
represented by east-dipping thrust faults in a volcanic succession (Fig. 3.2C). The arc-continent
collision initiated when the Luzon Arc, together with sedimentary basins, was pushed and
accreted onto the Eurasian margin. The Philippine Sea Plate, the Luzon Arc, and the Eurasian
continental plate are divided by the Longitudinal Valley, which also separates the Central
Range from the Coastal Range (Fig. 3.2C). Today, the advanced arc-continent collision zone is
situated in the central part of Taiwan (22° 40'N to 24°N) and has very much formed Taiwan's

geology (Angelier et al., 1997).
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Figure 3.2: A step-by-step schematic model of the evolution of Taiwan. LV: Longitudinal Valley. A) Intra-
oceanic subduction stage, inducing the volcanism of the Luzon Arc and Manila accretionary prism. B) Initial
arc-continent collision stage, the collision of the Luzon Arc in the Eurasian Plate. C) Advanced arc-continent
collision and present-day tectonic framework of the Coastal Range (black box) in Taiwan's eastern part. The
red box refers to the approximately tectonic situation of Shihtiping. Modified from Thomas et al. (2014a).
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3.2 Structural domains of Taiwan

The mountain belt of Taiwan can be subdivided into four structural domains, extending from
west to east: the Coastal Plain, the Western Foothills, the Central Range, and the Coastal Range
(Fig. 3.1C) (Huang et al., 2000, Huang et al., 2006, Cavailhes and Rotevatn, 2018). The western
part includes the Coastal Plain, located at the top of the Eurasian marginal continental crust,
forming Taiwan's present-day foreland basin (Yu and Chou, 2001). The Western Foothills are
where sediments from the Eurasian continental margin have been deformed and accreted in a
foreland fold-and-thrust belt (Suppe, 1980). The Central Range is characterized by uplifted,
pre-collisional accretionary prism deposits, consisting of metasediments and gneisses of
Eurasian continental margin affinity (Huang et al., 1997, Lin et al., 2003). The Central Range,
and the Coastal Range are separated by a slim, linear, and seismically active valley called the
Longitudinal Valley (Fig. 3.1A, C). The Coastal Range is formed by the accreted Luzon
Volcanic Arc (Barrier and Angelier, 1986).

3.2.1 Coastal Range

The Coastal Range is a ¢. 150 km long and 15 km wide mountain chain, and represent the
western boundary of the Philippine Sea Plate (Fig. 3.1A, B and Fig. 3.2C) (Jahn et al., 1986,
Hsieh et al., 2004, Sibuet and Hsu, 2004, Yui et al., 2012). The structural domain results from
the arc-continent collision between the Luzon Volcanic Arc and the Eurasian continental
margin around 12 - 9 Ma (Teng and Wang, 1981, Sibuet and Hsu, 2004, Malavieille and
Trullenque, 2009). The Coastal Range most likely included several volcanic islands, as magma
continuously erupted in front of the subduction zone (Teng and Wang, 1981). The northernmost
extension of the Luzon Volcanic Arc collided with the Eurasian Plate as further subduction
took place, forming the Central Range as horizontal compressional tectonic forces led to
buckling of the continental margin (Barrier and Angelier, 1986). As a result, the rocks in the
Coastal Range were continuously thrusted and deformed at the margin (Teng and Wang, 1981).
The Longitudinal Valley separates the Coastal Range from the Central Range on the Eurasian
continental margin. The Longitudinal Valley Fault (Fig. 3.1C) delimits the coastal area to the
east as a sinistral oblique thrust fault (Teng and Wang, 1981, Angelier et al., 1997), where the
Coastal Range overthrust against the metamorphic basement of the Central Range (Barrier and
Angelier, 1986). The Coastal Range consists of NNE-SSE trending synclines and anticlines in
addition to low-angle, east-dipping imbricate thrust faults (Ho, 1986).
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3.3. Stratigraphy: Tuluanshan Formation and the Shihtiping White Tuff

Based on the major lithology, the Coastal Range can be subdivided into five different units: the
Tuluanshan Formation, the Paliwan Formation, the Fanshuliao Formation, the Lichi Formation,
and the Pinianshan Conglomerate (Fig. 3.3) (Teng and Wang, 1981, Thomas et al., 2014b).

Shihtiping is located within the Tuluanshan Formation.

Tuluanshan Formation

The Tuluanshan Formation (Fig. 3.3) is considered to be the oldest formation of the coastal
area. Based on fossils and Ar/Ar geochronology, the unit has been dated to 16.6 — 3.5 Ma (Song
et al., 1994, Song and Lo, 2002, Thomas et al., 2014b). The volcanic and volcaniclastic rocks
in the formation originate from the Luzon Arc (described in Subchapter 3.1) and represent a
volcanic sequence of several accreted volcanic islands (Song and Lo, 2002). Volcanic eruptions
formed the volcanic islands in a deep marine environment in the Early Miocene, characterized
by massive lava flows, pillow lavas, and hyaloclastites (Lai and Song, 2013, Song and Lo, 1988,
Song and Lo, 2002). Sedimentary processes reworked volcanic material as the Luzon Arc
entered a shallower environment in the Middle to Late Miocene. Thus, creating the
volcaniclastic succession (Song and Lo, 2002). The volcanic islands gradually began to move
from a marine environment and became subaerially exposed in the Early Pliocene (Teng et al.,
1988). Consequently, the Tuluanshan Formation comprises a variety of volcaniclastic and
volcanic rocks of andesitic origin, including volcanic breccia, lapilli stones, lava flows, tuffs,
tuffaceous conglomerates, and sandstones (Hsu, 1956, Chang, 1967, Song and Lo, 2002,
Thomas et al., 2014b). The upper part of the formation consists of limestones originating from
fringing reefs formed when the islands were subaerially exposed (Teng and Lo, 1985, Huang
et al., 1988, Song and Lo, 2002). The Tuluanshan Formation is approximately 1500 m thick
and can be subdivided into three main units: the Shihtiping tuffs, the Shimen breccia and, the
Kanghou limestones (Fig. 3.3C) (Song and Lo, 2002). The Kanghou limestones has been dated
to be between 5.1 — 5.2 Ma, based on studies of foraminifers (Huang et al., 1988). The Kanghou
limestones postdate the deposition of the Shihtiping tuffs, which contain the deformation bands

studied in this thesis.
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The Shihtiping tuff member

The Shihtiping tuffs host the deformation bands studied in this thesis and are the main lithology
of interest. The Shihtiping tuffs is as aforementioned, a member of the Tuluanshan formation
(Fig. 3.3) and comprises breccias, coarse- to fine-grained tuffs, pumices and, pyroclastic
conglomerates, ignimbrites and sandstones (Song and Lo, 1988, 2002, Lai and Song, 2013). At
the Cuesta study area, about 36 m (upper part) of this c. 100 m section is exposed (Cavailhes
and Rotevatn, 2018). The Shihtiping tuffs at the Cuesta consist of non-welded ignimbrites,
volcanic bombs (10 cm — 1 m diameter) of andesitic to basaltic composition and layered
pyroclastic to volcaniclastic sandstones and conglomerates (0.5 — 5 m thickness) (Song and Lo,
2002, Cavailhes and Rotevatn, 2018). The ignimbrites are products of pyroclastic flows from
the Chimei Volcano in Late Miocene and comprises poorly sorted, rounded to sub-angular
volcanic bombs, lithic fragments, and pumice. Deformation structures within the ignimbrites
show evidence of high temperature during deposition (Lai and Song, 2013). The tuffaceous
sandstones originate from eroded tuff (Lai and Song, 2013). The tuffs contain crystal fragments
(55 - 80 %), within a groundmass of volcanic glass and lithic fragments. The tuffs at Shihtiping
consist of thin to thick layers of well-sorted, fine to medium ash interbedded with the
ignimbrites (Song and Lo, 2002). The mineral composition in both the ignimbrite and the
crystalline tuff consists mainly of plagioclase and hornblende, with smaller amounts of
hypersthene, augite, and magnetite. Sedimentary structures such as herringbone cross-
stratification and parallel lamination occur in the tuff, indicating deposition in a tidal
environment (Song and Lo, 2002). Song and Lo (2002) suggest that the ignimbrites in
Shihtiping developed in a subaerial environment, while the tuffaceous sandstone with
herringbone cross-stratification are derived from a tidal environment. However, the tuffaceous
sandstone may originate from eroded ignimbrites redeposited in tidal environments, and
peperite in the ignimbrite layers may indicate that the hot pyroclastic flow was deposited in

water (Song and Lo, 2002, Lai and Song, 2013).
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Figure 3.3: A) Geological map of Eastern Taiwan. Coastal Range is separated from the Central Range by
the Longitudinal Valley Fault (LVF). CF: Chimei Fault. Modified from Thomas et al. (2014a). B) Illustration
of the logged Shihtiping area by Song and Lo (2002). C) Representation of the stratigraphy of the Coastal
Range. Modified from Cavailhes and Rotevatn (2018).
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3.4 Structure and stratigraphy of the Shihtiping study area

Shihtiping is located in The Coastal Range which represents the northern tip of the Luzon
Volcanic Arc (Fig. 3.1). The coastal area of Shihtiping is irregular and heavily affected by
fracture networks and faults (Fig. 3.4A). A syncline-anticline pair (N-S to NNE-SSE)
characterizes the area, consisting of gentle, parallel folds, with a distance of c. 300 m (Fig.
3.4B) (Cavailhes and Rotevatn, 2018). This thesis will focus on deformation bands, faults and
fractures will therefore not be described in detail. The Tuluanshan Formation forms the basis

of this study and consists of accreted island arc volcanic- and volcaniclastic rocks (Fig. 3.3).

The deformation bands in Shihtiping are light-colored relative to the host rock, tabular
structures of millimeter-scale width, with a displacement of millimeter to centimeter-scale
Cavailhes and Rotevatn (2018). Cavailhes and Rotevatn (2018) described the deformation
bands in Shihtiping based on the Aydin et al. (2006) classification: orientation of the band
relative to bedding, observable shear offset, porosity differences relative to the host rock and
dominant deformation mechanism. Three different types of deformation bands were identified
by Cavailhes and Rotevatn (2018): transverse-sense compactional shear bands, reverse-sense

compactional shear bands and pure compaction bands.
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B) Simplified W-E cross-section of the Shihtiping study area. C) The dip of the beds in the study area (red
box) is shown in the lower hemisphere stereonet. D) The orientation of all fractures, deformation bands and
faults in the study area is shown in the lower hemisphere stereonet. Modified from Cavailhes and Rotevatn

(2018).

23



Chapter 4 Data and methodology

4 Data and methodology

This chapter provides an overview of the data and methods used in this thesis. The data used in
this thesis were collected during two field seasons in Shihtiping, Taiwan, November 2016, and
March 2017 by Jervidalo (2018) and Kjenes (2018). Structural data and images from
deformation bands and faults were selected based on availability, exposure, and their
differences in nature (Jervidalo, 2018, Kjenes, 2018). This study combines close-up photos of
deformation bands and photos collected by UAV (unmanned aerial vehicle). The

methodological workflow is shown in Figure 4.1. For a more detailed workflow see Appendix
IV.

[ Data acquisition } Extract and calculate Create rose diagram of
¢ topological parameters, and dl deformation band
i | other network properties, " orientations using the
[ Quality contro ] using the Topology Rose Diagram tool
¢ Parameter tool
Merge photos in Create a Countor Grid of
Photoshop or Agisoft Extract branches and nodes polygons for sampling and
Metashape using the nodes and specify the grid cell
v v branches tool dimensions
Small models Large models Define interpretation Use the Branches and
boundary and sample area Nodes, Countor Grid, and
¢ ‘ Topology Parameters tool
T e — to create connecting node
9 pe: Use the Repair Topology frequency and 2D-intensity
1. Align photos, 2. Build Ty
: ; ple maps
Photomerge tool in dense cloud, 3. Build mesh, : :
intersections
Photoshop 4, Generate texture, 4 : =
5. Create orthomosaic, e b [ Define Line Grid and J
6. Export Igitize deformation ban extract Line Frequency
J network
v v T [ Export statistics to Excel ]
Add reference point in Import model into QGIS
Photosh'op an.d calculate and georeference the Modify figures, maps and
dimensions model plots in lllustrator

Figure 4.1: Simplified flow chart of the workflow used in this study. Red indicates the selection and quality
assurance of photos. Green indicates the work done in Adobe Illustrator and Photoshop. Grey indicates work
in Agisoft Metashape, and orange indicates work in QGIS.
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4.1 Topology

A deformation band network will in two dimensions consist of an arrangement of branches and
nodes. The proportions of I-nodes, Y-nodes and X-nodes (described in Subchapter 2.5) are the
basis of topology, and topological characteristics can easily be extracted even with limited
access to the network as a whole (Sanderson and Nixon, 2015). A network may consist of
several deformation bands with a range of lengths and orientations with the potential to form
an interconnected network. In structural geology, topology is used to describe spatial
relationships such as connectivity and continuity in a network (Manzocchi, 2002, Sanderson

and Nixon, 2015).

4.1.1 Connectivity

Quantifying connectivity can be done using the proportion of the nodes and branches. A branch
will always be connected by a node on each side. I-nodes, Y-nodes, and X-nodes contributing
to one, three, and four branches, respectively. The number of branches (Ng) can be derived

from the equation:
1
NB == E (NI + 3NY + 4’Ny)

Where N = number of branches, Ni = number of I-nodes, Ny = number of Y-nodes, and Nx =

number of X-nodes (Sanderson and Nixon, 2015).

The degree of connectivity in a deformation network is defined by the average connections per
branch (Cg) (Sanderson and Nixon, 2015). The average number of connections per branch is a
parameter from O - 2, considering that a branch can maximum have a number of two connecting
nodes. A branch is either isolated (I-I branches) with no connections, partly connected (C-I)
branches with one connection, or fully connected (C-C) branches having two connecting nodes.
An isolated network consisting of I-I branches will have a Cg = 0, whereas fully connected
networks consisting of X- and Y-nodes will have a connectivity (Cg) of 2 (Sanderson and

Nixon, 2015). The average connections per branch can be calculated from the equation:
_ 3Ny + 4Ny
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An effective way to display the level of connectivity is through ternary node- and branch
diagrams (Fig. 4.2C). Connectivity has a direct link to the different types of branches and nodes.
Deformation networks with a low level of connection will have a high proportion of I-I branches
and will plot near the I-I corner and the I-node corner of the ternary diagrams (Fig. 4.2C).
Networks that plot close to the C-C corner of the ternary diagram have a high proportion of

interconnected branches (Fig. 4.2). Networks with few isolated branches will have higher Y-

and X-nodes ratios and will plot in X and Y corner of the ternary diagram (Fig. 4.2C)
(Sanderson and Nixon, 2015).
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Figure 4.2: Figure illustrating how to display connectivity through ternary node- and branch diagrams from
field photos. A) Digitalization of a deformation band network from a field photo. B) Topological data
extracted from the network using the NetworkGT toolbox. C) The nodes and branches plotted in a ternary
diagram.

4.1.2 Spatial visualization of networks

The extraction of geometric and topological properties for deformation networks provides an
efficient way to analyze the spatial variability within the network (Nyberg et al., 2018). Contour
grid mapping is a quantitative and useful approach for visualizing spatial variation in
deformation band networks. Different parameters can be extracted from contour grid maps,
such as deformation band intensity and frequency, connecting node frequency, and connections
per branch. Creating multiple contour grid maps for different networks makes it possible to
compare contrasts in different network properties. The deformation band intensity (m™), also
known as 2D-intensity, is defined by total trace length (m) divided by sample area (m?)
(Mauldon et al., 2001, Sanderson and Nixon, 2015). Total trace length (m) is the calculated sum
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of the length of branches (I-1, I-C, C-C) (Mauldon et al., 2001). Note that branches intersecting
with the sample area’s boundary form an E-node, and the branches are counted as "half
branches." The connecting node frequency (m) is divided from the number of connecting Y-
and X-nodes inside the sample area (m?) (Sanderson and Nixon, 2015). Deformation band
frequency (m) is defined by the number of branches within the sample area (m?) (Sanderson
and Nixon, 2015). Line samples are used to produce linear frequency, defined by the number
of bands intersecting the line. The statistics are extracted from the attribute table in QGIS

(Appendix II)

4.2 Data acquisition and processing

Data from the Cuesta study area was collected with an unmanned aerial vehicle (UAV) (model
Phantom Dji 3) and a Nikon D3100 SLR camera. Significant time was spent going through 678
close-ups of deformation band networks in detail, to remove photos with distortion and bad
quality. All the images were then merged together and georeferenced. Based on this, two faults,
four sinistral deformation band networks (SN), three dextral deformation band networks (DN)
and two incipient deformation band networks (IDBN) (Fig. 4.3) were selected for further
investigations and topological analyses. Interpretations of deformation structures were

performed on different scales, from drone images to close-up pictures, which captures details

on a millimeter-scale.
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Figure 4.3: UAV photo of the studied area and the deformation band network localities. SN = Sinistral
network and DN = Dextral network, outlined in black. Fault 1 (northern fault) and Fault 2 (southern fault)
are marked in yellow. IDBN = Incipient deformation band networks, outlined in pink.

4.2.1 The use of virtual outcrops

Analyzing the evolution of the Earth often requires on-site exploration. Nevertheless, gaining
access to the field area is not always achievable (e.g. during pandemics, wars and restricted
areas). Virtual outcrops allow us to visit the field area without being physically present. The
use of three-dimensional (3-D) data is becoming increasingly common in many areas of
geosciences (e.g. geology, geomorphology, hydrology, volcanology, natural hazards, and
mining) (Buckley et al., 2019). This rapid increase in usage is driven by new innovations in
hardware and software, including unmanned aerial vehicles (UAV) that make it easier to collect

and process large amounts of data (Buckley et al., 2019).

A virtual outcrop (Fig. 4.4) model was provided to gain an overview of the field area and locate
and study deformation structures on a larger scale. The virtual outcrop model is based on
photographs previously collected by UAV in March 2017. The photographs were processed,
merged, and georeferenced using Agisoft Photoscan 1.3.2, resulting in a photo orthomosaic
covering approximately 35100 m? of the Cuesta study area. The workflow showing how to

create the model is attached in Appendix IV.

4N 30m

Figure 4.4: Virtual outcrop model of the Cuesta study area from UAV photos.
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4.2.2 Merging images and georeferencing

Photos of good quality and distribution were merged together and georeferenced to create
contiguous images of the deformation band networks. Depending on the number of photos,
Adobe Photoshop and Agisoft Metashape were used to merge the photos (workflow used for
photo merging can be found in Appendix IV). A prerequisite when using these types of software
is that the photos are taken with a constant height and camera angle with good overlap. Agisoft
Metashape can handle a large number of photos at the same time and provides geometrically
corrected images with a uniform scale and high resolution. The program was applied to make
orthomosaics for more extensive networks. A network consisting of fewer photos (ten or less)
was stitched together in Adobe Photoshop. This is more efficient and gives better results for
small networks. The models from the merged photos must be georeferenced before
interpretation in a software. This is because camera images do not contain any GPS data. The
models from Adobe Photoshop and Agisoft Metashape were georeferenced in the same way.
First step is to import the models into Adobe Photoshop and to add reference points. Then the
dimension between the reference points, pixels, and scale of the models is calculated. The
calculated points and dimensions can then be uploaded and georeferenced using the
georeferencing tool in QGIS. The orthomosaics were later used to make topological maps over

the selected deformation band networks.

4.2.3 Topological analysis using QGIS and NetworkGT

Photos and orthomosaics of the selected deformation band networks are mapped and digitized
with QGIS, an open-source Geographic Information System (GIS). The sampling, analysis, and
spatial mapping of topological attributes was done in the QGIS plugin, Network GT (toolbox)
described by Nyberg et al. (2018). Figure 4.5 shows the Network GT workflow from input data

to spatial visualization of the networks.
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Figure 4.5: Flowchart showing the simplified NetworkGT workflow from input data to spatial visualization
of the deformation networks. Modified from Nyberg et al. (2018).

Extracting topological and geometrical characteristics can be done, even with limited access to
the deformation network as a whole (Sanderson and Nixon, 2015). The sampling strategy
depends on the scale and the purpose of the analysis (Watkins et al., 2015). Collecting and
quantifying topological data from deformation networks in the field can be difficult. Digitizing
the networks is therefore often a preferred method for efficient topological and geometric data
collection. All individual deformation bands or clusters were traced with a polyline. After all
the deformation bands was interpreted and traced, a sample area polygon closes the area of
interest. Areas covered with vegetation or processing errors are omitted from the sample area.
Taking sub-samples of areas are possible by circle sampling or by creating new polygons over
the area of interest. Applying the Repair Topology tool (Fig. 4.6A) after digitizing the networks
helps resolve common topological errors. The Repair Topology tool automatically fixes
inconsistent digitization like underlapping and overlapping of lines (Nyberg et al., 2018). To

reduce the number of digitization errors, manual quality control is still required.

There are a several different ways to display the results of geometrical and topological analyses,
e.g. triangular plots (showing the level of connectivity), different density maps, and line
sampling/frequency plots (Sanderson and Nixon, 2015, Nyberg et al., 2018). The branches and
Nodes tool (Fig. 4.6B) identify and extract branches (I-I, C-I, C-C) and nodes (I, Y, X) from
the network. The extracted branches and nodes can be plotted in ternary diagrams for
topological characterization (Fig. 4.2). The network grid sampling is done using the Contour

Grid tool (Fig. 4.6C), which produces a map of the spatial variation within a deformation band
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network. NetworkGT generates a square grid where the grid size and sample area are specified
by the user. The grid cell size varies depending on the network and the level of detail desired.
To avoid orientation bias, each cell in the grid consists of a center point with a circle drawn
around it. From the network grid sampling, topological and geometrical variations within a
deformation band network can be visualized. This is done through a series of intensity maps,
such as 2D-intensity, connecting node frequency, and node distribution. The Line Grid tool
(Fig. 4.6D) is used to extract data in one-dimension from a scanline. Deformation band
frequency can be calculated by counting the deformation bands intersecting the line. This
information can be imported to Excel to make graphs over the deformation band frequency
across the entire network. To prevent under-sampling of deformation bands, the scanlines are
oriented perpendicular to the trend of the deformation bands (Sanderson and Nixon, 2015,
Nyberg et al.,, 2018). By combining topological and geometrical data, a wide range of
information can be extracted, e.g. the average branch lengths in a network and connections per
branch (connectivity in a network) (Sanderson and Nixon, 2015). All parameters, formulas, and

abbreviations used are listed in Appendix .

31



Chapter 4

Data and methodology

Network input

A)

Legend

@ Node

@ Error node

— Network

(1)

Repair topology
—

Network output (2)

Legend

. E-nodes
@ '-nodes
A Y-nodes
. X-nodes

I-I Branches
I-C Branches
C-C Branches

-
-
—_—
== Network

Sample Area

BENT
JENEB 2

¢\

LA

® Centroid Point 12l
1B &
. Network - Gt

R 4
BN
N [T N ]
ey N A

(" AN
QEVJEQO.’JL‘UUDDDHDD;

A
X '\“.\,{

N
g

iunucm

SELCRLIZANY

I\ [e]
Q]
N

A

Legend
_s~ Line sample

® Intersection

“\ Network

Figure 4.6: Overview of different tools in NetworkGT. A) Repair topology tool: (1) Network input with
common topological digitizing errors. (2) Network output where the tool removes error nodes, extends and
trims polylines. B) The branches and nodes tool. The nodes of the network are classified as isolated (I) or
connecting (Y or X) nodes, in addition to edge nodes (E) that intersect the sample area. The branches are
classified based on the nodes as isolated (I-I) branches with no connections, partly connected (C-I) branches
with one connection, or fully connected (C-C) branches having two connecting nodes. Branches with E-
nodes are counted as half branches. C) Contour Grid tool generates countless sub-samples of the network.
Each grid cell has a circle sample area, where the size is defined by the user. D) The line grid tool generates
lines across the network and count the number of intersections along the lines. Modified after Nyberg et al.

(2018).
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4.3 Uncertainties and sources of error

The topological interpretation of the UAV imagery has its limitations. The resolution allows
structural mapping on meter-scale and does not distinguish deformation bands and brittle
fractures. Therefore, mapping on a larger scale includes main structural lineaments and not only
deformation bands. There are some uncertainties related to the close-up photos from the field.
The outcrops are situated in a slightly tilted succession and are never completely horizontal.
The photos can, to some extent, be angled or elevated in relation to each other. This can cause
some uncertainties regarding the branch orientation and length and generate errors or gaps when
merging images in Agisoft Metashape and Adobe Photoshop. However, no surface is in nature

perfectly horizontal.

Digitization of the deformation band networks in QGIS can lead to sources of error in all types
of images. The uncertainty is lower for the smaller models, due to higher quality and the limited
area they cover. The sources of error increase with larger models, related to the quality of
merging and the extent to which the deformation bands are exposed. The possibility of
deformation bands being overlooked increases in the larger models, considering a large number
of bands. Thin deformation bands can be difficult to see in the photos, depending on differences
from the host rock. Areas covered with vegetation, sediments, or of low quality are omitted
from the interpretation boundary. These gaps without data are seen as uncertainties as the
continuation of the bands is not seen. Using the Repair Topology tool in NetworkGT, the quality
of the deformation band digitization increases, but manual quality control should be done in
addition. Thick clusters introduce the problem of several deformation bands, where it is difficult
to determine the number of bands in the cluster. In such cases, only the outer edges of the cluster
are traced. Furthermore, the data in this thesis only offers a 2D-analysis of the network, and the

architecture and connectivity may vary in the subsurface.
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5 Results

The studied volcaniclastic rocks host cataclastic deformation band networks, and the networks
are of sinistral and dextral movement. A total of eleven deformation band networks have been
studied in detail (Fig. 4.3). The deformation band networks were selected based on photo
quality and their difference in nature. The deformation band network arrays range from
incipient networks to deformation band networks in fully developed faults. Topological
analyses of all networks were undertaken, which is an effective way of analyzing deformation
band terminations (nodes) and connectivity. See Appendix II for full datasets of all topological

and geometrical data.

5.1 Structures and stratigraphy of the study area

The study area comprises a well-exposed wave-cut platform in a tilted succession (26°) (Fig
5.1A). The studied lithology at Cuesta holds a variety of folded pyroclastic rocks and tuffs.
Figure 5.1 shows the stratigraphy of the studied cross-section at Cuesta, and Figure 5.2 displays
a stratigraphic log of the same succession. Song and Lo (2002) described the host rock in the
study area, and their classification is adopted herein. The following volcaniclastic rocks have

been recognized (Fig 5.1B-D): tuffaceous sandstone, ignimbrites and, polygenic conglomerate.
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Figure 5.1: A) Illustration of the stratigraphy in the study area (Fig. 4.3). Rose diagram demonstrates the
orientation of the tilted beds. Red circles correspond to the lithologies in B, C and D. Three reference layers
marked with blue circles as (i), (ii) (iii) serve as correlation points between the stratigraphic log (Fig 5.2) and
the outcrop illustration. Modified from Kjenes (2018). B) Tuffaceous sandstone with cross-stratification. C)
Ignimbrite with white and greyish pumice clasts. D) Polygenic conglomerate with sub-angular to sub-
rounded clasts.
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Figure 5.2: Stratigraphic log of the Shihtiping Tuff member. The stratigraphic log starts at the base of the
outcrop (Fig 5.1A) in the east and continues stratigraphically up section towards the west. Modified after
Kjenes (2018). Blue circles marked with (i), (ii), (iii) correspond to reference layers in Figure 5.1A. Red
circles marked with B, C, D correspond to the lithologies shown in Figure 5.1A. Green circles marked with
1, 2, 3 correspond to deformation band geometry in Figure 5.3.
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The Cuesta study area is situated within the Tuluanshan Formation. Stratigraphical logging
(Fig. 5.2) of the study area has been carried out earlier through Martin Kjenes and Hanna Serina
Jervidalo’s master theses (Kjenes, 2018, Jervidalo, 2018). Description of the host rocks in the
study area is based on Kjenes (2018) and Jervidalo (2018) findings, in addition to the study by
Song and Lo (2002).

Tuffaceous sandstone (Fig. 5.1B) is fine- to coarse-grained and contains a variety of
sedimentary structures (e.g. planar stratification, cross stratification, soft sediment deformation
features). The tuffaceous sandstone units in the studied succession show thicknesses of 10 - 30
cm, but thicker units interbedded with ignimbritic material are observed. Song and Lo (2002),
Kjenes (2018), and Jervidalo (2018) interpreted the tuffaceous sandstone to consist of crystal
tuff due to larger amounts of magmatic minerals and lithic fragments. Ignimbrites (Fig. 5.1C)
are recognized by their abundance of white (mostly) and grey pumice clasts. The thickness of
the ignimbrite layers varies from 10 cm to several meters. The clasts can be as large as 64 cm,
but generally around 5 - 15 cm. The pumice clasts are matrix-supported by coarse tuffaceous
sandstone. It is not uncommon with thin layers of sandstone in-between the ignimbrite units.
Polygenic conglomerate (Fig. 5.1D) consists primarily of sub-angular to sub-rounded clasts
between 3 - 12 cm of lapilli origin. Larger volcanic bombs and pumices over 12 cm occur
locally. The polygenic conglomerate appears in centimeters to meters thick layers. The

conglomerate is mostly clast supported, with a matrix of tuffs.

5.1.2 The geometry of deformation bands at Cuesta

The deformation bands may occur as individual bands but more common as clusters and
networks (Fig. 5.3). The thickness of the deformation bands varies depending on the lithology.
Single deformation bands vary from 0.3 to 10 mm in thickness but rarely exceed 3 mm. Clusters
(Fig. 5.3C) of deformation bands range in thickness from 5 mm to 8 cm. The presence and
thickness of deformation bands can change abruptly along the strike when entering a new host
rock. Clusters can link up or spread to networks in the transition to a new host rock. Common
characteristics for the studied deformation bands are connecting structures, as ramp- and eye
structures (Fig. 5.3C). Ramp structures form a step-like pattern between parallel overlapping
segments, while eye structures form between two closely collinear segments (Antonellini and
Aydin, 1994). A network of linked deformation bands tends to form an anastomosing pattern

and can, together with ramp and eye structures, be recognized at different scales.
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Figure 5.3: Overview of the geometry of the deformation bands at Cuesta. Green circles marked 1, 2, 3
correspond to the location in the stratigraphic log (Fig 5.2). A) Individual deformation band. B) Network of
deformation bands. C) Clusters of deformation bands. Ramp structures and eye structures forms when
deformation band segments link up.

5.2 Structural overview: Geometry and topology

The study area consists of a folded succession with NNE striking folds. The sample area covers
about 11855 m?. Deformation bands and faults are distributed widely in the study area (Fig.
5.4). Observable deformation structures (deformation bands and faults), both dextral (0° - 90°)
and, sinistral (90° - 180°) are shown in Figure 5.4 and, their orientations are plotted in a rose
diagram. There is greater variation in the orientation of the dextral structures (30° - 80°) than

the sinistral structures (110° - 120°).
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Figure 5.4: UAV imagery of the study area. Observable structural lineaments are outlined. Sinistral and
dextral structures are marked in red and blue, respectively. The rose diagram shows two dominating trends,
ENE-WSW oriented for the sinistral structures, and WNW-ESE oriented for the dextral structures.

The majority of the structures are situated NE in the study area. The nodal plot (Fig 5.5E)
illustrates a relatively even distribution of nodes. 284 I-nodes, 157 Y-nodes, and 136 X-nodes,
excluding an additional 51 edge nodes (E-nodes). Note the high proportion of X-nodes,
compared to deformation band networks further in this chapter. The branch plot (Fig 5.5F)
reveals that the study area is dominated by partly connected (C-I) branches, with one connection

per branch, and fully connected (C-C) branches, with two connecting nodes per branch.

Contour plots of 2D-intensity, connecting node frequency (Y-nodes and X-nodes), and X-nodes
are used to visualize the spatial variation of deformation structures at the Cuesta (Fig. 5.5). The
2D-intensity (Fig. 5.5B) varies from 0.12 to 1.11 m!, connecting node frequency from 0.01 to
0.2 m?, and number of X-nodes from 2 to 13. Areas with a high 2D-intensity and high
connecting node frequency (Fig. 5.5C) commonly consist of several small branches that
interact, while areas with a lower intensity and frequency usually consist of longer branches.
At Cuesta, there is a clear connection between 2D-intensity and connecting node frequency,
which indicates a higher number of connecting nodes in high-intensity areas (Fig 5.5B and C).
The intensity distribution of X-nodes (Fig. 5.5D) displays a similar trend as 2D-intensity (Fig.

5.5B) and connecting node frequency (Fig. 5.5C). The structures at Cuesta have an average
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connection per branch of 1.56, where the maximum degree of connectivity is 2 (Nyberg et al.,

2018).
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Figure 5.5: Observable deformation structures (deformation bands and faults) and various contour maps.
Note a clear connection between 2D-intensity and connecting node frequency. A) Observable structural
lineaments classified into branches and nodes. B) 2D-intensity (m!) variation. C) Connecting node
frequency (m?). D) Number of X-nodes. E) and F) Distribution of nodes and branches for Cuesta, node

classification plotted on an I, Y, and X ternary diagram, and branch classification plotted on an I-I, C—I, and
C—C ternary diagram.
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5.3 Geometry and topology of deformation band networks

The deformation band networks vary in distribution, thickness, and the number of bands in the
network. The studied length of the networks is between 2 and 14 m along the strike, and the
thickness varies from 15 to 61 cm. The deformation bands in the studied networks are generally

light-colored relative to the host rock.

The deformation band networks occur in different stages, from fully developed faults, mature
networks and, incipient deformation band networks (Jervidalo, 2018). The structural behavior
of the faults is affected by local lithology, where the faults are dominated by deformation bands
or by brittle deformation (slip-surfaces and shear fractures). Strike-slip faults are distinguished
from mature deformation band networks based on larger displacements (>50 cm) (Jervidalo,
2018). This thesis targets deformation bands occurring in the studied outcrops. Fractures and
faults are mainly described for context. The orientation, deformation band intensity and
connecting node frequency have been calculated for all networks. In addition, one deformation
band network (deformation band network SN-4) was analyzed at various scales to document

potential inconsistencies caused by variable resolution.

Out of eleven studied deformation band networks, eight have been selected for showcase in this
chapter: two deformation band networks in fully developed faults, four mature deformation
band networks and two incipient deformation band networks (Table 5.1). The remaining data

can be found in Appendix II and III.

Table 5.1: Names and abbreviations of investigated deformation band networks in this thesis.

Type of deformation band network
In fully developed faults Mature deformation band network | Incipient deformation band network
Fault Section 1.1 DN-2 (Dextral network 2) IDBN1 (Incipient deformation
Section 1.2 DN-3 (Dextral network 3) band network 1)
Fault 2 Section 2.1 SN-1 (Sinistral network 1) IDBN2 (Incipient deformation
Section 2.2 SN-4 (Sinistral network 4) band network 2)
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5.3.1 Deformation band networks in fully developed faults

Fully developed faults have a relatively clear and consistent fault core (sensu Caine et al., 1996).
Two sinistral, ENE-WSW trending faults (Fig. 5.6A) have been mapped in the study area,
feature offsets ranging from 0.5 m to 2.6 m. The faults are associated with one or more
continuous slip-surfaces accommodating shear displacement. A distinct damage core (sensu
Caine et al., 1996, Peacock et al., 2017) is present in some lithologies, while less defined or not

fully developed in others.

Fault 1, the northern fault (Fig. 5.6A) is situated on the top of the wave-cut platform at the
Cuesta. The fault has a total trace length of 33 m, with a maximum shear displacement of 1.83
m and a minimum of 1.20 m (Jervidalo, 2018). The fault core ranges from 3.1 cm to 45.6 cm.
The deformation band systems are divided into two sections (Section 1.1 and Section 1.2) to
ensure high quality of the studied deformation band networks. Section 1.1 (Fig. 5.6Ci) covers
1.71 m of Fault 1 and is dominated by thick clusters in SE covering the entire fault core. The
cluster thickness is between 1.5 and 8.1 cm, which is relatively thick compared to clusters in
other networks examined in this thesis. According to Shipton and Cowie (2001) classification,
the cluster in Section 1.1 is a class 3 cluster, defined as a complex anastomosing slip-surface
with many single and multi-strand deformation bands (Fig. 5.6F). Further along the fault, the

clusters splay out as a network of deformation bands.

Section 1.2 (Fig. 5.6Cii) is a continuation of Section 1.1 (Fig. 5.6Ci) and extends 2.45 m along
Fault 1. In total, 4.16 m of the fault has been examined in detail. Section 1.2 starts in SE as a
network of deformation bands and has a variable geometry towards NE. Most of the
deformation bands are concentrated around the fault core, as clusters or networks of bands.
Individual bands are observed outside the defined core, but occur infrequently. The orientation
of Section 1.1 and 1.2 is plotted in a rose diagram (Fig. 5.6B), showing a clear ENE-WSW
trend for the deformation bands, parallel to the fault. A digitized map of the deformation band

network can be seen in Figure 5.7 and Figure 5.8.
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Figure 5.6: Overview figure of Fault 1 and Fault 2. A) Unmanned Aerial Vehicle (UAV) photo of the study
area. Fault 1 (northern fault) and Fault 2 (southern fault) are marked as black lines, red boxes indicate where
the close-up photos were taken. B) Rose diagram showing deformation band orientations of Fault 1 and Fault
2. C) Close-up photos of Fault 1 divided into Sections 1.1 (Ci) and 1.2 (Cii). Arrows are showing the sinistral
movement. D) Close-up photos of Fault 2, Section 2.1. E) Close-up photos of Fault 2 Section 2.2. F) Class 3
cluster from Section 1.1, with tightly packed deformation bands and anastomosing slip-surfaces G) Class 3

cluster from Section 2.1.

The deformation band network of Fault 1 is presented together with the connecting node
frequency maps, 2D-intensity maps, and graphs illustrating the deformation band frequency in
Figure 5.7 and 5.8. Note the different values for connecting node frequency and 2D-intensity
for Sections 1.1 and 1.2. The thick cluster in Section 1.1 can be recognized in both the 2D-
intensity map (Fig. 5.7D) and the connecting node frequency map (Fig. 5.7C) as an area of
higher deformation band intensity and connecting node frequency, respectively. However, the
cluster does not stand out in the deformation band frequency plot (Fig. 5.7E). A clear correlation

is recognized between the 2D-intensity and the fault core in Fault 1, shown as a high-intensity
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zone (Fig. 5.7D and Fig. 5.8D). The fault core has a maximum 2D-intensity of 14958 m™! in
Section 1.1 and 3891 m™! in Section 1.2. The connecting node frequency maps present a similar

trend as the 2D-intensity maps, where the highest connection is observed in the fault core.

The southern fault (Fault 2, Fig. 5.6) has a total trace length of 37 m, with a maximum shear
displacement of 2.60 m and a minimum of 1.70 m (Jervidalo, 2018). The fault core shows a
thickness between 3.5 and 53.5 cm. Two sections (Section 2.1 and Section 2.2) are examined
in detail and displayed in Figure 5.9 and 5.10. Both sections consist of individual deformation
bands, clusters, and networks of bands. The two sections show a variable structural style of the

fault.

Section 2.1 consists of one main segment in SE (Fig. 5.9), concentrated around the fault core,
and splits out into two segments towards NW. Several fractures and minor slip-surfaces are
widely distributed within the section. The deformation band network in Section 2.1 is 6.2 m in
length and 61 cm in width. The deformation bands in SE occur as clusters or networks of bands
and are mainly concentrated in the fault core. Individual bands occur occasionally. Using the
classification from Shipton and Cowie (2001), the cluster is classified as a class 3 cluster (Fig.
5.6G). Towards NW, the network spread, and the fault core is less defined. The deformation
bands in Section 2.1 vary in thickness from 3 to 10 mm, and the bands form clusters in
centimeter-wide zones. The deformation band network morphology is recognizable in the
connecting node frequency map and 2D-intensity map (Fig. 5.9). The main segment in SE has
a high total branch length per square meter, referring to a higher connecting node frequency.
The highest peak in the deformation band frequency plot (Fig. 5.9E) corresponds to a delimited

area with fine tuffaceous sandstone.

Section 2.2 (Fig. 5.10) shows a different structural style than Section 2.1, where the deformation
band is widely disrupted throughout the section. The network covers an area of 2.6 m? and
consists of networks of bands, with individual clusters in NW. The thickness of the individual
deformation bands within the network can be as thick as 10 mm, with a network width
extending 50 cm. Towards NW, it is an area where two segments link together, characterized
by a high deformation band intensity. A clear correlation is recognized between the linked area
and the peak in the deformation band frequency plot (Fig. 5.10E). The connecting node
frequency map has a positive correlation to the 2D-intensity map, with the highest connection

where segments are linked together.
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The compiled data for branches and nodes for Fault 1 and Fault 2 is presented in Figure 5.11.
Fault 1 has a total of 955 nodes and 1125 branches with a high proportion of isolated nodes
(39.7%) and connected Y-nodes (57.2%). A result of this is a deformation band network
consisting mainly of partly connected (C-I) and fully connected (C-C) branches. The average
connection per branch is relatively low with a connectivity of 1.64 Cy. There is not a significant

difference between the distribution of nodes and branches in Section 1.1 and 1.2 (Fig. 5.11).

Fault 2 consists of 1232 nodes and 1575 branches and is dominated by connecting Y-nodes
(70.86%) and fully connected (C-C) branches (Fig. 5.11). This combination results in a higher
connectivity than Fault 1, with an average connectivity of 1.71 Cy. The lowest connectivity is
measured in Section 2.1 at 1.55 Cy, reflecting low connectivity compared to the rest of the
network in Fault 2. Section 2.1 also displays the highest proportion of I-nodes at 46.1%.
Nevertheless, Section 2.2 has high connectivity (1.89 C,) which results in high average
connectivity for the network in Fault 2 as a whole. An overall low proportion of X-nodes has

been observed in both Fault 1 and Fault 2 (Fig. 5.11).

A positive correlation is observed comparing the triangle diagrams in Figure 5.11 and the
connecting node frequency map for Fault 1 (Fig. 5.7C and Fig. 5.8C). The network in Fault 1
has connecting nodes that extend across the entire studied area. A moderate positive correlation
is recognized in the connecting node frequency map for Fault 2, where there is a patchier

composition of connecting nodes.
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Figure 5.7: Deformation band network along Section 1.1 (Fault 1), with frequency graph and different
contour maps. A) Close-up photo of Section 1.1, shown in Figure 5.6Ci. B) Digitized deformation band
network of Section 1.1. C) Connecting node frequency map (m?). D) 2D-intensity map (m™), intensity
variation within Section 1.1. E) Deformation band frequency plot, displaying the variation of deformation
bands across Section 1.1 A line sample was taken every 10 cm along the entire Section 1.1.
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Figure 5.8: Deformation band network along Section 1.2 (Fault 1), with frequency graph and different
contour maps. A) Close-up photo of Section 1.2, shown in Figure 5.6Cii. B) Digitized deformation band
network of Section 1.2. C) Connecting node frequency map (m?). D) 2D-intensity map (m™), intensity
variation within Section 1.2. E) Deformation band frequency plot, displaying the variation of deformation
bands across Section 1.2. A line sample was taken every 10 cm along the entire Section 1.2.
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Figure 5.9: Deformation band network along Section 2.1 (Fault 2), with frequency graph and different
contour maps. A) Close-up photo of Section 2.1, shown in Figure 5.6D. B) Digitized deformation band
network of Section 2.1. C) Connecting node frequency map (m). D) 2D-intensity map (m™'). E) Deformation
band frequency plot, displaying the variation of deformation bands across Section 2.1. A line sample was
taken every 20 cm along the entire Section 2.1.
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Figure 5.10: Deformation band network along Section 2.2 (Fault 2), with frequency graph and different
contour maps. A) Close-up photo of Section 2.2, shown in Figure 5.6E. B) Digitized deformation band
network of Section 2.2. C) Connecting node frequency map (m™). D) 2D-intensity map (m™'). E) Deformation
band frequency plot, displaying the variation of deformation bands across Section 2.2. A line sample was
taken every 20 cm along the entire Section 2.2.
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Figure 5.11: Ternary plot displaying the node and branch distribution of Fault 1 (Section 1.1 and 1.2) in blue
and Fault 2 (Section 2.1 and 2.2) in red. The table shows the number of nodes and branches in Fault 1 and
Fault 2, respectively.

5.3.2 Mature deformation band networks

Mature deformation band networks generally comprise clusters and interconnected networks of
bands, where individual bands can occur in association to the networks. Mature networks
consist of both sinistral (SN) and dextral (DN) networks, with an orientation of 0° - 90° and
90°- 180°, respectively. The studied length of the mature deformation band networks is between
1.8 and 11.2 m. Well exposed networks of high quality are described below: two dextral
networks (DN-2 and DN-3) and two sinistral networks (SN-1 and SN-4).

Deformation band network DN-2

Deformation band network DN-2 exhibits a dextral shear movement and is located towards the
center of the study area, close to SN-2 and SN-3 (Fig. 4.3). The succession comprises three
lithologies: polygenic conglomerate, tuffaceous sandstone, and ignimbrites. The network
measures 2.1 m in length and a width between 2 and 50 cm (Fig. 5.12) and includes individual
bands, clusters, and networks of bands. Deformation bands are present throughout the

succession, but their intensity and thickness vary by lithology (Fig. 5.12C). Individual
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deformation bands have a thickness of ¢. 2 mm, while clusters can become as thick as 2 cm.
The morphology of the network changes throughout the succession. The network starts as four
individual bands in the polygenic conglomerate, develops as a cluster in the tuffaceous
sandstone unit, and spreads as a network with as many as 12 bands in the ignimbrite unit. Total
cumulative thickness in the different lithologies is measured in line 2, 5, and 9 (Fig. 5.12C),
with respectively 2.9 cm in the polygenic conglomerate, 4.2 cm in the tuffaceous sandstone,

and 29.7 cm in the ignimbrite.

The majority of the deformation bands are oriented NW. The bands are not evenly distributed
within the network and show great variation in the studied succession (Fig. 5.12). Line samples
(Fig. 5.12D) reveal an increase in deformation band frequency towards SE. Although DN-2
shows greater total thickness in the ignimbrite unit compared to the tuffaceous sandstone, the
deformation band frequency does not change significantly. There is a clear correlation between
deformation band intensity and connecting node frequency, meaning a higher amount of
connecting nodes in high-intensity areas. The greatest variety is found in the ignimbrite unit,
where deformation band intensity is high (102 - 169 m™) at the beginning of the unit and
gradually decreases as the network spreads. The connecting node frequency follows a similar

trend (Fig. 5.12B).

Figure 5.13 shows the distribution of nodes and branches in the network. The network has 162
nodes and 184 branches and has a relatively high number of I-nodes and fully connected (C—
C) branches. Considering the high number of I-nodes, the network's average connections are

moderate, with a connectivity of 1.67 Cy (average connections per branch).
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Figure 5.12: Outline of deformation band network DN-2 and different contour maps, graphs and rose
diagram displaying topological and geometrical characteristics. The location of DN-2 is shown in Figure 4.3
A) The DN-2 deformation band network. B) Connecting node frequency. C) 2D-intensity map, intensity
variation within the deformation band network. Line sample, counting deformation bands intersecting the
line (red). D) Deformation band frequency plot, displaying the variation of deformation bands across the
network. E) Rose diagram presenting the orientation of the deformation bands.
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Figure 5.13: Ternary plots showing node and branch distribution in DN-2, based on the underlying network.

Deformation band network DN-3

Deformation band network DN-3 is located south of Fault 2 in connection to SN-4 (Fig. 4.3).
The majority of the deformation band in DN-3 is oriented ENE - WSW (Fig. 5.14D). The
section comprises tuffaceous sandstone, ignimbrites, and polygenic conglomerate. The network
is 4.6 m long, with varying width depending on lithology (Fig. 5.14A). The network's
morphology changes throughout the succession. The network starts as a wide network of bands
in the tuffaceous sandstone in NE and narrows towards the SW. Total cumulative thickness is
measured in the different lithologies (Fig. 5.14C), with 33.7 cm in the tuffaceous sandstone
(line 4), 13.2 cm in the ignimbrite (line 11), and 8.9 cm in polygenic conglomerate (line 17).
The bands thickness is approximately the same over the whole network (0.5 - 0.8 mm). Thicker

clusters (<1 cm) are only observed in the ignimbrite unit.

The 2D-intensity is mainly less than 40 m™ with higher values restricted to the ignimbrite unit
(Fig. 5.14C). The connecting node frequency is between 0 m? and 619 m. The maximum
values are recorded in the ignimbrite unit (Fig. 5.14B). Overall, there is significant variation in
deformation band intersecting the lines samples (Fig. 5.14E), where the number varies from 2

to 10 intersections. The lowest number of bands is found in line 14 in the polygenic
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conglomerate unit, with only two intersections. In comparison, the highest number of bands is
found in line 12 in the ignimbrite unit with ten intersections. The number of intersections in the
ignimbrite unit is overall high, but there is great variation along the network. The node and
branch data (Fig. 5.14F) shows a network dominated by Y-nodes and fully connected (C-C)
branches. A low proportion of I-nodes and I-I branches has been noted. Considering that a
branch can maximum have two connecting nodes, the network's average connections are

moderate, with a connectivity of 1.72 C,.
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Figure 5.14: The digitized deformation band network DN-3 and various contour maps, graphs and rose
diagram displaying topological and geometrical similarities. A) Outlined DN-3 deformation band network.
B) Connecting node frequency. C) 2D-intensity map, with line samples counting deformation bands
intersecting the line (red). D) Rose diagram presenting the orientations of the deformation bands. E)
Deformation band frequency plot. F) Ternary diagram displaying node and branch distribution in DN-3.
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Deformation band network SN-1

Deformation band network SN-1 exhibits a sinistral shear offset and is located south of Fault 1
in connection to DN-1 (Fig. 4.3). The displayed section extends over three lithologies:
ignimbrite, tuffaceous sandstone, and polygenic conglomerate (Fig. 5.15). The network is 1.8
m long, with a maximum width of 15 cm. However, the width of the network is highly
dependent on lithology (Fig. 5.15A). The network appears interconnected, with mainly multi-
band networks and clusters. The highest number of bands is associated with the ignimbrite and
tuffaceous sandstone unit (Fig. 5.15A). The network in the polygenic conglomerate unit is
narrow and comprises a few individual bands. This is reflected in the total cumulative thickness
in the different lithologies, measured in line 8, 14 and 31 (Fig. 5.15C), respectively 10.7 cm in
the ignimbrite unit, 13.2 cm in the tuffaceous sandstone, and 2.4 cm in the polygenic
conglomerate unit. The thickness of individual deformation bands varies (0.3 - 1.5 mm), and

bands in the ignimbrite unit occasionally form clusters in centimeter-wide zones.

The deformation bands are mainly oriented ENE-WSW (Fig. 5.15D). The 2D-intensity map
shows intensities ranging from 2.7 m™! to 33.8 m! (Fig. 5.15C), and the connecting node
frequency map ranges from 17 m2 to 122 m2 (Fig. 5.15B). High values in the 2D-intensity map
are restricted to the ignimbrite and tuffaceous sandstone units. The high 2D-intensities coincide
with the connecting node frequencies (Fig. 5.15B). Line samples (Fig. 5.15E) reveal significant
variation in the number of intersections along the network. In the ignimbrite unit towards the
NE, the network is characterized by an increased number of deformation bands intersecting the
lines. The peak value is located in line 14 in the tuffaceous sandstone unit, with a frequency of
23 bands. Further, in the tuffaceous sandstone unit, the frequency decreases before it flattens
out in the polygenic conglomerate. Low deformation band frequency in polygenic
conglomerates is recognizable in other networks, e.g. DN-2 (Fig. 5.12) and DN-3 (Fig. 5.14).
The network has a total of 193 nodes and 239 branches, with a high number of Y-nodes and
fully connected branches (Fig. 5.15F). The network's average connections per branch are 1.78

Cho.
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Figure 5.15: Deformation band network SN-1 and different contour maps, graphs and rose diagram
displaying topological and geometrical characteristics. A) The digitized SN-1 deformation band network
(outlined in black). B) Connecting node frequency. C) 2D-intensity map with line samples counting
deformation bands intersecting the line (red). D) Rose diagram presenting the orientation of the deformation
bands. E) Deformation band frequency plot, displaying the variation of deformation bands. F) Ternary
diagram presenting the node and branch distribution in SN-1.
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Deformation band network SN-4

Network SN-4 is a high-resolution model composed of 105 close-up images (Fig. 5.16A). The

high resolution makes it possible to capture more details along the entire length of the network.

The deformation band network is oriented NW-SE (Fig. 5.16E), is 11.2 m long, and covers an

area of approximately 5.37 m?. Three different scales were chosen to document potential

inconsistencies caused by variable resolution: 1:1, 1:4, and 1:8:

e The 1:1 map is the finest map without losing resolution/quality and captures deformation
bands down to 0.3 mm width. On this scale, a total trace length of 84.2 m was mapped.

e The resolution of the 1:4 map captures bands down to 1 mm width, and the network has a
total trace length of 62.8 m.

e The 1:8 map captures bands and clusters down to 5 mm width, and individual bands within

clusters are not possible to detect. The total trace length of the 1:8 map measures 43.3 m.

The deformation band intensity and connecting node frequency vary notably for the different
maps in the SN-4 network (Fig. 5.16B, C, D). The 1:1 map has the highest 2D-intensities,
ranging from 0 m! to 198.4 m™!, and the highest connecting node frequency varying from 0 m-
2 to 5158 m? (Fig. 5.16B). Note different intervals for the deformation band intensity and
connecting node frequency in the 1:1, 1:4, and 1:8 maps. The 1:4 map shows deformation band
intensities between 0 m™! and 136.6 m™! and connecting node frequency between 0 m to 2947
m2 (Fig. 5.16C). The 1:8 map has deformation band intensities ranging from 0 m™! to 100.8 m"
I"and connecting node frequency varying from 0 m? to 1965 m2. The connecting node
frequencies vary on different scales, with less connectivity in the 1:4 and 1:8 maps compared
to the 1:1 map. The greater frequencies are restricted to where deformation bands crosscut and
abut against one another. The deformation band intensity does not change significantly on
different scales. The areas of low and high intensity at the 1:1 scale (Fig. 5.16B) correlate well
with the same areas on the 1:4 scale (Fig. 5.16C) and the 1:8 scale (Fig. 5.16D), but the intensity

values are decreasing with lower resolution.

The node and branch data extracted from the deformation band networks are shown in Figure
5.16F. The network in the 1:1 map has a total of 857 nodes and 968.5 branches, with a
connectivity of 1.65 Cp. The 1:1 map shows a high proportion of Y-nodes (56.8%) and fully
connected branches (68.1%). The network in the 1:4 map has a total of 356 nodes and 387.5
branches, with a connectivity of 1.59 Cy. The 1:4 map consists mainly of I-nodes (44.4 %) and
Y-nodes (49.2%), and fully connected branches (62.2%). The lowest proportion of nodes and
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branches is found in the 1:8 map network with 189 nodes and 203.5 branches. The ternary
diagram for SN-4 (Fig. 5.16F) demonstrates that the network in the 1:8 map has a higher
proportion of X-nodes and partly connected branches (I-C) compared to the 1:1 and 1:4 map.
This results in a network with a connectivity of 1.57 Cyp. Overall, the maps on different scales
show a low proportion of X-nodes and isolated branches (I-I). The connectivity declines with
lower resolution, but at the same time the proportion of X-nodes increases. This correlates well
with the connecting node contour maps, demonstrating a reduction in connectivity with lower

resolution (Fig. 5.16).
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5.3.3 Incipient deformation band networks

Incipient deformation band networks (or isolated deformation bands) typically comprise single
deformation bands and can be studied along their full length (Fig. 5.17). These bands have low
displacement with a maximum displacement no larger than a few centimeters. The length of
the incipient networks is between 3.38 and 3.52 m from tip to tip. Depending on lithology, the
thickness of the bands and the cumulative thickness varies. The thickness of the deformation
bands is from 1 mm in tuffaceous sandstone to 3 mm in ignimbrite, while the cumulative
thickness can be up to 35 cm. Linkage points between individual bands occur frequently.
Individual bands are bounded by soft- or hard- linkage, where soft-linked bands are represented
by I-nodes, whereas hard-linked bands are represented by Y-nodes (Fig. 5.17). Areas of linkage
will have higher 2D-intensity due to several bands. Two incipient deformation band networks
(IDBN) are presented in detail (Fig. 5.17), focusing on thickness, connectivity, linkage, and
intensity. Additional data are in Appendix II.

Incipient deformation band network 1 (IDBN1) (Fig. 5.17A and B) is situated on the western
flank of the Cuesta, a few meters from incipient deformation band network 2 (IDBN2). The
deformation band network exhibits a sinistral shear movement and is oriented NW. The
incipient network measures a length of 3.52 m from tip to tip and a maximum cumulative
thickness of 10 cm. Five linkage points represent where deformation bands are bounded
together. Four hard-linked zones are observed where individual bands physically meet (Fig.
5.17). Zone 1 and 5 (Fig. 5.17A) demonstrate hard-linked zones where a somewhat linear
deformation band bends and joins with a neighboring deformation band. The latter deformation
band terminates shortly after the intersection point. This results in a Y-node in the intersection
point and an I-node where the other deformation band terminates. Zone 3 and 4 (Fig. 5.17A)
show examples of hard-linked systems where two approaching deformation bands curve and
connect at two points, forming a ramp structure/eye structure. Consequently, two Y-nodes
represent the two connection points. One soft-linked system is observed in IDBN1 in zone 2
(Fig. 5.17A). At this point, the tips of two subparallel deformation bands overlap. No physical
connection between the two deformation bands will produce two I-nodes as a replacement for

a Y-node.
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Figure 5.17: Figures summarizing the incipient deformation band network 1 (IDBN1) and 2 (IDBN2). The
location of the incipient networks is shown in Figure 4.3. A) Orthomosaic of incipient deformation band
network 1, with node distribution. Red circles indicate linkage points. B) 2D-intensity map (IDBN1). The
red circles indicate the same linkage points as in A. C) Orthomosaic of incipient deformation band network
2, with node distribution. Red circles indicate linkage points. D) 2D-intensity map (IDBN2). The red circles

indicate the same linkage points as in C.
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Incipient deformation band network 2 (IDBN2) (Fig. 5.17C and D) is 3.38 m long and is located
close to IDBN1. Equivalent to IDBN1, the bands exhibit a sinistral shear movement and is
oriented NW. The maximum cumulative thickness of IDBN2 is 6.5 cm. In Figure 5.17C and D,
four linkage systems are recognized, three hard-linked systems and one soft-linked system.
Zone 1 and 2 display hard-linked zones where a straight deformation band curve and connect
with a nearby deformation band. The two hard-linked systems (Fig. 5.17C) are represented by
a Y-node at the intersection point and an I-node where the other deformation band terminates.
The linkage system in Zone 3 (Fig. 5.17C) shows a ramp structure, where the connection of
deformation bands forms two Y-nodes. In contrast, the soft-linked system in zone 4 forms an
“open eye” structure (Fig. 5.17C). In this case, the deformation bands tips overlap and curve

but never physically connect to form a hard-linked eye/ramp structure.
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6 Discussion

This chapter addresses the topological characteristics of deformation band networks in
volcaniclastic rocks from Shihtiping, Taiwan, and how the topology compares to other
structural networks. The evolution of a deformation band network is discussed by using the
documented topology. Additionally, controls on deformation band frequency, implications for

fluid flow and how resolution affect nodal characteristics will be discussed.

6.1 Topological characteristics of deformation band networks in volcaniclastic
rocks

A deformation band network consists of numerous bands with a wide range of orientations and
lengths, which can potentially form an interconnected network. Topological analyses of the
deformation band networks have been completed, focusing on characterizing the connectivity
and arrangement of bands within the network. The topology defines the connection relationship
using nodes and branches (Fig. 6.1), a dimensionless parameter that are invariant to scale and
strain in the network (Manzocchi, 2002, Sanderson and Nixon, 2015). The proportion of nodes
and branches provides the basis for describing the connectivity in the studied deformation band
networks. In addition, contour maps of connecting node frequency (m?2) and 2D-intensity (m"
1) are used to visualize the spatial distribution of the connectivity in the networks. Digitization

of eleven deformation band networks were completed for topological characteristics.

%
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Figure 6.1: Node and branch ternary plots showing the topology of all the collected data in this thesis. The
node plot displays the proportion of I-, Y-, and X-nodes within the studied deformation band networks. The
branch plot shows the proportion of isolated I-I branches, partly connected (I-C) branches and fully connected
(C-C) branches within the studied deformation band networks. Note that the topological data from Figure 5.5
are excluded, as it contains both faults and deformation bands.

Deformation band networks in Shihtiping appear almost exclusively with fully connected (C-
C) branches and connecting Y-nodes. The distribution of nodes shows a very similar
topological trend for all deformation band networks, where all plots along the I-Y axis (Fig.
6.1). Consequently, this suggests that the interconnected networks generally exhibit high
average connectivity. The observed topology displays a high proportion of Y-nodes and a low
proportion of X-nodes. This coincides fairly well with other studies that suggest that
deformation bands tend to bifurcate and link, rather than to crosscut one another (Aydin and
Johnson, 1978, Fossen and Hesthammer, 1997). The proportion of connecting nodes (mostly
Y-nodes) shows a positive correlation with the 2D-intensity, suggesting that increased strain
will cause deformation bands to interact and bifurcate (Figs. 5.12, 5.14, 5.15). This is supported
by Wilson et al. (2020), which also shows an increase in Y-nodes with increased intensity.
Studies from Fossen and Hesthammer (1997) demonstrate that increased strain is associated
with dense networks. Increased strain causes more connection of deformation bands during
growth, resulting in a significant number of Y-nodes in dense networks. A high proportion of
Y-nodes are also reported from deformation band network analyses in Utah by Manzocchi

(2002) and Awdal et al. (2020) (Fig. 6.3).

The nodal analysis of the networks shows a low proportion of X-nodes (Fig. 6.1). Deformation
bands tend to form two Y-nodes with a small offset instead of one X-node. The orientation of
deformation bands does not change significantly within the networks (Figs. 5.6, 5.12, 5.14,
5.15) and occur more or less parallel to the strike direction. With more variable orientations
across the networks, more X-nodes would have been expected where the deformation bands
intersect. This is not considered a valid explanation for the low X-nodes proportion, but it could
explain the high Y-node proportion. Manzocchi (2002) and Awdal et al. (2020) plot a nodal
distribution with a higher X-node proportion than the majority of networks in this study (Fig.
6.3). The difference in X-node distribution could be explained by lithological differences.
While Manzocchi (2002) and Awdal et al. (2020) plot deformation bands exclusively from
sandstone in Utah, and UK, respectively, this study plots deformation bands from volcaniclastic
rocks with changing lithological properties. Nevertheless, more nodal analyses of deformation

bands in volcaniclastic rocks should be carried out to confirm this. Sampling methods can also
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play an important role in nodal distribution. All deformation band networks in this study were
digitized from map views (horizontal sections). Awdal et al. (2020) plots deformation bands
from both horizontal and vertical sections and reports a higher proportion of X-nodes in the
vertical sections, thus lower proportion of X-nodes in the horizontal sections. How deformation
bands propagate in the subsurface can explain the high proportion of X-nodes from Awdal et
al. (2020) and will be an important factor for the connectivity of the network as a whole in
three-dimensions. It is important to take the stress axis into account when making such a
comparison. In a horizontal section in an extension regime (e.g. Awdal et al., 2020)), sigma 1
will be perpendicular to the plane of observation. In this study, sigma 1 is parallel to the
horizontal plane (plane of observation). In a comparison of deformation band networks, it is
relevant to consider what is the purpose of the analysis. For instance, the nodal analyses from
Awdal et al. (2020), focus on deformation bands and ladder networks. An increasing X-node
proportion is expected with the existence of ladder structures which occasionally crosscut the
deformation bands and thereby making X-nodes. The number of X-nodes in a network may be

related to resolution (Morley and Nixon, 2016) and will be discussed in Subchapter 6.6.

The proportion of I-nodes is generally lower than the Y-node proportion, but higher than the
X-node proportion (Fig. 6.1). The exception is the incipient deformation band networks which
contain more I-nodes than Y-nodes (Fig. 6.1). This is expected when the incipient deformation
band networks consist of few individual bands with low connectivity (Fig. 5.17). Nevertheless,
a fair number of I-nodes are found in the mature deformation band networks and the
deformation band networks in fully developed faults. A lower proportion of I-nodes would have
been expected in a more developed network, as increased strain is associated with more
interactions and connected branches (Morley and Nixon, 2016). The dominant linking system
in the network largely determines the distribution of nodes. Soft-linked and hard-linked
deformation bands described by Fossen and Hesthammer (1997) can (to some extent) explain
nodal distribution. Soft-linked deformation bands will contribute to more I-nodes, while hard-
linked deformation bands generally will contribute to more Y-nodes. Although, hard-linked
horse-tailing systems (Fossen and Hesthammer, 1997) where a single deformation band splays
into series of bands that eventually die out are observed. Such a linkage system will result in
more [-nodes where the bands terminate. The sampling method used in this thesis must also be
taken into consideration, in relation to the nodal distribution. Sampling bias due to censoring

effect occurs when a deformation band exceeds the boundary of the sample area. When the
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deformation band extends beyond the sample area boundary it is not counted as I-nodes, but as

an E-node (described in Chapter 4).

Contour plots from the deformation band networks show a positive correlation between 2D-
intensity (m™!) (strain) and connecting node frequency (m2) (Figs. 5.7; 5.10, 5.12, 5.14, 5.15).
This suggests that areas with high strain will have a high connectivity. There is also a positive
correlation between 2D-intensity and node proportion, where an increased number of nodes is
expected in high strain areas. The proportion of fully connected (C-C) branches and Y-nodes
results in high connectivity networks (Sanderson and Nixon, 2015). However, the network
connectivity (measured as connections per branch) shows some variations in the studied
networks, with a range from 1.55 - 1.89 C. The topological and geometrical findings from this
thesis support the theory by Fossen and Hesthammer (1997) that increased strain will cause

deformation bands to grow, link, and form more densely spaced networks.

6.2 Sequential growth of deformation band networks in volcaniclastic rocks, and
how it affects topology

The connectivity of deformation networks develops with time and maturity (Morley and Nixon,
2016). Quantifying the topological and geometrical characteristics may strengthen our
understanding of deformation band network development in volcaniclastics rocks. During fault
displacement and damage zone widening, strain increases, and deformation band networks
change their characteristics and geometry (Shipton and Cowie, 2001). Aydin and Johnson
(1978) apply a three-step model to explain the sequential development from a single
deformation band towards clusters of bands and, finally, into faults. The degree of
interconnectivity may therefore be related to how faults grow in highly porous rocks. A similar
model based on Aydin and Johnson (1978) is proposed for the sequential development of faults

in volcaniclastic rocks.

Stage 1 - Initial stage
The studied incipient deformation band networks (Subchapter 5.3.3) may represent the first

stages of fault development in volcaniclastics. The incipient deformation band networks are
characterized by one to three deformation bands and can be studied along their full length. The
lengths of isolated bands range from a few centimeters to hundreds of meters, with a maximum
displacement of a few centimeters (Fossen and Hesthammer, 1997). According to Fossen and
Hesthammer (1997) definition, isolated deformation bands do not interfere with other bands in

map view, and nearest tip points are more than c. 40 cm away from one another. By definition,
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these bands would be I-node dominated. The exception to this rule is where isolated
deformation bands form a multisegmented system. Here the distance between the deformation
band tips is closer than c. 40 cm forming a linkage system (Fig. 5.17). A system of mainly soft-
linked deformation bands of overlapping tips contributes to an I-node dominated system. A
hard-linked system occurs where individual bands physically connect and will form a Y-node.
Observations from this study show a combination of soft- and hard-linked systems (Fig. 5.17),
where linkage represents zones between individual bands at an earlier stage of development.
The fact that isolated deformation bands can extend over long lengths with low displacement
increases the bands chance to interact and link up. At the first stage in the fault evolution, the
type of linkage and interaction are the most important factors for topology and formation of an

interconnected network.

Stage 2 - Intermediate stage

The incipient deformation band networks evolve into a much more complex system in the
intermediate fault stage. This stage can be exemplified through the mature deformation band
networks (Subchapter 5.3.2). The deformation bands links through hard- or soft-links forming
cluster zones of bands (Fossen and Hesthammer, 1997). These zones consist of numerous
deformation bands with varying intensity and connectivity (Figs. 5.12, 5.14; 5.16). The existing
damage zone becomes more comprehensive as the strain increases over time (Shipton and
Cowie, 2003). From the initial stage, the damage zone grows with the development of new
deformation bands inside and outside the existing damage zone (Schueller et al., 2013).
Splaying and bifurcation of bands are common at this stage resulting in a variable cumulative
thickness of the deformation band networks. Laboratory experiments conducted by Mair et al.
(2000) show a strong positive correlation between applied axial strain and the number of
deformation bands in a cluster. A single deformation band only accommodates a finite amount
of displacement/strain due to the mean grain size within the deformation bands attains a
stabilized value independent of axial strain (Mair et al., 2000). Mair et al. (2000) introduce a
conceptual model for the evolution of deformation band zones where strain can move between
bands. In comparison to elastic crack models (e.g. Das and Scholz, 1981, Kostrov and Das,
1988), this model is based on the presumptions that deformation bands have increased shear
stress in their tip-points and in the regions parallel to the deformation bands. The tip-points may
be weakened by induced microcracking (Teufel, 1981). Frictional sliding along the deformation
band accommodates strain in these regions. Increased friction will eventually cause the initial

band to lock up, and it becomes energetically favorable to begin a new deformation band in the
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weakened region instead of continuing on the existing band (Mair et al., 2000). The new
deformation band repeats the process leading to additional deformation band formation.
Favoring the formation of new bands will increase the number of bands and simultaneously
cause increased linking and splaying of bands. This model can explain why mature deformation
band networks are dominated by Y-nodes and C-C branches with high connectivity (Fig. 6.1).
However, lithological differences along the network will greatly affect the deformation band
architecture. This is supported by the observations in Figure 5.12 and Figure 5.15, where
deformation band networks in tuffaceous sandstone and ignimbrite units are generally wider
and consist of several bands. Simultaneously, the deformation band network in the polygenic
conglomerate is characterized by a narrow network with few bands. A patchy slip-surface

develop locally in some lithologies of the deformation band network.

Stage 3 - Fully developed faults

At the final stage, patchy slip-surfaces in zones of deformation bands start to propagate and link
to form the structure defined as a fully developed fault (Shipton and Cowie, 2001). A certain
amount of strain (number of deformation bands) is necessary for a slip-surface to nucleate
across the deformation band zone (Antonellini and Aydin, 1994). However, the development
varies depending on host rock properties (Fossen et al., 2018). The formation of a distinctive
fault core and through-going slip-surfaces typically marks the final stage of fault zone
establishment. Fault formation accumulates slip-surfaces that are much larger than clusters of
bands, and the cluster becomes a part of the established damage zone (Fossen et al., 2018).
Simultaneously, new deformation bands develop within and outside the damage zone, resulting
in an expanded damage zone. Nevertheless, the architecture of the studied deformation band
networks in the fault damage zone (Fault 1 and Fault 2) demonstrates large variations probably
due to lithological differences. As a result, the 2D-intensity and Y-node proportions vary along
the fault. The fault core in Figure 5.7, 5.8, and 5.10 is associated with the highest number of
bands and highest intensity (m™) of all studied deformation band networks. A high deformation
band intensity indicates a complex network, while a high connecting node frequency indicates
a highly connected network (Morley and Nixon, 2016). The connectivity of the deformation

band networks at this stage varies but is generally high (over average).
Figure 6.2 summarizes the proposed fault evolution model in volcaniclastic rocks with

emphasis on the topological arrangement of deformation bands. The deformation mechanisms

in the studied rocks appear to be accommodated by granular flow and cataclastic flow
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(translation, rotation, and fracturing of grains) (Cavailhes and Rotevatn, 2018). Granular flow
is often part of the early-stage deformation, in the form of shear-induced compaction by grain
reorganization (Wong et al., 1997, Rotevatn et al., 2008). Furthermore, grain fracturing enlarges
by shearing and development of single cataclastic deformation bands. The sequential fault
evolution from single cataclastic deformation bands to clusters of deformation bands and finally
to a through-going slip-surface (Fig. 6.2) are equivalent to previous studies (Aydin and Johnson,

1978, Shipton and Cowie, 2001).
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Figure 6.2: Proposed schematic model over the different stages (1-3) of fault evolution in volcaniclastic
rocks. The illustration showcasing the sequential growth of a deformation band network to a fully developed
fault (A-C). Increased strain causes bands to link up and contributes to a more interconnected network. The
ternary plots and arrows display how the topological character changes with increased strain. A) Slightly
deformed host rock with a few individual deformation bands. B) Increased strain produces more deformation
bands and patchy slip-surfaces. C) A fully developed fault with a distinctive fault core and through-going
slip-surface.

The results from this thesis coincide with the proposed model to some extent. The nodal
distribution of the studied incipient deformation band networks (stage 1) is dominated by I-
nodes and have no X-nodes, while branches are dominated by I-I branches and I-C branches
(as expected) (Fig. 6.1). Stage 1 (incipient deformation band network) has a lower connectivity
than stage 2, with an average connectivity of 1.31 Cy, (average connections per branch). The
difference between the deformation bands in the mature networks (stage 2) and fully developed
faults (stage 3) is limited. Mature deformation band networks still have a high number of I-

nodes, but are in general Y-node dominated, with some X-nodes. Branches in the mature
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networks (stage 2) are dominated by C-C branches (Fig. 6.1). The average connectivity for all
mature networks is 1.72 Cy. The deformation band in fully developed faults (stage 3) shows a
similar distribution of nodes and branches regarding the mature networks. The exception is the
deformation band network in Fault 2 (Fig. 5.10), which shows a higher average connectivity
(1.89 Cp) than the rest of the networks. The deformation band network in Fault 2 fits the
proposed model but does not form a basis for comparison. The topological variations may be

due to the changing lithology across the studied networks, which makes comparison difficult.

Another reason for the limited difference between mature deformation band networks and the
faults may be that the deformation in the faults occurs through further strain-softening/slip, and
not by the formation of new deformation bands. This will cause little or no change in the
connectivity between the mature networks and the faults. However, the topological
characteristics of a deformation band network will develop from an I-node and I-I branch

network to a Y-node and C-C branch dominated network with higher connectivity (Fig. 6.2).

6.3 How does the topology of a deformation band network in volcaniclastic rocks
compare to other structural networks?

The deformation band networks presented in this study share some topological similarities with
other structural networks (e.g. faults, joints and other deformation band networks). The
proportion of I-, Y- and X-nodes can be plotted in ternary diagrams and be used to characterize
the different networks (Manzocchi, 2002, Mikel, 2007) (Fig. 6.3). Figure 6.3 shows that X-
nodes rarely dominate any structural network (deformation bands, joints, fractures and faults).
Observations from this thesis, combined with those from Manzocchi (2002), Awdal et al.
(2020) and Wilson et al. (2020) show that deformation band networks contain the highest Y-
node proportion of any structural network. However, the majority of the deformation band
networks in this thesis have a slightly lower Y-node (higher I-node) proportion than reported
from Manzocchi (2002), Awdal et al. (2020) and Wilson et al. (2020) (Fig. 6.3).

In comparison with deformation band networks (Fig. 6.3), the fault networks contain more Y-
nodes than X-nodes and plots along the I-Y axis of the ternary diagram (Fig. 6.3). Nevertheless,
the faults generally contain more I-nodes than the majority of the deformation bands. The
deformation band networks in this thesis plots between the faults and the deformation band
networks analyzed by Manzocchi (2002) and Awdal et al. (2020). Faults evolve in response to

increasing strain and their network geometry change as faults grow, interact and link
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(Cartwright et al., 1995, Ackermann et al., 2001, Walsh et al., 2003). Duffy et al. (2017)
demonstrate how the topology develops with respect to increasing strain and how maturity and
connectivity of fault networks change during progressive deformation. The topological changes

can be exemplified through the evolution of single-phase and multi-phase fault networks (Duffy

etal., 2017).

In the single-phase, a set of several small, isolated faults develop into a network of fewer, longer
and subparallel faults. This development causes minimal cross-strike connection, which does
not favor the development of connection nodes (Duffy et al., 2017). The connecting nodes that
develop are restricted to splaying and fault linkage (Duffy et al., 2017). At low strain, the fault
network is isolated with subparallel configuration of the fault segments, resulting in a fault
network composed of only I-nodes and I-1I branches (Fig. 6.3B) (Duffy et al., 2017). As strain
accumulates, the faults start to link up and the nodal topology shows an increase in the
proportion of Y-nodes. However, the fault network is still [-node dominated because smaller
faults remain isolated in the stress shadow of larger faults (Walsh et al., 2003, Duffy et al.,
2017). Even at the largest strain, the proportion of X nodes is low (Duffy et al., 2017).

The multi-phase fault networks are more complex and involve a second phase of faulting. The
geometry of multi-phase fault networks is characterized by the development of new faults that
gradually link by a progressive increase in strain (Duffy et al., 2017). At low strain the network
comprises sets of isolated, weakly developed faults, and the topology is characterized by only
I-nodes. With increased strain the number of Y-nodes increases due to fault linkage where new
faults are oriented obliquely to the pre-existing faults, resulting in a more connected network
(Fig. 6.3A) (Duffy et al., 2017). The topological evolution of the second phase is driven by the

development of Y-nodes, and a lesser degree of X- nodes.

Fault growth is associated with strain-softening mechanisms, where the faults are weaker than
the undeformed host rock (Shipton and Cowie, 2003). This means that it is energetically
favorable for the fault to continue along the slip-surface instead of forming new faults. Unlike
faults, are deformation bands associated with strain-hardening mechanisms, and promotes
formation of new bands (Mair et al., 2000), which increases the possibility of linkage.

Therefore, the fault networks will hardly be as connected as deformation band networks.
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The greatest variation in topological characteristics is found in networks consisting of joints
(Fig. 6.3). Fracture network (e.g. joints, veins, faults) normally include higher proportions of
Y-nodes relatively to X-nodes (Sanderson and Nixon, 2015), but the joint networks from
Manzocchi (2002) can be I-, Y-, or X-node dominated (Fig. 6.3). Joints are the result of brittle
deformation where there is no relative displacement (Peacock, 2001). This may explain the high
proportion of X-nodes in relation to other structural networks (Fig 6.3F), as the X-nodes in the
joint networks sometimes are preserved. Although, preservation problems can explain the
varying topological characteristics in the joint network. When an active fault accumulates
displacement, the younger joint usually stops at the older joint, resulting in two Y-nodes instead
of one X-node (Morley and Nixon, 2016). However, there is need for a more consistently
applied and quantitative analysis that makes it easier to compare the topological characteristics
of the different structural networks.
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Figure 6.3: Ternary diagram of the proportion of node types for different types of structural networks: Three
different types of networks from Manzocchi (2002), deformation band networks from Awdal et al. (2020)
and Wilson et al. (2020), faults networks from Morley and Nixon (2016) and Dufty et al. (2017), in addition
to the deformation band network from this study. A) Multiphase fault network (Henza et al., 2010). B) Single-
phase rift network with subparallel isolated faults from offshore Australia (Nicol et al., 1995). C)
Deformation band network from Shihtiping. D) Deformation band network from Hopeman, Scotland (Awdal
et al., 2020). E) Joint network with sets of master and cross joints (Sanderson and Zhang, 1999). F) Joint
network with sets of cross-cutting joints (Sanderson and Zhang, 1999).
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6.4 Controls on deformation band frequency in layered volcaniclastic rocks

The studied deformation band networks occur in three lithologies: ignimbrite, tuffaceous
sandstone, and polygenic conglomerate. The different lithologies show very different
distribution when it comes to the deformation band frequency and cumulative thickness (e.g.
Figs. 5.12 and 5.15). Observations of deformation bands crossing different lithologies in
layered sedimentary sequences can contribute to the understanding of how lithology affects
deformation band style and distribution (Fossen et al., 2007). As mentioned earlier, increased
strain will lead to the formation of new deformation bands (Mair et al., 2000). However, the
distribution of deformation bands is highly sensitive to host rock properties, including porosity,
grain size, grain shape, cement, and mineralogy (Wong et al., 1997, Fossen et al., 2007,

Eichhubl et al., 2010, Cavailhes and Rotevatn, 2018).

Deformation bands are restricted to porous granular rocks (Aydin and Johnson, 1978, Aydin
and Johnson, 1983, Antonellini et al., 1994, Fossen et al., 2007, Ballas et al., 2015). The
formation of deformation bands involves a substantial proportion of grain rotation and
translation that requires a certain amount of porosity (Fossen et al., 2007). If the porosity is too
low, brittle deformation as tension fractures and slip-surfaces will preferentially form (Fossen
et al., 2007). Porosity regulates the deformation mechanism of granular rocks (Aydin et al.,
2006, Ballas et al., 2015), and studies show that porosity variations of only a few percent can
result in remarkable differences concerning deformation band density and distribution patterns

(Fossen et al., 2007).

Line frequency measurements from the results show that the polygenic conglomerate units
comprise fewer deformation bands compared to the tuffaceous sandstone and the ignimbrite
units (e.g. Figs. 5.12 and 5.15). Host rock porosity measurements in Shihtiping by Kjenes
(2018) and Jervidalo (2018) show significant variations in the different lithologies and may be
the reason for the variation in deformation band frequency. The polygenic conglomerate units
exhibit a lower average porosity (9.57%) compared to the tuffaceous sandstone (27.2%) and
the ignimbrite units (30.18%). The tuffaceous sandstone and the ignimbrite units have higher
porosity and favor deformation by forming deformation bands, whereas low-porosity rocks
deform mainly by brittle fracturing. The deformation band networks in the tuffaceous sandstone
and the ignimbrite units are typically constituted by a wide zone consisting of numerous

deformation bands (Fig. 6.4). In contrast, the polygenic conglomerate units generally are
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associated with few bands and a low cumulative thickness (Fig. 6.4). The presence of expansion

fractures is also more prevalent in the polygenic conglomerate units.
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Figure 6.4: Demonstrates how the cumulative network thickness (blue graph) and the number of deformation
bands (red graph) varies along Network SN-1. Yellow = tuffaceous sandstone (average porosity of 27.2%).
Orange = ignimbrite unit (average porosity of 30.18%). Green = polygenic conglomerate (average porosity
0f 9.57%).

Figure 6.4 demonstrates how porosity and lithology controls the number of bands and
cumulative thickness in a deformation band network. This trend is found in several of the
studied networks (e.g. Figs. 5.12 and 5.15). The cumulative thickness and number of
deformation bands in a network is an important factor for the permeability and therefore their

effect on fluid flow (Fossen et al., 2007) (see Subchapter 6.5 for more details).

6.5 Implications for fluid flow in volcaniclastic reservoirs

Deformation bands are common strain localization in deformed porous rocks and tend to have
lower porosity and permeability than their host rock (Antonellini and Aydin, 1994, Fisher and
Knipe, 2001, Lothe et al., 2002). The reservoir potential of volcaniclastic rocks is less
documented in terms of hydrocarbon exploration, CO; storage, hydrothermal energy, and
groundwater resources, compared to carbonate and siliciclastic systems (Annunziatellis et al.,
2008, Zhu et al., 2011, Lenhardt and Go6tz, 2011). In recent years, volcaniclastic reservoirs as
new sources of petroleum resources have become a hot topic in petroleum exploration. Even
though volcanic rocks cannot produce hydrocarbons, they can still act as reservoirs for oil and

gas under the right conditions. The geometry and architecture of deformation bands and small-
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scale fracture networks often fall beneath seismic resolution, and therefore prediction of
subsurface flow is complicated (Rotevatn et al., 2009a). Understanding the deformation
mechanisms affecting volcaniclastic rocks can contribute to more knowledge about the
subsurface fluid flow in these rocks. The studied volcaniclastic succession could be a good

analog for subsurface reservoirs/aquifers.

Deformation bands are considered to act as conduits or barriers to the flow of fluids (Knipe et
al., 1997, Gibson, 1998, Aydin, 2000, Fossen and Bale, 2007, Torabi et al., 2013, Ballas et al.,
2015). However, proving deformation bands influence on fluid flow in reservoirs is difficult
and an ongoing subject of study. The majority of deformation bands shows a reduction in
permeability in comparison with the host rock. A single deformation band can cause a reduction
in permeability between two to four orders of magnitude, while thicker clusters can show
reductions up to six orders of magnitude (Antonellini and Aydin, 1994, Fossen and Bale, 2007).
It is common to assume that deformation bands do not have a significant effect on reservoir
performance, except for high-intensity networks, with good interconnection and very low
permeability (Fossen et al., 2007, Rotevatn et al., 2009b, Rotevatn et al., 2013, Ballas et al.,
2015, Fossen et al., 2018). Nevertheless, the orientation, arrangement, and connectivity of
deformation bands within a network may have a controlling effect on flow pattern and reservoir
sweep (Fossen and Bale, 2007, Rotevatn et al., 2013, Fossen et al., 2018). The results from this
thesis can give valuable insights into the deformation band properties and variations within

networks, through parameters as connectivity, intensity, and distribution.

It is crucial to quantify the connectivity and intensity of the network, as it generates parameters
that can be used to assess the potential for fluid flow in a reservoir (Manzocchi, 2002, Morley
and Nixon, 2016). The majority of previous studies use topology on fault and joint networks,
where high connectivity normally represents a more permeable zone (Dimmen et al., 2017,
Procter and Sanderson, 2018). In contrast, high connectivity zones of deformation bands may
act as a baffle for fluid flow and do not represent increased permeability (Fossen and Bale,
2007). Observations from this thesis show deformation band networks with high connectivity
(Fig. 6.1). Deformation band networks with high intensity (increased strain) shows more closely
spaced deformation bands, a more interconnected network, and development of clusters (Figs.
5.7, 5.8, 5.10 and 5.15). The number of deformation bands and their cumulative thickness will
also affect the fluid flow in a high connectivity network. Networks with high deformation band

frequency will often have a greater cumulative thickness and therefore act better as a fluid flow
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barrier. The line measurements (Figs. 5.7; 5.10, 5.12, 5.14, 5.15) display a significant variation
of deformation bands perpendicular to the strike. Fossen and Bale (2007) discuss fluid's ability
to divert through, between, or around deformation bands when the connectivity, frequency, and
cumulative thickness is low. For this reason, it is reasonable to assume that a deformation band
network with high connectivity and cumulative thickness will have the potential to channelize
fluids along strike or act as a baffle to fluid flow (Fossen et al., 2005). However, deformation
band's influence on fluid flow depends strongly on their internal permeability relative to the
host rock (Rotevatn and Fossen, 2011, Rotevatn et al., 2013, Fossen et al., 2018). Low
permeability contrast between the host rock and the deformation band will, under most
conditions, have insignificant effects on fluid flow (Rotevatn and Fossen, 2011). In comparison,
networks with high permeability contrasts can considerably affect fluid flow (Rotevatn et al.,

2009a, Rotevatn and Fossen, 2011).

Aforementioned, deformation bands practical effect on permeability is highly dependent on
clusters and cumulative thickness of the deformation band networks. Consequently, the
incipient deformation band networks will have a limited impact on fluid flow, as they rarely
comprise more than three deformation bands. Clusters and deformation bands in tight networks,
on the other hand, may exhibit a high sealing capacity. Accordingly, the mature networks will
have a limited effect on fluid flow, whereas bands forming in the fault area may act as a baftle
to fluid flow. However, the porosity, clast content, and fault architecture will vary along the
fault as volcaniclastic rocks often comprise layered successions. Depending on the deformation
mechanism, the fault could potentially function as baffles in some lithologies and conduits for
fluid flow in others. The varying architecture caused by the great heterogeneities in the
succession impacts permeability along and across the fault. This study favors topological
analyses of deformation band networks. Direct permeability and porosity measurements must

be implemented for establishing deformation bands influence on fluid flow in the subsurface.
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6.6 Resolution, relevance of topological characterization

Deformation bands appear very differently with different resolutions, and how nodes are
interpreted may depend on the resolution of the collected datasets. In a petroleum field setting,
the detection of deformation bands falls below seismic resolution. The prediction of small-scale
structures such as deformation bands is possible by analog field studies in combination with an
in-depth understanding of the reservoir’s geology (Zuluaga et al., 2016). Therefore, it is
important to have knowledge of how resolution affect the relationship of deformation bands.
Field studies by Aydin and Johnson (1978) report that individual deformation bands often are
physically connected, but rarely crosscut each other. However, an increased number in X-nodes
are observed with lower resolution (Fig. 5.16 and 6.5A). Figure 6.5 addresses some of the

problems associated with resolution and node identification.

Manzocchi (2002) and Awdal et al. (2020) plots deformation band networks with a higher X-
node proportion than the deformation band networks in this study (Fig. 6.3). Disregarding
lithological differences, resolution may explain the different node distribution. Morley & Nixon
(2016) suggest that the discrepancy between X-nodes at different resolutions may be due to a
more subjective node identification when the data resolution is low (Fig. 6.5). The networks
studied in this thesis come from high-resolution images, where you can see details down to a
millimeter level. The deformation bands often appear to crosscut each other on a meter scale,
but at millimeter-scale, small offsets are often revealed (Fig. 6.5B). Consequently, the X-node
proportion will be lower and may explain the high X-node proportion by Manzocchi (2002)
and Awdal et al. (2020). Studies of multi-phase fault networks share some similarities where
the networks show a high proportion of cross-cutting faults, but still contain low proportions of
X-nodes (Duffy et al., 2017). In this case, the X-nodes are not preserved due to displacement
on the fault, resulting in two Y-nodes. Applying Morley and Nixon (2016) division of Y-nodes
can give a more correct impression of the X-node distribution in a deformation band network.
This is done by dividing the Y-nodes into abutting nodes (Ya), splaying nodes (Ys), and
crossing nodes (Yc¢/X) (Morley and Nixon, 2016). This may lead to less misinterpretation of
closely spaced Y-nodes as X-nodes at low resolution (Morley and Nixon, 2016, Duffy et al.,
2017).

The connectivity of a deformation band network is also affected by the resolution of the data.

The ternary diagram (Fig. 6.5A) shows an increasing [-node proportion with lower resolution.

An increase in [-nodes will result in a network with more isolated tips, which will reduce the
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connectivity. How the deformation bands link together will largely determine the distribution
of I-nodes. Deformation bands link through soft- or hard-linkage (Fossen and Hesthammer,
1997), where I-nodes represent soft-linked bands, and hard-linked bands are represented by Y-
nodes (Fig. 5.17). At high resolution, the deformation bands appear to link through hard-
linkage, but when the resolution becomes poorer, the physical link between the bands often
disappears, and they act as soft-linked systems. This may explain the increased proportion in I-
nodes and the decreased connectivity in deformation band network SN-4 (1.65 Cy, for 1:1, 1.59
Cyp for 1:4, and 1.57 Cy for 1:8) at a lower resolution. This coincides with the analysis of fault
network by Nixon et al. (2012) where the network appears very unconnected at low resolutions.
To fully understand how topological variations are related to resolution, more comparisons are

needed.
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Figure 6.5: The figure present some of the problems associated with resolution and node identification. A)
Ternary diagram of I-, Y-, and X-node proportions illustrating the connectivity with decreasing resolution
for deformation band network SN-4 (Fig. 5.16) and all structures in the study area (Fig. 5.5). There is a clear
trend, where more X-nodes are interpreted with decreasing resolution. The graph illustrates the trend with
more X-nodes with lower resolution. B) Synthetic network showing misinterpretation of closely spaced Y-
nodes as X-nodes at low resolution. Interpreted set of conjugate deformation bands from Aydin (1978),
showing how resolution affects identified nodes. Ternary diagram showing the node topology of the synthetic
network and the set of conjugate deformation bands.
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7 Conclusions and further work

7.1 Conclusions

This thesis aims to quantify and improve the knowledge of network properties of deformation

bands in volcaniclastic rocks. The aims were reached by performing geometrical and

topological analyses of high-resolution outcrop photos of deformation band networks in porous

volcaniclastic rocks from Shihtiping, South-Eastern Taiwan. From the results and the

discussion presented in this thesis, the following conclusions are drawn:

The topological characteristics of deformation band networks in volcaniclastic rocks have
in this study been shown to be dominated by Y-nodes and fully connected (C-C) branches.
Nevertheless, there is a slightly higher [-node proportion in the deformation band networks
in volcaniclastic rocks compared to networks in sandstones. Cross-cutting deformation
bands (X-nodes) rarely occur, but an increasing trend of X-nodes is observed with

decreasing resolution. Overall, this results in networks of high average connectivity.

Compared to other structural networks, this study's deformation band networks have a high
proportion of Y-nodes and display limited variation in nodal distribution. This relates to
how the deformation bands grow and link together. The topology of fault networks shows
a similar nodal distribution and plots along the I-Y axis. X-nodes rarely dominate any
structural network.

The topological evolution of deformation band networks indicates that connectivity
develops with maturity. Increased strain is associated with an increased number of
deformation bands and connections. Incipient deformation band networks are dominated by
I-nodes and low connectivity. Meanwhile, mature deformation band networks and
deformation band networks in fully developed faults are dominated by Y-nodes and C-C

branches, with high connectivity.

Topological and geometrical analyses of the deformation bands show that bands' intensity
and connectivity are vulnerable to heterogeneities across the network. The variable
(deformation band) intensity may influence the fluid flow. High-intensity zones contain
more bands and could have the potential to channel fluids and act as barrier or baffle to fluid
flow. However, several factors such as deformation band thickness, distribution, geometry,
connectivity and the petrophysical properties must be taken into account regarding the

band's effect on fluid flow.
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7.2 Future work

This study mainly focuses on topological analyses of deformation band network properties in
volcaniclastic rocks. Building on this, there are several unanswered questions and suggestions
for further work. Some suggestions for improving the understanding of deformation band

networks (in volcaniclastic rocks) are listed below:

e The topological analyses in this study are done on two-dimensional data from horizontal
outcrops. Investigate the three-dimensional geometry of deformation band network could
be done by CT scanning of rock samples or cores. This method will provide the opportunity
to study the topology in three dimensions, where branches and nodes will be seen as planes
and lines.

e Carry out fieldwork where the focus is on characterize deformation bands within the
different (volcaniclastic) stratigraphic units. Look into the controls of stratal properties
(grain size, grain types (mineralogy), grain shapes and, porosity) on deformation and
(micro) structural style.

e Fracture network's impact on fluid flow can now be investigated using the latest update of
NetworkGT 1.0. It would be interesting to use this tool to investigate deformation bands
(intensities, connectivity, and geometries) impact on fluid flow across a network. To do
this, both host rock and deformation bands' porosity and permeability measurements should
be carried out.

e There is still a limited number of studies focusing on deformation bands in volcanic rocks.
To improve the understanding, laboratory experiments (e.g. Mair et al., 2000) and more
field-based studies investigating the formation and evolution of deformation bands in
volcaniclastic rocks should be carried out. This can contribute to fully understand the
sequential growth of deformation bands in volcaniclastic rocks and how lithological

properties affect deformation.
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Appendix

Appendix I: Summary of parameters, abbreviations, and formulas used in the topology
parameter tool in NetworkGT, modified from Nyberg et al. (2018). For a more detailed
description, see: Nyberg et al. (2018) — “NetworkGT: A GIS tool for geometric and topological
analysis of two-dimensional fracture networks”.

Parameter Description Calculation
Area (A) Sample Area A
Number of nodes (Nn) Number of I-, Y- and X- N1+ Ny + Nx
nodes
Number of connections (Nc) | Number of X- and Y-nodes Ny + Nx
Number of edge nodes (Nk) Number of E-nodes Ne
Number of branches (node Number of branches, N; + 3Ny + 4Ny
calculation) (Ng) calculated from nodes 2
Number of lines (Ni) Number of lines, calculated N; + 2Ny
from nodes 2
Connect/line (Cy) Connections per line 2(Ny + Ny)
N,
Connections/branch (Cg) Connections per branch 3Ny + 4Ny
Np
Total trace length (1) Sum of all branch lengths 2L
Average line length (Lc) Average line length 2L
N,
Average branch length (Bc) | Average branch length E
NB
Connecting node frequency Frequency of connecting &
nodes within the sample area A
Branch frequency Frequency of branches within &
the sample area A
Line frequency Frequency of lines within &
sample area A
2D intensity (P21) Intensity of deformation &
bands within a sample area A
Dimensionless intensity (P22) | Product of average branch P21 - L
length and intensity
Number of branches (branch | Number of C-C, C-I and I-I Nce + Nic + Nio
calculation) (Ng) branches
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Appendix II: Topological and geometrical data from the study area. For deformation band network position see Figure 4.3.

Deformation band network Circumference (m) Area (m"2) E 1 X Y No. Nodes No. Branches |No. Lines |No. Connections |Connect/L Average Line Length (m)
Cuesta (All structures) 1023,8643 11855.06346 51 284 136 157 577 649.5 220.5 293 2.65760 13.88831
Fault 1 nrl 22,77201 3.42548 2 149 13 153 315 330 151 166 2.19868 0.25698
Fault 1 nr2 21,18808 2.61226 78 140 57 720 917 1264 430 777 3.61395 0.26614
Fault 2 nrl1 3.98610 0.48657 28 206 16 306 528 594 256 322 2.51562 0.12208
Fault 2 nr2 5,72162 0.68686 42 173 13 241 427 474 207 254 2.45411 0.17258
SN-1 (sinistral network 1) 27,09113 12.89676 28 52 3 138 193 239 95 141 2.96842 1.06164
SN-2 (sinistral network 2) DB2 3,35566 0.31007 21 48 1 101 150 177.5 74.5 102 2.73826 0.19052
SN-2 (sinistral network 2) DB2 3,91896 0.42185 22 51 1 133 185 227 92 134 2.91304 0.2095

SN-2 (sinistral network 2) DB3 6,253 0.77529 42 89 5 174 268 315.5 131.5 179 2.72243 0.26175
SN-2 (sinistral network 2) DB4 5,36013 0.53215 10 25 1 65 91 112 45 66 2.93333 0.28113
SN-3 (sinistral network 3) 25,39457 6.645400 18 78 6 188 272 333 133 194 2.91729 0.39288
SN-4 (sinistral network 4) 24,51396 4.68526 81 335 36 486 857 968.5 410.5 522 2.54324 0.20507
DN-2 (dextral network 2) 5,46654 1.19514 6 60 2 100 162 184 80 102 2.550 0.20372
DN-3 (dextral network 3) 11,07394 1.73170 20 29 3 57 89 106 43 60 2.79070 0.52843
IDBN1 (incipient network 1) 7,78809 1.13196 0 8 0 4 12 10 6 4 1.33333 0.6262
IDBN2 (incipient network 2) 7,97464 1.27117 0 10 0 8 18 17 9 8 1.77778 0.49474
Deformation band network Average Branch Length (m) |Connect/B Branch Freq |Line Freq |NcFreq 2D Intensity (m”-1) |Dimensionless Intensity |C-C C-1 1-1 Total Trace Length (m)
Cuesta (All structures) 4.71497 1.56274 0.05479 0.0186 0.02472 0.25832 1.21796 366 266 17.50 3062.37326
Fault 1 nr1 0.11759 1.54848 96.33692 44.08144  |48.46039 11.32805 1.33204 195 80 35 38.804
Fault 1 nr2 0.09054 1.88924 483.8723 164.60846 |297.44366 |43.80932 3.96645 1106.5 146.5 12 114.4413
Fault 2 nr1 0.05261 1.65320 1220.78865 |526.13114 |661.77432 64.22782 3.37914 399 172 23 31.25137
Fault 2 nr2 0.07537 1.63502 690.09213 301.36935 [369.79621 |52.01028 3.91987 307 143 24 35.72403
SN-1 (sinistral network 1) 0.42199 1.78243 18.53178 7.36619 10.93298 7.82024 3.30006 178 59.5 1,50 100.85571
SN-2 (sinistral network 2) DB2 0.07997 1.72958 572.45358 240.26925 |(328.95924 45.77697 3.66061 125 48.5 4 14.19401
SN-2 (sinistral network 2) DB2 0.08491 1.77533 538.10763 218.08767 |317.64944 45.68961 3.87941 173 50 4 19.2741
SN-2 (sinistral network 2) DB3 0.1091 1.71791 406.94426 169.61385 (230.88121 |44.39653 4.84354 214 94.5 7 34.42021
SN-2 (sinistral network 2) DB4 0.11295 1.77679 210.46564 84.56209 124.02439  |23.77293 2.68525 86 22.50 3.50 12.65084
SN-3 (sinistral network 3) 0.15692 1.76577 50.10987 20.01385 29.19314 7.86311 1.23386 257 69 7 52.25351
SN-4 (sinistral network 4) 0.08692 1.65410 206.71227 87.61527 111.41332 17.96762 1.56176 659.5 251.5 57.5 84.18289
DN-2 (dextral network 2) 0.09228 1.67391 153.95628 66.93751 |85.34533 13.55113 1.25053 125 55 11 16.19555
DN-3 (dextral network 3) 0.21436 1.72642 61.21164 24.83114 34.6481 13.12143 2.81273 72 30 4 22.72234
IDBN1 (incipient network 1) 0.37572 1.20000 8.83423 5.30054 3.53369 3.31922 1.24710 4 4 2 3.75722
IDBN2 (incipient network 2) 0.26192 1.41176 13.37353 7.0801 6.29343 3.50280 0.91745 8 8 1 4.45264
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Appendix II: Topological and geometrical data from deformation band network SN-4, interpreted on different scales.

Deformation band network (SN-4) Circumference (m) Area (m"2) E 1 X Y No. Nodes No. Branches |No. Lines |No. Connections |Connect/L Average Line Length (m)
Scale 1:1 24.51396 4.68526 81 335 36 486 857 968.5 410.5 522 2.54324 0.20507

Scale 1:4 24.51396 4.68526 61 158 23 175 356 387.5 166.5 198 2.37838 0.37717

Scale 1:8 24.51396 4.68526 43 87 14 88 189 203.5 87.5 102 2.33143 0.49644

Deformation band network (SN-4) Average Branch Length (m) |Connect/B Branch Freq |Line Freq |NcFreq 2D Intensity (m”-1) |Dimensionless Intensity |C-C C-1 1-1 Total Trace Length (m)
Scale 1:1 0.08692 1.65410000 206.71227 87.61527 111.41332 17.96762 1.56176 659.5 251.5 57.5 84.18289

Scale 1:4 0.16206 1.59226 82.70625 35.53701 |42.26023 13.40361 2.17223 241 117 29.5 62.79935

Scale 1:8 0.21346 1.57248 43.43412 18.67561 |21.77042 9.27133 1.97903 117.5 71 15 43.43857
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Appendix III: Additional figures of
deformation band networks
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Appendix III: Figure summarizing the deformation band network along Fault 1.
Fault 1 ' A B) C)

A) Unmanned Aerial Vehicle
(UAV) photo of the study
area. Fault 1 (northern fault) is
marked as a black line, red box
indicates where the close-up
photos were taken. B) Rose
diagram showing deformation
band orientations of Fault 1.
D) Close-up photo of Section
1.1 (Fault 1). E) Close-up
photo of Section 1.2 (Fault 1).

E)

cl F) Digitized deformation band
network, connecting node
frequency map and 2D-
intensity map, of Section 1.1.
F) G) G) Digitized deformation
band network, connecting
= — node frequency map and 2D-
y — o intensity map, of Section 1.2.
/ Note different values for
S connecting node frequency
— o - il and 2D-intensity for F and G.
| / A
V4 -
Legend Legend
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Appendix III: Figure of deformation band network SN-4, showing the area (red box) of the network.

A) SN-1 is made of 105 close-
4 N up images merged together into
a high-resolution model. The
red box marks the placement of
figure B, C and D. Black box
marks the placement of Figure
5.16B, C and D. B) Deformation
band intensity map and
connecting node frequency map
of the SN-4 network mapped at
1:1 scale. Note, grid size
0.01x0.001 m and sampling
radius 0.03 m are the same for
all networks, but the contour
intervals vary. C) Deformation
band intensity map and
connecting node frequency map
of the SN-4 network mapped at

= _, 1:4 scale. D) Deformation band
..EK ___°| intensity map and connecting

node frequency map of the SN-

Figure SN-4 scale results

D 4 network mapped at 1:8 scale.
Legend E) Rose diagram showing the

ZRAnenstiyne Connecting node frequency mA-2 orientation of the deformation
i L e s i bands mapped at 1:1 scale. F)
B o e e Ternary diagram displaying the
£O%0 NS FEUF MG meeE % node and branch distribution of

26.9-36.9 20.6-28.5 17.7-25.2 B 12791719 982-1228 491-737
36.9-50.7 28.5-355 25.2-30.8 B 1719- 2211 1228-1719 737 - 982
50.7-67.8 35.5-48.4 30.8-35.1 B 2211-2947 1719-2211 982- 1228
I 67.8-89.9 48.4-65.6 35.1-45.8 N 2947-3930 2211 -2702 1228-1719
I 89.9-198.4 65.6- 136.6 45.8-100.8 [l 3930- 5158 2702 - 2947 1719 - 1965

the SN-4 network mapped at
different scales: 1:1 (red), 1:4
(blue) and 1:8 (green).

[ sample area ——  Deformation bands
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Appendix III: Summary of deformation band network SN-2.

2D-Intensity

Deformation band frequency

”
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-
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@
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1 2 3 4 | 6 7 8 9 10 11 12 13 14 b L 16 17 18 19 20 21 22 23 24 25 26
Line samples
Legend
—— Deformation Bands Sample Area
Connecting node frequency ma -2 2D-Intensity mA-1 N
0-0 Mlo-18
0-629 N 18-34
629 - 655 34-51
655 - 782 51-68
782 - 1258 68 - 88
[ 1258 - 1886 88-110
I 1886 - 2515 110 - 133
B 2515 - 3144 133 - 156
I 3144 - 3773 I 156 - 186
Il 3773 - 4402 I 186 - 236

Figure summarizing deformation band network SN-2, the location of the network is shown in Figure 4.3. A)
Digitized deformation band network of network SN-4. B) Connecting node frequency map. C) 2D-intensity
map, intensity variation within the network. D) Deformation band frequency plot, displaying the variation of
deformation bands across the network. E) Rose diagram showing the orientation of the deformation bands.
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Appendix IV: Workflow for photo-merging, and
NetworkGT
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Appendix IV: Workflow in Agisoft Metashape
Agisoft Metashape performs photogrammetric processing of digital images and generates 3D-
models to be used in GIS applications. A simplified workflow in Agisoft Metashape is shown

here, for a more detailed description, see: Agisoft Metashape User Manual - Professional

Edition, Version 1.5 (2020).
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Appendix IV: Workflow in Adobe Photoshop
Network consisting of fewer photos (ten or less) was stitched together in Adobe Photoshop.

This is more efficient (faster processing) and gives better results for small networks.

o] [

DSC_0716.JPG DSC_0717.JPG DSC_0718.JPG

DSC_0719.JPG DSC_0720.JPG DSC_0721.JPG
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Appendix IV: Workflow in NetworkGT

NetworkGT is an open-source toolbox for GIS applications for sampling, analyses, and spatial
mapping of geometrical and topological attributes of two-dimensional networks. The workflow
described here is used for extracting and plot geometric and topological information, including
plots of deformation band frequency, rose diagrams, topology and different contour maps of
topological parameters. For a more detailed description, see Nyberg et al. (2018) “NetworkGT:

A GIS tool for geometric and topological analysis of two-dimensional fracture networks”.

2D-intensity

AN

Digitize
Deformation Band
Network

v

Select Sampling
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Legend
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20 Intensity (mA-1)

Bl 0-0.08
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[Do21-03s
Moss-1n
Output data Output data
Spatial data, maps, Topological components,
graphs, tables.... maps, graphs, tables....
f B
- Digitize Select Sampling
Deformation Band ey
& Network 4 Va * N ( Polygon sampling allows
: two-dimensional areal sampling
- l ~ Polygon Sampling > ofa digitized deformaton band
h \& Y, network for analysis
Import Photo = =3
RO 7 * “One-dimensional line sampling |
\_ D, . , uses a linear polyline to sample
Line Samplmg deformation bands intersecting
the polyline J
(" Interpret ) . s ¥
deform.atlon bal'.lds by @ . 2\ [ Usesthe interpretation
L drawing polylines y Network' Grid boundary to define a square grid
Sampllng of polygons for quantitative
< analysis of topological and
d ) Repairs common geometric variation
ir Topol topological erros in the \_ throughout a network
Repa il digitalization of a deforma-
L ) tion band network
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[ Lne Samping J

Sample Area/
Network Grid

The node and branch tool
identifies and extracts the
different node (I, Y, and X) and

branch (I, I-C, and C-C)
- sample h polygon -

Topological measuresand
parameters can be
calculated with the topology
parameters tool using the node
and branch counts in combina-
tion with the branch lengths

Summary of workflow: The workflow used to extract geometric and topological information from the studied
deformation band networks. Grey indicates the work for digitizing the deformation band networks. Yellow
demonstrates the different techniques that can be used within NetworkGT. Green indicates the workflow for
the topological analysis of a deformation band network. Blue indicates the workflow for the geometrical
analysis of a deformation band network.
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