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Abstract 

 

Fault-Related Fracture Systems in the Cambrian Eriboll Formation, 

Northwest Scotland:  A Field and Petrographic Study of a Tight Gas 

Sandstone Analog 

 

  

Peter Gregory Hargrove, M.S. Geo Sci 

The University of Texas at Austin, 2010 

 

Supervisor:  Stephen E. Laubach 

 

Lower Cambrian Eriboll Formation sandstones of the Ardvreck Group that crop 

out in the Hebridean foreland west of the Paleozoic Moine Thrust Zone (MTZ) in the 

Northwest Highlands of Scotland contain five sets of opening-mode fractures with 

varying degrees of quartz deposits (cement) and topographically prominent but small 

displacement (mostly less than 10 m) northeast-striking faults.  The faults crosscut and in 

some places displace the MTZ.  I interpret these faults to post-date the MTZ and consider 

them to be late structures (kinematically unrelated to MTZ emplacement).  Sparse slip 

lineations on fault surfaces and offset patterns are evidence for strike-slip to oblique slip.  

Using geologic mapping I show that relative to their lateral and vertical extents, the faults 

display small amounts of offset (less than 5 to 10 m).  My research documented the 

patterns and petrology of fractures in a well exposed section of the foreland, documented 

for the first time fracture patterns adjacent to and within the post-MTZ fault zones, and 



 

ix 

proposes an account of how fault and fracture patterns developed and their probable 

effects on fluid flow.  Fractures are barren (joints), partially filled (quartz lined), or 

completely filled (veins).  Older fracture sets are typically completely filled, whereas 

younger sets may be lined with a thin veneer of quartz cement or are barren.  Listed in 

order from oldest to youngest fractures containing quartz strike north, NW to WNW, NE, 

west, and north (sets A through E respectively).  Previously proposed relative ages of the 

sets were confirmed using crosscutting relationships and preferred orientations of macro- 

and microfractures (Laubach and Diaz-Tushman, 2009). 

This study focuses on late northeast-striking fractures (set C) which I interpret to 

be related to the formation of the small-offset faults.  Many of the attributes of late 

fractures and faults in the Eriboll Formation resemble those found in core from highly 

quartz cemented sandstone natural gas reservoirs (“tight gas sandstones”).  I demonstrate 

that the well exposed fracture patterns I documented are good analogs for tight gas 

sandstones, by investigating fracture characteristics such as network configurations and 

connectivity, fracture intensity (abundance), fracture scaling, fracture length and spacing, 

and the degree of quartz cement deposits in fractures and cataclastic fault rock.  Many of 

the narrow macroscopic fractures and microfractures I documented using CL methods 

contain varying amounts of quartz deposits.  The excellent preservation of Eriboll 

outcrops is probably a manifestation of little or no fracture pore space preservation in 

many of the numerous fractures that are apparent in outcrop.  Set C fracture abundance is 

not distributed in a uniform envelope (or “halo”) around the late faults.  Using scanlines, 

I show that set C fracture distribution is heterogeneous and highly variable over short 

lateral distances (tens of centimeters to meters).   

I also investigate wing crack assemblages (secondary opening-mode fractures) 

that are locally associated with set C fractures.  The assemblages accommodate small 
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amounts of the distributed displacement (a few millimeters) adjacent to fault zones and 

are locally responsible for increased amounts of fracture connectivity by linking 

neighboring fractures.  Variations in fracture pattern complexity appears to be related to 

the presence (or absence) of wing crack assemblages.  Localized wing crack development 

on closely spaced, en echelon set C fractures also leads to precursory development of 

fragmented lozenges of highly deformed volumes of rock (damage zones) that resemble 

geometries similar to those seen in preserved Eriboll fault cores.  

Fault-related deformation in the Eriboll Formation is markedly different than that 

in the underlying Late Proterozoic Torridonian Applecross Formation (subarkose fluvial 

sandstone), which is characterized by simple halos fault-related fracture arrays 

surrounding the same late (post-MTZ) faults.  In addition to composition, the Eriboll and 

Applecross differ in mechanical layer thickness (centimeters versus > tens of meters), 

mechanical properties (high versus low brittleness), and greater propensity for fractures 

to be filled with quartz cement in Eriboll sandstones owing to quartz cement growth 

being impaired by the abundance of non-quartz substrate (feldspar and clay minerals) 

along fracture walls in the Applecross Formation.  Although the Eriboll sandstones are 

more highly fractured than the older Applecross sandstones, Eriboll fractures are more 

prone to be filled by quartz cement. 

In this thesis I also report previously unrecognized early (set A; pre-MTZ) minor 

normal faults, sandstone petrography and rock mechanical properties of selected Eriboll 

sandstone samples, and the influence of fractures on the glacial geomorphology of the 

area.  I also describe a previously unmapped igneous dyke.  I describe previously 

unrecognized vugs that are partly strata bound and partly localized along fractures.  The 

attributes of these vugs and a review of the literature suggests that these features could 

represent evidence of pre-glacial silici-karst in Eriboll quartzites. 
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CHAPTER 1: INTRODUCTION AND GEOLOGIC BACKGROUND 

1.1 Motivation for Research 

Fractures are the most common structure in the brittle upper crust (<15 km depth) 

developing on a wide range of scales under a number of tectonic conditions (National 

Research Council, 1996).  Consequently, fractures can greatly influence mechanical rock 

properties and may control subsurface permeability and upper crustal fluid flow.  

Because open fractures generally have more permeability than the surrounding country 

rock, subsurface fracture systems may dictate the storage and migration of hydrocarbons, 

water, discarded nuclear material, and contaminated fluid waste.  Variations in natural 

fracture system attributes therefore have multiple environmental and economic 

implications (Pollard and Aydin, 1988; National Research Council, 1996).  Fractures are 

important for governing natural gas deliverability to boreholes in low porosity, quartz-

cemented sandstones, so-called tight gas sandstones (Laubach, 2003). 

Fractures in the subsurface include faults and opening-mode fractures (generally 

termed joints or veins depending on the degree to which they are filled with mineral 

deposits).  Despite their geologic, environmental, and economic importance, there is a 

lack of basic understanding on how fracture systems form because their attributes (size, 

spacing, and porosity) are not well known and are hard to measure in the deep subsurface 

due to unavoidable sampling challenges (Narr, 1996; Ortega et al., 2006), and even less is 

known about how these attributes evolve through time.  Subsurface sampling challenges 

originate from fracture spacings that are often greater than 20 cm wellbore diameters, and 

steep dips (near vertical), both of which are common characteristics of opening-mode 

fractures in sedimentary rocks.  As a consequence of these common fracture system 
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attributes, the probability of intersecting nearly vertical fractures with a vertically drilled 

wellbore is low (Narr, 1996) (Figure 1.1).  Even if a wellbore were to intersect a few 

fractures of an even larger fracture population, critical attributes needed for 

comprehensive fracture characterization would still be lacking.  Such characteristics 

include orientation, number of fracture sets, fracture spacing and spacing patterns, length 

distribution, connectivity, and degree of cementation.   

Furthermore, the fracture literature is confusing because of inconsistent 

terminology.  For example, to some the term joint describes a completely barren fracture 

(does not contain mineral deposits/cements) (Jackson and Bates, 1997; Neuendorf et al., 

2005), while others either ignore the presence or absence of cement when using the term 

(Pollard and Aydin, 1988), admit that cement can be deposited after joint formation 

(post-kinematic) (Nelson, 1985), or reject the term as ambiguous where otherwise 

identical fractures vary in degree of cement fill (Hooker et al., 2009).  I use the term 

opening-mode fracture for populations that contain quartz-filled veins and quartz-lined 

fractures that resemble joints in that the presence of cement is not always apparent in the 

field.  A glossary of the terms I use throughout this thesis is presented in Appendix A. 

Refer to Appendix B for a review of the literature on opening-mode fracture genesis. 

This terminological ambiguity reflects the relative lack of focus in previous work 

on cement depositional processes that can occur in fractures.  Recent studies suggest that 

some of the challenges of determining how and when fractures form can be surmounted 

by investigating the morphology and distribution of cement deposits in fractures 

(Laubach et al., 2007; Olson et al., 2009).  For example, it has been postulated that 

differences in the rates of cement deposition might influence fracture size (length and 

aperture) distribution (Laubach and Ward, 2006; Hooker et al., 2009).  If relationships 

between fracture patterns and diagenesis exist, it might be possible to improve fracture  
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Figure 1.1.  Schematic diagram illustrating vertical wellbore interaction with 
 subsurface fracture networks and likelihood of intersecting near vertical
 fractures.  Adapted from Narr (1996).
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characterization (Laubach and Gale, 2006; Laubach et al., 2009) and prediction (Olson et 

al., 2009). 

Faults are discontinuities or an assemblage of discontinuities (fault zone) along 

which rock is permanently displaced (Brodie et al., 2002; Brosch and Kurz, 2008).  Faults 

can accommodate considerable deformation in the upper crust, where the majority of 

Earth materials typically exhibit an elastic-brittle response to stress (Cox and Scholz, 

1988).  Faults can be barriers to flow or can transport hydrocarbons, influence the 

migration of subsurface waters and brines, and localize mineral deposits (Caine et al., 

1996; Flodin and Aydin, 2004).  Previous research shows that a prevalent mechanism by 

which faults develop is by sliding along preexisting fractures coupled with the subsequent 

linkage by secondary fractures (for example wing cracks) (Pollard and Aydin, 1988; 

Martel, 1990; McGrath and Davison, 1995; Flodin and Aydin; 2004, Myers and Aydin, 

2004; Lacazette, 2009).  The formation of wing cracks indicates that there has been a 

rotation of the remote stress field from that which created the original, preexisting 

fractures (parent fractures).  A change in the stress field orientation promotes sliding 

along preexisting fractures and has the potential to drive fault zone evolution.  For further 

discussion of the relationships between fractures, faults, and the implications of wing 

cracks see Chapter 5. 

Diagenetic reactions in fault zones have received some attention over the past 

decade because cements, in addition to the juxtaposition of permeable and impermeable 

beds (Knipe, 1997) and the entrainment of impermeable materials such as shale in fault 

zones (Yielding et al., 1997), was appreciated to influence fault zone permeability 

(Chester et al., 1985; Antonollini and Aydin, 1994; Caine et al., 1996; Fisher and Knipe, 

1998; Eichhubl et al., 2009).  These studies have focused on rocks in the cataclastic fault 

cores. 
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In this thesis I test the premise that the deposition of quartz cement in faulted 

quartzose sandstone governs fracture porosity and permeability evolution in fractures 

adjacent to small-offset faults (less than 5 to 10 m) and in cataclastic fault cores (the 

region of a fault in which shearing, fragmentation, particle rotation, and grain size 

reduction is localized).  It would be surprising if fractures and faults that formed in the 

presence of reactive fluids (such as hot water) were not subjected to the same 

precipitation and dissolution phenomena that affected other pores in these rocks (Laubach 

et al., 2004; Laubach and Ward, 2006; Lander et al., 2008).  My results show that quartz 

cement deposits in fault zones have different effects on peripheral fault zones compared 

to fault cores, largely owing to differing efficacy of quartz deposits to fill narrow versus 

wide cavities (at a given temperature) (Lander et al., 2008).  My results, along with those 

of Ellis (2009) on the same faults, where they cut sandstones of differing composition, 

show how diagenesis under the same thermal conditions and fault offsets can produce 

greatly differing fault-related fracture patterns, owing to the sensitivity of quartz 

precipitation on the composition of substrate grains (as described for non-faulted related 

diagenesis by Lander and Walderhaug, 1999) and the degree of fracture fill to fracture 

size.  

Northwest Scotland, west of the Paleozoic Moine Thrust Zone (MTZ) contains 

well exposed arrays of opening-mode fractures and small faults.  My study focuses on the 

interrelationships of late (post-Moine Thrust Zone, based on crosscutting relationships) 

faults, fractures, and quartz cement deposits in the Ardvreck Group Cambrian Eriboll 

Formation, a highly indurated, quartz-cemented, quartzose sandstone (quartz arenite).  

The Eriboll has been the object of extensive stratigraphic investigations (Swett, 1965, 

1969; McKie, 1990).  Sedimentary depositional structures (i.e. crossbeds and wave ripple 

marks) are well preserved.  Although it is heavily fractured (Laubach and Diaz-Tushman, 
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2009) and contains a number of through-going (km-scale) faults (Wilson et al., 2010) and 

fracture zones (Goodenough et al., 2009) in the foreland west of the Moine Thrust Zone 

(MTZ) this unit is little deformed and has not received extensive structural study.  Eriboll 

beds are tilted to the east-southeast, folds are subtle and mostly absent and faults are rare 

in many areas (Knipe and Lloyd, 1994; Wibberley, 2005).   

1.1.1 LOCATION OF STUDY AREA 

My field area is located in the Wester Ross region of the Highlands, 

approximately 12 km southwest of the town of Ullapool, just east of the famous Munro 

An Teallach [NH 06500, 84000] (note: throughout this thesis I report geographic 

localities using the British National Grid Reference system, and OS Landplan 

topographic base maps produced by the Ordnance Survey) (Figure 1.2). Here, the Eriboll 

Formation is present in an ESE-dipping homocline in the Hebridean foreland west of the 

MTZ, and is exceptionally exposed across 1 m2 to > 1 km2 bedding-plane parallel 

outcrops (pavements) (Figure 1.3) (Peach et al., 1907; Mendum et al., 2009).  Multiple 

glacial advances and retreats in this region during the Pleistocene cleared away large 

swaths of post-Eriboll deposits and vegetation.  Glaciation has planed the landscape 

exposing large expanses of bedrock (average pavement size around 0.5 km2).  Bedding 

plane-parallel pavements allows for the plan view investigation of fracture networks 

along single bedding surfaces.   This quality of exposure is preferred for outcrop-based 

fracture studies and makes it possible to more accurately describe fracture network 

attributes including aperture and length (size), size distribution (scaling), arrangement 

and spacing (spatial scaling), porosity, and connectivity (linkage). 
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Figure 1.2.  Map of Scotland showing location of study area east of An Teallach in Wester
  Ross, Northwest Highlands.  Adapted from 1947 Scotland Administrative Map.
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Figure 1.3.  The Eriboll Sandstone is exceptionally exposed in the foreland west of 
 the MTZ.  Glaciation planed the landscape and removed large swaths of 
 vegetation, leaving huge bedding-plane parallel pavements that range in 
 size from  < 1 m2  to > 1 km2.  Such exposure greatly facilitates fracture research
 because it allows fracture networks to be investigated across great distances,
 along a single bedding surface.
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1.2 Objectives of Study 

Following the rich tradition of structural geology research in the Northwest 

Highlands of Scotland, my study aims to better understand the development and 

distribution of fault-related fracture assemblages and the progressive evolution of faults 

with small displacements (less than 5 to 10 m) in the context of diagenesis.  Specifically, 

this study focuses on northeast-striking, set C fractures identified by Diaz-Tushman 

(2007) and Laubach and Diaz-Tushman (2009).  This thesis investigates fracture 

characteristics such as fracture network configurations, degree of two-dimensional 

network connectivity, fracture intensity (abundance), fracture scaling, fracture length, 

fracture spacing, and degree of quartz cement deposits in fractures.  I also investigate 

wing crack assemblages that are locally associated with these late (set C) NE-striking 

fractures.  Wing cracks are secondary fractures that form in response to shear along a 

preexisting or parent fracture, as the result of a rotation in the original stress field.   By 

studying parent fracture-wing crack relationships, I attempt to better understand how the 

formation of wing cracks influences the distribution and development of premonitory 

damage in fracture zones (localized zones of high fracture intensity).  I also examine how 

wing cracks enhance linkage in Eriboll fracture zones and the role they play in the 

development and evolution of late faults.  I document these brittle structures using 

fracture trace mapping at the medium (m) to fine (cm to mm) outcrop scale.   

A number of late faults transect my field area (Figure 1.4).  The faults typically 

correspond to significant topographic features (fault-line escarpments, gullies, waterfalls, 

etc.), present as mappable, through-going, laterally continuous (across several km) 

structures at the 1:10 000 scale.  Relative to their lateral and vertical extents, the faults 

display nearly negligible offsets (less than 5 to 10 m).  Fault zone architecture and the  
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Figure 1.4.  Hill-shaded digital surface model with apparent illumination from the 
 northwest.  Note the east-northeast-trending lineations cutting the field area.  
 Some of the lineaments can be traced along trend for several hundered meters to 
 several kilometers.  Image produced by Intermap Technologies using NextMap 
 Britain elevation data; courtesy of the British Geological Survey.
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distribution of associated fault-related fracture zones are highly asymmetric and appear to 

be largely controlled by fracture linkage over a range of scales.  I illustrate this 

asymmetry using a number of representative outcrops in which isolated damage zone 

lenses (volumes of highly deformed or fractured rock) are juxtaposed with relatively 

undeformed or unfractured country rock (discussed in Chapter 3 and Chapter 6). 

I attempt to explain the phenomenon of damage zone evolution by examining 

sheared parent fracture networks and the resultant wing crack assemblages using 

centimeter to meter scale outcrop examples.  Parent fracture assemblage geometries 

influence the development of Eriboll fault zones and damage zones.  Using parent 

fracture configurations and wing crack orientations I show that slip along NE-ENE 

structures was left-lateral oblique (see Chapter 3).  Furthermore, I identified preferred 

parent fractures configurations (left-stepping and overlapping-subparallel) and associated 

wing crack assemblages that drive the formation of isolated damage zone lenses along 

small (cm scale) faults as a result of fracture zone linkage and coalescence (see Chapter 3 

and 6).  Left-lateral shearing of these preferred parent configurations produces inward 

propagating wing cracks, bound by the outermost parent in the assemblage (beyond 

which fractures do not propagate into the country rock).  This results in the juxtaposition 

of rhombic zones of high fracture density (damage zones) composed of mostly small 

(narrow and short) fractures and undisturbed (largely unfractured) country rock.  Wing 

crack assemblages accommodate some distributed displacement adjacent to fault zones 

and are responsible for localized fracture connectivity, porosity, and potential flow 

conduits along continuous and wide fault zones, despite the small displacements I 

documented along the late ENE faults.   

Both fracture zones and the associated fault cores contain quartz cement deposits. 

Textural evidence (crack-seal texture) shows that some of this quartz was deposited while 
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fractures were opening and during fault movement.  Quartz cement precipitation in 

diagenetic environments is sensitive to temperature history and the character of the 

sandstone substrate.  In these Eriboll examples quartz cementation governs the porosity 

evolution of opening-mode fractures and fault-rock cavities within cataclastic fault cores 

associated with small-displacement (less than 10 m offset) fault zones.   

To better constrain my fracture interpretation, I measured rock mechanical 

properties on selected Eriboll sandstone samples (specifically subcritical crack index) and 

described the sedimentary petrography of the samples (Chapter 4).  I also describe the 

effects of Pleistocene glaciation on fault zones and fractures (Chapter 6).  In addition to 

my main objectives and findings on fractures and faults, I report a new, previously 

unmapped igneous dyke and report the basic petrography and composition of the dyke 

rock (Chapter 3 and Appendix L).  I also found previously undescribed quartz lined 

cavities (vugs) within the Basal Quartzite Member.  I describe these features and 

speculate on their possible origin as silici-karst dissolution features (Chapter 5).  I list all 

the methods used during this project and where results are reported within this work in 

Table 1.1. 

1.3 The Geology of Northwest Scotland: A Regional Overview 

The Northwest Highlands of Scotland have long been regarded as one of the 

birthplaces of modern geology (Oldroyd, 1990; Trewin, 2002; Mendum et al., 2009).  

Workers in the Highlands include Sir Archibald Geikie who in 1884 coined the term 

thrust plane (Oldroyd, 1990).  Charles Lapworth was the first to introduce the term 

mylonite in a letter to Thomas Bonney in 1882 to describe the well laminated, fine-

grained rock he observed along what would later be termed the Moine Thrust Zone by 

Peach et al. (1907) (Smith and Clatworthy, 2007).  The diverse and complex geology of  
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Table 1.1.  Overview of the research I completed and where research is reported in 
 this thesis.

Fracture distribution and scaling data 3, 6 E

Fracture trace maps 3

Point count 4

Petrography 3, 4

Mechanical rock property analysis 4, 6

SEM imaging 3

Scanned CL imaaging (color and grey scale)

Fault rock petrology and clast size analysis 3

Fault zone architecture 3, 6 G

Description of glacial geomorphologic 
influences on bedrock 3, 6

Silici-karst 5 H

Igneous petrology: bulk rock analysis 3 L

Field area, outcrop, and fault descriptions 2 D

Aerial photo and digital terrane model 
interpretation 2, 3, 6

Description of research components
Chapter in

which research
is reported

Appendix in 
which data is 

reported
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this remote and relatively uninhabited expanse has seen countless expeditions, fueling 

significant geologic arguments that have helped shape the conventions of structural 

geology.  One such argument, “the Highlands Controversy,” was one of the last major 

geologic debates of the nineteenth-century and resulted in arguably the biggest geological 

contribution of the Highlands.  The Highland Controversy concluded in 1907 with the 

publication of The Northwest Highlands Memoir (Peach et al., 1907).  Building on the 

work of their contemporary Charles Lapworth (and others), Benjamin Peach, John Horne, 

and colleagues described the relationships between major thrust sheets and adjacent 

imbricate thrusts, providing the earliest complete description of a thrust belt.  This report 

ended the long standing debate over whether or not Moine rocks were in stratigraphic 

contact with the underlying Cambro-Ordovician succession, or if there had been a large 

amount of westward displacement along a fault zone (the MTZ), which thrust Moine 

metasediments and other rocks over the unmetamorphosed foreland sedimentary 

successions (Oldroyd, 1990; Krabbendam, 2004). 

Scotland can be divided into five geologic terranes; fault-bound blocks having 

geological histories that are separate and distinct from neighboring blocks.  Listed from 

north to south the terranes include the Hebridean terrane, Northern Highland terrane, 

Grampian Highland terrane, Midland Valley terrane, and Southern Uplands terrane 

(Trewin and Rollin, 2002; Macdonald and Fettes, 2007; Mendum et al., 2009).  The 

terranes are separated by significant faults and fault zones (hundreds of meters in length 

displaying comparable amounts of offset).  Listed in order beginning with the northern 

most structure these major boundaries include the Moine Thrust Zone, the Great Glen 

Fault, the Highland Boundary Fault, the Southern Upland Fault, and the Iapetus Suture 

(Figure 1.5).  The “Northwest Highlands” is defined as the region northwest of the Great 

Glen Fault and is composed of the Northern Highland and Hebridean terranes (Trewin, 
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Figure 1.5.  Simplified map showing the major geologic terranes of Scotland.  Terrane
 boundaries are defined by significant fault zones.  Adapted from Trewin and 
 Rollin (2002).
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 2002; Trewin and Rollin, 2002). 

The Northwest Highlands are composed of three distinct structural domains (from 

west to east): the Hebridean terrane, the Moine Thrust Zone, and metamorphic rocks of 

the Moine Super Group (Johnson and Parsons, 1979) (Figure1.6).  My study reports 

observations and information from outcrops in the Hebridean terrane.  The Hebridean 

terrane is composed of the part of northwest Scotland, west of the MTZ, which formed 

part of the stable foreland of the Caledonian Orogenic belt during the Paleozoic (Park et 

al., 2002).  The geology of the Hebridean terrane can be broadly summarized by Archean 

to Paleoproterozoic gneissose basement, Neoproterozoic fluvial clastics, and the Cambro-

Ordovician siliciclastic and carbonate successions. The Archean Lewisian Gneiss 

Complex forms the Hebridean basement and is unconformably overlain by the gently 

folded and slightly tilted (flat lying to ~16° ESE-dipping) Late Proterozoic Torridonian 

Sandstone.  The Cambro-Ordovician succession unconformably overlies the Torridonian, 

dips 10 to 20 ESE, and is bound by the ESE-dipping MTZ to the east (Park et al., 2002; 

Trewin and Rollin, 2002) (Figure 1.7).  The Late Proterozoic and Early Paleozoic 

sedimentary rocks are exposed throughout the Hebridean terrane along an outcrop belt 

stretching nearly 250 km from Loch Eriboll in the north, to the Ord window in the MTZ 

on the Isle of Skye in the south (Figure 1.8). 

1.3.1 STRATIGRAPHY OF THE HEBRIDEAN TERRANE 

1.3.1.1 The Lewisian Gneiss Complex 

The Lewisian Gneiss Complex originally formed part of the ancient Laurentian 

Shield (c. 3000 to 2700 Ma) and experienced prolonged episodes of repeated 

deformation, recrystallization, and accretion until approximately 1100 Ma (Johnstone and 

Mykura, 1989, Kinny et al., 2005).  The majority of the Lewisian Complex formed 

16



Figure 1.6.  Regional geology of the Northwest Highlands.  The Highlands can be 
 broadly defined by three main structural domains: the little deformed Hebridean 
 foreland, the Moine Thrust Zone (and subsidiary thrusts), and the Caledonian 
 metamorphic rocks of the Moine Supergroup.  Adapted from Solid Geology 
 Map UK North Sheet, British Geological Survey.
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Figure 1.8.  Cross section of the Hebridean foreland west of the Moine Thrust Zone 
 (MTZ).  In the foreland, the Eriboll is within a structurally simple homocline 
 dipping 5 to 20 degrees to the ESE; the foreland Cambrian succession exhibits 
 similar dips.  Adapted from Peach et al. (1907) Map of Assynt.
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during the late Archean (2900-2700 Ma) (Hambrey et al., 1991).  Lewisian exposures in 

the Hebridean foreland crop out along a narrow belt stretching from Cape Wrath in the 

north to the Isle of Skye.  In their 1907 memoir, Peach et al. were the first to provide a 

detailed description of the Lewisian Complex. 

The Lewisian Complex predominantly consists of granulite to upper amphibolite 

facies gneisses, with mafic to ultramafic dykes (Johnson et al. 1987; Park et al., 2002; 

Kinny et al., 2005).  Geochronologic analysis (Sm-Nd isotope dating, and U-Pb zircon 

dating) has revealed a complex deformational history for Lewisian Gneisses, allowing the 

Complex to be divided into six distinct terranes: Rhiconich, Assynt, Gruinard, Gairloch, 

Ialltaig, and Rona (Johnson et al., 1987; Kinny et al., 2005) (Figure 1.9).  Although not 

exposed in my field area, the Lewisian basement nearest to my field area is part of the 

Gruinard terrane. Gruinard terrane gneisses include granulite-facies and ex-granulite 

facies tonalite-trondhjemite-granodiorites with protolith ages of 2860 and 2825 Ma.  

Granulite-facies conditions in the Gruinard were reached approximately 2730 Ma.  

Gruinard rocks were subjected to granulite-facies conditions, followed by amphibolite-

facies between 2490-2400 Ma (Kinny et al., 2005). 

1.3.1.2 The Torridonian Sandstone 

Unconformably overlying the Lewisian basement is a thick sequence (> 6 km) of 

distinct reddish-brown, late Proterozoic fluvial clastics informally referred to as the 

“Torridonian Sandstone” (Hambrey et al., 1991).  The Torridonian Sandstone consists of 

three major stratigraphic units, listed chronologically: the Stoer Group, the Sleat Group, 

and Torridon Group.  Torridonian Sandstone in the area adjacent to the Eriboll outcrops I 

studied is part of the youngest subdivision, the Torridon Group, which can be further 

divided into the Diabaig, Applecross, Aultbea, and Cailleach Head Formations (Figure 

1.10).  The Torridon Group in the western half of my field area is part of the Applecross  
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Figure 1.9.  Simplified map of the Lewisian Gneiss Complex showing locations 
 of the six terrane components.  Adapted from Kinny et al., (2005).
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Figure 1.10.  Torridonian stratigraphy.  The late Proterozoic sequence of the Hebridean 
 Foreland Succession is composed of the Torridonian Sandstone.  The Torridonian 
 is differentiated into three distinct Groups: the Sleat, Stoer, and Torridon.  
 Separated by unconformities, these sediments record millions of years of 
 deposition and are collectively referred to as the ‘The Torridonian’.  
 Adapted from Stewart (2002).
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Formation, which dips gently to the ESE (16), but is otherwise undeformed.  Zircons in 

the Torridon Group retain their original signatures and geochemistry of clay mineral 

assemblages suggests that the Torridon Group is unmetamorphosed (Van de Kamp and 

Leake, 1997; Stewart, 2002; Trewin, 2002; Wilson et al., 2010). 

Of the four formations in the Torridon Group, only the Applecross Formation is 

exposed in my field area, and hereafter I refer to these rocks as the Torridonian Sandstone 

or simply the Torridonian.  Regionally the unit is greater than 2,500 meters thick and is 

composed of heavily cross-bedded, reddish-brown, arkosic braided river deposits 

occurring in beds 0.1 to 5.0 meters thick (Johnstone and Mykura, 1989; Krabbendam et 

al., 2008b).  On average Torridonian grain size is coarse to very coarse, with locally 

isolated siliceous pebbles and conglomerate lenses (Stewart, 2002).   

Torridon Group sediments were deposited throughout a river system in the middle 

of the Rodinian Supercontinent. There are several interpretations for the depositional 

history of the Torridon Group.  Stewart (1982), Soper et al. (1998), and Trewin (2002) 

originally interpreted Torridon sediments to have been deposited in a rift basin setting.  

Nicholson (1993) proposed deposition of Torridon sediments to have occurred in a 

thermal relaxation basin.  However, recent sedimentological and provenance based 

studies by Rainbird et al. (2001), Kinnaird et al. (2007), and Krabbendam et al. (2008b), 

suggest that Torridon sediments were deposited around 950 to 1000 Ma in a foreland 

basin parallel to the Grenville Orogenic belt which formed in response to continental 

block collision and the subsequent formation of Rodinia (Holdsworth et al., 2000).  

Torridon sediments were derived from a mountainous source associated with the 

Grenville Orogeny which composed the eastern margin of the present day Outer Hebrides 

(Rainbird et al., 2001; Kinnaird et al., 2007; and Krabbendam et al., 2008b). 
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1.3.1.3 The Cambrian Ardvreck Group 

The Lower Cambrian Ardvreck Group is composed of the Eriboll Formation and 

the An t-Sron Formation (Figure 1.11).  The highly indurated, snow-white quartzite of the 

Eriboll Formation is the earliest Cambrian unit in the Hebridean terrane.  The Eriboll is 

divided into the Basal Quartzite Member and the Pipe Rock Member.  Collectively, the 

Eriboll displays uniform depositional thickness between 150 and 225 m.  Swett (1969) 

measured section at three localities (Durness, Ullapool, and Skye), revealing that Eriboll 

thickness varies less than 60 m over 160 km (Figure 1.12).  He interpreted this uniformity 

to suggest that the Eriboll was either formed by tabular deposits (expected with gradual 

marine transgressions), or that the present-day Eriboll outcrops might parallel the 

strandline of a wedge-shaped deposit. 

The Basal Quartzite Member (formerly referred to as the ‘False-Bedded 

Member’) is a 75-125 m thick locally cross-bedded quartz-arenite.  The lower most 10 m 

contains tidally influenced stacked channel deposits (3-7 m thick) composed of cross-

bedded sandstones, laminated sandstones, and interbedded mudstones and sandstones.  

Locally, a basal conglomerate forms the lowermost 0.3 to 3.9 m of the Basal Quartzite. 

The conglomerate is composed of well-rounded quartzite, feldspar, and felsite pebbles set 

in a greenish to creamy-pink matrix (Johnstone and Mykura, 1989; Park et al., 2002).  

Moving upwards, the Basal Quartzite becomes dominated by laminated, cross-bedded, 

and compound-bedded sandstones, in sets 8 cm to 1 m in thick (Figure 1.13).  These 

lithofacies record a transition from upper into lower shoreface and tidal shelf depositional 

environments, and are consistent with a transgressive barrier island (Swett, 1969; 

Johnstone and Mykura, 1989; McKie, 1990; Park et al., 2002; Trewin and Rollin, 2002).   

The Pipe Rock Member, also a quartz-arenite, is approximately 75-100 m thick. 

The Pipe Rock is heavily bioturbated and contains an abundance of vertical Skolithos  
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Figure 1.11.  Stratigraphic column of the Lower Cambrian Ardvreck Group.  Adapted 
 from McKie, 1990.
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Figure 1.12.  Simplified map of Northwest 
 Scotland.  The Eriboll displays uniform 
 thickness along the length of the 
 Cambrian Outcrop belt.  Swett (1969) 
 measured section at three relatively 
 equadistant localities: Durness, Ullapool, 
 and Skye, showing that Eriboll thickness 
 varies approximately 60 m over 160 km 
 along strike.  Adapted from Swett (1969) 
 and McKie (1990).
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Figure 1.13.  Field photographs of sedimentary structures in the Eriboll Formation.  
 A) Crossbed sets in the  Basal Quartzite Member.  Photo taken above the angular 
 unconformity, north of Lochan na Bradhan, view to the south.  B) Crossbeds 
 exposed along the Corrie Hallie fault-line scarp.
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burrows and sedimentary structures are rarely preserved (Swett, 1969; McKie, 1990; Park 

et al., 2002).  On bedding planes, Skolithos burrows form concentric rings that commonly 

stand in relief to the surrounding country rock.  This evidence of burrowing organisms 

marks a lower shoreface depositional setting.  Although not nearly as abundant as 

Skolithos burrows, jellyfish trace fossils in the Pipe Rock Member is additional evidence 

of Early Cambrian life forms, and suggests the Eriboll Formation underwent periods of 

rapid deposition (personal correspondence with M. Garton, 2009) (Figure 1.14). 

The Eriboll Formation was deposited in a shallow marine environment and has a 

detrital composition of stable quartz grains and quartzite clasts.  Although the highly 

indurated Eriboll Formation was first classified as a quartzite by Peach et al. (1907), 

Eriboll Sandstones have not been subjected to a protracted or high temperature thermal 

history (required for the initiation of metamorphism, around 200˚ C).  Swett (1969) used 

petrographic observations (such as the lack of extensive textural evidence for chemical 

dissolution/grain interpenetration) to conclude that the primary temperature conditions 

experienced by the Eriboll Formation were those associated with diagenesis (less than 

200° C). This interpretation is consistent with other burial depth and thermal history 

evidence summarized by Laubach and Diaz-Tushman (2009).  The Eriboll Formation has 

been interpreted as a diagenetic quartzite, meaning it is a quartz-rich sandstone that has 

been extensively overprinted by quartz cement (Swett, 1969).  Further evidence of the 

thermal history of these sandstones comes from petrographic and field studies on the 

shales in the unconformably underlying Precambrian Torridonian Sandstone, in which 

metamorphic clay mineral assemblages are absent (Van de Kamp and Leake, 1997).   

Collectively, the basal Cambrian clastic succession records the Lower Paleozoic 

global transgression, representing barrier island to tidal shelf depositional environments 

(Swett, 1969; Matthews and Cowie, 1979; McKie, 1990; Cawood et al., 2007b). 
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Figure 1.14.  High-density, low-diversity Cambrian trace fossils in the Eriboll Formation.  
 A) Vertical  Skolithos and Monocraterion burrows form the “pipes” in the Pipe 
 Rock Member.  B) Fossilized jellyfish impression in the Pipe Rock along the Allt 
 Gleann Chaorachain stream pavement. National Grid Reference: NH 10899, 
 84279.
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Contemporaneous lateral correlatives to the Eriboll Formation are seen in the Cambrian 

clastic successions in Spitsbergen, eastern Greenland, western Newfoundland, and the 

Appalachians (Cawood et al., 2007b; Smith and Rasmussen, 2008).  The burial history of 

the Cambrian clastic succession is defined by progressive burial in the Early Paleozoic 

followed by rapid deep burial related to the Paleozoic emplacement of the MTZ, which in 

turn was followed by a period of exhumation.  Distribution of Devonian sediments 

suggests that this region was at positive relief throughout late Paleozoic and Mesozoic 

times, before experiencing an additional 2-3 km of uplift and erosion in the Tertiary 

(Hall, 1991; Thomson et al., 1999). 

The An-t-Sron Formation lies stratigraphically above the Eriboll and is divided 

into two distinct lithologic units: the lower Fucoid Beds and the upper Salterella Grit.  

An-t-Sron exposure is limited in my field area; however, the Fucoid Beds are exposed in 

the hills at the base of the MTZ, north of Càrn na Canaich (Figure 1.15).  The Fucoid 

Beds is a 12 to 27 m thick brownish deposit of mixed phosphatic carbonate-silicate fine 

grained sandstone and siltstone with argillaceous and siliceous interbeds.  Planar 

laminations and graded bedding indicates that the Fucoid Beds were deposited in a storm-

dominated tidal environment (McKie, 1990; Park et al., 2002; Cawood et al., 2007b).   

The Salterella Grit is a 5 to 20 m thick unit of coarse grained, white mature 

quartz-arenites with lesser gritty arkosic units. The lower Salterella Grit coarsens 

upwards and displays evidence of lateral sandbody migration across a muddy shelf, 

indicating that deposition occurred during a regressive episode.  The lower Salterella Grit 

coarsens upwards, while the uppermost portions are characterized by thin beds. The 

deposition of the An-t-Sron Formation records the continuing Paleozoic transgressive 

trend. Evidence for an overall continuing transgressive trend during the deposition of the 

An-t-Sron Formation is seen in the upward increase of mudstones in the Fucoid beds, and 
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Figure 1.15.  The Fucoid Beds of the An-t-Sròn Formation crop out in the hill just 
 below the Moine Sole Thrust, east of the Càrn na Canaich dipslope. View to 
 the northeast. National Grid Reference: NH 09692, 83000.
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Salterella Grit sandsheets (McKie, 1990; Trewin and Rollin, 2002; Cawood et al., 

2007b).  These siliciclastic units are overlain by Durness Group carbonate rocks.  In my 

field area the highest units found are Fucoid Beds and (possibly) Salterella Grit, but in the 

area I mapped neither of these units are well exposed.  My study focused on the Eriboll 

Formation. 

1.3.2 THE MOINE THRUST ZONE 

  The Moine Thrust Zone marks the eastern boundary of the Hebridean terrane 

and the NW margin of the Caledonian orogenic belt (c. 430-400 Ma).  Formed by the 

collision of Baltica and Laurentia, the MTZ is a classic example of a thin-skinned, 

foreland propagating thrust zone (Elliot and Johnson, 1980; Coward, 1982; Hernaiz, 

1990; Krabbendam and Leslie, 2004; Butler, 2004, 2007; Holdsworth et al., 2007). The 

MTZ structurally overlies the largely undeformed Hebridean foreland and is exposed 

along a narrow band from Loch Eriboll to the Isle of Skye (see Figures 1.5, 1.6, and 1.7). 

Tilting of the MTZ resulted in a regional 10 to 15 degree ESE dip of the Eriboll 

Formation (and the other Hebridean foreland units), which is consistent along the length 

of the MTZ.  Tilting may be the result of Mesozoic crustal extension or shortening, or an 

isostatic response to the emplacement weight of overlying thrust sheets (Johnstone and 

Mykura 1989; Hernaiz, 1990).   

The MTZ is composed of several major low-angle thrust planes, steeper imbricate 

thrusts, and thrust-bound nappes, all of which are associated with low-grade 

metamorphism and folding.  Because the MTZ is a foreland propagating thrust zone, the 

Moine Sole Thrust, the last thrust to begin moving, is the structurally lowest and 

westernmost exposed thrust sequence of the MTZ.  It is composed of an imbricated series 

of Cambro-Ordovician sedimentary rocks and forms the hills directly to the east-

southeast of my field area (Figure 1.16).  I also observed Archean basement and 
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Torridonian Applecross Formation sandstones within the Sole Thrust adjacent to my field 

area (Figure 1.17).  Other significant structures within the MTZ include the “zone of 

complication,” in the terms of Peach et al. (1907) (the zone directly beneath the MTZ and 

is composed of a number of stacked thrust-bound nappes and thrust faults), the Arnaboll 

Nappe, the Glencoul Nappe, the Ben More Nappe, the Kinlochewe- Kishorn Nappe, the 

Tarskavaig Nappe, and the Moine Nappe (McClay and Coward 1981; Johnstone and 

Mykura, 1989).  Rb-Sr dating of recrystallized micas in Moine mylonites near 

Dundonnell, a few kilometers to the north of my field area (Figure 1.18), suggests thrust 

emplacement in this area occurred around 437-408 Ma (Freeman et al., 1998). The major 

structures of the MTZ are briefly described in APPENDIX I. 

1.3.3 TECTONOSTRATIGRAPHY OF THE MOINE SUPERGROUP  

The Moine Succession comprises Caledonian (Ordovician to Early Devonian) 

metamorphic rocks of the Northern Highland terrane, stretching from the Moine Thrust 

front in the west, to the Great Glen Fault in the east.  The geology of these rocks, which 

lie outside of my field area, is briefly reviewed in Appendix J. 

1.4 Regional Geologic and Tectonic Setting 

The rocks of the Northwest Highlands record an extensive tectonic history. 

During Neoproterozoic to Paleozoic times, present day NW Scotland, Greenland, and 

North America formed Laurentia, the foundational landmass of Rodinia (Figure 1.19).  

The breakup of the Rodinian supercontinent can be defined by two main stages occurring 

around 750 Ma and 600 Ma.  The initial exterior break up of Rodinia commenced with 

the Laurentian breakout in the Late Neoproterozoic (c. 750-725 Ma) when East 

Gondwana (present day Australia and Antarctica) began to rift off of the western 

Laurentian Margin (Torsvik et al., 1996; Hartz and Torsvik, 2002; Cawood et al., 2007a,  
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Figure 1.17.  Field photographs of veins  in the Torridonian Applecross Formation 
 exposed in the Moine Sole Thrust, south of Càrn na Canaich.  Field notebook 
 shown is 15 cm long.  National Grid Reference: NH 09550, 82300.
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Figure 1.19.  Reconstruction of the Rodinia supercontinent around 750 Ma.
 The initial breakup of Rodinia was caused by rifting along the east
 Laurentian margin, shown by cross hatches.  Further rifting between 
 Laurentia and Baltica, shown in red, lead to the opening of the Iapetus 
 Ocean and the final breakup of Rodinia around 600-550 Ma.  Adapted
 from Torsvik et al. (1996).
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Figure 1.18.  Location of Freeman et al. (1998) study relative to the location of this 
 project. A) Map from Freeman et al. (1998).  B) 1: 250 000 Ordnance Survey 
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2007b).  Around 600-550 Ma, asymmetric rifting and clockwise rotation (up to 180 

degrees) between Laurentia and Baltica (present day Scandinavia) opened the Iapetus 

Ocean, consequently leading to the final break up of Rodinia (Figure 1.20) (Torsvik et al., 

1996; Van Staal et al., 1998; Smith and Rasmussen, 2008).  The final break led to the 

accumulation of siliciclastic sequences along the eastern Laurentian margin, in a shallow 

marine environment on the western margin of the Iapetus Ocean (Cawood et al., 2007a, 

2007b; Smith and Rasmussen, 2008).  Deposition along this widening Iapetus tidal shelf 

would have been influenced by post-rifting thermal subsidence and any rise in global sea 

level (Matthews and Cowie, 1979; McKie, 1990).  Paleomagnetic-based plate 

reconstructions suggest the shelf separating Laurentia from Avalonia and Baltica reached 

its maximum width in the early Ordovician, approximately 5000 km and 3000 km 

respectively (Torsvik et al., 1996).  The Iapetus Ocean began to close in the late 

Ordovician with the initiation of oblique collision between Laurentia and Balonia 

(Baltica and Avalonia land masses) (Figure 1.21).  The collision between Laurentia and 

Balonia was manifested in NW Scotland by the initiation of the Caledonian Orogeny and 

the creation of the MTZ.  The MTZ, the youngest, westernmost, Scandian thrust system 

exposed on mainland Scotland, was emplaced around 435 to 430 Ma and remained active 

until the late Silurian.  The Iapetus Ocean had been eliminated by the Early to Mid-

Devonian (c. 405 Ma).  Uplift associated with the closure made Scotland a tectonically 

elevated region (Trewin and Thirlwall, 2002; Boulton et al., 2002). 

During the Early Devonian, Scotland formed part of the Laurussian 

supercontinent, a constituent landmass of the Pangaea megacontinent (Trewin and Rollin, 

2002).  Episodic magmatism began in the Devonian and continued until the Mid-Permian 

(Glennie, 2002).  The Carboniferous history of Scotland is marked by several stress field 

changes that are most likely the result of crustal block interactions and continental-scale 
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Figure 1.20.  The separation of Laurentia from Baltica.  Plate reconstruction showing 
 the positionsof Laurentia, Balitica, and Amazonia around 600 Ma, immediately 
 before the opening of the Iapetus Ocean.  Adapted from Cawood et al., (2007).
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Figure 1.21.  Global tectonic reconstruction showing the evolution of the Iapetus 
 Ocean.  Closure of the Iapetus Ocean lead to the overall left-lateral oblique 
 collision between Baltica and Laurentia, and the subsequent formation of the 
 Caledonian Orogeny. Highlighted in red are Avalonia (Av) and the portion of 
 Laurentia that form the present day United Kingom.  Adapted from Van Stall 
 et al. (1998).
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tectonism (Rippon et al., 1996; Read et al., 2002).  Basin and rift systems established 

during the Permo-Triassic and remained active throughout the Jurassic.  Permo-Triassic 

deposition largely occurred in offshore basins and locally crop out onshore in fault-bound 

exposures (Steel and Wilson, 1975).  Scotland’s Jurassic basins were dominated by 

regional extension driven largely by rifting in the North Sea and precursory stretching 

that would later lead to the opening of the Atlantic Ocean (Glennie, 2002; Hudson and 

Trewin, 2002). 

The Cretaceous history of Scotland can be characterized by an overall reduction 

in regional extension and the transition from a moderately active tectonic setting to 

passive subsidence (Sinclair et al., 1994; Hancock and Rawson, 1992; Harker, 2002).  

During the Cenozoic, Scotland experienced significant uplift, uplift-related tilting, and 

erosion in the west and relative structural down-warping in the east.  Protracted Cenozoic 

uplift affected Tertiary sedimentation and therefore Tertiary sediments on mainland 

Scotland are uncommon and are generally limited to offshore basins.  Lavas and 

pyroclastic deposits are the most abundant Tertiary onshore deposits.  Tertiary igneous 

rocks in Scotland are part of the North Atlantic Igneous Province which formed in 

response to the rise of the North Atlantic mantle plume during the Paleocene (Boulton et 

al., 2002; Knox, 2002).  The opening of the Atlantic Ocean (c. 55 Ma) was followed by 

the extrusion of flood basalts in the Hebridean region, regional thermal uplift in the west, 

and subsidence in the east (North Sea) (Boulton et al., 2002). 

Pleistocene glaciation strongly influenced and shaped the present day Scottish 

landscape (Boulton et al., 2002).  Repeated advances and retreats progressively carved 

out numerous sea lochs and valleys, one of which is in the center of my field area (Coir’ 

a’ Ghiubhsachain, see Figures 1.16 and D1).  Evidence of glaciation is well preserved in 

Eriboll outcrops, present as glacial striations and chatter marks (Figure 1.22).  One of the  
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Figure 1.10.  Torridonian stratigraphy.  The late Proterozoic sequence of the Hebridean 
 Foreland Succession is composed of the Torridonian Sandstone.  The Torridonian 
 is differentiated into three distinct Groups: the Sleat, Stoer, and Torridon.  
 Separated by unconformities, these sediments record millions of years of 
 deposition and are collectively referred to as the ‘The Torridonian’.  
 Adapted from Stewart (2002).
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most obvious products of glaciation in the Highlands is the superbly exposed outcrops on 

which my project was conducted.  Pleistocene glaciation and subsequent erosion 

throughout the Quaternary also significantly influences the expression of the late faults 

and fracture zones throughout my field area.  Glacial plucking and subsequent 

entrainment resulted in the significant topographic signatures seen along the late faults: 

steep fault-line scarps, gullies, troughs and complete removal of outcrop (north side of 

the Corrie Hallie fault) (Figure 1.23).  I discuss the influence of Pleistocene glaciation 

and provide a justification of the glacial exaggeration of the late structures in my field 

area in Chapter 6. 

1.5 Regional Fault Context  

The Northwest Highlands of Scotland is a good locality for fault-related studies. 

Roberts and Holdsworth (1999) show that Northwest Scotland is cut by numerous faults 

that have various strikes (orientations).  Both onshore and offshore faults in this region 

are present over a range of scales, representing various ages and structural styles.  

Examples of the largest of these faults include the Great Glen Fault, the Highland 

Boundary Fault, the Loch Maree Fault, and the Moine Thrust Zone (see Figure 1.5).  

Where exposed, the unconformities between the Lewisian Gneiss, Torridonian 

Sandstone, and Eriboll Formation allow for the determination of fault displacement and 

relative timing, although the widespread absence of post Paleozoic or post Devonian 

cover rocks in the Highlands makes determining absolute fault timing difficult.  The 

unconformity between the Torridonian Applecross Formation and the Eriboll Formation 

is exposed east of An Teallach, and shows small amounts of apparent displacements (less 

than 5 to 10 m) where late faults cut both units (see Chapter 3).  Furthermore, the bedding 

plane-parallel exposures assist in the investigation of fault-related fracture systems by 
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Figure 1.23.  Field photos of fault-related topographic features in the Eriboll.  Site
 preferential erosion of ENE-striking late fault and fracture zones has lead to the 
 formation of various topographic features: A) The Allt Gleann Chaorachain 
 waterfall [NH 10984, 84484], view WSW along strike of the Corrie Hallie fault.  
 B) Eroded highly fractured fault zones produce sharp-sided trenches.  C) Fault-
 related trench on the Gleann Chaorachain Dipslope [NH 10407, 84000], view 
 to the east, down dip.
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providing extensive two-dimensional map views and limited three-dimensional views of 

fracture traces, from which implications pertaining to fault zone development and 

propagation processes can be drawn. 

A number of unnamed, small faults were mapped in the region by Peach et al. 

(1907) at the 1: 10 000 scale.  The faults have since been compiled on larger 1:63 560 

(Inverbroom, 1969; Assynt District, 1965) and 1:250 000 scale maps (Great Glen and  

Sutherland).  Peach et al. (1907) documented two main fault sets (northeast- and 

northwest-trending) that crosscut, and in some places displace the MTZ.  These faults are 

therefore interpreted to post-date the emplacement of the MTZ and are termed late.  The 

late faults display lengths ranging between 300 m to 30 km, although many have inferred 

fault trace segments through areas of poor exposure (traces based on topographic 

lineaments).  The published maps typically lack indications of the amount and sense of 

slip along the faults.  Northeast-striking faults are the most common of the late-

Caledonian fault sets.  Watson (1984) reported that relative to the Caledonian granites, 

the distribution of north-east striking sinistral (left-lateral) faults suggests they initiated as 

deep-seated crustal fractures during continental scale collision associated with the closure 

of the Iapetus Ocean.  Furthermore, he proposed that northwest-striking faults are 

probably in part related to small-scale pre-Caledonian adjustment of the Lewisian 

basement. 

In addition to the regional study by Roberts and Holdsworth (1999), Laubach and 

Marshak (1987) described the late faults exposed in Lewisian rocks near Durness, 

interpreting some of these NE and NW-striking faults to have been coeval. Wilson et al. 

(2010) recently described fault patterns along the north coast of the NW Highlands and in 

the adjacent offshore.  Lloyd and Knipe (1992) and Knipe and Lloyd (1994) described 

small faults near Assynt and outlined the deformation mechanisms that accommodate 
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fracturing and faulting in quartzite.  I briefly review these mechanisms in Appendix F.  

Ellis (2009) described the same late faults that I mapped where they cut the underlying 

Torridonian Applecross Formation adjacent to the Eriboll outcrops I studied. 

1.6 Previous Fracture Studies 

The Eriboll Formation contains opening-mode fractures and faults, which are 

differentiated based on relative displacement.  Opening-mode fractures accommodate 

displacement normal to the fracture walls, whereas faults display a component of fracture 

wall-parallel displacement (Pollard and Segall, 1987; Pollard and Aydin, 1988).  In 

homogeneous layered rocks like the Eriboll Formation, opening-mode fractures are 

predicted to propagate perpendicular to the least compressive principal stress (SHmin),

a plane with zero shear stress (Lawn and Wilshaw, 1975). Five genetically distinct sets 

of opening-mode fractures have been documented in the Eriboll Formation (Diaz-

Tushman, 2007; Laubach and Diaz-Tushman, 2009).  Listed in order of relative ages 

from oldest to youngest, fracture sets strike: north, northwest to west-northwest, 

northeast, west, and north (designated sets A-E respectively) (Figure 1.24).  As context 

for my work which focuses on one of these sets (set C), descriptions of all fracture sets 

are reported in Appendix C.  Fracture sets and faults in adjacent exposures of the Late 

Proterozoic Torridonian Applecross Formation have recently been reported by Ellis 

(2009).  I compare my observations to those made by Ellis (2009) in Chapter 6. 

Fractures in the Eriboll are barren (joints), partially quartz-filled, or completely 

filled (veins).  Older fracture sets typically are completely filled, while younger sets may 

be lined with a thin veneer of quartz cement or are barren.  The opening-mode fractures 

are planar with well-defined, smooth walls; however, at a fine scale (mm) fracture walls 

may display localized, low-amplitude sinuosity (Figure 1.25).   Fracture walls typically 
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remain nearly parallel along much of the fracture trace (length), except for where they 

taper and meet at a fracture tip.  Fractures dip steeply (70 to 90 degrees) and some 

systematically align normal to bedding.  The fractures generally have high aspect ratios 

(long and thin); small apertures (opening displacement, the smallest fractures accurately 

measured in outcrop using a hand lens are 0.075 mm wide) relative to fracture length and 

height (they are long and thin) (Diaz-Tushman, 2007; Laubach and Diaz-Tushman, 

2009). 

Eriboll fracture sets were identified using crosscutting relationships and preferred 

strikes of macro- (visible to the unaided eye) and microfractures (only visible under 

magnification).  Relative ages between fracture sets can be determined from crosscutting 

and abutting relationships, i.e. younger fractures cut across or terminate against 

preexisting, older fractures (Hancock, 1985; Laubach and Diaz-Tushman, 2009).  For 

example, if fracture X is crosscut by fracture Y, or if Y terminates against X, we know 

that X must predate Y.  If fractures of two orientations show mutual crosscutting and 

abutting relationships then the fractures formed synchronously. 

Crosscutting relations occur when remote normal stress closes preexisting fractures or the 

fractures are filled with cement, essentially eliminating the mechanical discontinuities, 

allowing younger fractures to propagate across the older fractures.  In quartz-rich rock 

like the Eriboll sandstones, crosscutting relations may be facilitated by cementation.  At 

temperatures above about 80°C rapid precipitation from silica-rich diagenetic fluids 

readily seals open fractures (Laubach, 2003; Lander et al., 2008), allowing the fracture to 

be crossed by subsequent fractures (Hancock, 1985; Lloyd and Knipe, 1992; Cook et al., 

2006; Laubach and Diaz-Tushman, 2009).  Although the cement itself does not 

necessarily diminish local stress field perturbations that would otherwise influence 
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propagation of younger fractures, such perturbations would be expected to diminish with 

time as a result of creep or changing loading conditions. 

Laubach and Diaz-Tushman (2009) and my results (see Chapter 3) show that the 

Eriboll is a good outcrop analog to tight-gas sandstones because it displays fracture 

petrology and patterns that are similar to those in subsurface fracture systems.  Tight-gas 

sandstones are a category of low porosity hydrocarbon reservoir where small faults and 

fractures have been inferred to influence both water and hydrocarbon production 

(Laubach, 1989; Lorenz and Finley, 1991; Laubach et al., 1995; Lorenz, 2003; Cumella 

and Ostby, 2003; Cumella and Scheevel, 2008).  Evidence that these fractures are like 

those in tight-gas sandstones is based on quartz cement deposits and structures that 

closely resemble those seen in core (e.g. quartz bridges and crack seal texture) (Figure 

1.26) (Laubach et al., 2004; Laubach and Diaz-Tushman, 2009; Becker et al., 2010).  

Therefore, Eriboll outcrops provide the opportunity to investigate fracture and fault 

characteristics, at a reservoir-scale (tens of meters to kilometers), that are otherwise 

difficult-to-sample and thus readily missed in core-based subsurface studies. 
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Figure 1.25.  In outcrop, opening-mode fractures appear to be planar with smooth, 
 well-defined walls.  At a fine scale (mm) fracture walls locally display low-
 amplitude sinuosity.

Figure 1.26.  The Eriboll Formation contains structures that closely resemble
 those seen in core from the subsurface.  This color CL image shows quartz 
 bridges and fractures with crack seal texture.

Crack
Seal

Porosity

Quartz
Bridge
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CHAPTER 2: METHODOLOGY 

The methods used in this study include  outcrop geological mapping, collection of 

an inventory of fracture and fault zone occurrence using m easurements on aerial 

photographs and digital terrain models, low-level kite photographs of outcrops, and along 

lines of observation across outcr ops (scanlines ).  Surv eyed attribu tes for the fractures 

arranged in hierarchical assem blages, ranging from simple to com plex, include f racture 

type, intensity (num ber of fractures per m eter), spatial distribution (scaling), patterns 

(assemblage geometries), fracture orientati on, amount of apparent displacem ent, degree 

of cement deposits in fractures , and mechanical rock properties (subcritical crack index).  

In add ition to f ield-based outc rop f racture in vestigations, I also exam ine m icrofracture 

characteristics and fault rock m icrostructures using conventional petrographic techniques 

and scanning electron m icroscopy based cathodoluminescence (SEM-CL) m icroscopy.  

Figure 2.1 shows the resolution to w hich I was able to analyze fract ures, over a range of 

scales from macrofracture to microfracture.  

2.1 Field Procedures 

2.1.1 FIELD AREA DESCRIPTION 

My field area, east of An Tea llach, covers approxim ately 12 km 2, of which the 

Eriboll Formation makes up approxim ately 5 km 2 and is exposed along a 5 km  long by 

0.5 to 1 km  wide outcrop belt.  The field is defined by coordinates (listed eastings then 

northings) NH 08000-NH 12000, 85700 – 82200 (see Figu re D1).  Magnetic declination 

for the region was 5° 0’ W (in 2008).  The Eriboll outcrop belt is exposed along dipslopes 

80 to 100 m  above Coir’ a’ Ghiubhsachain, a U-shaped glacial valley and centra l 

reference point of the field area, and is bound to the east by the Moine Sole Thrust.  The 
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Figure 2.1.  This study examines fractures over a range of scales.  Macrofracture
 attributes were measured in outcrop exposures (A) and micro-structures 
 were imaged using transmitted light microscopy (B) and SEM-
 Cathodoluminescence (C).
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remainder of the field area is com posed of Torridonian Applecross Formation exposures, 

glacial moraines, Quaternary alluvium, and p eat bogs (Figure 2.2).  In order to establish 

consistent field m apping, sampling, and data collection conventions, I divided the field 

area into six sectors each of which contains  at least one late ENE fa ult (Figure 2.3).  

Refer to Appendix D for a description of the field sectors.   

2.1.2 SAMPLE SUITE COLLECTION 

Twenty-three oriented samples were collected throughout the fi eld area, from the 

Corrie Hallie dipslope in the north to the Bradhan Gap in the south (Figure 2.4). Sampled 

Eriboll exposures include irregular fault co re lozenges and ribs, bedding plane-parallel 

pavements, and outcrops naturally exposed in  cross section.  Sa mple locations were 

systematically se lected in and a round la te EN E f ault zone s, such that the sam ple s uite 

contains fault core as w ell as country rock.  Fourteen sam ples were collected during the 

2008-2009 field seasons.   The re mainder of the suite includes samples collected by S. E. 

Laubach during a 2004 field rec onnaissance excursion. Sam ples were labeled, oriented, 

and photographed in situ before collection.  The sample suite is reported in Appendix K. 

2.1.3 FIELD MAPPING TECHNIQUES  

I used conventional outcrop geologic m apping techniques at the 1:5000 scale to 

document a nd illustrate the sm all amount of of fset present along the late ENE faults.   

Although the contact between the Torridonian  Sandstone and Eriboll Form ation is 

superbly exposed throughout m ost of the Coir’ a’ Ghiubhsachain valley, the contact 

becomes concealed  near late NE faults  (p robably owing to preferen tial erosion  o f the 

fault zone). Building upon Peach et al., ( 1907) and BGS Ross and Cromarty 34 FS-35FS 

geologic maps, I re-m apped the Torridonian-Eri boll contact focusing specifically in and 

around late NE-striking fault zones.  Because exposure is poor locally, outcrop patch  
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Figure 2.2.  Aerial photograph rendered to highlight outcrop exposures.  The Eriboll 
 outcrop belt is highlighted in blue, the underlying Proterozoic Applecross 
 Formation is highlighted in pink, and grey (un-highlighted) is vegetation and
 peat bogs.  The Eriboll also forms the scree field tops of Glas Mheall Mòr and 
 Glas Mheall Liath to the west.
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Figure 2.3.  Field Sector map.  I divided the field area into six sectors based on 
 topography and ENE-striking late fault and fracture zones.  Sector designations are 
 derived from local names of nearby topographic features (i.e. lochs, streams, 
 valleys, and hills).  Base map: OS Landplan produced by the Ordnance Survey.  
 See Appendix M for phonetic pronunciations.
  

CHD
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CnC
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AGC

LB

CnC
north

CnC
South

Sector ID:
CHD:  Corrie Hallie Dipslope  CnC:  Càrn na Canaich Dipslope
GCD:  leann Chaorachain Dipslope  LB:  Lochan na Bradhan
AGC:  Allt Gleann Chaorachain  BG:  Bradhan Gap 
     

BG

LB
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Figure 2.4.  Eriboll sample map.  The sample suite is composed of 23 samples, including 
 fault breccia (fault core) and undeformed country rock.  Numbers correspond to
 sample number reported in the Eriboll Sample Catalog (Appendix K).  Base map: 
 OS Landplan produced by the Ordnance Survey.   

Locations of samples collected by Laubach 
during 2004 �eld excursion.

Locations of samples collected during 
2008-2009 �eld seasons.   
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mapping was conducted to constrain the small amount of displacement that has occurred 

along the faults (see Chapter 3).  For some linear zones containing fault rock, 

displacement is too small to resolve at the map scale I used and in some cases is not 

apparent even in fully exposed cliff face cross sections of the Eriboll Formation.  Slip 

indicators and fault rocks confirm these features are faults.  In cross sections normal to 

fault strike both small displacement and oblique slip make fault offsets hard to detect.  

A systematic survey of the Eriboll outcrop was conducted to identify isolated 

exposures of fault rock.  The location and orientation of these outcrops were used to 

confirm the position of previously mapped faults as well as to identify additional 

unmapped faults (Figure 2.5).  Eriboll fault rock exposures are highly variable in size and 

shape.  Because fault zones are associated with a high concentration of connected 

fractures (> 10 fractures per meter), glacial and other erosional processes preferentially 

erode these zones.  In many locations in the field area, the fault cores are eroded out and 

blanketed by peat; for example, the Corrie Hallie Fault.  Although mapped as a km-scale 

continuous lineament, the fault trace is a peat-filled topographic depression with no 

evidence of fault breccia or slip lineations.  Nevertheless, some indurated fault rock 

exposures are preserved within several other late ENE subsidiary faults throughout the 

field area.  Some small faults are well exposed and are evidently more resistant to 

erosion, owing to a high degree of quartz cement.  Identified Eriboll fault rock exposures 

include a spectrum of sizes from large (>5 m long by several meters wide) ribs of fault 

rock to small (<1 m2) lozenge shaped outcrops (Figure 2.6). 

2.1.4 FRACTURE DATA COLLECTION 

In sedimentary rocks, fracture spacing and ultimately fracture intensity 

(abundance) is strongly dependent upon bed thickness and lithologic variations (e.g. rock 

type, porosity, and cement) (Narr, 1982; Nelson, 1985; Hancock, 1985; Laubach et al.,  
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Figure 2.5.  Map of Eriboll fault rock exposures.  Isolated cataclastic fault cores are 
 present over a range of scales throughout the field area and are typically highly 
 indurated (well cemented) and resistant to erosion, weathering in positive relief.  
 The numbers correspond to orientation of fault rock exposures.  Red- measured 
 slip lineations.  Base map: OS Landplan produced by the Ordnance Survey.   
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Bradhan Gap [NH 09192, 81968]

Figure 2.6.  Field photos showing examples of preserved fault core exposures. Fault 
 rock exposures are present throughout my field area over a wide range of scales 
 from meter scale ribs to small centimeter scale lozenges.  The exposures were 
 typically aligned with the orientation of late fault zones (east-northeast).

CHD [NH 10875, 85000]

W-CNC [NH 09363, 82701] CHD [NH 10750, 85125]
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2009).  In the case of strongly heterogeneous rocks with variable bed thicknesses, 

scanline-based fracture studies can be mired by erroneous spacing results; meaning 

fracture intensity measured in one bed of a given thickness may drastically differ from 

the fracture intensity recorded in another bed of dissimilar thickness.  Therefore 

comparing the data can lead to inaccurate characterization of the fracture population.  

However, with this said, the Eriboll Formation is a nearly pure quartz-arenite with 

consistent bed thickness (1.5 to 7.0 m) (Figure 2.7).  Cross sectional inspection of 

fractures exposed in vertical Eriboll outcrops reveals that the abundance of approximately 

bed-normal fractures does not vary markedly with these sedimentologically defined beds 

(Figure 2.8).  Furthermore, the exceptional exposure in this region allows scanlines to be 

taken along a single bedding surface.  Observations of fracture occurrence in the same 

beds (having constant composition and bed thickness), shows that variations in fracture 

occurrence is not primarily (or perhaps even markedly) influenced by bed thickness.  

Both subdivisions of the Eriboll Formation are thick quartzarenites with negligible shaley 

interbeds, so vertical terminations (arrest) of fractures at sandstone bed boundaries are 

not prominent.  From a distance, the Eriboll presents the appearance of closely spaced 

(less than 1 meter) fractures in a thick (ca. 200 m) interval of sandstone.  Closer 

investigation shows that qualitatively fracture spacing is markedly closer in the Eriboll 

than in the adjacent, and much older, Torridonian (Applecross) sandstones. 

2.1.4.1 Scanline Procedures  

Fracture studies are often impeded by the intrinsic biases associated with 

sampling fracture populations (Marrett, 1996; Ortega and Marrett, 2000).  The resolution 

to which fractures can be seen and accurately measured in outcrop (trace length or 

kinematic aperture threshold size) greatly influences the accuracy to which, for example, 

fracture tips can be identified thereby affecting the confidence of fracture length 
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Figure 2.7.  Stratigraphic logs showing bed thicknesses in the Eriboll Formation. 
 A) The Basal Quartzite Member is composed of cross-bedded , horizontally 
 laminated, and compound-bedded sandstones.  B) The Pipe Rock Member is 
 composed of compound bedded cosets and simple sets in which cross-bedding 
 is rare.  Adapted from McKie (1990).
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Figure 2.8.  Field photos of fractures exposed in cross section along the Corrie Hallie 
 fault-line scarp [NH 09800, 83900 to NH 10900, 84400], views to the south.  
 Opening-mode fractures in the Eriboll Formation typically cut bedding and do not 
 appear to be influenced by bed thicknesses or sedimentological variations (the 
 fractures are typically not bed bound). 
 

60



 

measurements (Gillespie et al., 1993; Ortega and Marrett, 2000).  Following Ortega and 

Marrett (2000), I attempt to avoid censoring biases and resulting incomplete data sets by 

concentrating solely on fracture spacing and orientation.   To mitigate sampling artifacts 

produced by fracture threshold size, a 10x hand lens was used to identify the intersection 

between fracture and scanline.  

Because Eriboll fractures are nearly vertical, fracture spacings measured in 

outcrop are nearly equal to the true fracture spacings within the near-surface rock 

volume.  This can be illustrated using the principles of true and apparent dimensions.  For 

shallowly dipping fractures, the measurable spacing exposed along an outcrop surface 

(apparent spacing) would be wider than the actual fracture spacing in the near-surface 

rock volume (true spacing).  Because set C fractures intersect bedding at a high angle 

(nearly vertical) the distance between fractures exposed in outcrop along a bedding 

surface is approximately equal to the true spacing (Figure 2.9). 

Fracture spacing and orientation were systematically measured along scanlines, 

one-dimensional lines of observation, (Terzaghi, 1965; Priest and Hudson, 1976; 

Gillespie et al., 1993; Marrett et al., 1999; Gomez and Laubach, 2006; Ortega et al., 

2006) to constrain set C fracture abundance (Figure 2.10).  I used a 30 m long, PVC 

coated fiberglass measuring tape to conduct twenty-seven scanlines ranging in length 

from 0.8 to 21.5 m.  In order to document fracture spacing, scanlines were established 

normal to fracture strike and only subparallel fractures of the same set were measured.  

Where possible, scanlines were measured along a single bedding surface in order to 

reduce any potential effects of lithological variation (although such effects are not 

expected given the nearly pure quartzarenite composition of the Eriboll), and scanlines 

only deviate a small amount from being on the same bedding surface.  The locations of 

scanlines are illustrated in Figure 2.11 (and see Figure 3.53).  Scanline names,  
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Figure 2.9.  Schematic diagram showing true and apparent fracture dimensions 
 (specifically spacing).  A) Nearly perpendicular intersection between fractures 
 and bedding allows for accurate measurement of spacing.  B) Fracture spacing 
 is effected by shallow dipping fractures.
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Figure 2.10.  Schematic representation of a scanline.  Starting at 0, move systematically
 along the scanline recording the orientations and distances of fractures intersected 
 by the scanline.   Fracture spacing is determined by subtracting the position of 
 the fracture from the positon of the preceeding fracture.
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coordinates, lengths and orientations, and the number of fractures measured at each 

station are reported in Table 2.1 and localities are further described in Appendix D. 

Scanline localities were systematically selected based on proximity to east-northeast 

faults in order to produce a sample population with data from proximal and distal 

positions relative to late faults.  By doing this, I am able to show that fracture intensity in 

the Eriboll Formation is highly variable, regardless of proximity to the mappable faults.  

A complete record of scanline results is reported in Appendix E.  Pavement dimensions 

(large pavements were sought), the amount of exposure along a single bedding surface, 

and quality of exposure were taken into account when selecting outcrops for scanline 

measurements.  In some places, outcrops were covered with lichen or heavily damaged 

by glaciation and therefore were unfavorable for fracture characterization.  Figure 2.12 

shows examples of outcrops with various dimensions (sizes) and the different length 

scanlines that were used to fit the dimensions of the pavement.  Outcrops that were not 

long enough in the dimension needed to orient the scanline perpendicular to set C 

fractures (NW-SE) required scanlines composed of multiple segments.  When measurable 

exposure ran out I would shift the scanline orthogonally to the orientation of the first 

segment (parallel to fracture strike) and continue measuring fractures along the new 

segment.  Because each successive scanline begins where the previous segment ended 

fractures are not repeated and the segments were pieced together to produce a single 

“continuous” scanline (Figure 2.13).  The field photographs shown in Figure 2.12 show 

that although pavement size and degree of exposure differ, the overall exposure of 

fractures is excellent for outcrops having a wide range of fracture abundance.  The 

exception is exposures of fault cores, which are generally poorly preserved or non-

existent except for the smallest incipient fault zones (very small slip amount).   
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Table 2.1.  Eriboll scanline catalog.  Map number corresponds to numbers shown
 on Figure 3.53.  Complete scanline data reported in Appendix E.

Corrie Hallie Dipslope
CHD-W-2 19.1 165/345˚ 283 NH 10019, 84173 1

Corrie Hallie Fault Trace
Station 1 1.0 150/330˚ 3 NH 10697, 84315 2
Station 2 1.0 150/330˚ 13 NH 10607, 84275 3
Station 3 1.0 150/330˚ 4 NH 10494, 84209 4
Station 4 1.0 150/330˚ 9 NH 10317, 84133 5
Station 5 0.8 150/330˚ 8 NH 10176, 84123 6
Station 6 1.1 150/330˚ 6 NH 10138, 84076 7
Station 7 3.0 150/330˚ 29 NH 10069, 84053 8
Station 8 1.0 150/330˚ 27 NH 10046, 84006 9

Gleann Chaorachain Dipslope
GCD-1 4.0 150/330˚ 40 NH 10748, 84073 10
GCD-2 3.0 150/330˚ 18 NH 10752, 84111 11
GCD-W-3 8.9 150/330˚ 45 NH 09800, 83700 12

Allt Gleann Chaorachain 
AGC-1 13.0 170/350˚ 113 NH 10899, 84279 13
AGC-2 1.6 145/325˚ 35 NH 10938, 84365 14

Gleann Chaorachain Fault Trace
Station 1 4.9 170/350˚ 78 NH 10423, 83952 15
Station 2 8.7 150/330˚ 199 NH 10639, 83946 16

Carn nà Canaich Dipslope
CNC-N-1 7.0 150/330˚ 35 NH 09600, 83400 18
CNC-N-2 21.5 145/325˚ 64 NH 09341, 82750 19
CNC-S-1 14.0 150/330˚ 21 NH 09404, 82462 20
CNC-S-2 1.0 150/330˚ 73 NH 09341, 82750 21

Lochan na Bradhan
LB-1 18.0 150/330˚ 112 NH 08837, 82394 22
LB-2 3.5 150/330˚ 37 NH 08889, 82472 23
LB-3 1.5 150/330˚ 23 NH 08876, 82467 24
LB-4 5.0 150/330˚ 56 NH 08817, 82461 25

Bradhan Gap
BG-1 3.1 150/330˚ 7 NH 09275, 81979 26
BG-2 4.6 150/330˚ 46 NH 09261, 81968 27

Station 3 10.2 160/340˚ 86 NH 09975, 83863 17

Scanline Station Length (m)
Fractures
Recorded

Scanline
Orientation NGR Map #
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Figure 2.11.   Eriboll scanline station map.  A total of 27 scanlines were conducted.  
 Scanlines were oriented perpendicularly (approximately NNW) to set C fractures. 
 Localities were selected based on outcrop quality and proximity to late faults.  
 Numbers correspond to scanline details reported in the Eriboll Scanline Catalog 
 (Table 2.1).  Base map: OS Landplan produced by the Ordnance Survey.           
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Figure 2.12.  Field photos of scanlines conducted in the Eriboll Formation.  Scanline 
 lengths were controlled by pavement dimensions and quality of exposure (lack 
 of vegetation, degree of glacial damage, etc.).  A) Scanline along the edge of the 
 Corrie Hallie fault-line scarp (station 8) [NH 10046, 84006], view to the north.  
 B) Western Gleann Chaorachain dipslope scanline GCD-W-3 [NH 09800, 83700], 
 view to the northwest.  C)  18 m long scanline along the LB-N-1 pavement north 
 of Lochan na Bradhan [NH 08837, 82394], view to the northwest.
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N

A

A’

A’

A’’

Scanline Segments

Figure 2.13.  Schematic diagram of a multiple segment 
 scanline.  Fractures are recorded along the scanline 
 between A and A’, it is then is shifted normal to the 
 trend of the first segment and continues from A’ to A’’.

Figure 2.14.   Logarithmically graduated comparator used 
 to measure the kinematic apertures of fractures.  
 A handlens is used to measure fractures with small
 opening displacements.  Comparator line widths are 
 calibrated under a microscope using a micrometer.
 Developed by Ortega (2002).
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2.1.4.2 Fracture Spacing Measurements  

Below I present the systematic workflow I used to document fracture spacing in 

the Eriboll Formation.  Because my focus is on set C fractures and east-northeast-striking 

faults, scanlines were oriented NNW-SSE, as perpendicular to fracture strike as possible 

in order to ensure accurate fracture spacing results.  The scanline length and orientation 

were measured at each locality If GPS was available, the national grid reference 

coordinates were recorded, if not, scanline locations were identified on a 1:5000 

topographic base map with traditional triangulation orienteering techniques.  I then took 

multiple photographs of the scanline and any significant features (wing crack 

assemblages, slip indicators, etc.) present along the outcrop.  Beginning at zero, I moved 

along the scanline recording the location at which each fracture intersected the tape 

measure, and measured the fractures strike following right-hand rule conventions (see 

Figure 2.11).  For scanline stations adjacent to late east-northeast fault zones, the 

scanlines were set up such that values along the tape measure increase toward the nearest 

fault zone. 

I measured fracture spacing as the distance between the far wall of the preceding 

fracture to the near wall of the next fracture.  Fracture spacing was then obtained from the 

difference between neighboring fractures.  Such that  

 

S = Fn - Fn-1 (n > n-1) 

Where S is fracture spacing, Fn-1 is the preceding fracture and Fn is the position of each 

successive fracture.  Owing to the narrow aperture of most fractures this correction is 

small.    
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2.1.4.3 Fracture Intensity  

In order to quantitatively illustrate the abundance of fractures in the Eriboll, I used 

the scanline data to determine fracture intensity (F).  Fracture intensity is the number of 

fractures per unit length (Ortega et al., 2006).  

F = N/L 

This project reports fracture intensity in fractures per meter, dividing the total 

number of intersected fractures (N) by the total scanline length (L).  Results from 

multiple scanlines can be compared because the data is normalized. 

In conducting fracture abundance surveys for fracture populations having a wide 

size range, it is preferable to measure fracture kinematic aperture (opening displacement) 

size or length as well as fracture occurrence (Marrett, 1996; Ortega et al., 2006).  

Although I measured selected fracture aperture sizes using the fracture aperture gauge 

(comparator) designed by Ortega (Figure 2.14; Ortega et al., 2006) the very small typical 

opening displacement size (as small as 0.075 mm) and either indistinct or partly eroded 

apertures of most set C fractures made it challenging to systematically catalog accurate 

fracture aperture populations.  Qualitatively, field observations suggest that fractures of 

this set visible in outcrop have a narrow aperture size range that is mostly less than 0.1 

mm. 

2.1.5 FRACTURE TRACE MAPPING 

The field component of this project involved mapping fractures and fault zones 

over a range of scales (mm to > 1 km).  Mapping was conducted in order to document 

and gain insight into the spatial distribution of fractures and damage zones around the late 

faults (see Figure 3.35).  To capture fracture patterns across a desired range of scales, this 

study applied a number of photographic techniques: low-level aerial kite photography, 

pole-conveyed photography, and manual outcrop photo mosaics.  Digital cameras used to 
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document fractures include: Canon PowerShot A540 and SD870 IS models.  Mylar 

overlays were used with the photos to ground truth outcrops and verify fracture pattern 

attributes (i.e. crosscutting relationships, fracture lengths, fracture tip characteristics, 

shape, and evidence of shearing/wing crack formation). These high resolution base maps 

were situated within areas covered by the conventional topographic field maps, aerial 

photographs, and other remotely acquired images I used to document the larger fault 

structures at the 1:5000 and 1:10 000 scales.  

2.1.5.1 Fracture Pattern Acquisition Techniques 

2.1.5.1.1 Handheld Oblique Photography 

The mountainous terrain and overall lack of tall vegetation east of An Teallach 

allows for the relatively rapid qualitative inspection and documentation of fractures.  I 

used oblique handheld photography on various outcrops to capture fracture network 

configurations.  This technique allowed me to accurately document fracture patterns at 

the fine (mm) to medium (m) outcrop scale.  To assist in fracture pattern documentation I 

used colored pencils and chalk to trace fracture patterns at some of the outcrops I studied 

(Figure 2.15).  In some locations of my field area, ridges and cliffs provided vantage 

points from which fracture patterns of topographically lower outcrops could be 

photographed (see Figure 2.12c). 

2.1.5.1.2 Low-Level Kite Aerial Photography 

Low-level aerial photographs were obtained to document fractures at the 

intermediate scale (tens to hundreds of meters) on relatively large outcrops.  Previous 

fracture studies have successfully mapped fractures using cameras suspended from 

helium balloons (Odling, 1997).  However, such methods require little to no wind, a 

condition seldom experienced in the Scottish Highlands, and the remote location of my  
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Figure 2.15.  Field photos of outcrop scale fracture trace mapping.  A) Colored pencils 
 were used along the Allt Gleann Chaorachain streambed outcrop belt to highlight 
 fracture traces [NH 10899, 84279], view to the southeast.  B) CHD-W-1a outcrop 
 traced using chalk [NH 09900, 84200], view to the northwest.  
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field area made the logistics of transporting helium tanks difficult.   

I used a Sutton Flow Form 16 kite with a Fuzzy Tail stabilizer, anchored by 200 

lb test braided Darcon line.  After launching the kite, the line was fitted with a Brooxes 

L-shaped utility frame suspended from a Picavet suspension system.  The light weight 

Canon PowerShot SD870 IS with a self-timer function was attached to the Brooxes utility 

frame (Figure 2.16 and Figure 2.17). 

Although pre-field trials in Austin, Texas proved successful under relatively 

steady wind conditions, field trials showed that there are intrinsic disadvantages 

associated with kite photography.  Unfortunately, this technique was rather time 

consuming.  Kite launch preparation and adjusting the camera rig could take up to 30 

minutes.  Once the kite was airborne, steady wind velocities were required to hold the 

kite and camera at a relatively constant elevation.  This technique is strongly weather-

dependent and requires consistent predictable weather patterns and the gusty nature of 

Highland winds often complicated this requirement.  Suitable sampling conditions in the 

Highlands were unpredictable and offered small windows to attempt photographing 

outcrops.  Kite photography was further complicated by unusually calm winds during the 

2008 field season.  However, I was able to photograph some outcrops at the tens of m 

scale (see Chapter 3, section 3.3.1.3). 

2.1.5.1.3 Pole-Mounted Camera Technique 

The most successful and efficient way of obtaining fracture patterns at the small 

to intermediate scale (centimeters to more than 5 meters) was a pole-conveyed camera 

technique, which was adopted and adapted in the field (Figure 2.18).  This was also by 

far the easiest and best way to accurately photograph the lozenge shaped shear zone 

outcrops.  After it was decided that kite photography in this field area was too time 

consuming and unpredictable, a 3 m extending painter’s pole was purchased at a  
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Figure 2.16.  Kite aerial photography preparation.  A) Maggie Ellis attaching camera to 
 Brooxes utility frame. B) Camera mounted on Brooxes utility frame hanging from 
 Picavet suspension system.
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Figure 2.17.  Kite aerial photography launching.  A) Lauching kite over Torridonian 
 Sandstone outcrops near An Teallach [NH 08250, 83300], view to the west.  
 B) Photo showinghow the Brooxes utility frame and suspension system are 
 attached to the kite line once kite is airborn.
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Figure 2.18.  Pole-mounted photography.  A) The need to rapidly document fracture 
 patterns at the medium outcrop scale (across several meters) was first
 attempted by attaching the camera rig from the kite photography kit to
 a stick.  B) Later, a telescopic painters pole was purchased at a local hardware
 store.   The kite kit camera rig was then attached to the end of the pole.

A

B

Telescopic painting 
pole

Camera mount
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hardware store in Inverness.  The camera rig from the kite was modified to be compatible 

with the pole.  The telescopic pole allows an outcrop to be quickly photographed at 

various desired heights.  The pole can also be placed on the outcrop and used as a 

monopod. This allowed for the construction of high resolution (cm scale) “postage 

stamp” maps of fracture patterns as well as systematic photographic representations of 

entire scanlines.  

2.1.5.1.4 Stereoscopic Aerial Photographs 

Aerial photographs of the field area were obtained after the 2008 field season 

from the Royal Commission on the Ancient and Historical Monuments of Scotland 

(RCAHMS).  The photographs, acquired by the Ordnance Survey (sortie OS/99/931, 

flown on July 9, 1999) are at a scale of 1: 16 600, taken from an altitude of 2,623 m 

(8,608 ft) (Figure 2.19).  Specific outcrops can be confidently identified and meter-scale 

fractures can be accurately mapped.  The aerial photographs were ground truthed during 

additional fieldwork in January 2009.  Fracture maps constructed from aerial photographs 

illustrate the overall fracture intensity in the Eriboll. 

2.1.5.1.5 Digital Surface Models: NextMap DTM Imagery 

NextMap Britain elevation data from Intermap Technologies was used to create 

digital surface models, from which geological features and structures can be interpreted.  

NextMap DTM (digital terrain model) is a representation of elevation variations on the 

Earth’s surface.  NextMap DTM data is acquired by sorties flown at altitudes between 

6,000 to 9000 m (20,000 and 29,000 feet) using airborne Inferometric Synthetic Aperture 

radar.  The NextMap DTM data is digitally rendered to remove vegetation and manmade 

features such as buildings and roads to produce a hill-shaded image with apparent 

illumination from the northwest (Figure 2.20).  The processed data is effectively a “bare  
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Figure 2.19.  Stereographic aerial photograph of the field area.  Acquired by the 
 Ordnance Survey: Sortie OS/99/931, flown July 9, 1999.  Scale 1: 16 600.  
 Courtesy of the Royal Commission on the Ancient and Historical Monuments 
 of Scotland (RCAHMS).
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earth” topographic representation that allows for relatively rapid terrain and bedrock 

interpretation.  They are highly accurate (horizontal resolution between 2 and 5 m, and 

vertical resolution of about 1 m), and have a higher resolution than most available 

satellite images, and DSM images provide broader coverage than stereographic aerial 

photographs (Krabbendam et al., 2008a; Krabbendam et al., 2009; Goodenough et al., 

2009; Intermap.com, www.1.getmapping.com/Products/NextMap). 

I used NextMap DTM images to better understand and document the distribution 

of late ENE faults in the region.  I acquired these images from the British Geological 

Survey in early 2009.  NextMap DTM images provide evidence that supports the lateral 

continuity of the ENE fault structures.  Goodenough et al. (2009) describe the use of this 

imagery to document geomorphic features near my field area. 

2.1.5.2 Digital Mapping 

I used the high-resolution digital photographs acquired in the field to construct 

clean copy fracture trace maps.  Images were downloaded to a computer and opened in 

Adobe Photoshop CS3 and CS4.  For maps composed of multiple photographs, images 

were stitched together to create photo mosaics.  Digitizing was accomplished with a 

Wacom Cintiq digital drafting screen.  I adopted a color coding convention to delineate 

fractures from different sets (A-E): set A- red, set B- green, set C- blue, set D- orange, set 

E- purple, and wing cracks- pink.  The various acquisition techniques I used produce 

representative trace maps with resolutions capable of documenting fractures down to 

0.175 mm in length.  Digital mapping was supplemented with ground-truthed maps 

constructed in the field.  Field copy maps were referenced while digitally drafting 

fracture trace maps to ensure map accuracy.   
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2.1.5.3 Image Analysis  

Image analysis was completed using ImageJ, a public domain image processing 

program from the National Institute of Health.  ImageJ performs a number of statistical 

operations on user-defined selections such as object areas, lengths, distances, and 

orientations.  I used ImageJ to calculate breccia clast sizes (areas), and parent 

fracture/wing crack lengths and orientations.  This was accomplished by creating digital 

maps in Photoshop CS4 following the steps described above.  Mapped objects (parent 

fractures, wing cracks, or clasts) were then saved as bitmaps.  For images in which I 

wanted to measure two or more independent features (i.e. parent fractures and wing 

cracks) the objects were saved in separate, unique files.  I then imported the files into 

ImageJ for analysis.  Data results of the measured attributes were then exported into 

Excel (ImageJ website: http://rsbweb.nih.gov/ij/).   

2.2 Petrographic Microscopy Techniques 

Seventeen thin sections were prepared from ten Eriboll samples (see Appendix 

K).  Four of the thin sections were specially prepared as large, 2 x 3 in (5 x 7.5 cm) thin 

sections; the remaining thirteen were prepared as traditional 1 x 2 in (2.6 x 4.6 cm) thin 

sections.  Samples were impregnated with blue epoxy prior to thin section preparation.  In 

hopes the samples would contain useable two-phase fluid inclusions, I had the sections 

doubly polished and cut extra thick (50 to 60 microns, quartz displays third order colors 

on the Michel-Lévy Birefringence Chart).  Samples were also not heated above 60˚ C 

(140˚ F), in order to preserve fluid inclusions from damage by heating. 
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2.2.1 ROCK MASS CHARACTERIZATION 

Diaz-Tushman (2007) conducted a regional rock mass characterization of the 

Eriboll Sandstone that included SEM-CL and transmitted light based point counts of 

grains and cements.  I characterized the composition and cement types in a representative 

sample from my field area and compare my results to Diaz-Tushman (2007) in an attempt 

to illustrate the compositional homogeneity of the Eriboll Formation.   Following the 

point count methods proposed by Folk (1974) I counted 344 grains in a sample from the 

Bradhan Gap to examine and characterize frame work grain composition, matrix, clay 

minerals, cements, and porosity.  Because the Eriboll has a relatively homogenous 

composition (nearly a pure quartz arenite) only one sample was characterized because 

lateral variations in composition are not expected.  Point count data and rock mass 

characterization results are reported in Chapter 4. 

2.3 Scanned CL Micro-Imaging 

I used SEM-based cathodoluminescence (SEM-CL) techniques to image 

microstructures in the Eriboll Formation.  The high magnification, stable observation 

conditions, and sensitive light detection of SEM-CL analysis allows for the identification 

of such structures in quartz that are otherwise undetectable with conventional transmitted 

light or cold-cathode CL microscopy (Milliken and Laubach, 2000).  Images were 

captured using an Oxford Instruments SEM-based MonoCL2 CL system attached to a 

Philips XL30 SEM working at 15-20 kV.   

In SEM-CL microscopy, photons excited by an electron beam reflect minute light 

structural and chemical variations in quartz-rich rocks (Boggs and Krinsley, 2006).  

Luminescence variations in quartz, resulting from differences in mineral structure and 
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trace-element composition, represent conditions of original precipitation of the quartz 

(for grains and cements) and thermal overprinting.   

2.4 Mechanical Rock Property Analysis 

Samples of Eriboll were tested for mechanical rock properties, specifically 

subcritical crack index (SCI) (Atkinson, 1984; Holder et al., 2001).  I measured SCI 

because this parameter has been shown to influence how fracture patterns develop (Olson 

et al., 2009).  Following the conventions of Evans (1972) and Williams and Evans 

(1973), I used a double torsion beam apparatus to measure subcritical crack velocities 

(Figure 2.21).  The testing apparatus slowly applies a consistent load to the sample while 

measuring the magnitude of displacement in response to loading (Williams and Evans, 

1973; Holder et al., 2001).  Subcritical indices are determined by measuring load decay 

over time.  See Chapter 4 for a comprehensive review of the theory behind subcritical 

fracture propagation and a listing of my results.   

2.4.1 SAMPLE PREPARATION 

Below I provide a systematic work flow of the sample preparation procedures 

taken for subcritical crack index analysis.  I began by cutting a 1.25 x 2.5 in (3.2 x 6.3 

cm) block, parallel to bedding, from a sample of the Basal Quartzite Member (sample: U-

05-2.  Sample selection was based on size to ensure I was able to recover a block that 

meant the dimension requirements of the test.  Sample selection was also based on the 

absence of fractures.  Failure during testing can occur along preexisting flaws in the rock, 

thereby affecting the mechanical properties; I therefore chose a sample with no apparent 

fractures.  I initially attempted to make the cuts using a Target wet saw.  However, the 

highly indurated nature of Eriboll Formation quartzites made cutting very difficult.  On a 

number of occasions the blade locked up tripping the saw circuit breaker.  In order to 
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expedite sample cutting, I used an automated oil saw calibrated to cut slabs of equal 

thickness, approximately 0.083 in (0.2 cm) 

The slabs were then trimmed to approximately the same dimensions, and one end 

was squared off with a tabletop oil saw.  Using a Hi-Tech Diamond saw I cut a 0.02 in 

(0.1 cm) groove into one side of the sample, running along the long dimension of the 

slab.  A 0.02 in (0.1 cm) notch was then cut into the groove at the squared end of the 

sample (Figure 2.22).  Finally the slabs were placed in a vacuum oven and left to bake for 

twenty-four hours.  Oil absorbed by the rock during the cutting process can affect the 

mechanical properties of the sample; therefore the baking process is necessary to remove 

any residual oil present in the sample to ensure the accuracy of the test.  In the interest of 

time, I omitted the polishing step.  Polishing the un-grooved side of the slab is supposed 

to make the subcritically propagated fracture visible.  However, subsequent mechanical 

tests run on the Torridonian Sandstone samples included the polishing and no fractures 

were seen.      

2.4.2 SUBCRITICAL CRACK INDEX ANALYSIS 

I began subcritical crack analysis by placing the slab in to the dual torsion beam 

apparatus.  Slabs are oriented with the grooved side up and the notch at the loading end.  I 

then loaded the samples at approximately 2.5x10-3 milli-inches per second.  I stopped 

loading the sample as soon as the fracture began to form, as indicated by a sudden 

increase in displacement.  I then let the load decay for approximately 10 minutes.  At the 

end of the decay period, I unloaded the sample and repeated the test on the sample.  Raw 

data recorded during the test was imported into an Excel template.  I obtained subcritical 

crack indices, n, using the solver add-in, an optimization and equation solving tool, which 

solves for the least-squares fit of the load decay data as described by Holder et al. (2001). 
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Figure 2.21.  Dual-torsion test apparatus similar to the one used to measure 
 subcritical crack index (Williams and Evans, 1973).

Figure 2.22.  Schematic of a sample prepared for subcritical crack index analysis.
 Samples were cut to specified dimensions and notched.  Rock chip shown to
 scale, notch not to scale.
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CHAPTER 3: DISTRIBUTION AND ORGANIZATION OF FAULTS 
AND FAULT-RELATED FRACTURES 

The term fault was first used by the eighteenth and nineteenth century mining 

community to refer to a surface across which a coal seam is offset.  Although mining 

terminology was often ambiguous and complex, fault is one of many words from the 

mining lexicon that was adopted by the geological community (Twiss and Moores, 2001).  

The fault literature contains a number of definitions and classifications, which allows 

certain elements of this ambiguity to endure.  Therefore, following the definition of 

Brodie et al. (2002), I consider faults to be a discontinuity (fracture) or an assemblage of 

discontinuities, along which rock has been permanently displaced.  Many faults also 

include a zone of damage, surrounding the principal planes of displacement in which 

there can be a number of corresponding fault-related structures.    Because the literature 

discriminates faults based on deformational style (ductile versus brittle), it is worth 

noting that the faults I studied appear to exclusively result from brittle failure; that is they 

are not associated with mylonitic textures, in contrast to some of the structures observed 

in the nearby Moine Thrust Zone (Figure 3.1.).   

Below I describe the late faults and fault-related fractures transecting my field 

area.  Although the late faults form topographically prominent features, I interpret them 

to be small-offset faults, having offsets less than 5 to 10 m.  I discuss the implications of 

subsurface small-displacement faults in Chapter 6.   As a context for my work on faults I 

provide a review of fault zone architecture and the terminology associated with the 

constituent structures in fault zones in Appendix G. 
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Figure 3.1.  Field photos of mylonite fault rock cropping out within the MTZ in the 
 eastern part of my field area.  The term mylonite was coined by Charles 
 Lapworth (1882) to describe this well laminated, fine-grained fault rock he 
 observed in the zone that was later named the Moine Thrust Zone.

N
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 3.1 Northeast-Striking Late Faults 

3.1.1 FIELD OBSERVATIONS  

A number of east-northeast-striking late faults and other significant lineations 

transect the foreland Eriboll outcrop belt east of An Teallach.  The structures typically 

correspond to through-going topographic features, tens of meters wide, that can be traced 

for several kilometers along trend and mappable at the 1:5000 scale (Figure 3.2 and 

Figure 3.3).  The fault zones contain highly indurated rib and lozenge shaped fault cores, 

asymmetrically distributed throughout the fault zone, meaning highly deformed (high 

fracture abundance with cataclastic fault core) volumes of Eriboll are often juxtaposed to 

relatively undeformed (country rock with very low fracture intensity) (discussed below).   

Fracture abundance and damage (zones with high fracture intensity) are 

heterogeneously distributed around the fault zones throughout my field area.  Scanlines 

measured adjacent to the late faults reveal that fracture abundance is highly variable 

along strike.  Zones with high fracture abundance are not limited to the regions 

immediately adjacent to the late fault zones.  Scanlines conducted at various positions 

relative to the late faults illustrate that fracture abundance is asymmetrically distributed 

throughout my field area, and zones with high fracture abundance are not uniformly 

arranged in an envelope around the fault zones.  I identified a number of outcrops outside 

of the primary fault zones (hundreds of meters away) in which there are isolated rhombic 

damage zones (cm to m scale along the long dimension).  

3.1.1.1 Fault Orientations and Distribution 

East-northeast late faults strike between 058 to 075 degrees.  Some faults are 

present in (cut through) both the Eriboll and the underlying Torridonian Applecross 
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Figure 3.2.  Hill-shaded digital surface model with apparent illumination from the 
 northwest.  There are numerous east-northeast-trending lineations cutting my
 field area (highlighted in yellow).  Some of the lineaments can be traced along 
 trend for several kilometers.  Confirmed faults- solid lines, dashed where 
 inferred.  Image produced by IntermapTechnologies using NextMap Britain 
 elevation data; courtesy of the British Geological Survey.
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Figure 3.3.  Field photographs of eroded fault zones in the Eriboll Formation.  ENE-
 striking late faults typically correspond to through-going topographic features 
 mappable at the 1:5000 scale, visible for several kilometers along trend, and tens 
 of meter in width.  A) The Gleann Chaorachain fault zone, [NH 10000, 83900], 
 view to the west towards An Teallach.  B) Eroded fault zone along the Corrie 
 Hallie fault-line scarp,  [NH 10494, 84209], view to the west (up dip). 
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Formation.  Some of these faults can be traced along trend to the east into (cutting across) 

the Moine Thrust Zone (MTZ).  Whereas, other faults can only be observed in (i.e. they 

are confined to) the Torridonian, Eriboll, or the MTZ (Figure 3.4).  

At least fourteen faults or prominent linear structures cut the Eriboll outcrop belt 

in the field area.  Four of the faults cutting the Eriboll were previously mapped by Peach 

et al. (1907), and updated British Geologic Survey maps (BGS Ross and Cromarty 34FS-

35FS) confirm the locations of the structures. The published geologic maps of this area, 

shown in Figure 3.5 and 3.6, show very little to no perceptible offset along the faults and 

I am not aware of any previous reports on relative displacements along these faults.  The 

only displacement mapped is along the Bradhan Gap fault.  Here, the maps show 

apparent left-lateral displacement as the Torridonian Sandstone in the MTZ is juxtaposed 

against the Pipe Rock Member of the Eriboll Formation.  The maps also show left-lateral 

displacement along the central trace of the fault between the Basal Quartzite and Pipe 

Rock Members.  The updated map added displacement along the western segment of the 

Bradhan Gap fault between the Torridonian and Eriboll foreland units (Figure 3.7).  I 

mapped the remaining structures during the 2008 and 2009 field seasons.  Figure 3.8 

shows the distribution of late faults and other NE lineaments I interpret to be late faults.  

A comprehensive list of faults that cut the Eriboll including fault names, location, and 

orientations is reported in Table 3.1. 

3.1.1.2 Crosscutting Relationships: Relative Timing of Faults   

Immediately to the east of my field area relative timing relationships between the 

east-northeast-striking structures and the MTZ can be observed as at least five faults 

clearly cut through the Moine Sole Thrust (Figure 3.9).  Based on these crosscutting 

relationships, structures in this orientation are interpreted as late (post-Moine Thrust 

Zone emplacement; less than 408 Ma).  Faults that crosscut and therefore postdate the  
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Figure 3.5.  Geologic map by Peach et al. (1907) covering the field area of this project 
 (outlined in blue).  The map shows a number of NE to ENE-striking faults 
 (mapped in light green), however shows very little evidence of relative motion 
 and amount of slip along faults.
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Figure 3.6.  Updated British Geological Survey geologic map covering my field area.   
 The east-northeast-striking structures first mapped by Peach et al. (1907) are 
 highlighted in red.  Adapted from BGS Ross and Cromarty 34FS-35FS.
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0.5 km

N

Figure 3.8.  Fault trace map showing east-northeast-striking late faults.  Fault traces 
 were interpreted using preserved fault core exposures, prominent topographic 
 features, stereoscopic aerial photographs, and hill-shaded digital terrain models.     
 (dashed where inferred).  Red- mapped by Peach et al., (1907). Blue- mapped by 
 Hargrove (2008-2009).  Numbers correspond to Eriboll Fault Catalog (Table 3.1).
 Base map: OS Landplan produced by the Ordnance Survey.
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MTZ were first identified and mapped by Survey geologists more than a century ago 

(Peach et al., 1907; Mendum et al., 2009).  I use the term late throughout this thesis to 

refer to east-northeast-striking structures I interpret to be younger than, and therefore 

kinematically unrelated to the MTZ (based on crosscutting relationships).  Faults in this 

orientation (ENE) may be related to post-Caledonide extension or strike slip deformation 

related to the opening of the Atlantic Ocean (Roberts and Holdsworth, 1999; Laubach 

and Diaz-Tushman, 2009).   

3.1.1.3 Topographic Expression of Late Faults  

One of the most interesting aspects of the faults in my field area, that is implied 

by published small-scale survey maps and that I confirmed with new 1:5000 scale 

mapping, is that offset along some fault traces is nearly imperceptible (typically less than 

10 m) despite their great lateral continuities (hundreds of meters to several kilometers) 

and prominent topographic signatures.  I credit the significant topographic expressions 

and observable along-trend apparent lengths to an extensive erosional history.  

Goodenough et al. (2009) studied the affects of bedrock geology on glacial 

geomorphology near this area, and their results support my interpretations, further 

discussed below and in Chapter 5.  The Eriboll Formation is a well-indurated, resistant 

sandstone, that has experienced a prolonged erosional history.  Field observations show 

that the late faults zones have been preferentially exploited by glacial and other 

mechanical erosional processes; producing the dramatic topographic features that 

dominate the present day landscape.  Topographic features commonly observed 

throughout my field area include steep-faced fault-line scarps, waterfalls, gullies, and 

wide grassy draws (See Figure 1.23).  Furthermore, based on field observations and 

mapping which constrained displacement along some of the late faults (section 3.1.2), I 

interpret these faults to represent ‘subseismic’ structures in the sense that the 
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displacement on these faults is likely so small that in the subsurface they would not be 

apparent on conventional seismic surveys; this is of interest because such small faults are 

important but little known structures in many tight gas sandstone reservoirs (discussed in 

Chapter 6).  I provide description of individual faults and corresponding topographic 

features observed in Appendix D.  

3.1.1.4 Fault Detection using Geomorphic Features 

Faults and fracture zones can greatly influence and control landscape evolution 

and morphology (Nur, 1982; Krabbendam et al., 2008a; Goodenough et al., 2009).  In the 

region around my field area, Goodenough et al. (2009) show (using hill-shaded digital 

surface models) that a number of deep, steep-sided troughs, for example Loch Broom (to 

the north) and Loch Maree (to the south), correspond to lines of pre-existing geological 

weaknesses, such as major faults or fractures.  They postulate that extensive glacial 

erosion produced during multiple Pleistocene glacial advances and retreats has 

dramatically increased the relief of a number of topographic features across the region.  

Goodenough et al. (2009) also reported that smaller lineations, including grooves and 

valleys that are clearly related to fracture and fault zones, are easily identified on the 

digital surface models.  Of interest is the NE-SW trending set they described east of 

Ullapool, which crosscut the MTZ (Figure 3.10).  This is encouraging because I observed 

similar features and relationships in my field area.  I provide further justification for the 

topographic exaggeration of the late faults in Chapter 5.  

Site preferential erosion of fault and fracture zones allows for the relatively rapid 

detection of a number of the late faults throughout my field area.  I began fault 

identification by surveying topographic maps (1:5000 and 1:25 000 scale), aerial 

photographs, and hill-shaded digital surface models (NextMap DTM images) and looked 

for prominent lineations cutting the field area.  I designated lineations with significant  
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Figure 3.10.  Nextmap DTM hill-shaded digitial surface model showing prominent
 topographic features in the region surrounding my field area (circled in red).  
 Goodenough et al. (2009) mapped northeast-trending lineations cutting the 
 Moine Thrust Zone (MTZ) east of the town of Ullapool (red dot).  Using similar
 techniques, I identified a number of significant features in the bedrock geology
 compatible with those observed by Goodenough et al. (2009). Base image
 produced by Intermap Technologies using NextMap Britain elevation data;  
 courtesy of the British Geological Survey.
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trace lengths and/or widths as priority localities for field investigation.  While in the field, 

I identified a number of cataclasite-bearing outcrops that coincide with the lineations I 

hypothesized to be late fault zones, thereby verifying the use of topographic maps, aerial 

photographs, and digital surface models for the rapid detection of faults in my field area.   

I therefore use fault rock exposures to further interpret the positions and distributions of 

some of the late faults (Figure 3.11).  I documented the localities of fault rock exposures 

and associated lineaments at the 1:5000 scale.  Photographs were taken to document the 

sizes and shapes of the fault rock exposures at the outcrop scale (cm to m).   

3.1.2 CONSTRAINING OFFSET ALONG LATE FAULTS: MAPPING OF THE FAULTED 
PRECAMBRIAN-CAMBRIAN CONTACT 

The field observations presented above show that although the late faults in my 

field area are laterally continuous over several kilometers, a very small amount of offset 

(< 10 m) is perceptible at the outcrop scale, even with the quality of exposures 

throughout this region.  As part of this project I mapped the contact between the late 

Proterozoic Torridonian Applecross Formation and the Eriboll Formation exposed 

throughout the Coir’ a’ Ghiubhsachain valley in an attempt to constrain displacement 

along the late faults.  The most promising location to observe the intersection of the 

Precambrian-Cambrian contact with late faults is in the Corrie Hallie and Gleann 

Chaorachain fault zones, where the fault traces enter the Coir’ a’ Ghiubhsachain valley 

(Figure 3.12).  Field observations of this locality provide evidence supporting that 

displacement along the Corrie Hallie and Gleann Chaorachain faults (and presumably all 

late faults) was largely strike-slip, with a minor oblique component (based on slip 

lineations, see Figure 2.5).  

The faults cut both the Eriboll Sandstone and the underlying Applecross 

Formation, form topographically prominent features, and display a very small amount of 
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Figure 3.11.  Eriboll fault rock exposure and fault trace map.  Fault rock was typically 
 highly indurated and resistant to erosion (weathering in positive relief).  This map 
 shows the locations of isolated rib- and lozenge-shaped fault core exposures.  The 
 number next to the symbols corresponds to the trend of the fault rock exposure.
 Fault numbers shown in Figure 3.8. 
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apparent offset.  The dramatic cliff is the fault-line scarp of the Corrie Hallie fault 

(approximately 40 m high where the fault trace enters the valley), which forms a steep- 

faced cliff along much of the Corrie Hallie fault trace, extending from Allt Gleann 

Chaorachain to the edge of valley (Figure 3.13 and Figure 3.14).  The Corrie Hallie fault-

line scarp strikes east-northeast and dips steeply to the north (> 75 degrees).  At the 

valley edge, the Gleann Chaorachain fault is approximately 125 m south of the Corrie 

Hallie fault.  The Gleann Chaorachain fault also forms a fault-line scarp, but is markedly 

less pronounced than the Corrie Hallie fault-line scarp (see Figure 3.13).  In cross section, 

the Gleann Chaorachain fault is a wide zone (many tens of meters to as much as fifty 

meters) that is highly fractured (damaged), eroded, and largely obscured by vegetation.  

Similarly to the Corrie Hallie fault, the Gleann Chaorachain fault also steps down from 

south to north (northern side is down relative to the southern side). 

I used outcrop-strip mapping and float mapping techniques to map small isolated 

exposures (outcrop areas of a few square meters) of the Applecross Formation and the 

Eriboll Sandstone along the contact within the Corrie Hallie and Gleann Chaorachain 

fault zones (Figure 3.15 and Figure 3.16).  Here, the Eriboll Basal Quartzite Member and 

Applecross Formation are juxtaposed.  Strip maps of the isolated outcrops, presumed to 

be in-situ, show an apparent stepping down of the Basal Quartzite Member, but by a 

considerably smaller amount than the apparent offset marked by the topographic 

expression of the fault-line scarp.  I interpret the mapped offset along the contact to be 

more representative of the actual displacement along the late faults. I explain the 

discrepancy between the apparent amount of offset suggested by the fault-line scarp and 

the small amount of offset mapped along the contact in Chapter 5. 

When viewed from the west side of the valley (looking east) the Corrie Hallie and 

Gleann Chaorachain fault-line scarps suggest that offset along these faults occurred with 
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Figure 3.13.  Field photos of the Corrie Hallie fault-line scarp. The dramatic, steep-faced 
 cliff is over 30 m in some areas along trend.   A) The fault-line scarp viewed from 
 the Corrie Hallie dipslope, view to the southwest.  B) The eroded fault core along 
 the fault-line scarp, view to the west.  C)  The fault-line scarp along the eastern 
 segment of the fault trace, view west towards An Teallach.  
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Figure 3.14.  Aerial view of the Corrie Hallie and Gleann Chaorachain faults.  The faults
 form topographically prominent features and can be traced along trend across
 several kilometers.  For reference, the location of camp (shown in Figure 3.13)
 is marked by the red dot.  Aerial photograph courtesy of the Royal Commission on 
 the Ancient and Historical Monuments of Scotland.
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Figure 3.15.  Outcrop strip map of the Precambrian-Cambrian contact between the Corrie 
 Hallie and Gleann Chaorachain faults.  Bold colors represent isolated outcrops, 
 light colors represent inferred geology (covered by vegetation).  Contact mapped 
 with dashed black line. Faults shown in yellow.

Figure 3.16.  Aerial photo schematic map of the isolated outcrops along the contact.  
 Outcrops mapped in bold colors, inferred geology mapped with light colors.

Applecross Formation outcrop
Inferred Applecross Formation

Eriboll Formation outcrop
Inferred Eriboll Formation
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a largely normal-sense of displacement.  However, closer investigation of fault rocks and 

slip lineations suggests that faulting was predominately strike-slip.  The absence of a 

predominant dip-slip (normal) component is evidenced by the relative lack of offset seen 

along several bedding horizon markers in the Eriboll Sandstone.  Viewed in cross-

section, horizontal marker beds in the Eriboll can be traced laterally for several hundreds 

of meters outside of the Gleann Chaorachain fault (moving south away from the fault 

zone).  As the marker beds approach (and subsequently enter) the fault zone, very little to 

no offset is observed (Figure 3.17).  The marker beds remain near the same level coming 

out of the Gleann Chaorachain fault, moving north and approaching the Corrie Hallie 

fault.  Unfortunately, due to the high degree of erosion in the Corrie Hallie fault zone, the 

marker beds cannot be traced unambiguously north of the Corrie Hallie fault-line scarp.  

Due to the steepness of the outcrop I was unable to map the contact between the Basal 

Quartzite Member and the overlying Pipe Rock Member across this interval 

Fault block diagrams can be used to illustrate the sense of displacement I interpret 

to be the predominant offset along the faults.  Although the stepping down of Basal 

Quartzite can be achieved with normal faulting, based on the bedding horizon markers 

only a very small amount (less than 1 to 2 m) of vertical displacement could have been 

accommodated along the fault.  Instead, strike-slip faulting of inclined beds (measured 

dips for both the Eriboll Sandstone and the Applecross Formation in my field area is 

approximately 16° E/SE) coupled with erosional exaggeration can produce the geometry 

observed along the Corrie Hallie fault (Figure 3.18).   

3.1.2.1 Kinematic Slip Indicators  

The investigation of late faults in the Eriboll is further complicated because 

kinematic slip indicators are rarely preserved.  I was however able to identify a few 

localities at which slip lineations are present (Figure 3.19, see Figure 2.5 for locations). 
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B

A

C

Figure 3.18.  A) The sense of displacement interpreted from field observations and 
 mapping of the Precambrian-Cambrian contact can be illustrated using fault 
 block diagrams.  B) Erosion of the dipping beds juxtaposes the different units.
 C) A schematic fault block diagram of the Corrie Hallie fault zone (shown in
 Figure 3.13).
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Figure 3.19.  Field photos of kinematic slip indicators.  Slip lineations are rarely 
 preserved in Eriboll fault rock exposures, however I identified a few outcrops 
 in which slip markers were present.  A) Fault rock exposure along the western 
 Corrie Hallie dipslope [NH 10320, 84701].  B) Slip lineations on a fault rock 
 exposure along the Bradhan Gap fault [NH 08880, 82472].
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Slip indicators were identified on both north-facing and south-facing isolated fault rock 

exposures.  Field measurements reveal that the lineations on average plunge 17 degrees, 

indicating low angle oblique-slip faulting with a predominant strike-slip component.  

Observations and measurements agree with relative displacements observed and 

documented by geologic mapping along the faulted Precambrian-Cambrian contact.   

3.2 Fault Core Exposures and Fault Rock Petrology 

3.2.1 FIELD OBSERVATIONS 

Fault rock exposures are present over a range of scales from small (decimeter- to 

meter-scale) to large (greater than 5 meters).  The fault rocks are highly indurated and 

therefore typically weather in positive relief.  Isolated fault core exposures are 

asymmetrically and irregularly distributed (patchy) throughout eroded fault zones and 

display a range of shapes: lenticular, rhombic lenses, and lozenges (irregularly shaped, 

dimensions of long and short axes nearly equivalent), and laterally continuous ribs (long 

and thin; several meters long by less than 1 meter wide).  Preserved fault core ribs and 

lozenges are systematically aligned, oriented northeast to east-northeast within the late 

fault zones (See Figure 2.5 and 2.6).  Eriboll fault rock exposures are typically creamy 

white to light pink in color.  However, I identified a few examples in which the fault rock 

was strongly stained to an orange-red/salmon color. 

Damage in the Eriboll Formation is strongly heterogeneous across short lateral 

distances (tens of centimeters).  Fault rock lozenges are often sharply juxtaposed to 

relatively undeformed Eriboll country rock (Figure 3.20); suggesting the abrupt transition 

from highly damaged (cataclastic) zones (zones interpreted to have high fracture 

intensities) to little deformed zones (zones interpreted to have low fracture intensities) 

and vice versa.  The panchromatic CL image mosaic shown in Figure 3.21 illustrates the  
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Figure 3.20.   Fault rock along the eastern segment of the Gleann Chaorachain fault.
 Here there is an abrupt transition between the fault rock and the relatively
 undeformed country rock. National Grid Reference: 09922, 83853.
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distribution of damage at the mm scale in a sample collected from a highly indurated and 

quartz cemented fault core exposure (PH-CNC-West-2008-2, [NH 09384, 82638], field 

photograph and hand sample shown in Figure 3.22).  At the micro-scale damage is also 

strongly heterogeneous and there are abrupt transitions from highly damaged corridors to 

zones of relatively undeformed or intact volumes of Eriboll.  There are also several 

micro-scale kinematic slip indicators that are consistent left-lateral shear along NE 

fractures present throughout the image.  I also documented this sharp contrast in fracture 

abundance and damage over relatively short lateral distances (as little as a few meters to 

10s of meters) throughout my field area using scanlines (see section 3.4).   

Quartz cement deposits in the already quartzose Eriboll sandstone resulted in 

country rock with nearly no intrinsic porosity.  Although Eriboll fault rock exposures are 

also highly quartz cemented and typically well indurated, Eriboll fault zones locally 

preserve a high degree of porosity (Figure 3.22 and see Figure 3.21).  The color CL 

photomicrograph (sample PH-CNC-West-2008-2) in Figure 3.23 shows a visible amount 

of porosity along fractures within the fault rock.  Also note the small quartz cement 

deposits in the open set C fracture.  Field observations support my interpretation that 

Eriboll fault zones locally preserve porosity and were ‘open’/able to accommodate fluid 

flow (at some point in geologic time) more readily than the surrounding less deformed 

country rock.  A clear example of this can be observed in the Bradhan Gap, illustrated by 

the field photograph of sample BG-Breccua-2009 [NH 09192, 81968] shown in Figure 

3.24.  Here, there is a very sharp and distinct transition between the fault zone and the 

protolith.  The Eriboll fault rock rib (approximately half a meter long by 10 cm wide) 

exhibits orange-red staining and is juxtaposed to relatively undeformed, characteristic 

snow-white country rock. The reddish stains likely result from iron oxide deposits 

resulting from groundwater flow in these relatively porous rocks. This is one of many  
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Figure 3.22.  A) Field photo of sample collected from a highly indurated and quartz 
 cemented fault rock exposure.  B) Sample PH-CNC-West-2008-2.  Note the
 small amounts of localize porosity, circled in red. 
 National Grid Reference: NH 09384, 82638.
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Figure 3.24.  Stained fault breccia exposed along the Bradhan Gap fault.  Note the 
 abrupt transition between the breccia and the Eriboll country rock.  
 Sample: BG-FR-2009.  National Grid Reference: NH 09192, 81968

Figure 3.23.  Color CL photomicrograph 
 of sample PH-CNC-West-200802.
 Magnification = 150X.

200 μm
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exposures in my field area that clearly demonstrates the heterogeneity of damage 

distribution in the Eriboll Formation.  Qualitatively, local fault rock porosity values range 

from less than 1 percent to more than 10 percent and were measured using grid point 

counting techniques (see Appendix K). 

The lateral continuity of the topographic features implied on geologic and 

topographic maps, aerial photographs, and NextMap DTM images is on the order of 

Hundreds of meters to several kilometers (see Figures 3.2, 3.4, 3.5, 3.6, and 3.8).  

However, my field observations show that although these topographic features are 

laterally continuous, within these zones there is no evidence for a continuous structure.  

Examples of this can be seen in the distribution of fault core outcrops.  Although my 

observations show that the fault zones do not form single laterally continuous planes, the 

lateral extents and widths of these eroded lineations suggest that the late fault and fracture 

zones link to form significant structures (km scale).  My maps of preserved fault cores 

show fault rock is asymmetrically distributed within the fault zones and do not form a 

single, continuous band or layer (Figure 3.25).  Instead, fault core exposures are present 

as isolated ribs and lozenges and are arranged in en echelon, stepping chains, some of 

which I interpret to be connected by laterally continuous (meters long) set C fractures.  

The longest and most well preserved fault core exposures I observed are generally several 

meters to tens of meters long before abruptly transitioning along-trend to relatively 

undeformed country rock, not hundreds of meters to kilometers long.  Unlike the 

topographic widths of the late faults (tens of meters), the widths of the preserved fault 

cores are typically only several meters wide and abruptly transition along strike to less 

deformed country rock (see Figure 3.11 and 3.22). 
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3.2.2 FAULT ROCK ANALYSIS 

Understanding the distribution of fault rocks is important because they can greatly 

influence fluid flow pathways in the subsurface (Caine et al., 1996; Billi et al., 2003; 

Woodcock, 2006; Mort and Woodcock, 2008; Woodcock and Mort, 2008).  However, the 

fault rock literature contains a number of classification schemes and the terminology 

therein is not universally accepted.  Genetic classification, intended to differentiate 

cataclastic mechanisms of faulting are available, for example Wise et al. (1984), Sibson 

(1986), Schmid and Handy (1991), and Jébrak (1997), however an applicable non-genetic 

scheme has yet to be accepted.  Advocates of a non-genetic classification scheme include 

Sibson (1977), White (1982), and Snoke et al. (1998).  Woodcock and Mort (2008) 

proposed a revised classification of fault rocks in which fault breccias are defined 

primarily by clast size, and adopted textural terms borrowed from the cave collapse 

literature (Loucks, 1999).  An advantage of this scheme is that it can be used whether the 

clasts are separated by crystalline cement or fine-grained matrix, and is easily applied in 

the field (Mort and Woodcock, 2008).  

Building on the work of Spry (1969) and Higgins (1971), Sibson (1977) 

developed perhaps the most influential fault rock classification scheme.  The Sibson 

(1977) scheme uses primary cohesion (cohesion present at the time of faulting) and the 

presence (or absence) of foliation.  Under this scheme, Sibson defines fault breccias as 

coarse fault rocks containing at least 30 percent visible clasts, lacking primary cohesion.  

However, Sibson recognized that some coarse fault rocks may have retained cohesion 

during faulting and terms such rocks as “crush breccias.”  An implication of this scheme 

is that fault breccias contain post-kinematic (post-faulting) crystalline cement, whereas 

crush breccias contain fine-grained matrix produced by syn-kinematic (during faulting) 
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fragmentation. Woodcock and Mort (2008) define matrix as fine-grained particulate 

material that is produced by local fragmentation of larger clasts or by the later 

introduction of detrital sediment.  Cement is crystalline minerals that grow in situ, either 

infilling void space or replacing clasts and matrix.  Woodcock and Mort (2008) show that 

it is difficult to differentiate between the matrix and cement, and to assess primary 

cohesion in the field.  They therefore suggest that all coarse fault rocks, in which 30 

percent of the clasts are larger than 2 mm (adopted from sedimentological terminology 

and from an earlier study by Laznicka, 1988), should be defined as breccias, irrespective 

of their primary or present cohesion.  Fault breccias are commonly produced along fault 

zones in the brittle upper crust, where higher amounts of dilational strain augment the 

range across which brecciation occurs. 

3.2.2.1 Clast Size Distribution 

Particle size distribution of fragmented rock has been studied for decades 

(Hartmann, 1969; Turcotte, 1986 and references therein).  Blenkinsop (1991) shows that 

particle size distribution of fragmented rocks is affected by the fragmentation process, 

initial clast size distribution, number of fracturing events, energy input, strain, and 

confining pressure.  Particle size distribution is commonly measured by sieving 

disaggregated particles through graduate meshes and dividing them into size fractions, to 

obtain a distribution of three-dimensional clast sizes.  However, naturally occurring fault 

rock is often indurated and disaggregation can cause further comminution (Sammis et al., 

1987).  This effect can be avoided by conducting two-dimensional particle size 

measurements of photomicrographs or directly under a microscope.  However, a draw 

back to this method is that two-dimensional measurements do not give the same absolute 

clast size and size distribution as three-dimensional analysis.  This is the result of two 

causes, the sampling effect and the truncation effect.  In the sampling effect, there is a 
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greater probability of intersecting larger clasts in cross section.  The truncation effect 

occurs because a cross section through a sample will generally show less than the 

maximum clast dimensions (Exner, 1972; Blenkinsop, 1991).  These sampling artifacts 

can be overcome using fractal analysis of particle size distributions.  The fractal 

dimension (the slope of a log-log graph plotted cumulative number against clast size) for 

clasts measured three-dimensionally is larger by one than the two-dimensional fractal 

dimension value (Sammis et al., 1987; Blenkinsop, 1991).  Therefore, the three-

dimensional fractal dimension can be obtained simply by adding one to the two-

dimensional measurement.   

3.2.2.2 Eriboll Fault Rock Clast Analysis 

A preserved fault core exposure in the Bradhan Gap [NH 09192, 81968] was 

sampled for analysis.  This sample was selected because it was one of the best examples 

of Eriboll fault core and its dimensions allowed for the plan view analysis of clasts.  The 

sample (BG-Breccia-2009) was collected from a fault rib that was approximately half a 

meter long by ten centimeters wide (Figure 3.26, also see Figure 3.26).  The fault core is 

stained orange-red and contains clasts that are the typical white Eriboll color.  Following 

the preferred sampling conventions, I took multiple photographs of the sample in situ as 

well as during the sample preparation process, and scanned the sample using a HP 

ScanJet 5370C scanner.  The sample was then cut vertically along the long dimension (in 

the direction of strike) (Figure 3.27).  One half of the sample was preserved as the 

“viewing half” to be used for cm scale clast analysis.  Rock chips for thin sections were 

cut from the other half to analyze the breccia at the m to mm scale (Figure 3.28). 

I traced the clasts on a digital drafting screen and used ImageJ to analyze clast 

size (area) and sphericity (0 to 1, 1 being most circular) (Figure 3.29).  I mapped  
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Figure 3.28.  A) Photograph of sampling half of fault core sample BG-FR-2009.
 B) Thin sections prepared from sample BG-FR-2009 for fault rock petrology
 and breccia clast size analysis. 

B

thin sections

A

125



Figure 3.29.  Fault breccia clast maps, sample BG-FR-
 2009 [NH 09192, 81968].   The total area of this 
 sample is approximately 1,147 cm2.  Clasts 
 were digitally mapped and analyzed in ImageJ.  
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1, 456 clasts: 1,216 on the hand sample and an additional 240 in thin section.  To avoid 

re-sampling clasts captured in hand sample map, I did not map clasts larger than 1 mm. 

The sample has a total area of 1,147 cm2, of which visible clasts make up 27 percent.  

Analysis of the sample shows that there is a significant variation in clast size and shape 

(Figure 3.30).  This sample displays clast sizes ranging from less than 0.001 mm to 

greater than 3 cm. Previous studies on rock fragmentation show that breccia clast sizes 

follow a power-law distribution (Turcotte, 1986; Bjørnerud, 1998).  Image analysis of 

this sample shows that it follows a power-law on a log-log graph of clast size (area) 

versus cumulative frequency over 2 orders of magnitude (Figure 3.31 Graph).   

 3.3 Fractures 

My thesis investigates characteristics of both macro- and microfractures.  

Following the conventions of Laubach (1997), I considered macrofractures to be those 

that are visible to the unaided eye, while microfractures are only visible under 

magnification.  Gomez and Laubach (2006) showed that the aperture size distribution of 

some Eriboll Sandstone fractures can be described by a power law that accounts for both 

micro- and macrofractures; in other words, there is a smooth and systematic distribution 

over a wide range of aperture sizes (with microfractures far more abundant than 

macrofractures).  This pattern and the evidence from consistent crosscutting relations and 

orientations noted by Laubach and Diaz-Tushman (2009) are compatible with micro and 

macrofractures being different size fractions of the same sets.  But at aperture sizes from 

about 0.5 mm to 1 mm, approximately the transition from micro and macrofractures, a 

diagenetically controlled transition is commonly found from sealed to partly sealed or 

open fractures (Laubach, 2003).  This transition is also found in set C fractures (see  
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Figure 3.30.  Breccia clast size analysis results.  A) Clast size (clast area) distribution.  
 B) Clast shape (spehericity) distribution, where 1 eqauls a perfect circle.
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R2 = 0.9252
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Figure 3.31.  A) Graph showing comparison of cumulative probability and normal 
 distribution for breccia clast circularity.  Degree of circularity ranges from 0 to
 1 (1 being perfectly circular).  B)  Cumulative frequency plot of clast size.  
 Clast size distribution follows a power law over two orders of magnitude. 
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Figure 3.21). The sealing quartz cement in microfractures and small macrofractures is 

responsible for sealing most of the fracture pore space in microfractures and much of the 

pore space in small set C macrofractures.  

Many of the narrow macroscopic fractures and microfractures I documented using 

CL methods are quartz filled.  The excellent preservation of Eriboll outcrops is probably 

a manifestation of little or no fracture pore space preservation in many of the numerous 

fractures that are apparent in outcrop. 

3.3.1 EAST-NORTHEAST-STRIKING LATE FRACTURES (SET C) 

Northeast- to east-northeast-striking fractures, called set C by Diaz-Tushman 

(2007) and Laubach and Diaz-Tushman (2009) are systematic joints (in the sense of 

Hodgson, 1961), meaning they regionally display consistent orientations (Figure 3.32).  

Set C fractures are parallel to late faults in my field area.  To document the patterns of 

these fractures relative to the late faults, I systematically measured the orientations of 

1,240 set C fractures along 26 scanlines (reported in section 3.4).  Refer to section 2.1.4.1 

for a discussion on scanline field procedures.   

3.3.2 FIELD OBSERVATIONS 

Locally, set C fractures strike northeast to east-northeast, between 045 and 080 

degrees (average strike of 062 degrees) and have vertical to near vertical dips (Figure 

3.33).  On average, Eriboll bedding in my field area strikes 026 degrees and dips 16E 

(Table 3.2).  Because only a slight shift in strike is produced when fracture strikes of 

these steeply dipping fractures are graphically rotated (by less than 20 degrees) to 

horizontal about the strike of local bedding, rose diagrams can be used to illustrate 

fracture strikes.  A complete list of fracture strikes systematically recorded along 

scanlines is reported in Appendix E. 
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Figure 3.32.  Regionally, NE to ENE-striking fractures display consistent orientations
 (systematic joints).  These are rose diagrams of set C measured by Laubach and 
 Diaz-Tushman (2009) and Diaz-Tushman (2007).  The Cambrian Eriboll 
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Figure 3.33.  Rose diagram map showing orientations of NE to ENE-striking (set C)
 fractures.  Reported data illustrates fracture orientations measured along 26
 scanlines at 11 localities.             
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Corrie Hallie Fault Trace
Station 1 025 19E NH 10697, 84315 1
Station 2 024 17E NH 10607, 84275 2
Station 3 020 12E NH 10494, 84209 3
Station 4 015 19E NH 10317, 84133 4
Station 5 029 17E NH 10176, 84123 5
Station 6 035 16E NH 10138, 84076 6
Station 7 032 16E NH 10069, 84053 7
Station 8 027 15E NH 10046, 84006 8

Gleann Chaorachain Dipslope
GC-1 029 17E NH 10748, 84073 9
GC-2 030 16E NH 10752, 84111 10

Allt Gleann Chaorachain
AGC-2 030 15E NH 10938, 84365 11

Gleann Chaorachain Fault Trace
Station 2 021 20E NH 10639, 83946 12

Lochan na Bradhan
LB-1 020 17E NH 08837, 82394 13
LB-2 032 13E NH 08889, 82472 14
LB-3 030 15E NH 08876, 82467 15
LB-4 027 18E NH 08817, 82461 16

Bradhan Gap
BG-1 035 14E NH 09275, 81979 17
BG-2 029 15E NH 09261, 81968 18

Field Area Traverse
Station 1 013 14E NH 09899, 83884 19
Station 2 034 16E NH 09822, 83761 20
Station 3 024 14E NH 09707, 83492 21
Station 4 010 19E NH 09492, 83176 22
Station 5 032 18E NH 09376, 82953 23
Station 6 021 18E NH 09103, 82537 24
Station 7 026 19E NH 08922, 82415 25

Table 3.2.  Eriboll bedding catalog.  Map number corresponds to numbers shown
 on Figure 3.33.

Locality DipStrike NGR Map #
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Set C fractures have a range of lengths, apertures, spacing, and configurations.  

Set C fractures are fault-related fractures because they systematically align with the late 

faults (striking 058 to 075 degrees).  I interpret them to have played a significant role in 

the formation and evolution of associated faults and fault zones (Chapter 6).  Set C 

fractures include opening-mode fractures and small faulted fractures.  Fractures of this set 

are filled to partially filled with quartz cement and preserve measurable amounts of 

porosity. 

Unlike the underlying Torridonian Applecross Formation, in which a number of 

outcrops identified by Ellis (2009) appear to be ‘fracture free,’ there are very few, if any, 

Eriboll outcrops that are completely devoid of fractures.  The Eriboll is a highly fractured 

unit, with comparable fracture intensities observed in both Members (the Basal Quartzite 

and the Pipe Rock).  Set C fracture abundance is highly variable and fractures may be 

either densely clustered (high fracture intensity) or sparsely distributed (low fracture 

intensity).  Initially, I attempted to document how fracture intensity (fracture abundance) 

varies with increasing distance from the late faults.  I expected to observe a decrease in 

fracture abundance away from the faults (as seen in the adjacent underlying Applecross 

Formation).  However, field observations and scanline measurements show that fracture 

abundance in the Eriboll is independent of proximity to the late fault zones.  Some 

outcrops near faults display high fracture intensities, whereas other outcrops (with 

comparable proximity to the same faults) display markedly lower fracture intensities.  

Furthermore, I documented outcrops away from late faults with both high and low 

fracture intensities.  I therefore expanded scanline sampling to document this variability 

(see section 3.5).  
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3.3.4 SET C FRACTURE CONFIGURATIONS 

The origin of patterns of spatial variability in fracture intensity can be better 

understood by examining fractures arranged in networks.  The quality and outcropping 

style of Eriboll Sandstone exposures (continuous bedding plane-parallel pavements with 

little vegetation) allows for the relatively rapid and accurate construction of fracture trace 

maps.  Northeast-striking fractures are arranged in a number of configurations and exhibit 

varying degrees of complexity.  Set C fracture patterns range from simple (widely spaced 

(> 10 cm), overlapping-subparallel configurations) to complex (closely spaced (< 5 cm), 

stepping and anastomosing configurations) and communication between neighboring 

fractures (linkage) is also highly variable.  Observed networks also display heterogeneous 

fracture intensities; parts of an outcrop may contain relatively few set C fractures (less 

than 5 fractures per meter), whereas other areas of the same outcrop (a few meters away, 

on the same bedding plane) may be highly fractured (many tens of fractures per meter).  

Meaning a scanline laid down in one portion of an outcrop would record drastically 

different fracture intensity than if the scanline was positioned elsewhere along the 

outcrop.  To avoid sampling errors and to collect representative and meaningful samples 

of the heterogeneous fracture patterns, I chose outcrops along which long continuous 

scanlines, spanning the dimension of the pavement, could be established.  Furthermore, I 

also tried to establish scanlines that would intersect fracture arrays that were most 

representative of the fractures observed across the entire outcrop (based on visual 

examination).  Some of the scanlines capture the observed abrupt differences in fracture 

intensity; others are entirely within homogeneous domains of fracture abundance. 

Eriboll outcrops often contain fractures from multiple sets (sets A-E).  Because 

my focus in on set C fractures and the evolution of faults associated with fractures in this 

orientation, I refer to set C fractures as parent fractures, pre-existing fractures I interpret 
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to have experienced shear, leading to the development of wing crack assemblages and the 

formation of small scale late faults.  Following Myers and Aydin’s (2004) fault zone 

classification, I describe set C parent fracture configurations by the predominant fracture 

geometry: left-stepping en echelon, right-stepping en echelon, or overlapping-subparallel.  

A complete representation of parent fracture configurations is present in the Eriboll 

outcrops throughout my field area.  However, overlapping-subparallel and left-stepping 

configurations were most commonly observed (Figure 3.34). 

3.4 Fracture Trace Mapping 

Pavements were systematically selected for fracture trace mapping at the fine 

(mm to cm) to medium (m) outcrop scale in order to document the range of fracture 

network patterns (simple to complex) in the field area.  I selected the localities based on 

relative proximity to the late faults: outcrops immediately adjacent to or near fault zones 

(within a distance of no more than a few tens of m), outcrops between faults, and 

outcrops greater than 150 m away from faults (Figure 3.35).  By mapping outcrops at 

various locations throughout my field area I illustrate how set C configurations vary with 

respect to fault proximity.  

3.4.1 FAULT-ADJACENT FRACTURE PATTERNS 

3.4.1.1 Corrie Hallie Dipslope Shear Zone 

National Grid Reference: NH 10374, 84293 
Map Number: 1 (Figure 3.37) 

One of the most complex fracture networks identified west of An Teallach is 

located on the Corrie Hallie dipslope; along strike of a lineament interpreted to be a fault 

using NextMap DTM images (see Figure 3.8).  Approximately 150 m north of the Corrie 

Hallie fault-line scarp, this pavement is the type exposure for fractured and sheared (high  
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Figure 3.34.  Field photos of parent fracture configurations in the Eriboll Formation.
 A) Left-stepping en echelon, B) right-Stepping en echelon, C) Overlapping-
 subparallel.
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Figure 3.35.  Locations of outcrops selected for fracture trace mapping.  Outcrops were 
 selected based on proximity to the late faults.  Fracture patterns throughout the 
 field area are highly variably displaying a range of fracture configurations from 
 simple to complex, independent of proximity to faults.  NextMap DTM base 
 image produced by Intermap Technologies using NextMap Britain elevation 
 data; courtesy of the British Geological Survey.  Localities reported in 
 Appendix D.

1

23 7

5

64

8 9
10

11
12

13

138



 

strain) networks present in my field area.  The small outcrop is approximately 4 m long 

by 3 m wide, strikes 015 degrees and dips 18E, and contains a complicated network of set 

C fractures.  Displacement along the zone was identified from offset north-striking 

fractures and is left-lateral (Figure 3.36).  

Fracture abundance within the outcrop varies abruptly from inside the zone to 

outside and contains local patches of higher and lower fracture intensity.  This causes an 

abrupt juxtaposition of intensely fractured zones and relatively unfractured host rock.  

The abundance of associated fractures adjacent to the high intensity zone is also variable 

and displays local zones with high and low fracture abundance.  Brecciated lozenges are 

arranged in an overall right-stepping configuration and are discontinuous.  The breccia 

zones occur on the edges of the high intensity zones and may contain some 

macroporosity (Figure 3.37).  

3.4.1.1 Gleann Chaorachain Dipslope P-1: GCD-N-P1 

National Grid Reference: NH 09900, 83800 
Map Number: 8 (Figure 3.37) 

Although the Gleann Chaorachain fault (GCF) is eroded and obscured by 

vegetation along much of its trace, the western segment provides exposures of fracture 

patterns immediately adjacent to a late fault zone.  Here, I used pole- conveyed 

photography to capture m-scale fracture patterns (Figure 3.38). The first outcrop GCD-N-

P1 strikes 032 degrees and dips 15E.  Although the outcrop is truncated by the GCF, it 

displays uncomplicated fracture network geometry consisting of fault-parallel opening-

mode fractures.  Two photo scanlines were shot along the pavement, conducted parallel 

and perpendicular to the fault trace.  The parallel photo-scan was 14.3 m oriented 060 

while the perpendicular photo-scan was 8 m oriented 150 degrees.   
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Figure 3.36.  Field photographs of the Corrie Hallie shear zone [NH 10374, 84293].
 A) Pole-conveyed photo, looking down onto bedding.  B) Offset north-striking
 fractrues indicating left-lateral displacement along the shear zone. Bedding:
 015/18E.  For reference, the compass is in approximately the same position in 
 both photographs.

A

B

B
C

D
E

A

A

B
C D E

B

140



Figure 3.37.  Trace maps of the Corrie Hallie shear zone.  There are local zones with 
 very high fracture abundance and patches of breccia and slip surfaces (pink), 
 with a zone with high fracture intensity (red).  Adjacent set C fracture traces 
 associated with the fault zone (red).   The overall pattern of right-stepping 
 rectangular areas of high intensity (red) zones is compatible with the growth-
 by-linkage and are discontinuous, [NH 10374, 84293].
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Figure 3.38.  Fracture pattern adjacent to the Gleann Chaorachain fault.  GCD-N-P1,
  National Grid Reference: NH 09900, 83800.

Fault trace
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Fault-parallel fractures in this outcrop display a range of spacings but most 

fractures are separated by more than 10 cm.  The fractures are curvilinear and have 

lengths of tens of centimeters to more than 1 meter.  Linkage between the fault-parallel 

fractures is low and clear examples of wing crack assemblages were not observed.  

Fractures of older set A (north-striking) are also present in this outcrop, but are less 

common than the crosscutting set C fractures.  Set A fractures display comparable lengths 

(tens of centimeters to over 1 meter), but are much more widely spaced than set C 

fractures; they are separated by several meters in some places. 

3.4.1.2 Gleann Chaorachain Dipslope P-2: GCD-N-P2 

National Grid Reference: NH 10000, 83900 
Map Number: 9 (Figure 3.37) 

A fracture trace map was constructed on the GCD-N-P2 outcrop, approximately 

30 m to the east of GCD-N-P1.  The GCD-N-P2 pavement strikes 040 degrees and is 

approximately 10 m away from the north of the edge of the Gleann Chaorachain fault 

trace.  The outcrop is heavily fractured, however the pavement is dominated by set A and 

B fractures; fault-parallel set C fractures are less abundant, despite proximity to the fault.  

Low set C abundance in this outcrop is further evidence of spatial variability in fracture 

intensity near these faults (Figure 3.39).  

3.4.1.3 Gleann Chaorachain Dipslope P-3: GCD-S-P3 

National Grid Reference: NH 10000, 83700 
Map Number: 10 (Figure 3.37) 

 GCD-S-P3 is a large pavement, approximately 200 m long by 100 m wide, and 

contains north-striking (set A), north-northwest-striking (set B) and fault-parallel (set C) 

fractures.  Set C fractures were observed cutting across both set A and B fractures.  

Fracture abundance is low across approximately 30 m of the northern portion of this  
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pavement, yet the northern part of the outcrop is closest to the fault.  To the south across 

outcrop GCD-S-P3 and progressively away from the fault, the fault-parallel set C fracture 

intensity increases.  Far from the fault trace Set C fractures are the most common fracture 

type present; some closely spaced set C fractures are less than 10 cm apart and define 

localized fracture zones. 

Set C fracture traces along GCD-S-P3 are straight to curvilinear and lengths range 

from a few centimeters up to a few meters (~3 m).  The fractures weather in negative 

relief and appear to be mostly open (may be quartz-lined).  Fracture terminations are 

abrupt and therefore set C fractures have blunt tips.  Fracture spacing is generally less 

than 10 cm, but may be greater or significantly less in different areas of the outcrop. 

Distances of less than 1 centimeter are locally present between fractures.In some areas, 

set C fractures display moderate to high amounts of linkage.  Here fractures are 

curvilinear and curve into parallelism with closely neighboring fractures where fractures 

are less than 5 cm apart.  Both right- and left-stepping en echelon patterns were 

documented at GCD-S-P3. 

I conducted low-level kite aerial photography and pole photography at this 

outcrop in an attempt to capture basic patterns and distributions of set C fractures at the 

meter scale.  After photographs were collected and interpreted the maps were reviewed 

(ground truthed) in the field to verify fracture positions, record smaller fractures not 

visible on air photographs, and to describe fracture intersection characteristics such as 

crosscutting and abutting relationships.  I also used pole-mounted photography to 

document fracture patterns in the southern part of the pavement.  The trace map made 

with pole-conveyed camera techniques is shown in Figure 3.40.  The images acquired 

using low-level kite aerial photography are shown in Figure 3.41. 

145



1 m

1m

Figure 3.40.  Fracture trace maps of GCD-S-P3 pavement. National Grid
 Reference: NH 10000, 83700.
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Figure 3.41.  Fracture pavements documented with kite aerial photography techniques.
 Outcrop GCD-S-P3, National Grid Reference NH 10000, 83700.
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3.4.1.4 Allt Gleann Chaorachain Fracture Zone 

National Grid Reference: NH 10900, 84400 
Map Number: 5 (Figure 3.37) 

I identified an east-northeast-striking fracture zone along the Allt Gleann 

Chaorachain outcrop belt [NH 10900, 84400].  The fracture zone is highly eroded and 

forms a significant sharp-sided trench in the streambed; it is approximately one and a half 

meters deep, more than two meters wide and nearly twenty meters long (Figure 3.42).  A 

few meters east of the fracture zone is a vertical outcrop.  The topographically higher 

eastern bank of the stream provides a good vantage point from which to photograph the 

fracture pavement on the western side of the stream (Figure 3.43). 

Fractures in this pavement include early set A and B fractures, fault-parallel set C 

fractures, and later east-striking set D fractures.  Set A fracture lengths range from tens of 

centimeters to over a meter and spacings are typically on the order of tens of centimeters.  

Set B fractures are uncommon in this outcrop.  Identified northwest-striking fractures are 

widely spaced, having distances between fractures of many tens of centimeters, and are 

typically tens of centimeters long.  Set C fractures are arranged in predominantly 

overlapping-subparallel configurations.  Set C lengths are between tens of centimeters to 

over a meter and are typically spaced a few to tens of centimeters apart.  The fracture 

trace map of this locality shows that the majority of set C fractures are concentrated 

around the fracture zone (Figure 3.44).  Set D fractures are the most abundant fractures in 

this outcrop.  They are largely overlapping-subparallel, spaced a few to tens of 

centimeters apart and range in length from tens of centimeters to over a meter.  In the 

southern region of the zone, set D fractures appear to curve (towards the northeast) into to 

the fracture zone, which suggests that set D fractures post-date the formation of the set C 

fracture zone (Figure 3.45). 
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Figure 3.42.  Field photograph of the Allt Gleann Chaorachain fracture zone trench.
 View to the southwest (upstream).  National Grid Reference: NH 10900, 84400.

Figure 3.43.  Oblique view of the Allt Gleann Chaorachain fracture zone trench and 
 pavement taken from the ridge on the east side of the stream. 

1 m

149



Figure 3.45. Field photo of set D fractures approaching the east-northeast-striking 
 fracture zone.  Set D fractures curve into the fracture zone.

1 m

Figure 3.44. Fracture trace map of the Allt Gleann Chaorachain fracture zone trench.
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3.4.1.5 Lochan na Bradhan Pavement (LB-N-1) 
National Grid Reference: NH 08837, 82394 
Map Number: 11 (Figure 3.37) 

The ridge immediately east of the LB-N-1 pavement provides an excellent 

vantage point from which the outcrop could be obliquely photographed for trace mapping 

(Figure 3.46).  The pavement is dominated by east-northeast striking fractures, and 

fractures of early sets A and B are also present.  Set C fractures display a range of lengths  

from a few centimeters to several meters.  Fracture spacing is also variable ranging from 

a few centimeters to tens of centimeters.  The predominant configuration of set C 

fractures in this outcrop is overlapping-subparallel; however fractures locally display 

stepping geometries (right- and left-stepping).  The northern third of this outcrop contains 

a large grass-filled, east-northeast-trending lineament approximately thirty meters long 

and up to one meter wide.  Field observations and trace mapping suggests that this feature 

is the result of a preferentially eroded fracture zone.  Similar features are present 

elsewhere along this pavement, but are less pronounced. 

3.4.2 FRACTURE PATTERNS BETWEEN FAULTS 

3.4.2.1 Allt Gleann Chaorachain Streambed Outcrop Belt 

National Grid Reference: NH 10700, 8400 to NH 10900, 84400 
Map Number: 7 (Figure 3.37) 

Some of the best set C fracture patterns are exposed along the streambed of Allt 

Gleann Chaorachain [NH 10899, 84279].  It is worth noting that the exposure of fracture 

patterns along this pavement is strongly dependent upon water level and discharge 

(Figure 3.47).  However, when exposed at low water flow conditions this locality 

displays a wide range of superbly preserved set C fracture patterns and is representative 

of the spatial variability of fracture abundance and fracture pattern complexity observed 
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Figure 3.47.  Allt Gleann Chaorachain stream pavement, [NH 10907, 84338].  A) During 
 low discharge fracture patterns are superbly exposed along the stream bed.  
 Note large block to the far right. View to the north-northeast.  B) During high 
 discharge the pavements are inaccessible.  Standing on the large block of
 Eriboll, seen to the far right in photo (A), view to the west.  
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throughout my field area.  Set A (north-striking) and set B (north-northwest-striking) 

fractures are also present in this outcrop, and both are cut by set C fractures, the most 

abundant fracture set present.  Fracture length of any given set typically ranges between a 

few centimeters to approximately 0.5 meter, although fractures up to 1.5 meter trace 

length were observed.  Fracture spacing for the various sets also similar, ranging from 

less than 1 centimeter to tens of centimeters. 

Fracture configurations and network geometries for set C fractures are spatially 

variable throughout much of this outcrop.  I documented two predominant set C fracture 

configurations along the AGC streambed pavement: overlapping-subparallel and left-

stepping en echelon.  In some areas of the pavement set C fractures form simple patterns 

with relatively wide fracture spacings (greater than 10 cm to as much as 1.5 m).  In other 

areas, along the same bedding plane, set C fractures are closely spaced (5 cm to less than 

1 cm) and arranged in complex patterns. Complex patterns consist of nested arrays of 

wing cracks (discussed below) and other small fractures that connect segments of larger 

fractures.  Areas having more complex patterns also tend to have more fractures (higher 

fracture abundance) owing to the presence of the small connecting fractures.  The size of 

these zones and distances between these zones of higher fracture intensity occur over a 

wide range (a few cm to as much as 1 m) (Figure 3.48). 

Increasingly complex fracture patterns along the AGC pavement are commonly 

associated with the presence of wing cracks, secondary fractures that form in response to 

shear along a preexisting or parent fracture, as the result of a rotation in the original 

stress field (Engelder, 1989; Martel, 1990; Cruikshank et al., 1991; McGrath and 

Davison, 1995; Willemse and Pollard, 1998; Peacock, 2001; Myers and Aydin, 2004) 

(further discussed in section 3.5).  Where fault-parallel fractures overlap, single wing 

cracks that connect closely spaced neighboring fractures (spacing less than 10 cm) may 
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be present.  More commonly several fractures are present in wing crack configurations; I 

call these wing crack assemblages.  

Set C fractures that have been modified by north-northeast-striking wing crack 

assemblages produce highly linked patterns, meaning there is a high degree of 

connectivity and neighboring fractures touch or nearly touch one another.  No standard 

measurement exists for quantifying fracture network connectivity despite the importance 

of this parameter to fluid flow in fracture systems (as shown by modeling; Long and 

Witherspoon, 1985).  According to the connectivity measure of Laubach (1992) the 

number of isolated (dead end) fracture tips in a fracture array can be used to quantify 

connectivity.  In the absence of wing crack assemblages, set C fractures are 85 to 100 

percent isolated fracture tips (highly disconnected) but may have almost entirely 

connected tips (highly connected) where wing cracks are present.  This connectivity 

measure does not account for preferential cement fill at fracture tips, which can strongly 

reduce connectivity and flow in fracture systems (Olson et al., 2009) and is a 

phenomenon that cannot be measured in the field for this fracture set.  Petrography shows 

that fracture tips in these fractures are preferentially quartz-filled (see 3.21). 

Observations of outcrops having progressively more wing cracks suggests that the 

development of wing cracks is part of a progression that leads to the development of 

faults. Wing crack-modified set C fracture arrays are visible as components of the 

fractures within isolated small fault zones (a few centimeters to tens of centimeters).  At 

the centimeter and meter scale rhombic damage zones with very high fracture intensity 

(more than 30 fractures per meter) are the product of wing crack assemblages in which 

the number of wing cracks is high (Figure 3.49).  Field observations suggest that the 

degree of damage increases by the accumulation of nested arrays of wing cracks; in other 

words, the presence of wing cracks increases linkage of set C fracture networks 
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10 cm

Figure 3.49.  Field photo and corresponding fracture trace map.  Linkage between set C 
 fractures is enhanced by the development of NNE-striking wing crack  
 assemblages.  Shearing of overlapping-subparallel and left-stepping set C 
 parent fractures produces small faults and rhombic damage zones.   Allt Gleann 
 Chaorachain streambed, National Grid Reference: NH 10907, 84338.
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(illustrated below and in Chapter 6).  Consequently highly linked fracture arrays are 

sporadically developed (patchy, asymmetrically distributed) across this outcrop.  This 

patchiness is seen over a range of scales (mm to m) throughout my field area, and is 

possibly what is occurring at the km-scale, driving the evolution of the fracture patterns 

near large late faults. 

3.4.3 FRACTURE PATTERNS AWAY FROM FAULTS 

3.4.3.1 Corrie Hallie Dipslope: CHD-W-1a and CHD-W-1b  

National Grid Reference: NH 09900, 84200 and NH 09900, 84100 
Map Number: 3 and 4 (Figure 3.37) 

Set C fractures patterns also display a wide range of configuration complexity 

from simple (isolated fractures) to complex (highly linked fractures) in regions away 

from late fault zones (> 150 m).  Pavement CHD-W-1a [NH 09900, 84200] is 

approximately 280 m north of the Corrie Hallie fault.  This outcrop displays a relatively 

uncomplicated fracture pattern of subparallel fracture traces, shown in Figure 3.50.  In 

addition to set C fractures, this outcrop contains fractures from older sets A and B, but 

these are far less abundant and are cut by set C. 

At this locality, set C fractures are predominantly arranged in an overlapping-

subparallel configuration, with a wide range of lengths (a few centimeters to tens of 

centimeters).  On average, set C fractures display intermediate fracture spacings (5 to 15 

cm).  However, in some places set C fractures may be closely spaced (less than 5 cm) or 

widely spaced (greater than 20 cm).  This outcrop also displays patchy spatial variations 

in fracture abundance.  Locally few to no set C fractures are present, whereas in other 

areas set C fractures tend to cluster and have abundances of 50 fractures per meter (when 

extrapolated up to a meter).  
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Approximately 25 to 50 m south of CHD-W-1a is another example of a simple 

fracture pattern away from a late fault, CHD-W-1b [NH 09900, 84100].  The 

predominant configuration of set C fractures is overlapping-subparallel.  The fractures are 

present over a range of lengths (a few centimeters to greater than 1 meter) and spacings (a 

few to tens of centimeters).  In addition to set C fractures, there are a few long (several 

m) north-striking (set A) fractures running through the middle of this outcrop, which are 

cut by set C fractures (Figure 3.51). 

3.4.3.2 Sàil Liath: SL-P1 

National Grid Reference: NH 08700, 81100 
Map Number: 13 (Figure 3.37) 

 I documented another example of the spatial variations of fracture pattern 

complexity outside of a late fault zone at this locality.  SL-P1 [NH 08700, 81100] is 

approximately 575 m south of the Bradhan Gap fault, along Allt Lochan na Bradhan, 

approximately 100 m south of a small fault I interpreted using NextMap DTM.  This 

outcrop contains set C fractures arranged in a left-stepping configuration, although 

locally (at the tens of cm-scale) the fractures are overlapping-subparallel along some part 

of the trace length.  This outcrop also illustrates spatial variations in fracture abundance, 

the majority of the fault-parallel fractures are clustered and closely spaced (less than 10 

cm) and are localized and concentrated in one area of this outcrop, leaving large portions 

of the outcrop relatively devoid of fault-parallel fractures (Figure 3.52). 

3.5 Measurement of Set C Fracture Abundance  

Fracture abundance for northeast fractures (set C) is spatially variable and 

heterogeneously distributed across my field area.  Variations in set C fracture abundance 

are also evident with respect to position along fault zones.  Field observations show that 

fault zone development and distribution of damage within and around the late fault zones 
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Figure 3.52.  A)  Field photo of the Sail Liath pavement, approximately 575 m south of 
 the Bradhan Gap fault.  B) Corresponding fracture trace map  of the Sail Liath 
 pavement.  The outcrop contains fractures from set A and C.  Set A fractures are 
 most abundant.  Set C fractures are widely spaced (tens of cm) and are relatively 
 long (tens of cm).  National Grid Reference: NH 08799, 81100.
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is highly irregular and asymmetric, typically displaying abrupt transitions between zones 

with a high degrees of damage (fault rock exposures) and relatively undeformed country 

rock (containing few fractures or few fractures from the set that parallels the fault traces).  

In the following section I document the distribution of damage and fracture abundance in 

and around the through-going late fault zones.  Similarly to trace mapping locality 

selection, I systematically selected scanline stations based on relative position to the late 

fault zones.  Scanlines were recorded along pavements immediately adjacent to faults, 

between faults, and away from faults (greater than 150 m).  By documenting fracture 

abundance at different outcrops in various locations throughout my field area, I am able 

to illustrate how fracture intensity varies with respect to fault proximity.  The locations of 

my scanline stations are shown in Figure 3.53.  Refer to Table 2.1 for a list of scanline 

station names, station coordinates, scanline lengths and orientations, and the number of 

fractures measured at each station.  See Appendix D for a description of the localities and 

Appendix E for a complete list of scanline results and fracture attribute measurements.  

Previous fault-related fracture studies have reported that fracture abundance 

increases toward fault zones (Pohn, 1981; Stewart and Hancock, 1990; Dunne and 

Hancock, 1994; Peacock, 2001).   Abundance of fractures that strike parallel to set C also 

increases systematically towards the late fault zones, where same faults I studied cut the 

underlying Applecross Formation, as documented by Ellis (2009).  However, a different 

pattern is evident where these faults transect the Eriboll Formation.  My field 

observations and measurements reveal that the spatial distribution of fault-related fracture 

abundance in the Eriboll Sandstone does not form a simple, uniform envelope 

surrounding the late faults as seen in the Applecross Formation where fracture abundance 

increases towards the fault zones.  Instead, fracture abundance is patchy, with areas of 

high and low fracture abundance separated by abrupt transitions.  In other words fracture 
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abundance does not necessarily increase with increasing proximity to the late faults, nor 

does it necessarily decrease with decreasing proximity to the fault zone.  This can best be 

illustrated in and around the Corrie Hallie and Gleann Chaorachain Fault zones, located 

in the central portion of the field area (Figure 3.54).  My scanline measurements and 

results are described below. 

3.5.1 FRACTURE ABUNDANCE ALONG STRIKE 

3.5.1.1 Fracture Abundance along the Corrie Hallie fault  

Eight scanline stations were established along the Corrie Hallie fault-line scarp 

(CHF stations 1-8, east to west respectively) (Figure 3.55a).  The scanlines were oriented 

orthogonally to the fault trace and to strike of fault-related fractures, northwest-southeast 

(150 degrees).  Scanline lengths at this locality (between 1 and 3 m) were controlled by 

exposure widths.  Beginning at zero, scanline length increased towards the fault 

terminating at the steep-faced topographic expression of the fault-line scarp.  Although 

the scanlines do not meet at a discrete fault surface, they probably all end at 

approximately the same structural position (the fault-line scarp is a continuous linear 

feature) and nevertheless they record fault parallel fractures as close to the center of the 

eroded fault core as possible.  Examples of the Corrie Hallie fault-line scarp scanline 

stations are shown in Figure 3.56.  The eight scanlines were recorded from east to west; I 

began taking measurements along the eastern segment of the Corrie Hallie fault and 

proceeded up-dip (west) establishing scanline stations ever few hundred meters.  My 

results show that fracture intensity for fault-parallel fractures is highly variable along 

strike, ranging from 3 to 27 fractures per meter (Figure 3.55b). 
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Figure 3.55.  A) Aerial view of scanline stations along the Corrie Hallie fault trace.  
 Scanlines were measured as close to the fault as possible, on the edge of the 
 fault-line scarp.  Scanlines begin at zero and increase in length towards the
 fault, terminating at the fault-line scarp.  B)  Fracture intensity results, reported 
 as number of fractures per meter.
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Figure 3.56.  Field photos of scanlines measured along the Corrie Hallie fault-line scarp.  
 Scanlines begin at zero and increase in length towards the fault, terminating at the
 steep-faced cliff.   The scanlines do not meet at a specific fault surface, however
 they were measured as close to the eroded fault zone as outcrops permit. National
 Grid Reference: NH 10046, 84006. 
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3.5.1.2 Fracture Abundance along Gleann Chaorachain Fault 

Exposure along (and adjacent to) the Gleann Chaorachain fault trace (GCF) is less 

abundant than that along the Corrie Hallie fault-line scarp, and I was therefore not able to 

conduct as many along-strike scanlines.  Two scanlines were established along the 

eastern segment of the fault (up-dip from the Allt Gleann Chaorachain stream outcrop 

belt).  The scanlines were conducted approximately 50 meters apart on opposite sides of 

the fault trace, and began at zero, increasing in length towards the fault.  An additional 

scanline was measured on the GCD-N-P1 outcrop, which is truncated by the eroded fault 

zone (Figure 3.57a).   

The first scanline (GCF-1) was measured on the north side of the Gleann 

Chaorachain fault trace.  I measured 78 fractures along a 4.9 m long scanline oriented 

northwest-southeast (170 degrees).  Fracture intensity of fault-related fractures along 

GCF-1 is approximately 16 fractures per meter. The second scanline (GCF-2) was 

measured approximately 50 m down dip from GCF-1 on the southern side of the fault 

trace.  Due to limited outcrop lengths and dimensions, GCF-2 was composed of three 

individual segments (see section 2.1.4.2 for a description of multiple segment scanlines).  

Each segment was oriented northwest-southeast (150 degrees) and when combined 

produce a “continuous” 8.7 m long scanline.  I measured 199 fractures along the scanline 

and recorded a fracture intensity of approximately 23 fractures per meter.  The final 

scanline GCF-3 was established on the north side of the Gleann Chaorachain fault and I 

recorded 86 fractures along 10.2 m scanline oriented northwest-southeast (160 degrees).   

The GCF scanline stations were measured along outcrops that are in the same 

bedding-plane.  These outcrops (and the scanlines measured along them) terminate 

against the same inferred fault trace.  Again, scanlines do not meet a discrete fault 
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surface, instead they terminate where outcrop ends in the eroded fault zone.  In the case 

of these stations, the eroded fault zone coincides with a small stream.  Although the 

variations in fracture abundance documented along the Gleann Chaorachain fault are less 

pronounced than the measurements obtained along the Corrie Hallie fault-line scarp, 

fracture intensity along the GCF suggests spatial variations in the distribution of fracture 

intensity along strike of late faults.  Fracture intensity variability along the GCF is 

notably abrupt when the proximity of these two stations is considered (Figure 3.57b.).    

3.5.2 FRACTURE INTENSITY BETWEEN FAULTS:  

Four scanline stations were established in the intervening region between the 

Corrie Hallie fault-line scarp and the Gleann Chaorachain fault: two on the Gleann 

Chaorachain dipslope (GCD), GCD-1 and GCD-2, and two along the Allt Glean 

Chaorachain (AGC) stream outcrop belt, AGC-1 and AGC-2 (Figure 3.58a).  The GCD 

scanline stations are closer to the Gleann Chaorachain fault, whereas the AGC scanline 

stations are closer to the Corrie Hallie fault.  However, both localities are approximately 

equidistant from their respective fault zones.  Differences in fracture intensities of these 

stations further suggest that fracture abundance is variable independent of proximity to 

late fault zones (Figure 3.58b).  

3.5.2.1 Fracture Abundance along Gleann Chaorachain Dipslope 

The two scanline stations on the Gleann Chaorachain dipslope (GC-1 and GC-2) 

display moderate (10 fractures per meter) to low (6 fractures per meter) fracture 

intensities.  Fracture intensity results from these stations suggest that fracture abundance 

between the fault zones is variable and is comparable to some along-strike scanline 

stations that are adjacent to faults, specifically CHF stations 4, 5, 6, and 7. 
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Figure 3.58.  A) Aerial view of scanline stations the intervening region between the 
 Corrie Hallie  Gleann Chaorachain Fault zones.  Localities include the Gleann 
 Chaorachain Dipslope (GCD)  and the Allt Gleann Chaorachain outcrop belt 
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3.5.2.2 Fracture Abundance along Allt Gleann Chaorachain Streambed Outcrop 
Belt  

I measured a fracture intensity of approximately 8 fractures per meter at 

streambed station AGC-1.  The abundance of fractures measured at AGC-1 is comparable 

to those recorded along the GCD and to some of the along-strike fault stations (CHF 

stations 4, 5, 6, and 7).  Of the four stations established to document fracture intensity 

between the faults, AGC-2 displays the highest fracture intensity, approximately 22 

fractures per meter.  The fracture intensity I measured at AGC-2 is also similar to some 

of the along-strike stations (CHF station 8 and GCF station 2).  AGC-2 is closer to the 

CHF than AGC-1 and the recorded fracture intensity suggests that fractures are becoming 

more abundant as the fault zone is approached.  However, I interpret this result to be 

coincidental as this was not the predominant trend I observed throughout the field area.  

For example, the distance between AGC-2 and the CHF is similar to that between GCD-1 

and the GCF, however scanline GCD-1, which recorded 10 fractures per meter, does not 

show as marked an increase in fracture abundance.  The observed distribution of fracture 

abundance is in agreement with the variability seen along strike of the Corrie Halle fault, 

suggesting that fracture intensity varies independent of proximity to the late faults.  The 

fracture intensity measured at AGC-1 is comparable to stations along-strike and other 

intervening stations, specifically CHF stations 4, 5, and 7, and CHD stations 1 and 2.  

The high fracture intensity recorded at AGC-2 is comparable to the along-strike fracture 

intensity recorded at CHF station 8.  
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3.5.3 FRACTURE ABUNDANCE AWAY FROM FAULTS 

3.5.3.1 Abundance Away from Faults: Corrie Hallie Dipslope  

Two outcrops were selected to document fracture intensity in distal positions 

(>150 m) relative to the Corrie Hallie and Gleann Chaorachain fault zones (Figure 3.59a).  

The northern scanline station (CHD-W-2) is approximately 280 m north of the Corrie 

Hallie fault-line scarp [NH 10019, 84173].  Here, I measured 283 fractures along a 19.1 

m long scanline oriented north-northwest-south-southeast (165 degrees).  Fracture 

intensity recorded at this station is approximately 15 fractures per meter and is 

comparable to both along-strike and intervening scanline stations, specifically CHF 

station 2 and GCF station 1. 

3.5.3.2 Abundance Away from Faults, Western Gleann Chaorachain Dipslope 

The southern distal scanline station (GCD-W-3) was established approximately 

160 m south of the Gleann Chaorachain fault trace [NH 09800, 83700].  I measured 45 

fractures along an 8.85 m long scanline oriented northwest-southeast (150 degrees).  

Fracture intensity is low, approximately 5 fractures per meter, and is comparable to both 

along-strike and intervening scanline stations, specifically CHF stations 1, 3, and 6, CHD 

station 2, and AGC station 1.  Fracture intensities measured at both of the distal scanline 

stations is shown in Figure 3.59b.  

3.5.4 FRACTURE ABUNDANCE VARIATIONS AND DISTRIBUTIONS THROUGHOUT THE 
FIELD AREA 

I recorded an additional ten scanlines to document spatial variations of fracture 

abundance along the dipslopes in the southern half of my field area.    Again, these 

stations were established based on relative distance from late east-northeast fault zones in 

order to document how fracture intensity is distributed in, around, and away from the late  
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 B) Fracture intensity results, reported as number of fractures per meter.
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faults (Figure 3.60, also see Figure 3.53).  See Table 2.1 for station coordinates, scanline 

lengths and orientations, and the number of fractures measured. 

3.5.4.1 Abundance along Càrn na Canaich Dipslope 

Four scanlines were measured along the Càrn na Canaich dipslope (CNC), 

immediately west of the Moine Sole Thrust.  As expected, no increases in set C 

abundance was found adjacent to the Moine thrust, which would have been long extinct 

during set C formation.  The CNC dipslope is transected by at least four late faults, and 

the degree of damage throughout the sector is highly variable, irrespective of how close 

stations are to the faults (Figure 3.61a).  The first two stations CNC-N-1 [NH 09600, 

83400] and CNC-N-2 [NH 09341, 82750] document fracture intensity on either side of 

the Càrn na Canaich north fault (the Tree fault).  This structure was given the name ‘Tree 

fault’ in the field because some of the only trees remaining in this part of Coir’ a’ 

Ghiubhsachain preferentially grow within the fault zone and are locally clustered along 

the fault-line scarp where the fault cuts into the valley (Figure 3.62).  Refer to Figure 3.46 

for the positions of CNC-N-1 and N-2 scanline stations relative to the Tree fault zone.  

CNC-N-1 is located approximately 150 m from the center of the fault zone and CNC-N-2 

is approximately 115 m south of the fault.  I measured 35 fractures along a 7 m scanline 

oriented approximately northwest-southeast (150 degrees) at CNC-N-1, and recorded a 

fracture intensity of 5 fractures per meter.  CNC-N-2 was established on a long and thin 

outcrop to the south of the Tree fault.  In order to fit the dimensions of the pavement, I 

conducted a seven segment scanline, each of which was oriented northwest-southeast 

(145 degrees) normal to the fault trace.  I measured 64 fractures along the 21.5 m long 

‘continuous’ scanline, and recorded a fracture intensity of approximately 3 fractures per 

meter.  Scanline results acquired at CNC-N-1 and CNC-N-2 demonstrate that fracture 

abundance is variable and can be low in areas adjacent to late fault zones. 
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0.5 km

N

Figure 3.60.  Aerial view of scanline localities conducted across the southern half of 
 the field area.  Stations were selected based on relative proximity to late
 faults in order to document fracture intensity near and away from these 
 fault zones.  See Figure 3.53 for fault locations.  
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Figure 3.61.  A) Aerial view of scanline stations along the Càrn na Canaich Dipslope.
 Localities were selected to document fracture intensity at various positions
 around the late faults (mapped in yellow).  B) Fracture intensity results,  
 reported as number of fractures per meter.
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Two scanlines were measured in the southern part of the Càrn na Canaich 

dipslope: CNC-S-1 and CNC-S-2.  The outcrops are approximately 150 to 250 m south of 

the Càrn na Canaich-Coire Chaorachain fault, which can be observed cutting through the 

MTZ to the east (see Figure 3.9).  The eastern segment of this fault was previously 

mapped by Peach and Horne and colleagues (1907).  I identified a number of fault rock 

exposures along trend to the west.  My mapping of fault rock in this portion of the CNC 

dipslope suggests the fault continues and I therefore interpret it to extend to the west.  

CNC-S-1 [NH 09404, 82462] recorded 1.5 fractures per meter along a 14 m scanline 

oriented northwest-southeast (150 degrees).  Some of the northeast-striking fractures in 

this outcrop appear to cluster together and with as much as 3 m of unfractured rock 

between clusters (Figure 3.63).  CNC-S-2 is approximately 100 m to the south-southwest 

of CNC-S-1.  I measured 73 fracture along a 1 meter long photograph scanline oriented 

northwest-southeast (150 degrees). Although CNC-S-1 is closer to the fault zone, the 

outcrop has overall low abundance of set C fractures, whereas CNC-S-2 is further from 

the fault zone and displays a higher abundance of set C fractures (Figure 3.64).  Scanline 

results of the Càrn na Canaich dipslope stations are shown in Figure 3.61b. 

3.5.4.2 Abundance along Lochan na Bradhan  

Four scanlines were measured along pavements approximately 250 m north of 

Lochan na Bradhan: LB-N-1, LB-N-2, LB-N-3, and LB-N-4.  The Lochan na Bradhan 

outcrops provide another opportunity to document fracture abundance relatively close to 

a major late fault.  The Càrn na Canaich-Coir Chaorachain fault can be traced along 

trend, cutting into Coir’ a’ Ghiubhsachain at the southern most end of the valley, where 

the valley walls correspond to a number of NE-trending lineaments.  Based on my field 

observations and my inferred trace of the Càrn na Canaich-Coir Chaorachain fault, I 

interpret the fault trace to be approximately 65 to 70 meters north of the northern edge of 
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Figure 3.63.  Field photo of Càrn na Canaich southern station 1 (CNC-S1).  The pavement
 displays an overal low abundance of set C fractures.  Scanline oriented 
 approximately150 degrees.  National Grid Reference: NH 09404, 82462

Figure 3.64.  Field photo of Càrn na Canaich southern station 2 (CNC-S2), approximately
 100 m to the south-southwest of CNC-S1.  The pavement displays a high 
 abundance of set C fractures (tens per meter).  Scanline oriented approximately
 150 degrees.
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LB-N-1 (approximately 35 to 40 m north of the three stations established along the edge 

of the valley cliff edge).  The locations of the Lochan na Bradhan scanline stations and 

late faults are shown in Figure 3.65a. 

Scanline LB-N-1 [NH 08837, 82394] was measured along the large continuous 

pavement approximately 250 m north of Lochan na Bradhan, shown in Figure 3.66.  I 

measured 112 fractures along an 18 m long scanline oriented northwest-southeast (150 

degrees) and recorded a fracture intensity of approximately 6 fractures per meter.  The 

remaining Lochan na Bradhan scanline stations were established along the outcrops on 

the edge of the cliff above the valley, approximately 35 m north of LB-N-1.  Here, I used 

the same conventions used along the Corrie Hallie fault-line scarp: scanlines began at 

zero and increased toward the fault trace, terminating where the outcrop ended at the cliff 

edge (Figure 3.67).  The stations were established from east to west, moving up-dip.  LB-

N-2 [NH 08889, 82472] was the easternmost scanline station established at this locality.  

I measured 37 fractures along a 3.5 m long scanline oriented northwest-southeast (150 

degrees) and recorded a fracture intensity of approximately 10 fractures per meter.  LB-

N-3 [NH 08876, 82467] is approximately 20 m west of station LB-N-2.  I measured 23 

fractures along a 1.5 m long scanline oriented northwest-southeast (150 degrees), and 

recorded a fracture intensity of approximately 15 fractures per meter.  The final scanline 

at this locality was measured at LB-N-4 [NH 08817, 82461] approximately 40 m west of 

station LB-N-3.  I measured 56 fractures along a 5 m scanline oriented northwest-

southeast (150 degrees), and recorded a fracture intensity of approximately 11 fractures 

per meter.   

Fracture intensity results from the four stations at this locality illustrate that 

fracture abundance is highly variable in outcrops that are at relatively close to moderate 

distances (< 50 m) from the late fault zones.  The Lochan na Bradhan outcrops also 
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Figure 3.65.  A) Aerial view of the Lochan na Bradhan scanline stations.  The late 
 faults are mapped with yellow dashed lines.  B) Fracture intensity results,
 reported as number of fractures per meter.
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Figure 3.66.  Oblique view of Lochan na Bradhan scanline station 1 (LB-N-1).  View to 
 the northwest, [NH 08837, 82394].  Corresponding trace map in Figure 3.46. 

Figure 3.67.  Field photo of scanline station LB-N-4.  Scanlines began at zero and 
 terminated where the outcrop ended at the steep-faced cliff edge.  View to the
 northwest, [NH 08659, 81817].
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provide the opportunity to document and compare fracture abundance at relatively 

closely spaced (tens of m) stations along trend of a late fault.  Measurements at this 

locality, shown in Figure 3.65b, are consistent with my interpretation that Eriboll fracture 

abundance is variable across relatively short lateral distances (tens of meters). Transitions 

from low to high fracture abundance are markedly abrupt. 

3.5.4.3 Bradhan Gap Fault  

The Bradhan Gap is the southern most sector in my field area.  This wide, shallow 

valley is the topographic expression that remains from a highly eroded fault zone.  

Despite the apparent deeper level of erosion that has shaped the Bradhan Gap, some of 

the largest intact volumes of fault core observed in my field are found in the Bradhan Gap 

(flooring the valley; much of the footpath running through the valley has been established 

along Eriboll fault rock) (Figure 3.68), suggesting that the Bradhan Gap fault (BGF) was 

a significant structure.  The location of the Bradhan Gap fault is defined as the edge of 

the area of poor exposure.  This zone is several meters wide to as much as tens of meters 

wide in places, and therefore the two scanlines measured at this locality (BG-1 and BG-2, 

shown in Figure 3.69a) do not terminate at a discrete fault surface.  The scanlines were 

established approximately 10 m apart on opposite sides of the Bradhan Gap fault.  The 

scanlines began at zero away from the fault and extended towards the fault (Figure 3.70).  

Scanline BG-1 [NH 09275, 81979] was measured on the northern side of the fault zone.  I 

measured 7 fractures along a 3.1 m long scanline oriented northwest-southeast (150 

degrees), and recorded a fracture intensity of approximately 2 fractures per meter.  

Scanline BG-2 [NH 09261, 81968] (southern side of the fault) was oriented northwest-

southeast (150 degrees), captured 46 fractures along a 4.6 m long scanline, and recorded 

a fracture intensity of 10 fractures per meter.  Scanline results for this locality are shown 

in Figure 3.69b. 
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Figure 3.68.  Field photos of fault rock in the Bradhan Gap.  Large portions of preseved 
 fault core are exposed throught this region.  Although the exposures correspond 
 to zones with high degrees of damage, the fault cores are highly indurated and 
 weather in positive relief.  
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Figure 3.69.  A) Aerial view of the Bradhan Gap scanline stations.  The Bradhan
 Gap fault is mapped with the yellow dashed line.  B) Fracture intensity
 results, reported as number of fractures per meter.
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Figure 3.70.  Field photo of the Bradhan Gap scanlines.  Scanlines were conducted on 
 opposite sides of the Bradhan Gap fault trace, beginning at zero and increasing 
 towards the fault zone. Both outcrops terminate against the fault trace (marked
 with the dashed line).  A) Station BG-1, 7 fractures measured along a 3.1 m long 
 scanline, [NGR: NH 09275 81979].  B) Station BG-2, 46 fractures measured 
 along a 4.6 m long scanline.  View to the southwest [NH 09261, 81968].
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The scanlines measured along the Bradhan Gap fault continue to demonstrate the 

high variability of fracture abundance observed in Eriboll outcrops throughout my field 

area.  Both of these scanlines were measured on outcrops adjacent to a large late fault 

zone, and were situated so that they were as close as possible to the fault core and 

preserved fault rock exposures.  Additionally, the proximity of the stations to one another 

further illustrates that fracture intensity in the Eriboll changes abruptly over short lateral 

distances and suggests that variations in fracture abundance is independent of proximity 

to the late fault zones. 

3.6 Wing Crack Modification of Set C Parent Configurations  

Previous studies have found that fault zone development is strongly dependent 

upon (and may evolve through) the linkage of fractures (Martel, 1990; McGrath and 

Davison, 1995; Peacock, 2001; Myers and Aydin, 2004).  Secondary opening-mode 

fractures, wing cracks, are common structures that assist in the linkage of fracture 

networks and faults.  I found numerous examples of wing cracks in a number of outcrops 

throughout my field area at the centimeter to meter scale.  Other names widely used in 

the literature to describe secondary opening-mode fractures include tail cracks 

(Cruickshank et al., 1991), tail fractures (Cruikshank and Aydin, 1994) tensile cracks 

(Willemse and Pollard, 1998), branch cracks (Chaker and Barquins, 1996), horsetail 

fractures (Granier, 1985), splay cracks (Martel et al., 1988), splay fractures (Martel, 

1990; Cooke, 1997), kink fractures (Cruikshank et al., 1991), and pinnate joints 

(Engelder, 1989; Peacock, 2001). Some of these terms have slightly different meanings.   

Cruikshank and Aydin (1994) differentiate wing cracks from tail cracks based on 

the geometries of stepping parent fractures relative to the sense of shear.  Wing cracks 

will exist if the step between neighboring parent fractures is extensional, that is the sense 
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of shear is the same as the sense of stepping (left-lateral shearing of left-stepping 

fractures or right-lateral shearing of right-stepping fractures), which produces secondary 

fractures that bridge the step between the adjacent parent fractures.  If the step between 

neighboring parent fractures is restraining (contractional), that is the shear sense is 

opposite to the sense of step, tail cracks will exist and point away from the step (they do 

not bridge the step between adjacent parent fractures).  In the field, I observed fracture 

arrays in which the predominant fracture step to shear sense relationship appeared to be 

extensional.  Therefore, to remain consistent with the terminological conventions adopted 

in the field, I refer to these secondary fractures as wing cracks. 

Wing cracks develop over a wide range of scales and have been documented in a 

number of lithologies: sandstone (Cruikshank et al., 1991; Myers and Aydin, 2004), 

granite (Engelder, 1989), limestone (Willemse and Pollard, 1998), and shale (McGrath 

and Davison, 1995).  The formation of wing cracks is not limited to rock.  Satellite 

images reveal wing cracks propagating off large faults in Arctic ice sheets and on the ice 

shell of Jupiter’s sixth moon Europa (Schulson, 1999; Kattenhorn and Marshall, 2006). 

Furthermore, wing cracks have been reproduced under laboratory conditions in a number 

of synthetic materials: glass, plastics, polymers, and ceramics (Lu et al., 2005; Li et al., 

2008).  

To better understand the linkage of set C fractures and the evolution of the late 

faults, I investigated north-northeast-striking wing crack assemblages branching off of 

fault-parallel fractures.  By studying wing cracks in addition to set C parent fracture 

configurations, I can infer stages of fracture pattern evolution and the incremental 

development of small fault zones (cm to m scale).  Furthermore, I use parent fracture-

wing crack geometric relationships (wing crack orientations and kink angles, with respect 

to set C fractures) to determine the sense of slip experienced along set C fractures.  In the 
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following sections I show how wing crack modification strongly influences the spatial 

distribution of set C fracture network connectivity (degree of linkage) and fracture 

intensity.   

3.6.2 FIELD OBSERVATIONS OF WING CRACKS 

The wing cracks I observed are most commonly associated with set C parent 

fractures.  Based on abutting and crosscutting relationships, I interpret these secondary 

opening-mode fractures to post-date set C fractures, and to have formed in response to a 

shift in the remote stress field, which may have been the driving force leading to the 

formation of the late east-northeast-striking faults.  Older fracture sets (A and B) were 

misoriented to develop wing cracks in this loading configuration, and probably more 

importantly, observed crosscutting relations suggest that they were mostly quartz sealed 

prior to the formation of set C fractures and therefore were unlikely to be reactivated as 

slip surfaces. 

The Allt Gleann Chaorachain outcrop belt preserves some of the best developed 

wing crack assemblages on set C fractures.  Wing cracks branching off of set C fractures 

are subparallel to each other with linear to curvilinear traces.  Wing crack lengths 

typically range from a few centimeters to approximately ten centimeters and link left-

stepping and overlapping-subparallel set C fractures (the predominant parent 

configurations observed at this locality, see Figure 3.36).  North-northeast-striking wing 

cracks form at or near the tips of set C fractures, as well as along the fracture trace.  Wing 

cracks can be observed connecting adjacent set C fracture arrays tip to tip or along the 

trace of the fractures, in which case neighboring set C fractures are connected mid-

fracture trace to tip or mid-fracture trace to mid-fracture trace.  I also observed isolated 

set C fractures with wing cracks forming at either one or both ends of the fracture.  For 

isolated fractures with wing cracks at both ends, the wing cracks formed on opposite 
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sides of the fracture.  Shearing of preferably configured parent fractures produced 

localized dilatant damage zones, evidence of which is seen in the development of inward 

propagating wing crack assemblages. 

3.6.3 WING CRACK MEASUREMENTS 

I measured 250 set C parent fracture-wing crack pairs at two localities in my field 

area: the AGC stream bed [NH 10899, 84279] and CHD-W station 1a [NH 09900, 

84200].  Attributes measured include lengths and orientations of parent fractures and 

wing cracks, and the kink angle.  The kink angle is the acute angle between the trace of 

the parent fracture and the wing crack (Willemse and Pollard, 1998; Joussineau et al., 

2007; Mutlu and Pollard, 2008) (see Figure 6.4).  In experimental research, the kink angle 

has been found to be influenced by fault frictional properties, remote stresses, and the 

angle between the parent fracture and the maximum compressive stress (SHmax).  The 

magnitude of the kink angle is inferred to be directly related to the magnitude of shear 

experienced by a parent fracture; greater kink angles are associated with greater amounts 

of shear (based on laboratory tests and theory; Cotterell and Rice, 1980; Cruikshank et 

al., 1991; Cruikshank and Aydin, 1994).   

Wing cracks branching off of set C parent fractures typically strike north-

northeast, ranging from 020 to 045 degrees, with an average orientation of approximately 

30 degrees (Figure 3.71).  This dispersion is expected and could be related to the local 

strike dispersions observed in set C fractures (Figure 3.72).  On average, set C-related 

kink angles are 33 degrees with 27 degrees being the predominant angle.  A relatively 

wide distribution of kink angles was observed ranging between 2 degrees and 62 degrees.  

Again this variation is not surprising and is interpreted to be related to set C strike 

dispersions (Figure 3.73).  Kink angles were measured to be counter-clockwise (CCW) 

relative to the parent fractures (wing cracks form CCW about the parent fractures), 
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Figure 3.71.  Histogram and rose diagram of wing crack orientations 
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Figure 3.72.  Histogram and rose diagram of set C parent fractures
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Figure 3.73.  A) Histogram of measured kink angles.  B) Plot showing
 kink angle vs. parent fracture orientation.
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indicating they likely formed as a result of left-lateral shear (discussed in Chapter 6).  The 

variability of kink angle values suggests that set C parent fractures did not accommodate 

the same amounts of shear (some experienced more shear than others).  Kink angles do 

not appear to be affected by neighboring parent fractures or wing cracks; kink angle 

values of isolated wing cracks are comparable to those involved in the formation of 

ladder structures (overlapping-subparallel set C fractures connected by wing cracks) and 

vice versa (see Figure 6.6 and Figure 6.5).  A complete list of set C parent fracture-wing 

crack measurements including parent fracture and wing crack orientations, and 

corresponding kink angles is reported in APPENDIX E. 

3.6.3.1 Set C Fracture-Wing Crack Length Relationships 

I measured set C parent fracture and wing crack lengths from digitized fracture 

trace maps.  Image analysis measurements were conducted using NIH ImageJ software.  

Measurements show that relative to set C parent fracture lengths, the corresponding wing 

cracks are present over a range of lengths, meaning different fractures experienced 

different amounts of offset (millimeters) (Figure 3.74).  Measured set C parent fractures 

and corresponding wing crack lengths are reported in APPENDIX E. 

3.7 Other Structures of Interest 

My field work revealed other structures that are probably, for the most part, not 

contemporary with set C fractures and associated fault and fracture zones. Yet the 

systematic relations of these structures to set C fractures provide some insights into the 

structures that are the main focus of my study.  They include north-striking zones of fault 

rock that may be approximately contemporaneous with similar looking late faults, older 

small normal faults (tens of centimeters of displacement) that I interpret to be associated 

with set A (that is, pre MTZ), and a previously unmapped igneous intrusion (the Corrie 
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Hallie dipslope dyke) which may have been intruded along a preexisting set C fracture or 

fault zone.  

3.7.1 NORTH-STRIKING NORMAL FAULTS  

3.7.1.1 North-Striking Fault Zones and Fault Rock Exposures   

In addition to the late east-northeast-striking fault zones present in my field area, I 

identified several north-striking normal faults.  Previous work on the Eriboll Formation 

by Diaz-Tushman (2007) documented a number of faults having similar strikes in the 

Eriboll pavements near Loch an Nid, approximately 10 km to the south of my field area 

[NH 07800, 74500] (Figure 3.75).  Diaz-Tushman interpreted most of these faults to be 

relatively late features, possibly equivalent to the large north-striking faults that offset the 

Moine Thrust Zone near Durness (Peach et al., 1907, Laubach and Marshak, 1987; 

Wilson et al., 2010).  A number of the fault attributes described by Diaz-Tushman (2007) 

are consistent with those of the faults I found, but for some there are essential differences 

and I interpret some to be amongst the oldest structures in the area.  In other words, there 

are at least two populations of north striking faults, pre MTZ and post MTZ.   

I was able document a few examples of north-striking fault rock exposures in my 

field area (probably related to post MTZ events).  These resemble the highly eroded, 

sharply defined, north-striking fault zones with small amounts of preserved quartzose 

fault rock that Diaz-Tushman described near Loch an Nid, although in my field area 

zones with these attributes most commonly strike northeastward and are associated with 

faults having traces that cut across the MTZ (Figure 3.76).  The north-striking fault rock I 

found is generally preserved in rib-shaped exposures a few meters long by tens of 

centimeters wide.  I was unable to quantify the amount of slip on these faults.  Based on 

the similar recessive weathering and preservation of porosity of these zones, which 
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Figure 3.75.  A) Map showing location of Loch an Nid (red star) relative to my field area
 (boxed in red).  B) Field photograph of the large pavements at the Loch an Nid 
 dipslope.
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Figure 3.76.  A) Fault zones in the Loch an Nid pavements are highly eroded and 
 sharp sided.  B)  Fault rock is preserved in some of these eroded zones, and 
 there is a abrupt transition from the deformed fault rock to the country rock.
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resembles the attributes of fault cores associated with the northeast-striking faults, I 

speculate that these north-striking zones mark late faults.  I found no evidence to specify 

the relative ages of these structures; they mark could be contemporaneous.  The 

identification of north-striking faults and fault rock shows that faulting in my field area is 

not limited to northeast-trending structures. 

I identified a north-south fault rock exposure on the western edge of the Corrie 

Hallie dipslope, near the cliff ridge above the Coir’ a Ghiubhsachain valley [NH 10000, 

84300].  The preserved fault core forms a north-northwest striking (340 degrees) rib, 

approximately 2 m long by 0.25 to 0.5 m wide.  The rib is highly indurated and 

weathered in positive relief (presumably well-cemented) and was isolated, surrounded by 

grass and bog (not preserved within a larger, intact outcrop).  Another north-striking fault 

rock core was documented along the Càrn na Canaich dipslope [NH 09384, 82638].  This 

rib was also in a fairly eroded location and was separated from the nearest country rock 

by a one meter wide swath of vegetation.  The fault rib itself is also partially eroded and 

broken into several pieces.  I identified steeply dipping slip lineations on one of the 

detached, isolated pieces of the fault core.  However, the orientation of this piece can be 

restored to some extent (sample is not entirely float), as the geometry of this block 

suggests that it has not been rotated much from its original position, and it can be visually 

fit back into the original exposure (Figure 3.77). This observation points to dip slip 

movement on this fault. 

Diaz-Tushman (2007) reported that some of the north-striking fault zones 

(typically the wider zones) observed at Loch an Nid preserve fault rock with a shattered 

cataclastic texture.  I documented similar textures in the north-striking fault rock 

exposures in my field area.  Dimensions of the north-northwest to north-striking fault ribs 

I observed are also comparable to those reported by Diaz-Tushman (2007).  However, 
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Figure 3.77.  A) North-striking fault rock exposure on the Càrn na Canaich dipslope.
 B) Nearly in situ piece of NS fault rock with steeply plunging slip lineations.
 C) Close up view of steeply plunging slip lineations [NH 09384, 82638].
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one of the biggest differences between the north-striking faults in my field area and those 

observed by Diaz-Tushman (2007) is that the Loch an Nid faults mostly weathered in 

negative relief (relative to the surrounding country rock).  Site preferential erosion of the 

fault zones produced hollowed out zones (between the two corresponding fault walls) that 

is proportional to the width of the fault: wider hollowed out zones typically correspond to 

wider fault zones.  My observations are the opposite, north-striking fault rock in my field 

area weather in positive relief with the country rock being completely removed.  The 

Loch an Nid Pavements are much larger and more continuous than the pavements in my 

field area.  Unlike the isolated north-striking fault exposures I identified, the faults 

observed by Diaz-Tushman were typically in the middle of intact outcrops.  The relative 

position of the fault rock exposures (center of outcrops versus outcrop edges) and outcrop 

size may have influenced the degree to which glaciation and other erosional processes 

could act on the fault zones.  In my field area, the fault rocks may have been contained in 

smaller outcrops and the surrounding country rock may have been more highly fractured, 

which would accelerate the removal of the less intact volumes of rock. 

3.7.1.2 Set C Fracture Attributes near Early (Set A) Normal Faults 

Field relations (degree of cementation, fault zone architecture, and sense of slip) 

suggest that north-striking faults cannot be all of the same age. That is, more than one age 

of north-striking normal faults are likely present. This is consistent with the interpretation 

of Laubach and Diaz-Tushman (2009) that there are both early and late north-striking 

fracture sets (sets A and E).  Small north-striking faults in the Pipe Rock Member are 

clearly exposed in cross-section view along the Allt Gleann Chaorachain stream outcrop 

belt [NH 10899, 84279]. Here, north-south trending faults resulted in the formation of 

miniature horsts and grabens, exposed in plan view along the streambed (Figure 3.78). 

Transecting several beds (> 2 m), displacement along north-south normal faults is on the 
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Figure 3.78.  A) Set A, north-south normal faults exposed along the Allt Gleann 
 Chaorachain stream pavements.  B) Faulting has resulted in the development 
 of miniature horsts and grabens along the outcrop. View to the south.
 National Grid Reference: NH 10899, 84279.
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order of 5 to 20 cm.  I interpret these small faults to be contemporaneous with set A, and 

thus probably far older than set C and its associated fault zones.  For clarity I call these 

set A faults.  Set A faults display a normal sense of slip and dip steeply to the east and 

west.  Strike measurements of normal faults at this locality (on average 018 degrees) are 

comparable to fault orientations measured by Diaz-Tushman (2007), between 334 and 

017 degrees. The strike range is also within that of set E fractures (Laubach and Diaz-

Tushman, 2009) (Figure 3.79). 

Field observations show that set C fractures cut across the set A faults.  I interpret 

north-south faulting as an early event because set C fractures crosscut the horsts and 

grabens and the north-striking quartz cement filled fractures (set A) within the fault zones 

(Figure 3.80).  I was unable to identify any fault rock exposures preserved along/within 

the fault zone. The fault surfaces are narrow and cohesive and lack the brecciated and 

porous appearance of the late fault cores.  Although the small amount of slip (tens of cm) 

on these faults may account for some of the textural differences, late faults having similar 

to less offsets typically show more fracturing. The difference could reflect different 

conditions of faulting and/or differences in rock properties when faults grew. Laubach 

and Diaz-Tushman (2009) inferred that Eriboll sandstones were less quartz cemented 

when set A formed prior to emplacement of the MTZ; if this was the case, a more 

compliant sandstone could partly account for the negligible damage along the early 

faults.  

Although offset beds demonstrate dip slip, other evidence of slip (slip indicators) 

is not visible along the set A fault surfaces (e.g. slip lineations) because the fault surface 

is not exposed (hanging wall and footwall blocks are highly indurated).  The absence of 

preserved slip indicators along fault segments exposed in the streambed is most likely the 

result of erosion along the stream bed. 
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Figure 3.79.  Rose diagrams of set E fractures, sampled from Ullapool to Loch Maree.  
 The strike range of set A normal faults are within that of set E fractures.  The 
 foreland Cambrian Eriboll Formation outcrop belt is mapped in red.  Adapted 
 from Diaz-Tushman (2007) and Laubach and Diaz-Tushman (2009). 
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Figure 3.80.  A) Field photo of east-northeast-striking (set C) fractures cutting across
 the north-striking horst and graben.  B) Set C fractures cutting across quartz
 filled north-striking fracture.  Allt Gleann Chaorachain [NH 10899, 84279].

A

B

Graben

Horst

205



 

Attributes of set C fractures near the set A normal faults are comparable to those 

observed elsewhere.  Fractures appear to be unaffected by the preexisting north-striking 

fault zone.  That is, they cut across the faults with little or no deflection.  The set C 

fractures I observed crossing the early normal faults are present over a range of lengths (a 

few centimeters to over a meter).  Set C fracture arrays are predominantly arranged in 

overlapping-subparallel configurations.  In some areas of the outcrop, set C fractures 

appear to be clustered (fracture spacings of a few centimeters), while in other places 

fractures may be widely spaced (several tens of centimeters) and individual fractures may 

appear isolated.  Locally, set C fractures display a wide dispersion in strike (038 to 082 

degrees) comparable to that observed throughout my field area. 

3.7.1.2.1 Set C Fracture Distribution across Normal Fault 

To further document the interaction between set C fractures and north-south-

striking set A normal faults, the first segment of scanline AGC-1 [NH 10899, 84279] was 

positioned in order to intersect and cross the plan view expression of one of the normal 

faults (striking approximately 018 degrees).  Oriented 350 degrees, the scanline began in 

a horst block and recorded twenty-seven fractures before stepping down approximately 5 

cm into the graben block, across which an additional twenty fractures were recorded.  Set 

C fractures in the graben block (footwall) display a greater dispersion in strike (038 to 

082 degrees) than fractures in the horst block (hanging wall) (040 to 069 degrees) (Figure 

3.81).   

The schematic scanline map shown in Figure 3.82 illustrates the distribution of 

fractures along the scanline, where fractures in the footwall appear to be more closely 

spaced than fractures in the hanging wall.  Data recorded along the scanline shows that 

set C fracture abundance is higher in the footwall (fracture intensity of approximately 11 

fractures/meter) than in the hanging wall (fracture intensity of approximately 7 fractures  
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Figure 3.81.  Rose diagrams and histograms of set C fracture orientations
 measured along scanline AGC-1 where it crosses a north-striking 
 normal fault [NH 10899, 84279].
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Figure 3.82.  Schematic scanline map of fractures measured along scanline AGC-1, 
 where line crosses north-striking normal fault [NH 10899, 84279].
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per meter).  The scanline map also suggests that set C fractures in the hanging wall 

display a slight tendency to cluster (three discrete clusters and two less clustered groups 

with relatively equal spaced fractures).  The clustering appears to be independent of 

proximity to the normal fault because two clusters are located in the first 1.25 m of the 

scanline (approximately 3 meters away from the fault), while the third cluster plots within 

the 40 cm closest to the fault zone.  The remaining set C fractures in the hanging wall are 

organized in slightly less clustered populations but display relatively equal spacings.  The 

scanline map in Figure 3.68 shows fracture spacings in the less clustered groups.  Group 

1 contains three fractures at 136, 158, and 182 cm on the scanline (spacings of 22 and 24 

cm).  Group 2 contains four fractures at 288, 300, 312, and 326 cm the scanline (fracture 

spacings of 12, 12, and 14 cm).  The clearest example of set C clustering in the footwall 

is within 0.75 m nearest to the fault.  I conclude that the small early faults played no 

significant role in modifying the evolution of the set C fracture pattern. 

3.7.2 IGNEOUS INTRUSION: THE CORRIE HALLIE DYKE 

Approximately 100 meters north of the Corrie Hallie fault-line scarp, 150 m down 

dip (east) of the Corrie Hallie shear zone [NH 10470, 84289] is a sharp-sided gully 

(fissure) nearly 75 m long by 1.5 m wide and is several meters deep up-dip (to the west) 

shallowing to less than 1 m down-dip (to the east) (Figure 3.83 and Figure 3.84).  The 

fissure strikes 080 degrees and is consistent in orientation with the late fault and fracture 

zones observed throughout the area.  The fissure is vegetated and contains an abundance 

of bog material and several trees.  In the deepest westernmost end of the fissure (up-dip) 

there is a dark, heavily eroded, brownish-green mafic igneous intrusion almost 

completely concealed by moss and ferns.  Igneous material approximately 1 meter wide 

is preserved parallel to the fissure walls and extends across the fissure in a pattern that 

indicates that the dyke material entirely filled the fissure and has since been mostly 
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Figure 3.83.  Aerial photograph showing the location of the Corrie
 Hallie dipslope dyke, circled in red [NH 10470, 84289].  

0.5 km

N

Figure 3.84.  Field photos of the topographic expression of the Corrie Hallie dipslope
 igneous intrusion and the remaining dyke, [NH 10470, 84289].
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removed by differential erosion.  Both dyke rock and Eriboll wall-rock samples were 

collected (P-2008-1-dyke and P-2008-2-WR).  In the field there are no obvious signs of 

thermal alteration in the wall rock (which is unsurprising given its composition, 

quartzite).    

Investigation of the area east of An Teallach revealed other fissures with similar 

orientations and appearances as the Corrie Hallie dyke (see Figure 1.23).  However, 

although intrusive igneous material was not identified in the other features, these 

structures may represent additional intrusions that have since been completely eroded. 

The Corrie Hallie dyke is intruded along the lineament that corresponds to the Corrie 

Hallie shear zone (interpreted as a fault from NextMap DTM images, see Figure 3.35) in 

the marginal part of the Corrie Hallie fault, striking parallel to the fault zone.  The dyke is 

subvertical and has the same attitude as set C fault-parallel opening-mode fractures.  This 

pattern is compatible with intrusion during or after fracture zone formation.  If the dyke 

postdates the fault zone, dating the dyke would give a constraint on the age of the fault.  

Another possibility is that the faults and fracture zones are contemporaneous with the 

dyke.  Dyke intrusion can in some cases promote fracture zones (Pollard et al., 1982).  

Further examination of fractures along the trace of the dyke might clarify relative timing 

relations. 

Petrography of this altered mafic dyke shows much of the ground mass has been 

replaced by clay minerals.  Other identified minerals include biotite, (Figure 3.85 and 

Figure 3.86), pyroxene, and epidote (Figure 3.87).  Olivine may have made up to 15 to 20 

percent of the original rock mass, but has been largely replaced by calcite or serpentine 

(altered phenocrysts display mesh textures and other shapes consistent with olivine).  The 

thin section of the dyke rock also contains a fracture that is also visible in the hand 

sample.  The fracture is approximately 7.5 cm long (cutting across the entire thin section) 

211



Figure 3.86.  Photomicrographs of platy biotite. Plane-polarized light, taken at 
 10x magnification.

Figure 3.85. Photomicrograph of Corrie Hallie dyke.  Plane-polarized light, taken at 
 5x magnification.
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Figure 3.87.  Photomicrographs of epidote.  A) Grey to colorless with high relief,  plane-
 polarized light.  B) Shows fairly high birefringence under crossed polars.  
 Taken at 20x magnification.

213



 

with aperture ranging from 0.215 to 0.95 mm and is completely filled with calcite cement 

(Figure 3.88).  Chlorite overgrowths are also present in the fracture (Figure 3.89).  The 

degree of alteration makes it difficult to connect this intrusion with a specific dyke swarm 

of a known age. 

Bulk rock composition of the dyke was analyzed using X-ray diffraction (XRD) 

and X-ray fluorescence (XRF), and four acid “near-total” digestion was also conducted to 

analyze trace element abundance.  XRD bulk rock analysis shows the dyke rock contains 

(in order of abundance) biotite, pyroxene, quartz, laumontite, kaolinite, calcite, 

plagioclase, and vermiculite (after biotite). Geochemical results are tabulated in 

Appendix L with a discussion of igneous intrusions in the NW Highlands. 
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Figure 3.88.  Photomicrographs of calcite filled microfracture. A) Plane-
 polarized light and B) Crossed polars.  Taken at 5x magnification.
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Figure 3.89.  Photomicrographs of chlorite overgrowth in a calcite filled fracture. 
 A) Plane-polarized light and B) Crossed polars.  Taken at 10x magnification.
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CHAPTER 4: ROCK MASS CHARACTERIZATION 

4.1 Sandstone Petrography 

In this section I present rock mass characterization results to describe and 

illustrate the homogenous quartz-arenite composition of the Eriboll Formation.  Swett 

(1969) described the petrology of the Eriboll and Diaz-Tushman (2007) characterized 

grain composition, cement, porosity, and microstructures in seven Eriboll samples.  

Following the same techniques, I use Folk’s (1974) point counting methods to 

characterize the composition of a sample from the Pipe Rock Member collected near 

Bradhan Gap [NH 09300, 81836] (sample: P-S1-81836).  The Eriboll has a relatively 

homogenous composition (nearly a pure quartz arenite) therefore I only characterized one 

sample because lateral variations in composition are not expected.  I conducted 344 point 

counts to characterize frame work grain composition, matrix and clay abundance, cement 

type, and porosity Table 4.1.  For additional rock mass characterization of Eriboll 

Formation samples refer to Swett (1969) and Diaz-Tushman (2007). 

4.1.1 FRAME WORK GRAINS 

Framework grains in this Pipe Rock Member Eriboll sample include quartz, 

feldspars, and micas.   Quartz dominates the thin section, constituting 84.5 percent of the 

total rock mass.  Genetic quartz types include plutonic (monocrystalline) and 

metamorphic (polycrystalline) grains.  81.6 percent of the quartz is monocrystalline 

plutonic (69 percent of the total rock mass) and typically displays moderate to strong 

undulose extinction (which could in part have formed in situ; Lloyd and Knipe, 1992).  

The remaining 18.4 percent of the quartz (15.5 percent of the total rock mass) is 
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Categories Types n %

Framework Grains Monocrystalline Quartz (Plutonic) 236 69.0
Polycrystalline Quartz (Metamorphic) 53 15.5
Plagiocalse Feldspar 1 0.3
Potassium Feldspar 0
Mica 1 0.3

Matrix and Clays Grain-coating 16 4.7
Pore-filling 13 3.8
Pseudomatrix 1 0.3

Cements Quartz overgrowths 11 3.2
Feldspar overgrowths 0

Porosity Intragranular/grain dissolution 5 1.5
Moldic 4 1.2
Oversized 1 0.3

Total 342

Table 4.1.  Point counting results for Pipe Rock Member sample P-S1-81836.  
 National Grid Reference: NH 09300, 81836. 
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polycrystalline metamorphic quartz grains.  The quartz grains also contain an abundance 

of fluid inclusions typically in linear or planar arrays.  When viewed under plane-

polarized light (PPL) and crossed nicols, quartz grains appear to be sub-angular to 

angular (Figure 4.1).  However, this appearance is caused by quartz overgrowths that are 

in optical continuity with the grains (Figure 4.2).  The true grain shape (geometry) can be 

detected with cathodoluminescence (CL) and secondary electron imaging (SEI) (Figure 

4.3).  Polycrystalline quartz grains in this sample occur as recrystallized metamorphic 

quartz, and compose approximately 14 percent of the rock mass. 

In addition to quartz, both plagioclase and potassium feldspars are present.  

Feldspars were identified using twinning patterns and the presence of intragranular 

dissolution.  The plagioclase feldspar grains (albite) display polysynthetic twinning 

(Figure 4.4), where as the potassium feldspar grains (microcline) display tartan plaid 

twinning (see Figure 4.2).  Both varieties of feldspar were identified throughout the thin 

section in trace amounts.  Plagioclase makes up 0.3 percent while point counting failed to 

capture any potassium feldspar grains (less than 0.2 percent).  Feldspar grains show 

evidence of dissolution, resulting in various forms of secondary porosity.  The dissolution 

of feldspar grains indicates feldspars made up a higher portion of the original volume of 

sediments, a phenomenon common to many sandstones (McBride, 1989). 

Detrital mica grains identified in the sample include muscovite and biotite.  They 

occur as trace framework grains constituting approximately 0.2 percent of the rock mass.  

I was only able to document one mica grain using point counting methods.  A few of the 

mica grains appear to have undergone ductile deformation during compaction. 

4.1.2 MATRIX AND CLAYS 

In addition to framework grains, I documented the amount of matrix and 

authigenic clay minerals.  I identified three main types of matrix: pore-filling, grain 
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Figure 4.1.  Photomicrographs of Pipe Rock Member viewed at 10x magnification.
   82 percent of the rock is composed of monocrystalline plutonic quartz grains.  
 Under crossed nicols quartz grains display strong to moderate extinction. 
 Sample P-S1-81836.  National Grid Reference: NH 09300, 81836. 
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 Figure 4.2.  Photomicrographs of Pipe Rock Member viewed at 10x magnification 
 showing quartz cement in optical continuity with the surrounding grains.  
 A) Plane polaraized image of  a partially dissolved feldspar grain leading to the 
 development of intragranular porosity.  B) Grain viewed under crossed nicols.
 Tartan plaid twinning indicates the feldspar grain is microcline. 
 Sample P-S1-81836.  National Grid Reference: NH 09300, 81836.
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 Figure 4.3.  Panchromatic scanned CL image of Pipe Rock Member revealing original 
 grain geometry.  Note roundness of grains not seen in transmitted light.  Sample 
 P-S1-81836.  National Grid Reference: NH 09300, 81836.
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 Figure 4.5.  Photomicrograph of Pipe Rock Member under crossed nicols, at 10x 
 magnification.  Pore-filling clay is the next most abundant matrix clay type, 
 making up 3.8 percent of the sample. Sample P-S1-81836.  
 National Grid Reference: NH 09300, 81836.

 Figure 4.4.  Photomicrograph of Pipe Rock Member under crossed nicols, at 10x 
 magnification showing an albite feldspar grain displaying polysynthetic
 twinning.  Sample P-S1-81836.  National Grid Reference: NH 09300, 81836.

500 μm

500 μm

223



 

coating, and pseudomatrix.  Grain coating clay minerals make up the majority of the 

matrix: 4.7 percent of the total rock mass (see Figures 4.4 and 4.5).  Pore-filling clays are 

the next most abundant matrix type, constituting 3.8 percent of the rock mass (Figure 

4.5).  Pseudomatrix in this sample is produced by ductily deformed mica grains and is 

much less common, present only in trace amounts, 0.2 percent of the rock mass.  The 

total volume of matrix and clay minerals constitutes 8.7 percent of the total rock mass, 

which falls in the range between 2.5 percent and 9.5 percent recorded for seven Eriboll 

samples by Diaz-Tushman (2007). 

  4.1.3 CEMENT TYPES 

Quartz cement is the dominant phase (nearly 100 percent of the cement in the 

sample, based on point count), occurring intergranularly and within fractures (Figure 

4.6).  Feldspar cement is present in trace amounts.  Cement in this sample was extremely 

difficult to identify separately from quartz grains using transmitted light microscopy 

owing to the general absence of clearly defined grain margins.  Point counting under 

plane-polarized light (PPL) suggests that only 3.2 percent of the total rock mass is 

cement.  This implies that the intergranular volume (IGV) is 13.4 percent.  IGV, the 

amount of primary porosity and cement that fills primary pore space, is a measure of pre-

cement compaction (Milliken, 2001).  Lower IGV values correspond to greater amounts 

of compaction and therefore my IGV measurement is compatible with extensive 

compaction.  However, the IGV of this sample is lower than the range between 24 

percent and 32 percent recorded by Diaz-Tushman (2007).  Diaz-Tushman (2007) 

observed that the average quartz cement makes up 19 percent of the total rock volume. 

The low proportion of cement (and thus low IGV) that I measured is compatible 

with an indurated rock that has undergone extensive chemical compaction. But the values 

could also reflect undercounting of cement.  The presence of dissolution seams along  
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 Figure 4.6.  Scanned CL images of Pipe Rock Member showing quartz cement deposits 
 in fractures.A) Panchromatic CL image of intergranular and fracture-filling quartz 
 cement.  B) Color CL image of quartz cement deposits in fractures.  Different
 colors or cement indicate different generations of cementation.  Sample P-S1-
 81836.  National Grid Reference: NH 09300, 81836.
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grain contacts indicates that SiO2 was mobilized and redistributed throughout the rock 

volume and is compatible with chemical compaction. Because Eriboll quartz overgrowths 

are difficult to identify in PPL (because grain surfaces are clean and typically lack dust 

lines) I looked at SEM-CL images of the Pipe Rock Member acquired by Diaz-Tushman 

(2007) to get a better view of quartz overgrowths.  The SEM images allow the 

overgrowths to be easily identified (see Figure 4.3) and show that my cement point count 

results based on transmitted light observations underestimate IGV. Examination of 

textures in a fault rock sample imaged using CL shows that compaction and chemical 

dissolution along grain contacts predates faulting, as grains with such features appearance 

are offset and fragmented (see Figure 3.21). 

 4.1.4 POROSITY 

Porosity in this sample is largely a function of grain dissolution (formation of 

secondary porosity).  I identified three main types of porosity: intragranular/grain 

dissolution, moldic (grain almost completely dissolved with preservation of grain shape), 

and oversized pores.  Intragranular/grain dissolution porosity is the dominant type present 

at approximately 1.5 percent.  I define intragranular/grain dissolution porosity as porosity 

formed through the partially dissolution of a parent grain.  According to this 

classification, intragranular/grain dissolution porosity differs from moldic porosity in that 

the parent grain is still present.   Intragranular/dissolution porosity present in the Eriboll 

formed as a result of feldspar dissolution (see Figure 4.2).  Oversized pores were harder 

to identify because there is a chance the porosity is result of the thin section making 

process (plucked grains).  I was able to confidently identify 1 oversized pore using point 

counting techniques (0.2 percent).  I was able to distinguish moldic porosity from grain 

plucking because remnants of the original grain were still (although barely) visible 
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around the margins of the pores, whereas grain plucking would have most likely removed 

the entire parent grain. 

4.1.5 GRAIN CONTACTS AND STYLOLITIZATION  

I also observed the character of grain contacts present in this Eriboll sample. This 

sample displays grain contacts associated with higher degrees of packing and 

compaction.  Grain contacts include long, concave/convex, and sutured contacts.   

Stylolites and pressure solution seams suggest that the Eriboll has undergone compaction.  

I identified a number of sutured grain contacts suggesting various stages of pressure 

solution.  Stylolitization and related dissolution of quartz grains are potential sources of 

intergranular pore-filling cements (McBride, 1989).  Pressure solution (dissolution) and 

stylolitization in the Eriboll typically occur along quartz grain-grain contacts (Figure 4.7).  

The silica-bearing solution is then transported to zones of lower energy (less compaction) 

where cements precipitate (pore spaces) or is transported away. 

Stylolites form perpendicular to the maximum principle stress (Stockdale, 1922; 

Tremoliers, 1983).  Heald (1955) showed that bedding parallel stylolites form during 

burial because the lithostatic load is perpendicular to bedding.  However, stylolites can 

also form perpendicular to bedding if cementation rates are low or if there is lateral 

shortening (in which case the structures are called spaced cleavage; Marshak and 

Engelder, 1985).  In the case of  stylolites formed perpendicular to bedding during 

compaction, compaction causes a reorganization of grains and the local maximum stress 

directions may be at any angle to grain-grain contacts (Heald, 1955) so no preferred 

orientation of stylolites would be expected.  Stylolitization can also be driven by 

tectonics, in which they form perpendicular to the maximum shortening direction 

(Tremoliers, 1983; Marshak and Engelder, 1985).  A tectonic movement capable of 

driving stylolitization in the Eriboll is the emplacement of the Moine Thrust Zone (MTZ).  
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 Figure 4.7.   A.) Photomicrograph of Pipe Rock Member in crossed nicols showing a 
 stylolitic grain contact.  Viewed at 10X magnification.  Sample P-S1-81836. 
  National Grid Reference: NH 09300, 81836.  B.) Scanned color CL image of 
 stylolitic contact between two grains with different colors in the Basal 
 Quartzite Member.  Image courtesy of Diaz-Tushman (2007).  Sample A-51.  
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Thrust zone related stylolitization would likely produce bedding perpendicular stylolites 

striking NNE to NE, based on the WNW to NW emplacement. 

Diaz-Tushman (2007) stated that her bed-parallel Eriboll stylolite sample 

population might be underrepresented because her samples were cut parallel to bedding, 

in which case stylolites would be aligned parallel to the plane of the thin section.  

Therefore I followed similar sampling convention; most of my thin sections are oriented 

parallel to bedding.  This sample orientation is optimal for detecting stylolitic spaced 

cleavage but I found no through-going stylolites. 

4.2 Mechanical Rock Properties  

A sample of the Pipe Rock Member (sample: U-05-2) was selected for subcritical 

crack index analysis.  This mechanical property is important because it can influence how 

fracture patterns evolve.  Mechanical failure of a rock volume occurs when the elastic 

strain acting upon the rock exceeds the strength of the rock.  Linear elastic fracture 

mechanics (LEFM) defines fracture propagation as a function of loading, material 

properties, and fracture geometry (Lawn and Wilshaw, 1975; Olson et al., 2009).  Two 

fundamental constraints in LEFM are the stress intensity factor (KI), a measure of the 

magnitude of propagation-driving stress at the fracture tip, and fracture toughness (KIC), 

the critical magnitude of stress intensity at which fractures propagate at rupture velocity.  

Using KI and KIC, fracture propagation is partitioned into two regimes: critical and 

subcritical.   

First observed in glass by Grenet (1899), subcritical fracture growth has been 

documented in a number of materials including ceramics (Wiederhorn, 1974), metals 

(Simmons et al., 1978), and rocks (Atkinson, 1982, 1984; Olson 1993; Holder et al., 

2001).  Although subcritical crack velocities are several orders of magnitude slower than 
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dynamic rupture velocities, subcritical crack velocities can significantly influence the 

formation of natural fracture systems in the upper crust (Segall, 1984; Atkinson and 

Meredith, 1987; Schultz, 2000). 

4.2.1 SUBCRITICAL CRACK GROWTH 

Classical fracture mechanics assumes that a fracture will propagate critically, at 

speeds approaching the elastic wave speed for a given medium (termed the rupture 

velocity), when the stress intensity factor (KI) at the fracture tip is equal to, or exceeds, 

the material’s fracture toughness (KIC), (Olson et al., 2009).  This approach fails to 

effectively describe fracture propagation in systems with prolonged loading histories, i.e. 

tectonically strained rocks in the upper crust.  In such systems, fractures can propagate at 

stress intensities considerably lower than the KIC, a phenomena known as subcritical 

fracture growth (Atkinson and Meredith, 1987; Olson, 1993, Holder et al., 2001).   

The elastic strain associated with subcritical fracturing is not high enough to 

mechanically break atomic bonds; it can however be a significant weakening agent, a 

mechanism known as stress corrosion (Atkinson, 1984; Atkinson and Meredith, 1987).  

Stress corrosion occurs when strained atomic bonds at fracture tips are chemically 

weakened by an environmental agent, (i.e. water), allowing fracture propagation to 

initiate and progress (Atkinson, 1984).  Michalske and Freiman (1982) observed silicates 

and discovered that strained Si-O bonds near fracture tips react more easily with 

environmental agents than unstrained bonds.  They found this was caused by a strain-

induced reduction of atomic orbital overlap.  The reaction between the environmental 

agent and strained bonds yields a weakened (activated) state which fails at lower stress 

than the unweakened bonds (Atkinson, 1984).  
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Fracture propagation velocity (V) can be expressed as a function of the stress 

intensity factor (KI): 

V = A (KI/KIC)n 

Where A is the velocity constant and n is the subcritical crack index (SCI) (Atkinson and 

Meredith, 1987; Holder et al., 2001; Olson et al., 2009) 

The subcritical crack index (SCI) reflects composition and diagenesis of a rock 

and therefore can vary significantly between two rocks with nearly identical depositional 

compositions.  Intuitively, SCI can also vary greatly among different rock types and with 

changes in pore fluid composition, temperature, and physical and chemical weathering 

(Atkinson, 1984; Olson 1993). 

Previous studies use numerical and geomechanical modeling to show that SCI can 

significantly affect fracture network geometries and controls fracture spacing and length 

distributions, connectivity, and aperture (Olson, 1993; Renshaw and Pollard, 1994; Olson 

et al., 1998; 2009).  For rocks with low SCI (n < 20), fractures are closely spaced 

(relative to layer thickness).  In this situation, velocity contrasts between adjacent 

fractures is relatively small and most of the fractures grow contemporaneously, which 

maximizes fracture interaction and results in a predominantly en echelon pattern with 

irregular spacing.  In high SCI (n > 80) rocks, propagation velocity contrasts between 

adjacent fractures is large and only one fracture can propagate at a time, reducing fracture 

interaction.  Fractures tend to cluster and are typically more widely spaced (proportional 

to layer thickness) (Olson, 1993; Olson et al., 2009).  Carbonates and shales display the 

highest SCI values (n > 100) while silica glass and poorly cemented sandstones display 

low SCI values.  Rijken (2005) found SCI values for well-cemented sandstones to 

typically fall between 40 ≥ n ≤80.   
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4.2.2 SUBCRITICAL CRACK TEST RESULTS 

A total of eleven tests were conducted (at atmospheric pressure and room 

temperature) on six slabs prepared from the sample.  Reported in Table 4.2 and Figure 

4.8, my samples display a range of indices between 16 and 99, with an average index of 

approximately 60.  The low subcritical crack indices (40 < n < 60) observed in Eriboll 

samples are expected for well indurated, quartz-rich rocks, whereas the high values (> 

60) are slightly anomalous.  Assuming there were no testing errors, the high subcritical 

crack index values measured imply that some of the samples may have contained 

preexisting microfractures.  The high values also suggest that some of the fractures may 

have propagated critically, owing to the very high brittleness of the rock and possible 

high Young’s modulus values (E).  I compare my subcritical crack index results with 

those measured by Ellis (2009) in the adjacent Applecross Formation in Chapter 6. 

4.2.3 IMPLICATIONS OF SUBCRITICAL CRACK TEST RESULTS 

Low subcritical crack indices of 40 to 60 are expected for indurated quartz-rich 

sandstones (Rijken, 2005; Ozkan, 2009).  The values I obtained, between 16 and 99, with 

The average subcritical crack index value (n = 60) is within this expected range, but the 

high variability is unexpected and as discussed above, suggests that the test results may 

not be valid measures of the SCI for these samples.  If the tests are accurate measures of 

SCI, they have the following implications for fracture patterns. According to Olson 

(1993), higher n values are typically associated with strong power-law length 

distributions, meaning a lot of short fractures between fewer long fractures are expected. 

Fractures forming under these conditions tend to cluster in narrow zones that scale as a 

function of bed thickness. Eriboll samples with n of 99 might therefore show stronger 

clustering than those having low n. 
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 Figure 4.8.  Histogram of Subcritical Crack Index tests done on the Basal Quartzite 
 Member at laboratory conditions (T = 25 degrees C, Pc = 1 atm).  One sample 
 (U-05-2) was cut into six slabs for analysis and five of the slabs were tested twice
 (indicated by ‘b’). 

Test

Subcritical 
Crack 
Index lb/sec lb K/P KIC Thickness (in)

1 16.218 1.81E-03 10.17 0.08 0.01 0.082

2a 54.877 1.72E-02 12.77 0.08 4.47 0.081

2b 37.009 6.76E-03 13.01 0.08 0.01 0.081

3a 90.999 1.78E-01 15.85 0.07 0.01 0.083

3b 31.526 6.05E-03 16.70 0.07 0.01 0.083

4a 99.623 5.32E-03 12.08 0.07 0.01 0.084

4b 82.300 1.86E-02 15.31 0.07 0.01 0.084

5a 55.809 1.27E-01 12.53 0.07 0.01 0.083

5b 81.226 1.62E-02 11.46 0.07 0.01 0.083

6a 50.972 4.06E-01 10.85 0.08 0.01 0.082

6b 60.225 2.02E-02 10.08 0.08 0.00 0.082

Table 4.2.  Mechanical test results: Subcritical Crack Index.  Sample U-05-2
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Following the modeling approach of Olson et al. (2009) fracture patterns should 

be influenced by SCI, strain, and mechanical layer thickness.  My tests and field 

observations shed some light on Eriboll mechanical and fracture stratigraphy as these 

terms are defined by Laubach et al. (2009).  The Eriboll Formation is composed of the 75 

to 125 m thick Basal Quartzite member and the 75 to 100 m thick Pipe Rock Member 

(the source of my SCI samples).  Internally, each member contains beds that can be 

identified by sedimentological features (partings, crossbed sets, etc).  My sampling was 

not extensive enough to investigate whether these sedimentologically defined beds differ 

in mechanical properties; however, qualitatively all appear to be hard quartzites and 

together with the uniform quartzose, quartz cemented composition identified by previous 

workers and apparent in the field, as well as the prevalence of sandstone on sandstone 

contacts, it seems unlikely that a marked mechanical stratigraphy exists in these rocks 

apart from the distinction between the Eriboll and the underlying Applecross Formation. 

Viewed in cross section there are few obvious stratigraphic controls on fracture 

distribution and fractures have a range of heights (see Figures 2.8 and 3.13). 
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CHAPTER 5: VUGS AND CAVITIES: POSSIBLE SILICI-KARST 
FEATURES IN THE ERIBOLL FORMATION  

In this chapter I describe a final set of field observations that may not be closely 

related to Eriboll Formation faults and fractures, specifically a set of cavities and vugs 

that locally appear to be strata bound but that in a few instances are localized along 

fractures.  In Chapter 6 I discuss the observations described in Chapters 1 through 4.  

This chapter is a digression that examines structures which may represent the 

development of silici-karst in Eriboll Formation Sandstones.  

Quartz-rich rocks are considered to be among the most insoluble rocks on the 

planet (Wray, 1997b).  Tricart (1972) even went as far to say that quartzites are, 

“practically immune to chemical weathering.”  However, structures closely resembling 

those traditionally associated with carbonate karst systems (large pinnacles, caves, grikes, 

solution runnels, and speleothems) have been documented in a number of quartz-rich 

sandstones and quartzites, over a wide range of scales (White et al., 1966; Mainguet, 

1972; Chalcraft and Pye, 1984; Briceño et al., 1990; Wray, 1997a; 1997b).  Previously, 

such structures in quartzose rock have been referred to as pseudokarst; however, 

microscopic evidence from recent studies reveals that the slow dissolution of quartz at 

earth-surface conditions can lead to the formation of these silici-karst structures, and 

therefore must be regarded as true karst.   

The solutional weathering (dissolution) of quartzite and quartzose sandstones was 

termed arenisation by Martini (1979).  Arenisation occurs along crystal boundaries, 

liberating individual quartz grains that are ideal for removal via flowing (flushing) 

waters.  Martini (1979; 1981) reported that the dissolution of quartzites and quartz-rich 

sandstones initiates along fractures or other easily penetrated zones within a given rock 
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mass, and proceeds along crystal boundaries.  The initial voids are progressively enlarged 

until the volume of voids renders parts of the rock mechanically incoherent. 

5.1 Vug Structures in the Eriboll Formation 

Figure 5.1 shows vug-like features that I documented in the Eriboll Formation.  I 

identified three localities east of An Teallach at which these structures are present and 

can be viewed in cross section (outcrops north of Lochan na Bradhan [NH 08784, 82384] 

and the valley wall of Coir a Ghiubhsachain [NH 09205, 82753]) and in plan view 

(pavements along the Corrie Hallie dipslope (Figure 5.2).  These features are cavities up 

to 20 centimeters in diameter that appear to be locally lined with quartz grains.  

Elsewhere, for example, on the Corrie Hallie dipslope, small elliptical cavities are locally 

present along fractures and appear to be lined with euhedral quartz crystals.  The vuggy 

aspect of these features and other attributes suggests that they may be the result of 

dissolution.  One possible interpretation of these features is that they record previously 

unrecognized evidence of silici-karst in the Eriboll Formation.  Here I describe the vugs, 

followed by some speculations on their origins.  I briefly review the silici-karst literature, 

terminology, and documented silici-karst landscapes in Appendix H. 

5.1.1 FIELD OBSERVATIONS 

The Eriboll Formation contains a number of peculiar structures that are best 

described as vugs.  These structures are small and rare but widespread in my field area 

and are believed to also be found at least 20 miles to the south (reported by M. Garton, 

personal communication, 2008-2009). Vugs are most common in the Lower Eriboll 

Sandstone within the Basal Quartzite Member, in the interval 20 to 40 meters above the 

Torridonian-Eriboll unconformity.  The Basal Quartzite Member is composed of three 

well-defined parasequences, in which vugs are most abundant in the upper (shallow) 
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Figure 5.1.  Field photographs of vug structures in the Eriboll Formation observed at 
 three localities in my field area.  Vugs in the Basal Quartzite Member: A) Vugs 
 north of Lochan na Bradhan, [NH 08784, 82384].  B)  Vugs in the Coir’ a’ 
 Ghiubhsachain valley, [NH 09205, 82753].  C) Vugs in the Pipe Rock Member 
 along the Corrie Hallie dipslope.
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Figure 5.2.   Map showing the locations of identified vug structures in the Basal Quartzite
 Member.  A) Locahan na Bradhan vugs [NH 08784, 82384], B) Coir’ a’ 
 Ghiubhsachain vugs [NH 09205, 82753], and C) Corrie Hallie dipslope vugs.  Base 
 map: OS Landplan produced by the Ordnance Survey.    
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second and third.  Observations by Garton (2008, 2009) found that the structures 

correspond to decimeter high dune structures and appear to be most abundant in coarser 

sandstone intervals (M. Garton, personal communication, 2008-2009).  My field 

observations show that vugs are concentrated along bedding horizons with vug heights 

ranging from 1 cm to greater than 10 cm.  The vugs display irregular, tabular to flattened 

elliptical geometries, having lengths from a few centimeters to greater than 1 m, but are 

typically less than 5 cm long (Figure 5.3 and 5.4).  The vugs have low aspect ratios (0.05 

to 0.5) and are spaced a few to tens of centimeters apart.  Internally, the vugs are 

characterized by wall-lining, coarse quartz grains up to 0.5 cm in diameter (Figure 5.5).   

Several vug structures are exposed along the western side of the outcrops north of 

Lochan na Bradhan [NH 08784, 82384].  Sedimentary structures are locally preserved 

and the vugs appear to be bound within 5 to 10 cm thick beds (see Figure 5.3).  Here, I 

observed one of the most interesting features identified within an Eriboll vug.  Erosion of 

this outcrop has resulted in the formation of an obtuse corner at which a large vug is 

exposed.  The vug can be continuously observed on multiple sides and is completely 

open, forming a small tunnel through the country rock (Figure 5.6a). The particularly 

interesting structure preserved here is a pillar composed entirely of quartz grains, 

approximately 0.25 cm in diameter.  13 quartz grains form the pillar, spanning the height 

of the vug (Figure 5.6b).   

Similar structures were identified in the cross section outcrops exposed in the 

southern end of Coir’ a’ Ghiubhsachain, along the east valley wall [NH 09205, 82753].  

Here, the vugs display variable shapes and sizes, and display a range of aspect ratios: 

some are short and fat (low aspect ratio), others are long and thin (high aspect ratio).  A 

number of the vugs exposed at this locality are much more laterally continuous than the 

Lochan na Bradhan vugs, stretching up to several meters in length (Figure 5.7).   
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Figure 5.3.  Field photos of vug structures in the Basal Quartzite Member north of 
 Lochan na Bradhan [NH 08784, 82384].  A) Peter Eichhubl pointing out some 
 of the vugs that typically correspond to 5 to 10 cm thick beds.  B) Close up of 
 circled vug structure, camera lens cover for scale.
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Figure 5.4.  Field photos of vug structures in the Basal Quartzite Member exposed 
 along the Coir’ a’ Ghiubhsachain valley wall [NH 09205, 82753].
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Figure 5.5.  Photo showing the interior of a vug in the Basal Quartzite Member exposed 
 along the Coir’ a’ Ghiubhsachain valley wall [NH 09205, 82753].
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Figure 5.6.  A) Erosion of the outcrops north of Lochan na Bradhan resulted in the 
 excellent exposure of this vug.  Camera lens cover for scale. B) Close up view 
 of the quartz grain pilar spanning the height of the vug, [NH 08784, 82384].
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Figure 5.7.  Field photos from the Coir’ a’ Ghiubhsachain valley showing vugs over a 
 range of shapes and sizes.  Vugs in the Basal Quartzite Member are typically 
 tabular to lenticular in shape with heights between 1 to 10 centimeters and 
 lengths between a few centimeters to over a meter [NH 09205, 82753].
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Although the vugs are not as pristinely preserved as the Lochan na Bradhan exposures, 

this locality has sedimentary bedding structures clearly accentuated by erosion.  Field 

observations show that the vugs are confined to thin bedding horizons 5 to 15 cm tall.  In 

some instances, the vugs are irregularly stacked and may gradually taper or abruptly 

terminate.  The Coir’ a’ Ghiubhsachain vug outcrop also provides the opportunity to 

observe the interaction of vugs and fractures.  Here, a large vug that is part of a chain of 

smaller vugs where set C fractures intersect (and cross) bedding.  The fractures do not 

terminate at the vug; instead the vug appears to be superimposed on the intersection of 

the fractures and bedding plane.  The fractures extend into the vug and a number of them 

can be clearly traced out the other side (Figure 5.8).   

Much smaller vug-like cavities were also found along some fractures in 

pavements on the Corrie Hallie dipslope in the Pipe Rock Member (A. Laubach, personal 

communication, 2006).  These elliptical cavities are rarely larger than a few centimeters 

in maximum dimension and a number of them are lined with euhedral quartz crystals.  

The cavities are typically aligned along mostly quartz-filled set A fractures.  The cavities 

have asymmetric geometries and are characterized by flattened crescent shapes with one 

straight side (the side that coincides with the fracture trace) (Figure 5.9).   

In addition to the cavities exposed along bedding, I identified a number of 

bedding surfaces that appeared to be covered with the coarse quartz grains that may be 

partial remnant exposures of vugs (Figure 5.10).  A good example of this can be observed 

along the CHD-W-1b outcrop [NH 09900, 84100].  The quartz grains lining the outcrop 

bedding surface display similar sizes and geometries as those observed within the intact 

vugs observed at Lochan na Bradhan and Coir’ a’ Ghiubhsachain.  The grains are 

irregularly shaped, subangular to subrounded, and up to 1 cm across the long dimension.  

In the correct weather conditions, a number of Eriboll pavements sparkle and glisten in 
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Figure 5.8.  Field photographs showing a large and highly weathered vug at the 
 intersection of set C fractures and a bedding plane.  Where vugs are present 
 with fractures, the vugs appear to be superposed on the fractures and localized 
 near fracture intersections.  Note: compass is oriented parallel to strike of set C 
 fractures (east-northeast), [NH 09205, 82753].
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Figure 5.9.  Field photographs showing small eliptical cavities on the pavements exposed 
 along the Corrie Hallie dipslope.  Note several scales of vugs  A) Large vug with 
 brown surficial deposits over faceted quartz crystals.  Note quartz-filled fracture 
 extending to right, along flat side of vug.  B) Close up of vug in center of Figure
 5.1c.  Dark curved fractures on curved side of vug resemble those found with 
 glacial chatter marks; these may mark erosion of vug by glacial action.  Last ice 
 movement based on striations and chatter mark asymmetry [not shown] was from 
 right to left in the image (north to south).  C) Set A or set E fracture with local 
 vugs and apparent quartz bridges.
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Figure 5.10.  Field photograph showing bedding surface of part of the CHD-W-1b 
 outcrop [NH 09900, 84100].  The eroded pavement surface is covered with
 coarse quartz grains similar to those seen inside vugs.  The grains are irregularly 
 shaped (subangular to subrounded) and up to 1 cm wide across the long 
 dimension.
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the sunlight, an occurrence I refer to as the glistening effect.  I used this phenomenon to 

identify quartz grain-lined outcrops.  The glistening effect can also be observed in cross 

section along exposed fracture faces (where one fracture wall has been entirely removed 

by glaciation/erosion) indicating cementation of the fracture but not necessarily the 

presence of a vug. 

5.1.2 VUG PETROGRAPHY 

I collected two samples from the vug exposures north of Lochan na Bradhan: PH-

V1-08 and PH-V2-08 (Figure 5.11).  The samples display the typical Eriboll quartz-

dominated homogenous composition and are well sorted.  A large amount of secondary 

porosity can be observed in these samples (Figure 5.12).  Although some appear to be the 

result of grain plucking, the majority of the voids are actual porosity and not the product 

of the thin section making process.  The voids tend occur around the largest grains (> .25 

cm) in the sample.  Other voids in this sample are produced by the dissolution of feldspar 

(Figure 5.13). 

5.1.3 OTHER CAVITIES IN ERIBOLL SANDSTONES 

Some Eriboll samples have visible secondary porosity that results from the 

removal (dissolution) of feldspar grains.  This tends to be more common in the lower part 

of the Basal Quartzite Member, which is slightly more feldspathic.  Laubach and Diaz-

Tushman (2009) showed evidence that feldspar removal proceeds by alteration of 

feldspar cements to clay mineral around feldspar grains; this can be followed by plucking 

of feldspar grains (Figure 5.14).  

Late fractures (sets B, C, D, and E) may preserve porosity and these fractures are 

lined with euhedral quartz crystals.    Since this porosity may be discontinuous, these 

fracture pore spaces may resemble vugs in some outcrops, but these fractures typically 
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Figure 5.11.  Field photographs of vug samples collected from Basal Quartzite 
 Member north of Lochan na Bradhan, [NH 09784, 82384].  
 A) Sample PH-V1-08 and B) Sample PH-V2-08.  
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Figure 5.12.  Photomicrographs taken from Eriboll vug sample PH-V2-08.
 Quartz overgrowths seem to have removed (QO).  PPL, 4x magnification.
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Figure 5.14.  Secondary electron image of albite feldspar grain (G) altering to clay 
 minerals (FS) cut by  quartz-filled microfractures (FB) (Laubach and Diaz-
 Tusman, 2009).  

Figure 5.13.  Photomicrograph of secondary porosity as a result of a partially 
 dissolved feldspar grain.  PPL at 4x magnification
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are sharp sided and are long relative to their length; they lack the rounded to elliptical 

shapes and squat aspect ratios of the other vugs.  In the Corrie Hallie pavement, where 

vugs are present with quartz lined fractures, the vugs appear to be superposed on the 

fractures and to be localized near fracture intersections.  The two types of pore spaces 

markedly differ in shape. 

5.1.4 VUG INTERPRETATION 

The shapes of vugs and the miniature cave-like shapes of the cavities in the 

exposure north of Lochan na Bradhan [NH 08784, 82384] are compatible with formation 

by dissolution.  The vugs typically are not found with brittle structures (faults, fractures) 

and are clearly not merely fault or fracture related voids.  However, where vugs are found 

with fractures, as in the Corrie Hallie pavement and Coir’ a’ Ghiubhsachain, field 

relations can be interpreted to suggest that vugs are superposed on and postdate the 

fractures (see Figure 5.1c and Figure 5.9).  

Pleistocene glaciation in the region surrounding my field area planed off Eriboll 

outcrops. The remaining cover sediments on the Eriboll include a thin veneer of 

Quaternary alluvium and peat bogs that have been deposited unconformably on top of the 

Eriboll Sandstone.  The current bogs are at least younger than the last glacial retreat in 

this area, around 10,000 years ago (Johnstone and Mykura, 1989; Boulton et al., 2002) 

(the last glacial maximum here was about 17 ka; Bowen et al, 2002).  Bogs may only be a 

few thousand years old; their advent reflecting climate changes in historical times 

(Chambers et al., 1997; Chambers and Charman, 2004).   The Eriboll is well cemented 

and therefore has little to no intrinsic permeability (the exception being open fractures).  

Rain water and run off are able to easily penetrate the overlying alluvium and peat, but 

upon reaching the Eriboll, flow is impeded and limited to open fractures and bedding 

planes, keeping water tables elevated and allowing large amounts of sediment to remain 
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supersaturated for extended periods of time.  The low permeability of the Eriboll (as well 

as most other rocks in this part of Scotland) plays a significant role in the formation of 

the widespread peat bogs by trapping shallow water tables, which explains why my field 

area is mostly covered by bogs.  Although ground water and peat bog geochemistry are 

well beyond the scope of my study, the literature suggests that the conditions present in 

Highland bogs may facilitate the development of minor dissolution in the Eriboll 

Sandstone.  The organic-rich and anoxic nature of peat bog waters can enhance quartz 

dissolution (Briceño et al., 1990; Bennett et al., 1991).  The removal of feldspar (see 

Figure 5.13 and 5.14) could also be a result of surficial dissolution in this acidic 

environment.  

However, identified vug exposures most commonly occur on cliff faces that are 

not currently in direct contact with bogs.  Recent dissolution is also contradicted by 

occurrence of vugs in pavements and cliff faces that lack any evidence of dissolution (no 

etching).  The transition from cavity to intact, fresh or glaciated outcrop is abrupt.  In 

fact, delicate glacial striations are commonly preserved beneath peat bogs with no 

evidence of dissolution.  The simplest interpretation of the geomorphology near the vugs 

is that modern broken and glaciated surfaces cut across the vugs.  The vugs are not 

coincident with feldspar grains (which in any case are a minor component of these 

sandstones) and furthermore, the vugs are much larger than individual grains.   

The large size of some vugs (up to 20 centimeters in diameter) suggests that a 

considerable volume of material was removed, far more than is likely to have been 

dissolved in a few thousand years by the current bogs.  However, complete dissolution of 

the host rock is not needed to achieve the cavities.  Previous studies suggest that chemical 

weathering of quartzose rocks (and the potential formation of silici-karst) is driven by the 

dissolution of quartz cement and plucking of quartz grains (arenisation) (Martini, 1979; 
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1981; Briceño et al., 1990).  The most significant dissolution in Eriboll sandstones may 

have occurred along grain boundaries, dissolving the cement and liberating the grains.  

The liberated grains may have then been removed by flushing waters.  This is supported 

by the internal appearance of the large vugs in the Basal Quartzite Member, which in 

most instances appear to be lined with coarse quartz grains that are not so easily 

dislodged.  This texture suggests that the cement has been dissolved and the liberated 

grains have been removed, leaving the intact grains in positive relief.  Dissolution of 

cement is the best explanation for the preservation of the delicate chain of grains shown 

in Figure 5.6.  On the other hand, in some instances the small vugs clearly are lined with 

quartz crystals (seen on Corrie Hallie).  These mineral deposits are not easily reconciled 

with simple near surface dissolution. 

One possible explanation for the range of vug sizes is that they mark variable 

rates of dissolution at different positions in the Eriboll country rock.  In parts of the 

observed outcrops, the long vugs indicate material removal (possible dissolution) across 

the entire height of the associated bedding horizon and vugs continue along strike for 

several meters.  However, in other parts of this outcrop (tens of centimeters above or 

below the long vugs), vugs are arranged in discrete linear to sub en echelon rows.  The 

vugs I observed are typically only a few centimeters long (< 5 cm) with low aspect ratios, 

and are spaced a few centimeters apart.  In an intact, three-dimensional volume of rock 

these vugs may be in communication, connected by small throats or tunnels.  However, 

during periods of active dissolution, the particular horizon of interest may have been 

unable to dissolve all the cement along grain boundaries in the host layer to form the 

single continuous vug horizon, as observed above and below these intervals.  In karst and 

cave systems, dissolution is driven by fluid flow and material removal; the best connected 

conduits tend to widen preferentially (Rajaram et al., 2009).  It is problematic that the 
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vugs I observed appear to be poorly interconnected or isolated.  Moreover, demonstrably 

interconnected and open fracture systems in the Eriboll are quartz lined, have open 

porosity, and great lateral extent, but mostly lack evidence of dissolution.  If flow, 

dissolution, and material removal were important phenomena here, then why are 

dissolution features mostly lacking along fractures? 

I interpret the quartz grain-lined pavements (CHD-W-1b) to represent the bottom 

part of a vug remaining in situ after glaciation removed the overlying country rock and 

the corresponding upper half of the vugs.  Open bedding planes would act as preferred 

conduits and channel flushing waters, therefore this may have been a surface across 

which flushing waters removed the liberated grains.  The bedding surface is not entirely 

lined with quartz grains.  The grains in place today, are those on which surrounding 

cement was not completely dissolved, and therefore remained attached to the host rock.  

The localized distribution of grains may reflect the overall low connectivity observed 

between the vugs.   

Other origins for these features should be considered.  For example, these zones 

could have originally been deposits of carbonate-rich silt/mud or carbonate concretions.  

Quartz overgrowths might have been impeded in such features, which could have been 

dissolved more readily than quartz.  However, this explanation would not account for the 

vugs along fractures in the Corrie Hallie pavements, and no intact or partly dissolved 

deposits or concretions have been found 

The origins of the Eriboll vugs are enigmatic.  If they are dissolution features, as 

their shapes suggest, the short potential duration (a few thousand years) of their exposure 

to the probably fairly mild acidic conditions of current bogs (with which most of them are 

in fact not now in direct contact), the weak (although not negligible) capacity for such 

bogs to dissolve quartzite (as shown by the literature), and the lack of dissolution features 
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on delicate structures like striations that are in contact with the bogs, shows that modern 

conditions an unlikely to entirely account for these features.  This inference is consistent 

with the field relations that suggest that the modern topography cuts across vugs 

boundaries.  The apparent isolation and poor interconnection of the vugs and the lack of 

correlation between vugs and modern open fractures (barren joints) and older open 

fractures (set C fractures and faults) suggests that if vugs were connected to a silici-karst 

system, the conduits for such a system are not clearly evident in these fractures, otherwise 

more evidence of dissolution would be apparent along fractures.   

If postglacial and recent conditions do not account for the vugs, could they be a 

relict of an earlier silici-karst system now mostly removed?  A preglacial age for the vugs 

is compatible with the apparent (and speculative) inferred crosscutting relationship of 

modern subglacial topography across the vugs.  If this timing relation is correct, then the 

highest exposures of Eriboll Formation (those in former nunataks above the high point of 

Pleistocene glaciers) might retain more evidence of vug structures.  Inspection of such 

outcrops on isolated Eriboll exposures on An Teallach shows that these outcrops do in 

fact differ markedly from those where vugs are preserved in valleys and some of the high 

elevation features might mark poorly preserved vug-like features.  

The landscape history of Scotland is complicated and beyond the scope of my 

study.  Some evidence of ancient topography and geomorphology is known (Macdonald 

et al., 2007) but evidence that rocks currently at the surface in NW Scotland experienced 

prolonged weathering under humid-warm conditions and low relief is lacking. Such 

conditions are responsible for silici-karst on quartzites, for example Cretaceous-aged 

silici-karst on Paleozoic quartzites in South America (Piccini and Mecchia, 2009).  

Cretaceous and Early Eocene conditions may have been favorable for silici-karst to form 

on the Eriboll, if parts of the formation were exposed at that time, when chemical 
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weathering rates were high (Smith et al., 2008).  It is an intriguing speculation that the 

vugs we see in Eriboll sandstones might be remnants of a more extensive Cretaceous-

Tertiary karst system now almost entirely removed by Quaternary glaciation and 

separated from contemporaneous Cretaceous and Tertiary silici-karst by the opening of 

the Atlantic Ocean.   

On the other hand, the concentration of studies in tropical regions, coupled with 

long standing, but false, conventional wisdom of the insolubility of quartz has led to the 

belief that tropical conditions are required for the dissolution of quartz and ultimately the 

formation of silici-karst.  However, recent studies have documented silici-karst in 

temperate and sup-polar latitudes, in regions where there is no evidence of prior tropical 

climactic conditions.  These findings suggest that the requirement of tropical conditions 

for the formation of silici-karst is no longer credible (Wray, 1997b), discussed in 

Appendix J.  The rocks currently at the surface in NW Scotland would therefore not 

necessarily have had to experience prolonged weathering at near-tropic latitudes. 
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CHAPTER 6: DISCUSSION 

6.1 Late Faults 

Below I discuss the late faults and fracture zones transecting my field area.  As a 

context for my work, I briefly review fault zone architecture and associated terminology 

in Appendix G.  The late faults east of An Teallach form topographically prominent 

features; however in many instances offset along horizontal marker beds cannot be 

demonstrated.  Viewed from the west, some linear topographic features (interpreted to be 

faults) and marked by fracture zones cross marker beds with very little to no dip-slip 

offset (see Figure 3.13 and 3.18).  These features could be faults with minor strike-slip or 

oblique-slip displacement or they could in part at least merely be fracture zones (areas 

having closely spaced opening-mode fractures).  Outcrop mapping shows that the largest 

(longest and widest) and most topographically prominent zones have small amounts of 

oblique-slip offset (see Figures 3.12 and 3.17).  Most zones, whether they display offset 

or not, have steep dips but are not vertical or normal to bedding.  I therefore interpret 

these features to be small-offset faults and describe challenges associated with the 

detection of such structures in the subsurface (discussed below).  Owing to their 

topographic prominence and small amounts of displacement, I provide a description of 

the fractures and faults and present evidence of glacial erosion within these zones that 

justifies the exaggerated topographic expressions of these structures.  Finally, I present 

my interpretation for how the late fault zones may have formed and evolved.  

6.1.1 EXPLANATION FOR TOPOGRAPHIC PROMINENCE OF LATE STRUCTURES 

I interpret the topographic prominence of the late faults and fracture zones to be 

the result of glacial and other mechanical erosional processes that accentuated the late 
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structures.  Work in the area by Goodenough et al. (2009) supports my interpretations.  

Throughout the Northwest Highlands, the Moine Thrust Zone is poorly expressed 

topographically.  Although it is easily mappable in the field, Goodenough et al. (2009) 

show that the MTZ cannot readily be identified on NextMap DTM images.  Using digital 

surface models they examined the ridges and valleys in the area around An Teallach.  

Here they noticed that the most prominent topographic features typically correspond to 

the foreland bedrock strata rather than to the MTZ.  They interpret the poor topographic 

expression of the MTZ and the prominence of features in the foreland to be related to the 

positions of these units (the MTZ and the foreland strata) relative to the direction of 

Pleistocene glacial movements: the MTZ is at right angles to the ice flow, whereas the 

foreland strata is subparallel to ice flow (Krabbendam et al., 2008a; Goodenough et al., 

2009). 

My fieldwork confirms the topographic prominence of late faults and fracture 

zones implied on published geologic and topographic maps, aerial photographs, and 

NextMap DTM images (see Figure 2.19, Figure 3.2, Figure 3.4, Figure 3.5, and Figure 

3.6).  Throughout my field area these zones have been dramatically exaggerated and have 

significantly shaped the present day landscape.  Site preferential erosion of late structures 

has lead to the formation of fault-line scarps, steep-faced cliffs, sharp-sided gullies, and 

wide draws, and a number of waterfalls form where late structures cut across streams (see 

Figure 3.10 and Figure 3.14).   

The quartzose Eriboll Sandstone is highly indurated and resistant to erosion.  

With this said, the development of such dramatic and large scale topographic features 

requires the presence of structurally significant (hundreds of meters to several kilometers 

long by tens of meters wide) zones of damage (fault and fracture zones) along which site 

preferential erosion can more easily target and remove the less resistant country rock.  I 
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attribute many of the topographically prominent features in my field area to glaciation.  

The affects of the multiple glacial advances and retreats during the Pleistocene are readily 

apparent throughout my field area.  A number of the Eriboll outcrops are striated and 

contain an abundance of chatter marks, arrays of crescent-shaped fractures (topographic 

indentations) arranged in clustered series, oriented in the direction of ice flow (see Figure 

1.24).  Chatter marks are formed when the bedrock is abraded and chipped (“chattered”) 

by rock fragments entrained in the base of a glacier.  The crest of chatter marks is 

perpendicular to direction of ice flow, and the curved sides (“horns”) can be oriented 

concave upstream or concave downstream.   

Many outcrops also contain fractures with exaggerated apertures (several 

centimeters to meters in width).  I observed this phenomenon on a number of outcrops 

throughout my field area, for example the exaggerated fracture zones on the LB-N-1 

outcrop (see Figure 3.35).  Other evidence of present day mechanical erosion, for 

example ice wedging, is also present in a number of outcrops (Figure 6.1).  These outcrop 

scale examples illustrate how structurally weakened zones were targeted by glaciation 

and have continued to be affected by mechanical erosion.  Therefore, it is intuitive to 

interpret that similar mechanisms acted on a much larger scale to produce the dramatic 

topographic expressions (tens of meters high) of the late fault zones, specifically during 

active periods of glaciation.   

The Corrie Hallie fault is an excellent example of an exaggerated kilometer-scale 

topographically prominent structure.  Viewed from the west, looking east towards the 

Eriboll cliffs, the steep-faced, prominent 30 m high fault-line scarp suggests normal 

faulting.  However, my Precambrian-Cambrian contact map and observations of the 

horizontal marker beds in the Eriboll show very little perceptible vertical displacement 
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Figure 6.2.   Schematic diagram showing processes leading to glacial plucking of
 the Corrie Hallie fault, viewed to the east. Field observations suggest that 
 fault zones in the Eriboll have been exagerated and removed through similar 
 glacial and erosional processes.  Adapted from Glasser (2002).

Figure 6.1.   Field photograph showing mechanical erosion on Eriboll outcrops.
 Ice wedging along fractures lead to the detachment of blocks of the
 country rock.
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(less than 10 m along the contact and less than 2 m along the marker beds) (see Figures 

3.15 through 3.17 .  I interpret this feature and similar others throughout my field area to 

be the result of glacial plucking and entrainment, also referred to as glacial quarrying 

(Figure 6.2).  Glacial quarrying occurs when subglacial meltwater infiltrates fractures in 

the underlying bedrock.  Fracture propagation is further driven by repeated fluctuations in 

water pressure, detaching blocks of country rock (plucking).  As the glacier advances (or 

retreats) the detached blocks are moved and rotated.  The blocks are subsequently 

incorporated into the glacier and are carried off (entrainment) (Glasser, 2002).  Other 

exhumed late faults can be observed along the Corrie Hallie dipslope, the Gleann 

Chaorachain fault, the Gleann Chaorachain dipslope, the Allt Gleann Chaorachain 

streambed, and the Bradhan Gap. 

6.1.1.1 Along Trend Discontinuity of Late Faults: Evidence from Preserved Fault 
Core 

My observations and mapping of exposed fault cores suggest that the late fault 

zones are not composed of a single continuous fault plane.  However, these zones have 

been preferentially eroded to form laterally continuous lineations.  I interpret that the late 

faults and fracture zones are composed of numerous individual damage lenses that are 

preferentially arranged within a narrow zone tens of meters across (see Figure 3.27).  

Collectively, the localization of damage within these zones forms a corridor of weakness 

along which mechanical erosion and glaciation preferentially targeted the bedrock, 

leading to the formation of the topographically prominent (km-scale) features.  

Differential mechanical erosion of the fault and fracture zones can be thought of as 

perforated notebook paper.  The notebook does not contain a single continuous 

perforation.  Instead, there is intact paper (country rock) between each perforation, 

ultimately forming a zone of weakness that is exploited when the page is torn out of the 
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notebook.  The chain-like distribution of highly damaged lenses (in a zone tens of meters 

wide) forms a zone of weakness exploited and exaggerated by erosion. 

6.1.2 INFERRED FAULTING EPISODES FROM FAULT ROCK EXPOSURES 

I documented fault core exposures with two unique orientations, the predominant 

east-northeast striking exposures and the less common north-striking ribs (see Figure 2.6 

and Figure 3.22).  Fault rocks in both orientations contain preserved slip lineations; 

however steepness of plunge differed between the orientations.  East-northeast-striking 

fault rocks are characterized by low angle slip lineations (plunge less than 10 degrees), 

whereas slip lineations preserved on north-striking fault ribs were plunged steeply north 

(45 to 50 degrees).  These findings, in addition to the north-striking normal faults I 

documented along the Allt Gleann Chaorachain streambed (see Figure 3.78), suggest that 

there has been more than one episode of faulting (different ages) in this area. 

6.2 Challenges of Small-Displacement Faults 

In recent years, the identification (and subsequent interpretation of fault 

characteristics) of small-scale faults (having displacements of a few meters to tens of 

meters) has proven to be problematic.  Despite their small amounts of offset, such 

structures can significantly affect subsurface fluid flow and laterally continuous small-

scale faults can greatly compartmentalize reservoirs (Endres et al., 2008; Lohr et al., 

2008).  Owing to their small-offsets, in seismic reflection profiles such faults may be 

challenging to detect because they fall below the limit of current seismic resolution 

capabilities; hence they are subseismic (Lohr et al., 2008).  Furthermore, because they are 

typically widely spaced such structures are rarely seen in vertical core.  The late faults 

east of An Teallach offer the opportunity to investigate faults that owing to their 

negligible offsets would otherwise be un-imagable in the subsurface.  The offsets I 
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documented along late faults in the Eriboll are consistent with those suggested by Roberts 

(2007) to be subseismic, 5 to 10 m or less.  Field observations and detailed strip mapping 

within the fault zones (see Figures 3.15 through 3.17) suggest that the late faults may be 

good analogs to subseismic structures in the subsurface.   

Understanding the spatial distribution of faults is imperative to understanding the 

growth, mechanics, systematics, and evolution of faulting (Ackernmann and Schlische, 

1997).  Faults can act as conduits (permeability pathways) for hydrocarbons, water, or 

waste fluids.  Permeability may be further enhanced by the presence of open fracture 

systems.  Faults can also form flow barriers, for example a clay-rich unit is juxtaposed 

against a sand layer and/or clay smearing along the fault plane (Lohr et al., 2008).  Small-

offset faults like those in the Eriboll Formation are present in many tight gas sandstones, 

where they may enhance gas production.  Lohr et al. (2008) examines the importance of 

subseismic faults and fractures in petroleum reservoirs and shows that subseismic 

structures influence fluid migration pathways and therefore are of importance to 

hydrocarbon exploration and understanding subsurface fluid flow.  Furthermore, such 

structures have also been blamed for contributing to water production (early 

breakthrough) and consequently in some plays they may pose a hazard to successful 

stimulation.  

Deformation is heterogeneous and can vary greatly over time.  As a result, 

sedimentary basin evolution involves a variety of spatial and temporal processes over a 

wide range of scales, resulting in complex structural styles (Allen and Allen, 1990; 

Endres et al., 2008).  Faults with significant offsets (several tens to hundreds of meters) 

can significantly deform sedimentary basins and hydrocarbon reservoirs (Lohr et al., 

2008).  Large-scale faults are generally the key to understanding the distribution and 

interaction of small- and medium-scale structures (Ackermann and Schlische, 1997; Lohr 
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et al., 2008).  Today, two- and three-dimensional seismic reflection data is commonly 

used to construct structural contour maps to identify large-scale subsurface faults.  If 

intersected by a wellbore, small- and medium-scale faults can be identified using one-

dimensional well data (core, dipmeter and image logs).  However, the likelihood of 

intersecting such structures is low even with dense well control (numerous wellbores), 

and the structures are too small to be reliably identified on structural contour maps. 

A number of studies have attempted to quantitatively predict fracture abundance 

and orientation in rock volumes suspected to contain subseismic faults and fracture 

networks using geophysical based techniques (Endres et al., 2008; Lohr et al., 2008; 

Sayers, 2009) and field based outcrop examples (Ackermann and Schlische, 1997; 

Roberts, 2007).  There are inherent advantages and disadvantages associated with both of 

these approaches.  Although useful, geophysical investigations are unable to detect 

critical fracture characteristics: network connectivity, degree of mineralization (cement 

fill), aperture, length, and orientation variations.  These characteristics can be assessed in 

field-based studies across relatively large areas.  Although studies of outcrop analogs can 

shed light on the attributes and frequency of these structures, many outcrop fault and 

fracture arrays are not good analogs for tight gas sandstones.  Textural evidence from 

core shows that diagenetic and structural processes interact in many tight gas sandstone 

faults and fractures.  Fracture population data obtained in field studies only represents a 

specific structural and diagenetic state or history; that is fractures exposed in outcrop may 

not be representative of subsurface fractures that formed under different conditions 

(Ozkan, 2009).  Therefore, to be reliable guides to the subsurface, outcrops having 

diagenetic attributes and fault and fracture cement textures that match those in tight gas 

sandstones are needed, such as those identified in the Eriboll Formation.   
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6.3 Set C Fracture Distribution  

6.3.1 SPATIAL DISTRIBUTION OF FRACTURE PATTERNS  

Northeast to east-northeast-striking fault-related fracture patterns display a wide 

range of complexities.  Mapped fracture patterns include simple overlapping-subparallel 

configurations with widely spaced set C fractures to complex patterns composed of 

closely spaced, anastomosing networks with significant wing crack modification resulting 

in highly linked set C parent fractures.  In addition to variations in fracture 

configurations, I documented fault-parallel fractures over a range of lengths (a few 

centimeters to over a meter) and spacings (a few centimeters to tens of centimeters).   

Fracture trace mapping of outcrops in various positions around the late faults 

shows that fracture patterns in the Eriboll Formation are highly variable over short lateral 

distances (a few meters), independent of proximity to the fault zones (discussed in 

Chapter 3).    It is not surprising that I documented simple fracture patterns (overlapping-

subparallel) outside of (hundreds of meters away from) the late faults (see Figure 3.50 

and 3.51).  However, comparable fracture patterns were also documented in outcrops 

immediately adjacent to fault zones (see Figure 3.38).  Furthermore, I observed complex 

fracture patterns both away from, and adjacent to the late fault zones. 

An interesting feature of my trace maps is that the more complex fracture patterns 

are typically associated with a higher abundance of northeast-striking wing crack 

assemblages.  Simple overlapping-subparallel fracture arrays typically have very few to 

no wing cracks, whereas the complex patterns contain an abundance of wing cracks.  

Fracture pattern complexity therefore appears to be a function of wing crack abundance.  

The wing cracks enhance connectivity between the fault-parallel fractures and increase 

the overall amount of damage within a given area of outcrop.  The formation of wing 
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cracks and the influence they have on fracture pattern complexity is further discussed 

below in section 6.4. 

6.3.2 SPATIAL DISTRIBUTION OF FRACTURE INTENSITY 

The abundance of set C fractures is also highly variable over relatively short 

lateral distances (meter to tens of meters).  Field wide (km-scale) fracture abundance 

measurements suggests that like set C fracture patterns, set C fracture abundance is 

independent of proximity to the late fault zones; that is fracture intensity can be low or 

high near faults or low or high away from faults.  Scanline results show that outcrops 

with high fracture intensities are not uniformly distributed in a uniform envelope around 

the fault zones.  Furthermore, fracture intensity is highly variable along strike of the late 

faults.  This is seen in the variations of fracture abundance along the Corrie Hallie fault-

line scarp where fracture intensity is highly variable between scanlines measured along 

strike (see Figure 3.55). 

Fracture intensity heterogeneity is also seen at the outcrop scale (cm to m).  For 

outcrops on a common bedding surface, parts of the exposure may contain relatively few 

set C fractures whereas other areas tens of centimeters to a few meters away may be 

highly damaged and contain numerous fault-related fractures.  The AGC streambed 

exposure illustrates this heterogeneous distribution of fracture abundance well.  In some 

areas of the outcrop there are relatively few, isolated set C fractures, whereas in others 

places (tens of centimeters away) set C fractures are abundant and closely spaced 

(clustered).  A scanline laid down in one area of such an outcrop would record a 

drastically different fracture intensity than if the scanline was positioned elsewhere in the 

outcrop (see Figure 3.48).  This style distribution leads abrupt transitions between highly 

fractured outcrop and relatively unfractured outcrop, as zones with high fracture 

abundance are commonly juxtaposed to zones with low fracture abundance.  A similar 
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distribution and juxtaposition of fault rock and undeformed country rock at the centimeter 

to meter scale was also observed.   It is therefore intuitive to interpret that a similar 

mechanism may be operating at the larger field area scale (km).   

6.4 Wing Crack Assemblages 

Field observations and trace mapping of set C fracture arrays and corresponding 

wing crack assemblages at the fine to medium outcrop scale (mm to m) demonstrates that 

increasing amounts of wing crack modification along set C parent fractures can lead to 

high degrees of damage and enhanced linkage.  I use these examples to interpret that 

wing crack modification in-part controls the development of small faults at the cm to m 

scale and suggest that wing crack modification may also play an important role in the 

evolution of the examined kilometer scale late faults.  Field observations suggest that 

fracture pattern complexity is a function of parent fracture configurations, spacing, and 

modification by north-northeast-striking wing crack assemblages, which I am able to 

document throughout my field area at various positions around late fault zones.  

6.4.1 DETERMINING SENSE OF SHEAR USING WING CRACK GEOMETRIES 

The sense of shear can be obtained from the geometric relationship between a 

parent fracture and wing crack.  A wing crack that forms clockwise (CW) with respect to 

the parent fracture indicates a right-lateral sense of motion, whereas a wing crack that 

forms counterclockwise (CCW) with respect to the parent fracture indicates a left-lateral 

sense of motion (Cruikshank et al., 1991; Myers and Aydin, 2004) (Figure 6.3).   

In isotropic rock like the Eriboll formation, opening-mode fractures propagate 

parallel to the SHmax direction present during fracture propagation (Mohr-Coulomb, 1900; 

Lawn and Wilshaw, 1975; Laubach and Diaz-Tushman, 2009).  Laboratory and field 
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Figure 6.3.  Schematic diagram illustrating how sense of slip can be determined from 
 parent fracture-wing crack geometric relationships.  Wing cracks propagating
 clockwise about the corresponding parent fracture indicates right-lateral 
 shear.  Wing cracks propagating counterclockwise about the corresponding
 parent fracture indicates left-lateral shear.  The greatest degree of linkage is 
 seen on fracture arrays in which the sense of step is the same as the sense of
 slip.  In this example the greatest amount of linkage develops on left-stepping
 fractures.  After Myers and Aydin (2004).
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observations show that wing cracks can be morphologically divided into two parts: a 

curvilinear segment and a linear segment.  Initially, wing cracks propagate with a 

curvilinear trace that gradually aligns with SHmax.  Tangential to the curvilinear segment, 

the wing crack typically remains linear to sub-linear and is aligned with SHmax (Li et al., 

2008; Mutlu and Pollard, 2008).  This tendency for wing cracks to align with the 

maximum principle stress allows for the analysis of how the stress state around a fracture 

changes over time.  The orientation of SHmax acting during wing crack formation can be 

obtained from wing crack orientations.  Evidence of a shift in the remote stress field can 

be seen in my field area and is implied by the orientations of the wing cracks which 

consistently display north-northeast strikes. 

The presence of wing cracks branching off of the left-stepping and overlapping-

subparallel parent fractures throughout my field area indicates that some set C fractures 

have experienced shearing.  North-northeast-striking wing cracks form counterclockwise 

about set C parent fractures.  Using the relative wing crack-parent fracture geometries 

described by Cruikshank et al. (1991), Cruikshank and Aydin (1994), and Myers and 

Aydin (2004), I interpret that set C fractures underwent left-lateral shearing.  Left-lateral 

movement along set C fractures can be achieved if the remote stress field acting during 

the formation of set C fracture was shifted from its “original” orientation (orientation 

during the formation of set C fractures, northeast to east-northeast) to a north-

northeasterly orientation (Figure 6.4).   

Depending on the parent configuration and the local sense of motion along the 

parent fractures, wing crack assemblages can form under dilational (extensional) or 

restraining (shortening) conditions (Myers and Aydin, 2004).  Extensional steps are 

produced when the sense of shear is the same as the sense of stepping, i.e. left-lateral 

shearing of left-stepping fractures (LL/LS) or right-lateral shearing of right-stepping 
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Figure 6.4.  Field photograph of set C parent fractures and north-northeast-striking wing
 cracks.  Set C fractures are arranged in a left-stepping configuration and wing
 cracks form counter-clockwise about set C fractures, indicating left-lateral shear.  
 Allt Gleann Chaorachain streambed, [NH 10907, 84338].

10 cm

Kink Angle

272



 

fractures (RL/RS), whereas restraining steps are produced when the sense of shear is 

opposite to the sense of stepping, i.e. LL/RS or RL/LS (see Figure 6.3).  Shearing of 

subparallel fractures, whether left- or right-lateral, may produce both dilational and 

contractional conditions, and is strongly dependent on the amount of overlap and 

individual fracture characteristics (Cruickshank and Aydin, 1994; Myers and Aydin, 

2004).  Trace maps and field observations suggest that wing cracks propagating off of set 

C parent fractures formed under dilational conditions.   

6.4.2 WING CRACK CONNECTIVITY 

The ability of wing crack assemblages to enhance parent fracture network 

connectivity strongly depends on a combination of background conditions (inherent 

configurations and spacings).  Wing cracks with the most significant connective 

capabilities develop along the trace of the parent fracture, where there is the greatest 

amount of overlap between adjacent fractures.  Here, higher stress concentrations are able 

to accumulate between overlapping fractures, allowing the development of through-going 

wing cracks capable of linking isolated fractures (McGrath and Davison, 1995; 

Cruickshank and Aydin, 1994).  Linkage by wing crack modification is also enhanced in 

parent arrays in which the sense of step is the same as the sense of shear.  For example, 

under left-lateral shear, wing crack modification of a left-stepping fracture network will 

result in a higher degree of linkage than wing crack modification of a right-stepping 

parent fracture network under the same sense of shear.  Under left-lateral shear, wing 

cracks propagating off of left-stepping fractures form CCW about the parent fracture and 

therefore will have a greater probability of intersecting the neighboring fracture (stepped 

to the left) than wing cracks propagating off of a right-stepping parent fracture array, in 

which the wing cracks will typically propagate out into the country rock and not intersect 
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neighboring fractures (see Figure 6.3).  Furthermore, the probability of a wing crack 

intersecting an adjacent parent fracture is increased for closely spaced parent fractures. 

My observations are consistent with the influence that these background 

conditions (configurations and spacing) have on wing crack connectivity.  In my field 

area, the predominant parent fracture configurations include left-stepping and 

overlapping-subparallel.  I identified right-stepping configurations in some outcrops, 

however this geometry is less common (see Figure 3.36).  Previous studies suggest that 

wing crack connectivity will be greatest along the overlapping portion of neighboring 

fractures (McGrath and Davison, 1995; Cruickshank and Aydin, 1994).  That is, the 

connective capability of north-northeast-striking wing crack assemblages increases with 

increasing amount of overlap between neighboring set C parent fractures.  However, field 

observations show that set C parent fractures with significant overlaps do not necessarily 

result in a high abundance of wing cracks (discussed below).  

My fracture trace maps illustrate that fault-parallel fractures are inherently present 

over a range of lengths (a few centimeters to over a meter) and spacings (a few 

centimeters to tens of centimeters).  Therefore resulting wing crack assemblages also 

display a range of complexity and degree connectivity.  Field observations show that 

wing crack linkage of set C parent fractures is greatest in zones where wing cracks 

develop between closely spaced parent fractures (< 1 to 5 cm) (see Figures 3.48 and 

3.49).  Relatively long fractures may also enhance wing crack connectivity in fracture 

networks because some through-going set C fractures connect isolated clusters in which 

wing crack connectivity is greater, thereby connecting zones of high wing crack linkage.  

I interpret a similar process to be involved in the linkage and development of small fault 

zones (discussed below).   
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Examples of fracture length and spacing variability can be seen along the AGC 

streambed pavement.  In some areas of the outcrop set C fractures are widely spaced and 

not connected to neighboring fractures by wing cracks.  In the case of such isolated 

parent fractures, wing cracks simply form on either end of the parent fracture and 

terminate in the country rock.  On the other hand, in other areas of the same outcrop (tens 

of centimeters to a meter away) set C fractures display a tendency to cluster, fracture 

spacing is small (less than 5 cm) and fractures are more likely to be connected to adjacent 

fractures by way of wing crack modification (See Figures 3.48 and 3.49).  Here, the 

formation of wing cracks between closely to moderately spaced (less than 1 centimeter to 

as much as 10 centimeters) overlapping-subparallel parent fractures produces ladder 

structures that connect adjacent parent fractures (Figure 6.5, also see Figure 3.49).  The 

greatest amount of overlap between the fractures is approximately 6 cm. Wing crack 

lengths range between 1 and 6 cm.  At least four individual set C fractures are joined in 

the ladder.  Although the formation of this ladder structure is the result of set C fractures 

and wing cracks, the presence of set A and B fractures further enhances the overall 

connective capabilities of the structure.  The kink angle geometries within the ladder 

structure also clearly illustrate the sense of shear experienced along Set C fractures (left-

lateral).  

Although wing crack connectivity is greatest where parent fractures are closely 

spaced and preferably arranged (overlapping-subparallel or left-stepping), this does not 

necessarily mean that all closely spaced, preferably arranged parent fractures will have a 

high abundance of corresponding wing cracks, as seen in the CHD-W-1a outcrop (see 

Figure 3.50 and 3.51).  Wing cracks measured at CHD-W-1a have comparable lengths, 

orientations, and kink angles to those measured along the Allt Gleann Chaorachain belt.  

Parts of CHD-W-1a are dominated by closely spaced (less than 5 cm) overlapping- 
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Figure 6.5.  Field photograph and corresponding fracture trace map showing an example
 of a ladder strcture.  The ladder is produced by left-stepping and overlapping-
 subparallel set C parent fractures linked by north-northeast-striking wing cracks  
 Allt Gleann Chaorachain streambed pavement, [NH 10907, 84338].
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subparallel set C fractures with a high degree of overlap.  However, far fewer wing 

cracks were identified in this outcrop.  Although CHD-W-1a is approximately 280 m 

away from a fault whereas the AGC pavement is approximately 125 to 150 m away, 

proximity to the fault zones does not appear to play an influential role in wing crack 

abundance as wing cracks are absent in some outcrops immediately adjacent to faults.  

The lack of wing crack development suggests that the set C fractures in this outcrop did 

not experience the same amount of shear as those seen in the Allt Gleann Chaorachain 

belt, meaning some set C fractures accommodated more shear than others and suggesting 

that some set C may have been more quartz sealed than others and therefore were not 

preferable for reactivation (slip).  Nevertheless, my observations and trace maps suggest 

that the probability of a wing crack connecting a widely spaced or isolated fracture (tens 

of centimeters away from the nearest neighbor) is unlikely and the inherent spacings and 

configurations of set C fractures appear to influence the degree to which wing cracks 

enhance parent fracture connectivity (see Figure 3.34 and 3.48).   

6.4.3 FORMATION OF ISOLATED SMALL-SCALE FAULTS AND DAMAGE ZONES  

Wing cracks observed in the area do not extend into the adjacent country rock 

(controlled by inherent parent configurations and inferred sense of slip).  Instead, the 

wing cracks are bound by the outermost fractures in the network, bridging the relay zone 

between left-stepping and overlapping-subparallel set C fractures (see Figure 6.5 and 

6.6).  Because set C fractures are present over a range of lengths and spacings, some 

fractures are more capable of linking clusters of fractures than others.  Therefore, I 

interpret that some set C fractures form preferable configurations along which wing crack 

connectivity will be greatest (see Figure 3.34, 3.48, and 3.49).  Long set C fractures (tens 

of cm to m) and wing crack assemblages connect zones of high fracture abundance.  The 
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development of wing crack assemblages in these regions leads to the formation of 

isolated rhombic damage zones over a range of scales (mm to m) (Figure 6.6). 

Increased connectivity by way of the wing crack assemblages is not limited to set 

C; that is wing cracks can link to any preexisting fractures.  Wing cracks splaying off of 

set C fractures also interact with early fractures from sets A and B (Figure 6.7).  In 

addition to set C parent fracture attributes (configuration, spacing, and amount of 

overlap), preexisting fractures (sets A and B) appear to influence the formation of  

fragmented damage zones in the relay region between overlapping fractures that make up 

ladder structures.  Closely spaced wing cracks within ladder structures form the initiation 

of damage zones (see Figure 6.8).  Field observations show that this is a case where 

closely spaced wing cracks (< 5cm) interact with preexisting set A and B fractures 

between overlapping fractures.  Interaction between wing cracks and the preexisting 

fractures within the ladder begin to form zones where country rock is broken into 

polygonal clasts.  Fault core breccias were identified in the field, and represent a fully 

matured damage zone, that initially may have formed as a similar scale damage zone 

structure.  Other observations show that in some fracture arrays, set A fractures may have 

wing cracks in the set C orientation (see Figure 6.5).  This may indicate that set A 

experienced shearing during the propagation of set C fractures. 

6.5 Late Fault Evolution Model 

Fracture intensity measurements across my field area show that the distribution of 

fracture abundance around late faults is asymmetric.  I interpret this to suggest that the 

large faults are composed of several smaller (m-scale) fault lenses.  Because these zones 

have higher fracture intensities there is a greater number of more closely spaced 

(clustered) fractures.  Here, the likelihood of neighboring fractures to be linked by wing 
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Figure 6.6.  Field photograph of a meter scale rhombic damage zone along the Corrie 
 Hallie fault-line scarp [NH 10317, 84133].  This zone is similar to the centimeter 
 scale damage zones along the streambed (shown in Figures 3.49, 6.5, and 6.7) 
 and is composed of stepping and overlapping-subparallel set C fractures linked 
 by wing cracks. 

Set C

Wing Cracks
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10 cm

Figure 6.7.  Field photograph and corresponding fracture trace map of small scale damage 
 zone.  Wing cracks link left-stepping and overlapping-subparallel set C parent 
 fractures.  Fractures of sets A and B predate set C, and are linked to the set C 
 fracture network by wing cracks. Wing cracks are interpreted as the latest fractures 
 in this array.  Allt Gleann Chaorachain streambed pavement, [NH 10907, 84338].
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 crack assemblages increases.  Furthermore, the probability of having several meters long 

fractures is also increased.  Such long fractures would increase the chances and enhance 

the ability of wing crack linkage.  In this case, the fault ‘plane’ of late NE faults would 

not actually be a continuous plane; instead it would be a zone of relatively higher strain in 

which there is a higher concentration of these small damage zones.  

Although late faults correspond to prominent through-going topographic features, 

suggesting the presence of laterally continuous structures (over several kilometers), I 

interpret the faults to have not formed along a single continuous plane and to have instead 

formed through the progressive evolution and coalescence (linkage) of smaller fault 

zones (tens of meters in scale).  Below I present my interpretation of the progressive 

development of the late faults.  Here I assume left-later shear, determined from the parent 

fracture-wing crack geometric relationships I observed.   

Initially set C parent fractures are configured over a range of complexities with 

various lengths and spacings.  In some regions, set C fractures may be locally arranged in 

preferable configurations (those that result in the greatest amount of wing crack linkage 

under left-later shear) (Figure 6.8a).  As the remote stress field shifts from the east-

northeast to a north-northeast orientation, shear occurs along set C fractures, leading to 

the formation of wing crack assemblages.  Depending on the local configurations and 

total offset along the parent fractures, the wings cracks may propagate and connect 

adjacent fractures.  For preferably configured parent fractures (left-stepping and 

overlapping-subparallel), inward propagating wing cracks are bound by the outermost 

parent fracture in the array.   Wing cracks forming on isolated parent fractures will 

simply propagate out into the country rock without linking parents (Figure 6.8b).  

Continued shearing leads to further wing crack development.  Between the preferably 

arranged parent fractures arrays, successive wing crack assemblages leads to the 
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A

Figure 6.8.  Late fault evolution model.  A) Pre-shearing, set C parent fractures are 
 configured over a range of complexities with various lengths and spacings.  
 In some areas of the array, set C fractures for preferable configurations.

B

B) A shift in the remote stress field from east-northeast to north-northeast produces left-
 lateral shear along set C parent fractures and drives the formation of wing cracks.
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C) Continued shearing leads to further wing crack development and the formation of 
 rhombic damage zones where offset and linkage is greatest between preferably 
 arranged, overlapping parent configurations.  Isolated damage rhombs may from 
 outside of the primary corridor of connectivity/damage.  

C

N

D)  Damage zones along primary cooridor are connected by  long parent fractures to
 form a stepping chain of deformation.  
D

N
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development of rhombic damage zones, some of which may be isolated (outside the 

primary corridor of connectivity) (Figure 6.8c).  The primary damage zones may be 

connected by long parent fractures, forming a stepping chain of deformation (Figure 

6.8d).  Such a zone would produce a structural weakness in the bedrock that would be 

preferentially eroded to produce the apparent laterally continuous, through-going 

topographic expression. 

6.6 Fault-Related Fractures in the Torridonian Applecross Formation:               
A Comparison with Eriboll Formation Fractures 

Outcrop analog studies can shed light on the attributes and frequency of small-

offset faults and associated fracture zones.  Unfortunately, many outcrop fault and 

fracture arrays are not good analogs for tight gas sandstones.  Textural evidence from 

core shows that diagenetic and structural processes interact in many tight gas sandstone 

fault and fracture zones (Laubach, 2003; Gale, 2004; Laubach et al., 2004).  To be 

reliable guides to the subsurface, outcrops having diagenetic attributes and fault and 

fracture cement textures that match those in tight gas sandstones are needed.  

Complementary studies on outcrop analogs of tight gas sandstones from NW Scotland 

show that for fracture arrays and fault cores associated with small displacement faults 

differences in sandstone composition correlate with marked differences in fracture array 

intensity (overall abundance and size distribution), connectivity, and porosity.  Textural 

observations and geomechanical and diagenetic modeling suggest that these differences 

stem from how diagenesis interacts with fracture growth in these two sandstones. 

The Late Proterozoic Torridon Group Applecross Formation is exposed 

immediately to the west of the Eriboll Formation outcrops studied in this project.  Here, 

Torridonian outcrops exhibit a similar high quality of exposure, and like the Eriboll, crop 

out in huge bedding-plane parallel pavements.  Many of the late NE faults with small 

284



 

offsets (less than 10 m displacement) observed in the Eriboll, cut the Torridonian 

Sandstone (see Figure 3.12).  Moving down section into the Torridonian there is a 

marked contrast between how the late faults and fault-related fractures are manifested.   

Cement textures in fractures in the Applecross Formation and Eriboll Formation 

sandstones resemble those found in cores from producing tight gas sandstones (Laubach, 

2003; Gale, 2004; Laubach et al., 2004); and Laubach & Diaz-Tushman (2009) show that 

the youngest fractures in these well exposed rocks are useful tight gas sandstone reservoir 

analogs.  Small-offset oblique-slip faults that cut outcrops of these low-porosity marine 

and fluvial sandstones have associated fracture arrays that vary markedly in spatial 

arrangement and degree of porosity preservation depending on sandstone composition.  

The steeply dipping faults have displacements of ~ 1 m to tens of meters; and in the 

subsurface would likely be near or below seismic detection.  Faults zones are associated 

with cores of breccia (preserved fault rock is most commonly observed in the Eriboll 

Formation and rare in the Applecross Formation) surrounded by disseminated mostly 

opening-mode fractures.  

Applecross and Eriboll sandstones differ in composition (subarkose fluvial versus 

quartzarenite marine).  These compositional differences correlate with differences in 

Young’s modulus, subcritical crack index, and other rock properties that may account for 

differing fracture patterns (Olson et al, 2009) (discussed below).  Sandstone composition 

also affects the propensity for fractures to seal readily under the influence of the same 

thermal history, owing to the effects of differing grain and cement substrates on the 

nucleation and accumulation of quartz cement (Lander et al., 2008).  This effect along 

with differences in fracture sizes also accounts for the observed contrasts in fracture 

porosity preservation and effective (open) fracture length.  
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Presumably, the Torridonian has experienced a longer deformational history and 

it would therefore be expected to be more deformed.  However, field observations show 

that this is not the case and the younger Eriboll Sandstone is much more fractured.  These 

observations suggest that along and within faults in tight gas sandstones, fracture 

permeability and porosity can vary markedly and abruptly with sandstone composition, 

which could influence the rocks response to bulk strain.  Fracture and fault porosity and 

effective length distribution also will vary with the progress of diagenetic reactions and 

therefore are sensitive to thermal exposure. Below I compare and contrast fracture and 

fault attributes observed in the Torridonian Sandstone by Ellis (2009). 

6.6.1 TORRIDONIAN APPLECROSS FORMATION FRACTURE SUMMARY 

Ellis (2009) investigated fractures in the Torridonian Applecross Formation.  

Using crosscutting relationships, relative orientations, and character and degree of 

mineralization, Ellis divides fractures in the Applecross into three sets (Table 6.1).  The 

oldest set (set A) strikes between 318 and 031 degrees (on average 359°).  Fractures of 

this set are opening-mode and display crack seal textures.  Set A fractures are mineralized 

(cemented) with macrofracture apertures ranging from 0.095 mm up to 12 mm. 

The second set (set B) display a wide dispersion in strike and is therefore 

subdivided into three subsets: north-striking, east-northeast-striking, and northwest-

striking, BX, BY, and BZ respectively, of which BX, BY are most common.  Using thrust 

related fracture geometries, Ellis (2009) interprets this set to have formed in response to 

the emplacement of the MTZ. 

The latest set interpreted by Ellis (2009) is set L.  Set L fractures cross-cut 

fractures of sets A and B and all deformations bands, and typically lack infilling quartz 

cement.  Late fractures in the Applecross Formation exhibit four predominant 

orientations and are designated set L1-4: north-northeast-striking, east-striking, east- 
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Table 6.1    Torridonian Applecross Formation fracture sets and attributes Ellis (2009).

Attribute/Set Deformation Bands Set A Set Bx Set By Set Bz
Strike Variable N N-S ENE NW
Dip ~Vertical ~Vertical NNW NE

Relative Age Earliest
Early, with 
reactivation

Rose Diagram

Quartz Cement? Yes Yes Yes Yes
Evidence of shear? Yes No No No
Porosity No Trace Trace Trace
Microfractures n/a Yes Yes Yes Yes
Associated Structures n/a MTZ MTZ

Attribute/Set Set L1 Set L2 Set L3 Set L4
Strike NNE (20˚-30˚) E-W (90˚-110˚) ENE (80˚) ENE (60˚)
Dip

Relative Age Latest

Rose Diagram

Quartz Cement? No No No No
Evidence of shear? No No No No
Porosity Yes Yes Yes Yes
Microfractures Yes Yes Yes Yes
Associated Structures Late faults Late faults Late faults Late faults

Early Faults, 
basement 
structures

Early Faults, MTZ
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northeast-striking (080°), and east-northeast-striking (060°) respectively.  Ellis (2009) 

documented an increase in set L fracture intensity along outcrops in close proximity to 

the same late faults I investigated in the Eriboll, suggesting that set L fracture abundance 

is a function of relative proximity to faults. 

6.6.2 OBSERVED CONTRAST IN FRACTURE ATTRIBUTES 

Fracture patterns in the Torridonian Applecross Formation differ markedly from 

those in the Eriboll Formation (Figure 6.9).  The older Applecross Formation is 

characterized by halos of long, straight fractures that increase in length, spacing, and 

abundance near the late fault zones (Figure 6.10).  Halo widths are fairly uniform along 

fault traces (meters to tens of meters wide), and fracture connectivity along and across 

strike is low.  In contrast, the younger Eriboll Formation, cut by the same faults, has a 

higher abundance of fractures, and is characterized by a wider range of strikes and greater 

trace connectivity.  Simple fracture halos around faults are absent in the Eriboll; instead, 

asymmetric patches (a few to tens of meters wide) and irregular zones with high but 

fairly uniform fracture intensities are observed both along and away from the fault zones.  

These highly fractures zones are separated by areas with comparable size having very 

low or no fractures.  Some of these fracture free zones are adjacent to fault traces.  

Fracture arrays in both types of sandstone arise in part from the development and 

evolution of opening-mode fractures subparallel to fault traces and subsidiary fractures 

(wing cracks) over a range of scales.  

Although quartzose Eriboll sandstones contain more fractures, these are mostly 

narrower (small apertures) and are more likely to be quartz-filled compared to those in 

the lithic and feldspar-rich Applecross, where quartz cement growth is inhibited by the 

widespread presence of non-quartz substrate (feldspar and clay minerals) on fracture 

walls.  Intrafracture volume (the space available within fractures) in the Eriboll  

288



Figure 6.9.  Field photographs showing characteristic fracture patterns in the Torridonian
 Applecross Formation.  Fractures in the Applecross Formation are typically
 long and straight and differ from those observed in the Eriboll Formation.

289



Su
bc

rit
ic

al
 C

ra
ck

 In
de

x

20

40

60

80

100

Applecross Eriboll

Figure 6.11.  Histograms comparing subcritical crack index test results for the 
 Torridonian Applecross (red) and the Eriboll Formation (blue).  The Eriboll 
 displays a much wider range of values.
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Figure 6.10.  Histogram showing fracture intensity (fractures per meter) as a function of 
 proximity to late fault zones for six scanlines.  Blue plots represent fracture 
 intensity within a five meter envelope (on one side of a fault, ten meter 
 envelope total).  The plots represent fracture intensities outside the 5 meter 
 envelope.  There is a clear pattern of higher fracture intensities within closer 
 proximity to the faults.  Ellis (2009).
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Formation is locally as high as 4 percent near faults, but these potentially high fracture 

porosity zones are typically sealed with quartz.  In contrast, in the lithic, feldspar, and 

matrix-rich Applecross Formation, open fracture pore space is more common and along-

strike continuity of open fracture pore space is considerably higher, although intrafracture 

volume is much lower. 

In contrast to the open fracture halos surrounding the faults in Applecross 

Formation, preserved fault cores in these rocks are rare, typically narrow, and are 

weathered in negative relief.  Torridonian fault cores are most likely clay mineral rich 

gouges with negligible porosity and permeability.  Ellis (2009) identified sheared 

fractures in the Applecross filled with a quartz-cemented gouge and crack seal texture 

along the fracture walls, which may reflect the composition of fault cores in the 

Applecross.   In contrast to the extensively sealed fracture arrays distributed in patches 

near faults in quartz-rich Eriboll sandstone, preserved fault cores are common, wide, 

discontinuous lenses with substantial and locally macroscopically visible porosity.  

Furthermore, field observations of staining patterns provide evidence that fault the cores 

acted as fluid conduits.  The clay gouge in the Applecross is an unsurprising result of 

high feldspar and lithic grain content.  Preserved porosity in Eriboll fault breccia is a 

consequence of the large voids generated during faulting of these brittle rocks and the 

slow growth of euhedral quartz in the resulting voids (as modeled by Lander et al., 2008 

and documented in tight gas sandstone core by Becker et al., 2010).  

6.6.3 COMPARISON OF SUBCRITICAL CRACK INDEX 

To compare the mechanical variations between the Eriboll Formation and 

Applecross Formation (Torridonian Sandstone), subcritical crack index was measured on 

eleven Applecross Formation samples by Ellis (2009).  Subcritical crack values (n) for 

Applecross Formation sandstones range between 45 and 78 (average n of 62) (Figure 
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6.11).  These values are comparable to those observed in other well indurated sandstones 

by Rijken (2005).  The subcritical indices I measured on my Eriboll samples display a 

wider range, n between 16 and 99.  The range across which the Eriboll samples plot is the 

most notable mechanical difference between the two formations. The low subcritical 

crack indices observed in Eriboll samples are expected for well indurated, quartz-rich 

rocks, while the high values slightly more anomalous. 

Olson (1993) demonstrates that low n values yields multiple, closely spaced, 

fractures with comparable lengths.  As n increases, fewer fractures propagate and fracture 

spacing increases; furthermore, the fractures tend to be organized in narrow zones.  Based 

on field observations, the Eriboll, which contains numerous closely spaced fractures, 

would be expected to exhibit higher subcritical crack indices than the Applecross, which 

displays overall lower fracture abundance and fractures are widely spaced and clustered.  

Although more subcritical crack index tests are preferred to better compare differences in 

the mechanical rock properties of the Applecross and Eriboll Sandstone, Eriboll samples 

display a greater number of lower subcritical crack values. 
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CHAPTER 7: CONCLUSION 

Many of the narrow macroscopic fractures and microfractures I documented in 

Eriboll Formation sandstones are quartz filled or have an extensive quartz lining. 

Although fault-related fractures having a wide range of sizes are abundant near and 

within fault zones, quartz cement deposits in narrow fractures and microfractures near 

fault zones likely impeded fluid flow in these fractures. Although the temperature of 

formation of these fractures is unknown, Laubach and Diaz-Tushman (2009) presented 

preliminary fluid inclusion evidence that deformation occurred at temperatures above 

85°C. Under these temperature conditions, seal or occlusion would have been rapid 

(Lander et al., 2008; Olson et al., 2009). Despite high fracture abundance, fracture 

permeability in fault-adjacent fractures would have been markedly reduced, even if 

fracture porosity persisted in the wider parts of fractures (Phillip et al., 2005). On the 

other hand, the large pores in fault cores can persist because the rate of quartz 

accumulation diminishes after crystals become euhedrally terminated (Lander et al., 

2008).  Fault core porosity and permeability is therefore persistent, at these temperatures, 

and Eriboll fault core are porous and preserve evidence in the form of iron staining that 

they are groundwater conduits. Thus sandstone quartz diagenesis governs permeability in 

and near small-offset faults. 

Field observations and measurements show that fault-parallel fractures (set C) in 

Eriboll Formation sandstones are not distributed in a uniform damage halo around the 

fault zones.  Set C fracture abundance documentation illustrates the patchy distribution of 

fractures and shows how fracture intensity varies over short lateral distances (tens of 

centimeters to meters), in which there is an abrupt transition from areas of high to low 

fracture abundance.  Furthermore, the spatial distribution of fractures is not controlled by 
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proximity to the fault zones.  Along-strike fracture abundance measurements show that 

outcrops in the same structural position (similar distances away from the same fault and 

on a common bedding plane) may display markedly different fracture intensities (as seen 

along the Corrie Hallie fault-line scarp).  Additionally, zones of high fracture abundance 

(damage zones) are not exclusively limited to the areas immediately surrounding the late 

faults and were observed at localities away from the faults (> 150 m).   

The spatial distribution of fractures in the Eriboll differs markedly from that 

documented in the underlying Proterozoic Torridonian Applecross Formation (which is 

cut by the same late faults) by Ellis (2009).  Ellis observed an increase in fracture 

abundance with increasing proximity to the late faults, whereas penetratively fractured 

outcrops may be close to or away from faults in the Eriboll.  The overall abundance of 

fractures in the two formations also differs.  Fracture-free Eriboll pavements are rare to 

absent, whereas large areas (many tens of squared meters) of Applecross pavements are 

unfractured.  These observed differences shed light on the influence that sandstone 

composition (subarkose fluvial versus quartzarenite marine) has on fracture network 

attributes.  A major difference being the amount of detrital quartz (much more in the 

Eriboll than the Torridonian, see Table 4.1 and Ellis, 2009 for Applecross point count 

results), on which given the proper conditions quartz cement nucleates rapidly (Lander et 

al., 2008; Olson et al., 2009). 

The late structures in the exposures east of An Teallach reveal that late 

deformation is the culmination of extensive (but spatially variable) fracture and fault 

linkage.  North-northeast-striking wing crack assemblages assist in the linkage of closely 

spaced and preferably configured set C parent fractures.  Field observations show that 

wing crack modification of such parent fracture arrays leads to the formation of small 

faults and damages zone at the centimeter to meter scale.  Using parent fracture-wing 
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crack assemblage relationships and kink angles, I interpret that set C fractures underwent 

left-lateral shear which was produced by a slight shift in the remote stress field (from the 

east-northeast to the north-northeast). 

The topographic expressions and lateral continuities of the linear features in my 

field area suggest that the late fault zones are continuous structures.  However, I conclude 

that the morphologic character of these zones have been exaggerated by extensive glacial 

activity and result from preferential erosion along mechanically weakened zones in 

otherwise well indurated and resistant host rock.  Although, the trace lengths of the east-

northeast-striking lineaments are evidence for linkage along a laterally continuous 

(hundreds of meters to several kilometers) zone that is tens of meters wide. 

My study also documented previously unrecognized early (pre-MTZ) faults and a 

dyke (of unknown age) in this area, as well as cryptic vugs in the Eriboll Formation that 

may be evidence of silici-karst. These later features in particular merit further study. 
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APPENDIX A: GLOSSARY 

I use terms that are both common and uncommon in the literature.  Below, I 

define terms used throughout my thesis to avoid ambiguous or contradicting usages.  

Definitions from the Fracture Research and Application Consortium online glossary are 

indicated with *.  Definitions from the Glossary of Geology, 5th Edition (Neuendorf et al., 

2005), are indicated with ‡.  Definitions from other sources are cited appropriately. 

 
Arenisation – The solutional weathering (dissolution) of quartzite and quartzose 

sandstones.  The process occurs along crystal or grain boundaries, liberating 

individual quartz grains that are ideal for removal via flowing (flushing) waters 

(Martini, 1979). 

Caledonian – A relative age/timing referring to the Caledonian orogeny (Ordovician to 

Early Devonian).  Occurred when the Iapetus Ocean closed and Laurentia, 

Baltica, and Avalonia collided, forming the Moine Thrust Zone in NW Scotland. 

Cement – Minerals precipitated in a rock mass and/or fractures.  Following the 

conventions of Laubach (1988 and 2003) I use a classification based on when 

cement is deposited relative to fracture opening.  See Pre-, Syn-, and 

Postkinematic cement. 

Chatter marks‡ – A nested series of small, closely spaced, crescent-shaped scars or 

cracks made by vibratory chipping of a firm but brittle bedrock surface by rock 

fragments carried in the base of a glacier.  Each mark is roughly transverse to the 

direction of ice flow, and usually convex toward the direction from which the ice 

moved (its ‘horns’ point in the direction of ice movement). 
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Cirque‡ – A deep, steep-walled half-bowl-like recess or hollow, variously described as 

horseshoe- or crescent-shaped or semicircular in plan view, situated high on the 

side of a mountain and commonly at the head of a glacial valley.  Produced by the 

erosive activity of a mountain glacier and often contains a small round lake, and 

may or may not be occupied by ice or snow. Also called corrie, cwm, coire. 

Cluster* – See swarm 

Compaction* – Consolidation and densification of material by mechanical means, often 

associated with fracture and cementation. 

Comparator – A tool used by FRAC to measure the kinematic aperture of fractures.  It 

has lines with known varying thicknesses that are calibrated with a micrometer 

allowing for the accurate and relatively rapid measurement of fractures down to 

approximately 50 microns (Ortega et al., 2006). 

Connectivity* – (Linkage) The physical interconnection of fractures or the degree to 

which multiple fracture sets are connected.  Fractures may become interconnected 

as a result of mechanical growth (e.g. hooking), and the development of multiple 

fracture sets.  Diagenesis can reduce connectivity by sealing the narrow parts of 

fractures.  

Corrie – See cirque 

Damage zone – Composed of a network of minor, fault-related structures that develop in 

response to fault formation and propagation.  Damage zones have been interpreted 

to form during fault initiation and propagation through the interaction of fault 

linkage.  Faults typically display a gradual transition from the protolith to the 

damage zone (Caine et al., 1996; Cook et al., 2006; Brosch and Kurz, 2008). 
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Diagenesis* – Processes of physical and chemical change that take place within sediment 

after deposition and before the onset of either metamorphism or weathering.  The 

difference between diagenesis and metamorphism is the degree and duration of 

heating.  Approximately 200˚ C is the threshold at which diagenesis ends and 

metamorphism begins (Ehrenberg and Nadeau, 1989; Walderhaug, 1994; Van de 

Kamp, 2008). 

Euhedral‡ – A grain bounded by crystal faces; well formed. 

Fault* – A surface, commonly nearly a plane, along which there has been permanent 

displacement.  A discontinuity (fracture) or an assemblage of discontinuities, 

along which rock has been displaced (Brodie et al., 2002).  From the eighteenth 

and nineteenth century coal mining terminology to describe coal miners who were 

“at fault” in the seam when one of these “troubles” was encountered (Twiss and 

Moores, 2001).   

Fault core – The structural, lithological, and morphological region of the fault in which 

shearing, fragmentation, particle rotation, and grain size reduction is localized.  

This zone is characterized by fault breccia, fault gouge, cataclasite, and mylonite 

(Caine et al., 1996; Brosch and Kurz, 2008).   
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Fluid inclusion* – Tiny cavities in a mineral that formed during crystallization.  The 

cavities always contain liquid but can also have a gas bubble and/or a detached 

crystal.  The inclusions are generally spherical to ellipsoidal in shape, but can 

have a “negative” crystal form.  Fluid inclusions are common in many minerals, 

but are especially common in quartz.  A high density of fluid inclusions 

commonly gives a grain a “dirty” brownish appearance.  The composition of the 

fluid, gas, and crystals in a fluid inclusion can give important information about 

the temperature at which the inclusion formed. 

Fluid inclusion plane (FIP)* – Planar alignments of multiple fluid inclusions.  If 

elongated the fluid inclusions are typically elongated parallel to the fluid inclusion 

plane.  Many of these represent quartz-filled microfractures. 

Fracture density – The ratio of layer thickness to fracture spacing. 

Fracture intensity – The total number of fractures [intersected by a scanline] divided by 

the total scanline length (reported as fractures per unit length) (Marrett, 1999; 

Ortega et al., 2000). 

Fracture network – The two-or three-dimensional intersection of multiple fracture sets 

(Odling, 1992). 

Fracture set – A population of fractures that displays mutual preferred orientations 

(Odling, 1992). 

Fracture spacing – The distance between the far wall of one fracture to the near wall of 

 the nearest neighbor. 

Fracture toughness (KIC)* – The critical magnitude of stress intensity at which a 

fracture begins to propagate at rupture velocity. 
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Fracture wall (fracture face) – The edge of a fracture (each fracture has two walls) that 

is displaced during propagation.  For transgranular fractures the walls are parallel 

away from the fracture tip. 

Grike‡ – A vertical or subvertical fissure in a limestone pavement developed by 

dissolution along a joint. Also spelled gryke. 

Joint* – An old, widely used term that to some extent means different things to different 

people.  Historically, the term implies negligible aperture (‘practically no 

displacement’) and no mineral fill, attributes that are not typical of most 

subsurface fractures but that are common among fractures formed near the Earth’s 

surface.  See Pollard and Aydin, 1988.  

Kinematic aperture* – Opening displacement. The distance between fracture walls, 

measured perpendicular to fracture strike.  

Kink angle – The acute angle formed by the intersection between a wing crack and the 

trace of the preexisting fracture (Willemse and Pollard, 1998; Joussineau et al., 

2007; Mutlu and Pollard, 2008).   

Klippe‡ – An erosional remnant of a thrust sheet that is completely surrounded by 

exposure of the footwall.  An isolated rock unit that is an erosional remnant or 

outlier of a nappe. 

Length* – The tip to top distance of a fracture, including any distance it cuts cement, 

grains, etc… 

Mode II/III fractures – Shear-mode fractures that display crack tip displacement. 

Relative motion is parallel to the fracture faces (Atkinson, 1987; Engelder, 1987; 

Pollard and Aydin, 1988) 
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Munro – A term used to describe mountains in Scotland having summit elevations over 

3,000 ft (914.4 m).  Named after Sir Hugh T. Munro who published Munro’s 

Tables in 1891, the first compilation catalog of such hills.  

Mylonite‡ – A fine-grained, foliated rock, commonly with poor fissility and possessing a 

distinct lineation.  Usually found in narrow, planar zones of localized ductile 

deformation, although kilometer-scale zones exist.  Mylonites are often inferred to 

indicate extensive simple shear, but they may also record pure shear, volume loss,     

or both.  Introduced by Lapworth in 1882. 

Nunatak – An isolated peak of a mountain that once projected through a glacier.  They 

are typically angular and jagged and contrast with the rounded contours of the 

surrounding glaciated landscape below. 

Opening-mode fracture* – A fracture having no shear displacement, that has sustained 

opening (relative displacement perpendicular to the fracture walls).   

Parent fracture – A preexisting fracture in a rock mass. 

Pinnacle‡ – A tall slender tapering tower or spire-shaped pillar of rock, either isolated or 

at the summit of a mountain or hill. 

Power law* – An equation in which two variables are related to one another in terms of a 

constant coefficient (a’) and a constant exponent (c).  For example, N = a’b-c.  See 

Marrett et al., 1999 and Hooker et al., 2009. 
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Pre-, Syn, and Postkinematic cement* – Prekinematic cement forms prior to fracturing 

and therefore is irrelevant with respect to fracture porosity preservation. 

Synkinematic cement precipitates in the rock and on the fracture faces 

contemporaneous with fracture opening.  Postkinematic cement forms after 

fracture opening ceases and tends to plug up any remnant fracture porosity. 

Process zone – Located within the damage zone, the process zone is defined as the 

structures that develop as a direct result of fault tip propagation (Vermilye and 

Scholz, 1998; Brosch and Kurz, 2008). 

Protolith – Also referred to as the county-, host-, or parent-rock.  The volume of rock 

bounding the fault and fault-related structures and is generally less deformed and 

in the case of some tight-gas sandstones (which may have very low country-rock 

porosity) can have considerably lower porosity and permeability than the fault 

zone (Caine et al., 1996; Cook et al., 2006; Brosch and Kurz, 2008). 

Rupture velocity* – The velocity at which a fracture will propagate when the stress 

intensity factor (KI) equals the fracture toughness (KIC). 

Scaling* – Refers to the relations of some phenomenon across different scales.  

Examples include relative abundances of micro- and macrofractures in a given 

volume of rock, or the change in length/aperture ratios across different scales.   

The quantitative and systematic analysis of fracture size and distribution (Marrett, 

1997). 

Scanline – A one-dimensional line of observation used to collect large amounts of data 

on fracture populations (Terzaghi, 1965; Marrett et al., 1999; Gomez and 

Laubach, 2006; Ortega et al., 2006).  

302



 

Scree‡ – A term commonly used in Great Britain as a loose equivalent of talus in each of 

its senses: broken rock fragments; a heap of such fragments; and the steep slope 

consisting of such fragments.   

Speleothem‡ – Any secondary mineral deposit that is formed in a cave. 

Strain – The nonrigid component of deformation.  The change in size and shape that a 

body experiences during deformation (Twiss and Moores, 2007).  Determined 

from the cumulative kinematic apertures of all fractures along a scanline divided 

by the scanline length.   

Stress‡ – In a solid, the force per unit area, acting on any surface within it, and variously 

expressed as pounds or tons per square inch, or dynes or kilometers per square 

centimeter; also by extension, the external pressure which creates the internal 

force.  The stress at any point is mathematically defined by nine values: three to 

specify the normal components and six to specify the shear components, relative 

to three mutually perpendicular reference axes. 

Subcritical crack growth* – Cracks can propagate at stress intensities less than the 

fracture toughness due to chemically assisted processes at the crack tip such as 

stress corrosion cracking.  The propagation velocity, V, for such sub-critical 

growth is several orders of magnitude smaller than the rupture velocity, and can 

be described by the relation:  

V= A(KI/KIC)n 

Subcritical crack index (n)* – This parameter varies significantly between rock types 

and with changes in environmental conditions (e.g. humidity levels) and 

significantly influences fracture pattern geometry. 
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Subseismic – Structures below the limit of current seismic resolution capabilities (Lohr 

et al., 2008). 

Swarm* – A qualitative term for fractures that are not evenly spaced.  Also informally 

called fracture clusters, fracture zones, and joint zones.   

Systematic Joints – Regionally display consistent preferred orientations.  Joint sets 

within which the joints of each respective set are parallel to subparallel in plan 

view (Hodgson, 1961). 

U-shaped valley‡ – A valley having a pronounced parabolic cross profile suggesting the 

form of a broad letter “U”, with steep walls and a broad, nearly flat floor.  A 

valley carved by glacial erosion, such as a glacial trough. 

Vein* – In sedimentary rocks, veins are fractures within which other substances have 

precipitated (cement).  Veins can display pure opening-mode or shear 

displacement. 

Wing crack – A secondary opening-mode fracture that branches off a preexisting 

fracture and may link to one or more fractures of the same fracture set or of 

different sets.  Frictional sliding along preexisting flaws cause local tensile 

stresses to accumulate and form secondary opening fractures at the fracture tip or 

at other geometric irregularities along the preexisting fracture.  Other names 

include tail cracks (Cruickshank et al., 1991), tail fractures (Cruikshank and 

Aydin, 1994), tensile cracks (Willemse and Pollard, 1998), branch cracks (Chaker 

and Barquins, 1996), horsetail fractures (Granier, 1985), splay cracks (Martel et 

al., 1988), splay fractures (Martel, 1990; Cooke, 1997), kink fractures 

(Cruikshank et al., 1991), and pinnate joints (Engelder, 1989; Peacock, 2001). 
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APPENDIX B: OPENING-MODE FRACTURE LITERATURE 
REVIEW 

Below I present a concise review of opening-mode fracture literature and discuss 

the sometimes ambiguous and contradicting terminology therein.  My research 

encompasses structures that are traditionally refereed in the literature as joints, veins, and 

faults.  These are descriptive terms that largely originate from 18th and 19th century coal 

mining terminology.  The term crack is synonymous to fracture, however it is most 

commonly used in engineering.  Classical fracture mechanics classifies fractures by mode 

of displacement (Lawn and Wilshaw, 1975).  Fracture Modes (I-III) stem from 

experimental studies in which the front of the fracture is idealized as a straight line 

(Atkinson, 1987; Pollard and Aydin, 1988). With this said, I use terms throughout this 

thesis that I feel are most appropriately reflected in my research and field observations.  

Fractures are discrete breaks within a volume of rock along which cohesion is lost 

or reduced (Gillespie et al., 1993).  Although the characteristics of natural fractures are 

highly variable, Pollard and Aydin (1988) outline three fundamental physical attributes to 

define fractures: (1) fractures are three-dimensional structures composed of two 

subparallel faces (walls) that converge at a fracture front (tip); (2) the fracture faces are 

relatively planar; and (3) the fracture length is much greater than aperture (Pollard and 

Aydin, 1988).  

Experimental deformation and crack loading research classifies fractures based on 

displacement along fracture faces relative to the fracture tip: Mode I (opening-mode), 

Mode II (strike-slip mode), and Mode III (scissoring mode).  Modes of fracture surface 

displacement are controlled by the orientation of the remote stresses: σ1 (maximum 

compressive stress), σ2 (intermediate stress), and σ3 (least compressive stress).  These 
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stresses can be illustrated using a Cartesian coordinate system, with the stresses 

corresponding to the x-, y-, and z-directions respectively. 

Mode I fractures propagate parallel to the fracture faces in the SHmax (σ1) 

direction, with extension perpendicular to the fracture faces in the SHmin (σ3) direction.  

Mode I propagation typically produces flat fracture surfaces if ideal in-plane conditions 

are present throughout the duration of propagation.  However, natural fracture surfaces in 

outcrop are often not straight.  Out-of-plane propagation occurs when fracture 

propagation enters a new local stress field, causing a reorientation of stresses at the 

propagation front (fracture tip).  Shear traction deflects the propagating fracture from the 

original plane into a new orientation where the SHmax direction is once again parallel to 

the propagation front (Engelder, 1987).  Modes II and III fractures can be considered 

faults and are defined as fractures along which permanent shear displacement has 

occurred.  For both Modes, a component of this shear displacement is parallel to the 

fracture face.  Therefore, the displacement of fracture walls relative to the fracture front 

further defines Mode II and III fractures: displacement is parallel to the fracture front in 

Mode II fractures (strike-slip) and perpendicular to the fracture front in Mode III 

(normal/reverse) (Pollard and Aydin, 1988).  However, caution is needed when 

characterizing fractures because any combination of these three Modes can occur along a 

fracture trace. 

Traditionally, the literature further classifies opening-mode fractures based on the 

degree of infilling cements.  The term joint refers to barren fractures, whereas the term 

vein is used to describe fractures that are completely filled by cement.  Because joints 

lack cement little information about the fractures opening history is available.  Joints do 

however display features indicative of episodic growth including arrest lines, plumose 

structures (hackles), and other surface markings (Pollard and Aydin, 1988).  Recent 
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advances in fracture research have proved this scheme to be inadequate (Laubach and 

Ward, 2006).  In sedimentary rocks, fracture size attributes and diagenesis can cause 

kinematically identical fractures to plot anywhere along a wide spectrum between 

completely barren and completely filled (as seen in Eriboll Formation fractures) 

(Laubach, 2003; Laubach et al., 2004; Hooker et al., 2009).  Furthermore, classifying 

fractures based on degree of cement fill is not always easily applied to field-based 

fracture studies and can lead to inaccurate fracture population classifications. 

Fractures form in response to brittle failure produced when the local stress in a 

rock exceeds the rocks strength (Simmons and Richter, 1976; Kranz, 1983; Atkinson, 

1987; Pollard and Aydin, 1988; Gillespie et al., 1993).  The energy required for fracture 

propagation is a function of different loading conditions.  The path along which a fracture 

propagates is largely controlled by the local stresses around the fracture tip.  Engelder 

and Fischer (1996) highlight four naturally occurring fracture-loading configurations: 

fracture-normal loading, thermoelastic loading, fluid loading, and axial loading.  Of these 

configurations, fluid-loading is probably the most common situation encountered in the 

upper crust.  However, they warn that in most circumstances, subsurface fractures may 

propagate under any combination of these configurations.  Today, many scientists agree 

that opening-mode fractures initiate at preexisting flaws in a volume of rock, an idea first 

proposed by Griffith in 1920 (Pollard and Aydin, 1988 and references therein).  Stress 

field perturbations near preexisting flaws allow local stresses to exceed the local tensile 

strength of a rock volume, leading to brittle failure (fracture).  Preexisting flaws (Griffith 

flaws/cracks) include grain boundaries, fossils, cavities, and countless other 

heterogeneities (Kranz, 1983).   

Fractures are typically bound by mechanical and lithologic discontinuities 

including bedding planes, faults, and pre-existing fractures.  Fracture tips can be sharp, 
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blunt, or in between.  In outcrop, fractures may appear to be straight, curvilinear, sinuous, 

kinked, or any combination, and fracture geometries depend upon the orientation of the 

fracture plane relative to the exposed surface (Pollard and Aydin, 1988).  In layered 

sedimentary rocks, fractures are commonly oriented normal to bedding (Narr and Suppe, 

1991).  

Fracture network patterns are significantly influenced by the mechanical 

interaction of neighboring fractures and the relative ages of the structures (Pollard and 

Aydin, 1988; Olson, 1993; Bai and Pollard, 2000).  This interaction may occur between a 

propagating fracture and preexisting (older) fracture or between fractures forming 

synchronously.  With this said, the distance between adjacent fractures (fracture spacing), 

in part controls fracture geometries and can give insight into the formation and evolution 

of fractures.  Fracture spacing for a given set, is proportional to bed thickness and 

remains relatively constant throughout the layer.  Fracture spacing for a given set is 

approximately proportional to bed thickness; this relationship diminishes for thinly 

bedded sedimentary rocks (Pollard and Aydin, 1988; Narr, 1991; Narr and Slippe, 1991). 

If fracture spacing is small relative to the fracture dimensions, the stress field of 

one fracture can influence the development of a neighboring fracture.  The propagation of 

successive fractures ceases when average spacing falls below a critical value, at which 

point the stress regime (within an individual sedimentary bed) changes from tensile to 

compressive.  Furthermore, fractures are surrounded by envelopes of elevated stress 

(commonly surrounding the fracture tip).  These zones are termed stress shadows and can 

influence several fracture interactions.  Fractures propagating in parallel will have 

overlapping stress shadows.  Therefore, additional fractures will not be able to propagate 

in the intervening region between the fractures.  Depending upon stress concentrations at 

fracture tips, fractures may curve or hook into or away from neighboring fractures 
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(Olson, 1993).  When a propagating fracture encounters a planar discontinuity (a 

preexisting barren fracture or bedding plane) it will either hook into or terminate against 

the discontinuity.  Cementation (fill) of preexisting fractures effectively eliminates 

discontinuities in the rock volume and makes the preexisting flaws mechanically 

comparable to the country rock.  In this case, the propagating fracture will cut across the 

older fracture, producing the crosscutting relationships that are needed to establish 

relative timing of multiple fracture sets (Hancock, 1985). 

Secondary opening-mode fractures are common structures widely discussed in the 

literature (Pollard and Aydin, 1988, Martel, 1990; McGrath and Davison, 1995; Peacock, 

2001; Myers and Aydin, 2004).  Names widely used in the literature to describe 

secondary fractures include wing cracks (Cruikshank and Aydin, 1994; Myers and Aydin, 

2004), tail cracks (Cruickshank et al., 1991), tail fractures (Cruikshank and Aydin, 1994) 

tensile cracks (Willemse and Pollard, 1998), branch cracks (Chaker and Barquins, 1996), 

horsetail fractures (Granier, 1985), splay cracks (Martel et al., 1988), splay fractures 

(Martel, 1990; Cooke, 1997), kink fractures (Cruikshank et al., 1991), and pinnate joints 

(Engelder, 1989; Peacock, 2001).  Secondary opening-mode fractures form in response to 

shear along a preexisting (parent) fracture and have a number of implications for fault 

zone development. 

Fractures and faults are complimentary structures and are often found together in 

nature.  Field-based and experimental studies have lead to several different fault growth 

mechanisms proposed throughout the literature.  Upper crustal fault development can be 

generalized by the style of fault initiation; faults can evolve through the progressive 

linkage of pre-existing fractures, shearing of preexisting fractures, the progressive linkage 

of precursory fractures, or by the formation of a precursory shear zone in which slip is 

localized and changes the mechanical properties of the rock.  Precursory fractures form 
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during the early stages of faulting under the same stress field, Johnson (1995) calls such 

structures premonitory (Cruikshank and Aydin, 1994; Crider and Peacock, 2004; Myers 

and Aydin, 2004).   

Peacock (2001) provides insight into the temporal relationship between fractures 

and faults.  The three possible temporal relationships for fractures and faults in a given 

volume of rock include fractures that pre-date faulting, fractures that form synchronously 

with faulting (precursory fractures), and fractures that post-date faulting.  Key attributes 

and geometric relationships such as fracture intersections and terminations can be used to 

determine the relative timing of fracture-fault evolution and interactions.   

Fracture patterns resulting from the interaction between early fractures and faults 

are largely controlled by the orientation of the preexisting fractures relative to the applied 

stress regime.  During faulting, early fractures may experience pressure solution or 

dilation, or may be reactivated by the shear stresses associated with the fault.  Pre-

faulting fractures can also become mineralized to form veins, whereas post-faulting 

fractures are rarely completely filled.  Fractures that develop after faulting abut or cross-

cut early veins and faults without any offset, and typically lack dilation (Peacock, 2001).    

An increase in fracture intensity towards a fault zone suggests that the fractures 

formed in the same stress regime as the fault, and is indicative of synchronous fracture-

fault development.  This increase in frequency allows for the identification of fault zones 

that are covered, heavily weathered and eroded, and/or lack key characteristics associated 

with fault zone e.g. fault rock (Peacock, 2001).  Increasing fracture intensity as a fault is 

approached can be influenced by fault-related stress release, deviations in bed-thickness, 

and/or lithologic variations (Pohn, 1981; Narr, 1982). 

Curving fractures, which intersect a fault at approximately 90, imply that the 

fractures developed in an agitated stress regime, suggesting the fractures are synchronous 

310



 

with faulting or formed after.  Asymmetric fracture frequency and geometries across a 

fault zone suggests that fracture mechanics were unevenly   distributed throughout the 

fault zone.  Asymmetric damage zones suggest synchronous or post-faulting fracture 

development as the fault may act as a mechanical barrier (Peacock, 2001).  However, this 

asymmetry may also be attributed to the pre-existing fracture patterns along which 

faulting was initiated (Flodin and Aydin, 2004).  
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APPENDIX C: ERIBOLL FRACTURE SYNOPSIS 

Below I describe the five fracture sets previously documented in the Cambrian 

Eriboll Formation by Diaz-Tushman (2007), and Laubach and Diaz-Tushman (2009).  

Listed in order of relative ages (oldest to youngest), fracture sets containing quartz 

cement deposits strike: north, northwest to west-northwest, northeast, west, and north 

(designated sets A-E respectively).  Fracture sets are interpreted using crosscutting 

relationships and consistent orientations.  Fractures of these sets may be barren (joints), 

partially quartz-filled, or completely filled (veins).  Early fractures typically are 

completely filled, whereas the later fractures may be lined with a thin veneer of quartz 

cement or are barren.  The fractures generally have high aspect ratios; small apertures 

(opening displacement) relative to fracture length and height (they are long and thin).  In 

outcrop, the opening-mode fractures are planar with well-defined, smooth walls; 

however, at a fine scale (mm) fracture walls may display localized, low-amplitude 

sinuosity.  Fracture walls typically remain parallel along much of the fracture trace 

(length), except for where they taper and meet at a fracture tip.  Fractures dip steeply (70 

to 90 degrees) and some systematically align normal to bedding.   

SET A: NORTH-STRIKING FRACTURES  

Set A is crosscut by all other fracture sets and a number of northeast, and 

northwest to west-northwest striking bedding-perpendicular stylolites, and therefore is 

interpreted to be the oldest set.  Fractures in this set strike north-south with a small 

dispersion in strike, and dip steeply towards the west.  Set A fractures are the only set 

oriented normal to bedding.  In outcrop, set A fractures appear to be inclined and 

therefore are interpreted to have formed prior to tilting and to have tilted with bedding 

(Diaz-Tushman, 2007).   Set A fractures are commonly filled with quartz, but may 
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remain partly or completely open.  Set A fracture spacing ranges from a few centimeters 

to > 1 m.   

SET B: NORTHWEST TO WEST-NORTHWEST-STRIKING FRACTURES 

On average, set B fractures strike northwest to west-northwest and form a high 

angle to bedding, however are not bedding-perpendicular like set A.  Set B fractures are 

kinematically compatible with the emplacement of the MTZ (from the ESE).  Hancock 

(1985) defines kinematically compatible fractures as those having orientations consistent 

with a given tectonic loading direction.  Relative orientations to bedding indicate that 

tilting of the Eriboll occurred between the formation of set A fractures and the 

emplacement of the MTZ.  Fractures of this set crosscut set A fractures, are crosscut by 

sets C-E, and are characterized by barren, partially filled, and completely filled fractures.  

SET C: NORTHEAST TO EAST-NORTHEAST-STRIKING FRACTURES 

Set C fractures also form a high angle to bedding, but are not bedding-

perpendicular.  Northeast to east-northeast-striking set C fractures display a wide 

dispersion in strike ranging between 050 and 075.  Set C fractures cut through sets A 

and B and are crosscut by sets D and E.  Set C fractures are interpreted to be fault-related 

and systematically align with the late northeast-striking faults.  Field observations show 

that fractures of this set typically display very small (narrow) opening displacements (less 

than 0.1 mm) and observed fracture apertures are usually partially eroded.  Set C 

fractures may be open or completely filled and are most commonly lined with a thin 

veneer of quartz cement.   

SET D: EAST-STRIKING FRACTURES 

Set D fractures strike east-west (between 080 and 100) and may dip steeply to 

the north or south, forming at a high angle to bedding.  Set D fractures are less common 
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and crosscut all sets except Set E.  Larger set D fractures preserve considerable porosity 

and commonly are lined with thin veneers of quartz cement.  Set D filling quartz cements 

display blue luminescence and may form quartz bridges.  Clear crosscutting relationships 

between sets D and E have been documented in a number of samples.  However, a few 

samples show mutual crosscutting relations, suggesting that the sets may have been open 

simultaneously. 

SET E: NORTH TO NORTHEAST-STRIKING FRACTURES 

Set E is the other north-striking fracture set that has been documented in the 

Eriboll Formation.  Unlike set A, set E fractures are not bedding-perpendicular, instead 

they form at a lower angle to bedding, typically dipping less than 65 east.  Set E 

fractures display a gradual dispersion in strike and crosscut sets A-C and usually set D.  

Set E fractures are commonly barren to partially filled and preserve fracture porosity.   
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APPENDIX D: INDIVIDUAL OUTCROP AND FAULT 
DESCRIPTIONS  

Field Sector Designation 

My field area, east of An Teallach, covers approximately 12 km2, of which the 

Eriboll Formation makes up approximately 5 km2 and is exposed along a 5 km long by 

0.5 to 1 km wide outcrop belt.  The Eriboll outcrop belt is exposed along dipslopes 80 to 

100 m above Coir’ a’ Ghiubhsachain, a u-shaped glacial valley and the central reference 

point of the field area, and is bound to the east by the Moine Sole Thrust.  The remainder 

of the field area is composed of Torridonian Applecross Formation exposures, glacial 

moraines, Quaternary alluvium, dense patches of moorland carpet plants and blanket 

bogs (Figure D1).   

In order to establish consistent field mapping, sampling, and data collection 

conventions, I divided the field area into six sectors, each of which contains at least one 

late ENE fault.  Sectors were established based on the presence of ENE faults and 

distinctive linear topographic variations.  The Corrie Hallie fault-line scarp (CHF) marks 

the southern limit of the northern most field sector, I designated as the Corrie Hallie 

dipslope (CHD).  The CHF also marks the northern boundary of the Gleann Chaorachain 

dipslope, the southern limit of which is delineated by the east-northeast-trending segment 

of the fence surrounding the new growth re-planted trees in Gleann Chaorachain.  The 

third sector, the Allt Gleann Chaorachain Stream Pavement, is a sub-sector of the Gleann 

Chaorachain dipslope.  This sector consists of narrow streambed exposures between 1 

and 8 meters wide, extending approximately 600 meters between the CHF and the GCF.  

Càrn na Canaich dipslope (CNC) is the next sector to the south.  This narrow north- 

northeast-trending corridor is situated between the MTZ (to the east) and the rim Coir’ a’  
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Figure D.1. Topographic base map of field area.  OS Landplan produced by the 
 Ordnance Survey, scale 1: 5 000.
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Ghiubhsachain (to the west), and extends from the GCF to the Bradhan Gap (north to 

south respectively).  Given the lateral continuity of this sector, I further divided it into 

northern and southern sub-sectors.  The Eriboll pavements above the angular 

unconformity with the Applecross Formation at the southern limit of Coir’ a’ 

Ghiubhsachain, north of Lochan na Bradhan, is the Lochan na Bradhan sector (LB-N).  

The Bradhan Gap (BG), a wide shallow valley, demarcates the southern most sector of 

the field area. 

Corrie Hallie Dipslope Outcrops 

WESTERN CORRIE HALLIE DIPSLOPE STATION 1:  CHD-W-1A AND CHD-W-1B  

National Grid Reference: NH 09900, 84200 and NH 09900, 84100 
Map Number: 3 and 4 (Figure 3.37) 

CHD-W-1b is located approximately 200 m due north of the Corrie Hallie fault.  

Striking 023 and dipping 17E, this outcrop displays an uncomplicated or primary 

fracture pattern: there is not much interaction between fractures and there is a minimal 

amount of hooking and wing crack formation.  Fractures are linear and range in length 

from >10 cm to 2 m.  Two fracture orientations are present in this outcrop: N/S (set A) 

and ENE (set C).  Of the two sets, ENE fractures dominate.  Fracture spacing is not 

uniform.  However, in some localized portions of this outcrop fractures appear to 

clustering and coalesce, which I interpret as evidence of early developmental stages of 

fracture zone formation.   Two predominant N/S striking fractures run down the middle 

of this pavement.  Apertures of fractures in this outcrop appear to have been exaggerated 

by weathering processes.  This outcrop appears relatively unaffected by glaciation as 

striations and chatter marks are absent.  Furthermore, the exposed surface does not 

display the polished, planed appearance commonly seen in Eriboll outcrops.  The bedding 

surface of the outcrop is covered in what appears to be either coarse-grained quartz 
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pebbles or quartz crystals; comparable to what was observed lining the vug-like features 

above the unconformity north of Lochan na Bradhan, and those along the Càrn na 

Canaich Fault trace in Coir’ a’ Ghiubhsachain.  

WESTERN CORRIE HALLIE DIPSLOPE STATION 2: CHD-W-2  
National Grid Reference: NH 10019, 84173 
Map Number: CHD-W-2 (Figure 3.59) 

CHD-W-2, also located approximately 200 m north of the Corrie Hallie fault, was 

chosen to document intermediate fracture patterns.  The pavement is dominated by ENE 

fractures that display varying fracture spacings.  A 19.1 m scanline, oriented 165, was 

conducted in order to gain numerical insight into the fracture spacing.  Fractures appear 

to be organized or clustered.  ENE fracture spacing as a whole is much closer than that 

observed in the primary end member example, CHD-W-1.  The western, lower CHD-W-

2 outcrop displays evenly spaced fractures on average < 10 cm apart.  ENE fractures 

display wing crack assemblages that often link up adjacent fractures and crosscut the less 

common Set A fractures.  

CORRIE HALLIE SHEAR ZONE: 
National Grid Reference: NH 10374, 84293 
Map Number: 1 (Figure 3.37) 

The complicated, heavily fractured, end-member resulting from the interaction 

between multiple fracture events and shearing is located a few hundred meters to the 

north of the Corrie Hallie Fault, on the Corrie Hallie Dip slope.  This pavement is the 

type exposure of the highly sheared regions found throughout the area.  Overhead 

photographs were taken at this outcrop in order to map the sheared fractures and attempt 

to un-do the individual events of the shearing history.  Sampling was unsuccessful at this 

outcrop as the rock is highly friable and broke apart when I attempted to recover the plug. 
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CORRIE HALLIE DYKE: THE FORT ERIBOLL DYKE 
National Grid Reference: NH 10470, 84289 
Map Number (Figure 3.37) 

Approximately 150 meters down dip from the Corrie Hallie Shear Zone is a 

fissure trending 080, nearly 75 meters long and 1.5 meters wide.  The orientation for this 

feature is consistent with many of the major features observed throughout the field area.  

Access to the gully can be achieved either from the down-dip end of the draw or by 

climbing down into the feature on a tree.  The gully is heavily vegetated and is walled by 

Eriboll.  In the far end of the draw there is a mafic igneous intrusion almost completely 

concealed by moss and ferns.   Both dyke rock and Eriboll wall-rock samples were 

collected. 

CORRIE HALLIE FAULT-LINE SCARP: 
National Grid Reference: NH 09800, 83900 to NH 10900, 84400 
Map Number: 7 (Figure 3.8) 

A total of eight small scanlines, ranging in length from .8m to 3m and oriented at 

150º, were run along the south side of Corrie Hallie Fault trace (perpendicular to strike).  

Figure 3.55 shows the locations of the outcrops.  The scanlines were intended to captured 

the irregularity of fracture distribution around fault zones, to document that fractures in 

the Eriboll do not merely form a parallel envelope around a fault zone.  Fracture intensity 

along the CHF ranges from 3 fractures per meter to 27 fractures per meter. 

Allt Gleann Chaorachain Outcrops 

ALLT GLEANN CHAORACHAIN STREAM PAVEMENTS 

National Grid Reference: NH 10700, 8400 to NH 10900, 84400 
Map Number: 7 (Figure 3.37) 

A continuous exposure of the Pipe Rock Member crops out along the west side of 

Allt Gleann Chaorachain.   The pavements strike approximately 021 and dip 18E.  The 
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Allt Gleann Chaorachain outcrop band stretches roughly 600 m.  To the north, the 

primary pavements are bound by a waterfall that is the topographic expression of the 

main Corrie Hallie Fault, striking approximately 075.  The stream pavement continues 

to the south where it is truncated by a series of smaller, step-like waterfalls.  Along the 

outcrop band, pavement widths range between 1 to 8 meters.  The best pavements are 

located in the central region of the outcrop band, where the fracture patterns are clearly 

visible and algae and vegetation are virtually nonexistent.  Access to these exposures is 

controlled largely by the water level of Allt Gleann Chaorachain, as these pavements 

become extremely slippery with the slightest addition of water.  Sample GC-08-1 was 

collected from the central portion of the outcrop band. 

A variety of fracture intensities and patterns can be seen along these stream 

pavements.  In the central portion, the primary un-complicated end member of the 

relationship between faulting and fracturing events can be seen.  Three fracture sets are 

present in the AGC pavements: N/S, NW/SE, and NE/SW (set A, set B, and set C 

respectively, as described by Diaz-Tushman 2007).  Set A fractures are less common and 

are relatively widely spaced.  Fractures in this set are straight and the significant through-

going fractures (more than 15 cm in length) have an average spacing greater than 10 cm.  

However, the chief set A fractures appear to be linked together by shorter more closely 

spaced fractures of the same orientation.  Set A fracture lengths range from a few 

centimeters to approximately 1 meter.  Some of the set A fractures display left-stepping 

en echelon patterns.  Initially this pattern was most obvious in the smaller, closely spaced 

fractures.  However, overhead photography and outcrop mapping reveals that the larger 

set A fractures also show a similar habit.   

Northwest-striking (set B) are the least common in the central pavements 

(location heavily photographed and traced with color pencil) of the Allt Gleann 
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Chaorachain outcrop band.  Set B fracture characteristics, particularly length and spacing, 

are comparable to those observed in set A.   Fracture spacing appears to be greater 

between significant fractures with similar lengths.  However, like set A, these significant 

fracture spacings are reduced by more closely spaced and shorter fractures.  Fracture 

lengths in this set range from a few centimeters to 50 centimeters.  Set C fractures 

dominate the Allt Gleann Chaorachain pavements.  Both sets A and B are cut by the 

NE/SW striking fractures, indicating that they are the result of later fracturing and 

faulting episodes. The fracture patterns and geometries of set C are much more 

complicated than those observed in both A and B.  Fracture patterns include ladder 

structures, pull-apart/releasing structures, and en echelon stepping.  Furthermore, there 

appears to be a large amount of wing/tail cracks associated with this set.   

In addition to the three main fracture sets, other predominate features along Allt 

Gleann Chaorachain outcrop band include normal faults, shear zones, and fracture zones.  

Small normal faults were identified in the central region of the Allt Gleann Chaorachain 

pavements.  The orientations of the faults are concurrent with those of set A fractures.  

The faults can be traced in plan view along the stream outcrop, across the stream into the 

overhanging banks, where it can be seen in cross-section.  Repetition of these faults 

produces miniature horst and graben structures.  The amount of displacement along the 

faults can be approximated from the resulting topographic relief on the pavement, which 

was on average 5 cm.  Moving north from the central (traced) pavements approximately 

100-150 m, fracture density increases drastically, and fracture zones are present.  Fracture 

zones were defined in the field as outcrops with high fracture densities and spacings less 

than 10 cm.  In this section of the outcrop, a 10 m long trench, approximately 1 m wide 

and deep, is evidence for a fracture zone that has been eroded.  (Scans were taken 

approaching the trench to observe an increase in fracture intensity).  
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Gleann Chaorachain Dipslope Outcrops 

GLEANN CHAORACHAIN STATION 1:  GCD-N-P1  
National Grid Reference: NH 09900, 83800 
Map Number: 8 (Figure 3.37) 

An example of the intermediate fracture pattern observed in the field area is 

located at CAG-S-2 (MAP).  This pavement was chosen based on its close proximity to a 

fault zone.  These pavements are immediately adjacent to the Glean Chaorachain fault, 

and the exposure is truncated by the eroded fault trace.  Two photo scanlines were taken 

along the pavement, running parallel and perpendicular to the fault trace.  The parallel 

scan was 14.3 m oriented 060 while the perpendicular scan was 8 m oriented 150.   

GLEANN CHAORACHAIN STATION 2:  GCD-N-P2  
National Grid Reference: NH 10000, 83900 
Map Number: 9 (Figure 3.37) 

Gleann Chaorachain station 2 (GCD-N-P2 is approximately 30 m to the east of 

station 1 (GCD-N-P1) and is a small bend of outcrop that strikes 040 degrees and is 

truncated by the Gleann Chaorachain fault.  The outcrop is heavily fractured, however the 

pavement is dominated by set A and B fractures; fault-parallel set C fractures are less 

abundant, despite proximity to the fault.  Low set C abundance in this outcrop is further 

evidence of spatial variability in fracture intensity near these faults and provides evidence 

of fracture pattern compartmentalization. 

GLEANN CHAORACHAIN STATION 3: GCD-S-P3 
National Grid Reference: NH 10000, 83700 
Map Number: 10 (Figure 3.37) 

GCD-S-P3 is another outcrop that displays a primary fracture array.  The outcrop 

is located approximately 65 m to the south-southeast of the grey block fault trace (SHOW 

MAP).  The Gleann Chaorachain Station 1 pavement strikes 017 and dips 18 E.  The 

322



 

first 30 m in the northern section of the pavement is relatively unfractured.  Moving south 

along the pavement, fracture intensity increases and Set C fractures begin to dominate.  

Fracture zones begin to develop along the southern margin of the outcrop.  The other 

fracture sets present in this outcrop include Set A, Set B.  Kite aerial photography was 

used at this outcrop to capture the basic fracture patterns and distributions.  Ground 

truthing was then conducted to verify fracture positions, capture smaller fractures, and to 

describe fracture intersection characteristics.  Set C fracture lengths range from a few 

centimeters up to a few meters (~3m).  Spacing is generally less than 10 cm, but may be 

greater or significantly less depending upon what part of the outcrop is being observed.  

The presence of wing cracks increased fracture linkage, decreasing spacing.  Fracture 

shapes are typically straight to curvilinear, while sinuous fractures are less common.  

Both right- and left-stepping en echelon patterns can be found at this locality.  Due to the 

white color of the rock, it was difficult to determine the presence of quartz-filled set C 

fractures.  However, set C fractures looked for the most part to be open to partially 

quartz-lined and weathered negatively.  Terminations observed in this outcrop were 

abrupt, resulting in sharp fracture tips.  Set C fractures cut across the other fractures 

present in the pavement. 

GLEANN CHAORACHAIN FAULT ZONE OUTCROPS: 
National Grid Reference: NH 10423, 83952 
Map Number: GCF-1 and GCF-2 (Figure 3.57) 

The Gleann Chaorachain Fault outcrops are pavements running up to, and 

terminating against the Gleann Chaorachain Fault trace.  Outcrops are isolated occurring 

as relatively small (>2 m2 to 50 m2
 ) isolated patches.  Moss and lichen further reduces 

pavement exposure and limits the areas where scanlines can be successfully conducted.    

The scanlines conducted at these outcrops were Scanlines conducted along the outcrops 

that are adjacent to the Gleann Chaorachain Fault were conducted along the outcrops 

323



 

adjacent to the Gleann Chaorachain Fault trace.  Scanline lengths range between 4.9-

8.7m.  

Càrn na Canaich Outcrops  

NORTHERN CÀRN NA CANAICH DIPSLOPE STATIONS: CNC-N-1 AND CNC-N-2 
National Grid Reference: NH 09600, 83400 and NH 09341, 82750 
Map Number: 12 (Figure 3.37), CNC-N1 and CNC-N2 (Figure 3.61) 

SOUTHERN CÀRN NA CANAICH DIPSLOPE STATIONS: CNC-S-1 AND CNC-S-2 
National Grid Reference: NH 09404, 82460 and NH 09600, 83400 
Map Number: CNC-S1 and CNC-S2 (Figure 3.61) 

The Càrn na Canaich dipslope is the narrow band of outcrop between the Moine 

Sole Thrust (to the east) and the Coir’ a’ Ghiubhsachain valley (to the west) and is cut by 

at least four faults.  The Càrn na Canaich north outcrops are located around the Càrn na 

Canaich north fault (Tree fault).  Station CNC-N-1 is approximately 150 m north of the 

center of the Tree fault and station CNC-N-2 is approximately 115 m south of the Tree 

fault zone.  Fault rock is asymmetrically distributed throughout the fault zone (Figure 

3.27) and fracture abundance is highly variable.  The Càrn na Canaich south outcrops are 

located in the Càrn na Canaich-Coir Chaorachain fault zone, southwest of Càrn na 

Canaich (and north of the six-lake cluster).  Pavement CNC-S-1 appears to be relatively 

unaffected by the nearby 060 fault; despite its close proximity to the fault zone, the 

outcrop lacks the high density of 060 fractures seen in other outcrops with similar 

positions to major shear-centers.  Instead, predominant fractures in the pavement strike 

N/S.  However, adjacent outcrops in this pavement belt are heavily fractured by the 060 

set and display patterns consistent with their relative positions to the fault.  The absence 

of complex fracture patterns in the outcrop suggests that the fault zones throughout the 

field area are compartmentalized or “patchy.”  This outcrop reinforces the complicated 

and compartmentalized nature of fracture distribution around the fault zones in the field 
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area.  Station CNC-S-2 is approximately 100 m to the south-southwest of CNC-S-1 

(away from the Càrn na Canaich fault zone).  Although further away from the fault zone, 

this outcrop is more heavily fractured than CNC-S-1.  A 1 meter photo scanline measured 

73 fractures. 

Lochan na Bradhan Outcrops 

LOCHAN NA BRADHAN STATION: LB-N1 THROUGH LB-N4 
National Grid Reference: NH 08837, 82394 
Map Number: 11 (Figure 3.37); LB-N1, LB-N2, LB-N3, LB-N4 (Figure 3.65) 

The Lochan na Bradhan outcrops are located approximately 250 to 300 meters 

north of Lochan na Bradhan.  A ridge to the east allows larger fracture patterns to easily 

be observed from above. The primary pavement (LB-N1) strikes 020and dips 17E.  The 

pavement is dominated by the 060 fracture set, some of which have been enhanced by 

weathering and are now filled with vegetation.  The remaining Lochan na Bradhan 

outcrops (LB-N2, LB-N3, and LB-N4) are approximately 35 m north of LB-N1, on the 

cliff edge above the Coir’ a’ Ghiubsachain valley.  The extrapolation of the Càrn na 

Canaich fault trace suggests that the cliff edge outcrops are just to the south of the 

interpreted fault trace/zone that this pavement is located just to the south of the 

interpreted fault trace/zone.  The fracture patterns documented at these outcrops show 

that the 060 fracture orientation dominates. 

Bradhan Gap Outcrops 

BRADHAN GAP STATION S:  BG-1 AND BG-2 
National Grid Reference: NH 09275, 81979 and NH 09261, 81968 
Map Number: BG-1 and BG-2 (Figure 3.69) 

The Bradhan Gap is the southern most sector in my field area and is a wide valley 

along an eroded fault zone (the Bradhan Gap fault).  The footpath cutting through 
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Bradhan Gap provides a unique look into the faulted Eriboll.  Two scanlines (oriented 

150 degrees) were measured along two small outcrops exposed within the Bradhan Gap.  

BG-2 is located on the southern side of the Bradhan Gap fault zone The outcrops are less 

than 1 m away from the footpath.  Station 1 [NH 09275, 81979] (bedding: 035/14E) was 

3.11 m long and captured 7 fractures.  The second scanline, Station 2 [NH 09261, 81968] 

(bedding: 029/15E) was conducted a few meters away to the southwest.  This scanline 

was 4.6 m long, and captured 46 fractures.  

Individual Fault Descriptions 

NORTH CORRIE HALLIE DIPSLOPE FAULTS 
Map Number: 1 through 5 (Figure 3.8) 

The northern part of the Corrie Hallie dipslope is transected by at least five 

northeast-striking faults that display relatively uniform orientations, between 060 and 065 

degrees.  I identified preserved fault rock exposures at various locations along each of 

these structures and used topographic maps, aerial photographs, and NextMap DTM 

images interpret the traces.  Three of the faults (N1, N2 and N3) can be traced across the 

width of the Corrie Hallie Dipslope.  The trace is lost as the faults enter the Coir’ a’ 

Ghiubhsachain valley, but some of the faults appear to align with lineations in the 

Torridonian Applecross Formation that have been interpreted as faults by Ellis (2009).  

The remaining faults (N4 and N5) are less laterally continuous.  N4 is on the edge of the 

Coir’ a’ Ghiubhsachain valley and can be traced into the Torridonian.  N5 is the smallest 

(shortest) fault on the Corrie Hallie dipslope and corresponds to local patches of high 

fracture abundance and fault rock lozenges. 
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THE CORRIE HALLIE FAULT-LINE SCARP 
National Grid Reference: NH 09800, 83900 to NH 10900, 84400 (where it forms the 
fault-line scarp) 
Map Number: 7 (Figure 3.8) 

The Corrie Hallie fault-line scarp strikes east-northeast (between 066 and 080 degrees) 

and dips steeply (> 75 degrees) to the north.  This structure forms a dramatic steep-faced 

cliff along much of the fault trace, extending from Allt Gleann Chaorachain to the edge 

of valley (see Figure 3.13 and Figure 3.14).  The scarp is approximately 40 m high where 

the Corrie Hallie fault enters the Coir’ a’ Ghiubhsachain valley, and is many tens of 

meters to as little as a few meters high elsewhere along the fault trace.  The Corrie Hallie 

fault can be traced for at least 4 kilometers along trend and may continue through Loch 

Toll and Lochain to Corrag Bhuidhe and Stob Cadha Gobhlach.   

THE GLEANN CHAORACHAIN FAULT 
National Grid Reference: NH 09800, 83800 to NH 10700, 83900 (where exposed along 
the Gleann Chaorachain dipslope) 
Map Number: 8 (Figure 3.8) 

The Gleann Chaorachain fault was first mapped by Peach et al. (1907) and 

updated by the British Geologic Survey.  The fault is approximately 125 m to the south of 

the Corrie Hallie fault where the faults enter the Coir’ a’ Ghiubhsachain valley. The 

Gleann Chaorachain fault also forms fault-line scarp that is less pronounced than the 

Corrie Hallie fault-line scarp, and is only a few meters high., and forms a prominent 

lineation that can be traced from Allt Gleann Chaorachain to the Coir’ a’ Ghiubhsachain 

valley.  The fault zone corresponds to a stream that runs down the Gleann Chaorachain 

dipslope and connects to Allt Gleann Chaorachain, suggesting that faults in the well 

indurated Eriboll form zones in which site preferential erosion occurs and is an example 

of how the present day landscape can be used to interpret the fault zones.   
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CÀRN NA CANAICH NORTH FAULT: THE TREE FAULT 
National Grid Reference: NH 09300, 8300 to NH 10100, 83600 (where exposed along 
the northern Càrn na Canaich dipslope) 
Map Number: 9 (Figure 3.8) 

The Tree fault cuts the northern part of the Càrn na Canaich dipslope This 

structure was given the name ‘Tree fault’ in the field because some of the only trees 

remaining in this part of Coir’ a’ Ghiubhsachain preferentially grow within the fault zone 

and are locally clustered along the fault-line scarp where the fault cuts into the valley (see 

Figure 3.62).  My interpreted fault traces cuts across the Càrn na Canaich dipslope and 

probably enters the MTZ to the east.  However, the MTZ has been eroded away in this 

part of the field area and no lineations corresponding to the extended trace of the fault can 

be observed.  To the west, the fault enters the Coir’ a’ Ghiubhsachain valley and extends 

towards Sàil Liath.  The fault zone can be viewed from the top of the MTZ and is 

characterized by variable fracture abundance and isolated lenses of preserved fault rock.  

Some of the largest fault rock exposures are in this area.   

CÀRN NA CANAICH-CÙL A' CHÀIRN FAULT 1 AND FAULT 2 
National Grid Reference: NH 09100, 82600 to NH 10000, 83400 and NH 09100 to NH 
10500, 83400 (where they cut the Càrn na Canaich dipslope, extending into the MTZ) 
Map Number: 10 and 11 (Figure 3.8) 

 I identified several fault rock exposures along the central Càrn na Canaich 

dipslope that correspond to lineations that can be traced through the MTZ to the east (see 

Figure 3.9).  The northern fault segment, Càrn na Canaich-Cùl a' Chàirn fault 1, cuts 

across the dipslope and extends east where it cuts the northern edge of the exposed MTZ 

thrust sheet.  The southern fault segment, Càrn na Canaich-Cùl a' Chàirn fault 2, cuts the 

dipslope and the MTZ and can be traced into Cùl a' Chàirn on the back side of the MTZ 

hill.  Using topographic maps, aerial photograph, and NextMap DTM images I interpret 
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the faults to connect where they enter the Coir’ a’ Ghiubhsachain valley and extend west 

towards Sàil Liath. 

CÀRN NA CANAICH-COIRE CHAORACHAIN FAULT ZONE: 
National Grid Reference: NH 08600, 82500 to NH 11400, 83100 (from the Coir’ a’ 
Ghiubhsachain valley, cutting the Càrn na Canaich dipslope, extending into the MTZ) 
Map Number: 12 (Figure 3.8) 

The fault I call the Coire Chaorachain fault was first mapped by Peach et al. 

(1907).  Using topographic maps, aerial photograph, and NextMap DTM images I 

interpret the fault to correspond to the lineations observed along the southern Càrn na 

Canaich dipslope (Càrn na Canaich south fault), making one fault.  The Càrn na Canaich-

Coire Chaorachain fault cuts the southern part of the Càrn na Canaich dipslope and 

extends east through the MTZ.  To the west, the fault enters Coir’ a Ghiubhsachain at the 

southern most end of the valley, where the valley walls correspond to a number of NE-

trending lineaments (see Figure 3.9).  Preserved fault rock exposures display staining and 

are salmon-colored.  Slip-indicators are also present in this area, showing evidence of 

N/S movement.  The MTZ provides an excellent, elevated view of the outcrops around 

the fault zone.  Photo-pans were taken, looking west, from the top of the MTZ in order to 

document outcrop patterns and identify heavily fractured areas, which can easily be 

identified because they typically occur as small lenses.  The width of fault rock zones is 

highly variable, ranging from meters down to a few centimeters wide where the fault rock 

appears to bottleneck.  The bottlenecking seen in these pavements appear to link wide 

patches of fault rock together.   

THE BRADHAN GAP FAULT ZONE: 
National Grid Reference: NH 08500, 81500 to NH 10000, 8200 (cutting Bradhan Gap) 
Map Number: 13 (Figure 3.8) 

A wide shallow valley, south of Lochan na Bradhan and Sàil Liath, that is 

topographic expression that remains from a highly eroded fault zone.  Despite the 

329



 

apparent high degree of erosion that has shaped the Bradhan Gap, some of the largest 

intact volumes of fault core observed in my field are preserved in the Bradhan Gap, 

suggesting that the Bradhan Gap fault (BGF) was a significant structure.  This zone is 

several meters wide to as much as tens of meters wide in places.  The location of the fault 

is defined as the edge of the area of poor exposure.  The Gap is floored with fault rock, 

making up what is the longest semi-continuous band of fault rock in the field area (~200 

m long by several tens of centimeters wide).  Along this section of the Gap, there are 

numerous fault rock lozenges that have weathered in positive relief.  Fault rock samples 

including a rib resembling the one collected at the CNC fault zone were collected at this 

locality.  Slip lineation measurements were also recorded.   

330



 

APPENDIX E: FRACTURE INVENTORY 

Below I report all the orientation and spacing data I measured on set C fractures 

in the Eriboll Formation.  Fracture spacing and orientation were systematically measured 

along scanlines (I used a 30 m PVC coated fiberglass measuring tape).  I conducted 

twenty-seven scanlines ranging in length from 0.8-21.5 m.  In order to document fracture 

spacing, scanlines were established normal to fracture strike and only subparallel 

fractures of the same set were measured.  Where possible, scanlines were measured along 

a single bedding surface in order to reduce effects of lithological variation.  Scanlines 

only deviate a small amount from being on the same bedding surface.  See Figure 2.11 

for scanline locations. 
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Appendix E-1: Scanline Compendium

1 8.0 8.0 066 40 137.0 11.0 062 79 296.0 0.5 070
2 15.5 7.5 066 41 143.0 6.0 066 80 296.5 0.5 070
3 17.5 2.0 078 42 144.5 1.5 070 81 297.0 0.5 070
4 20.5 3.0 070 43 145.0 0.5 058 82 299.0 2.0 066
5 22.5 2.0 068 44 147.5 2.5 067 83 317.5 18.5 070
6 23.0 0.5 076 45 149.0 1.5 069 84 319.0 1.5 069
7 26.0 3.0 068 46 152.0 3.0 069 85 319.5 0.5 069
8 38.5 12.5 075 47 153.0 1.0 069 86 322.0 2.5 068
9 45.0 6.5 075 48 155.0 2.0 065 87 325.0 3.0 068
10 47.0 2.0 082 49 156.5 1.5 073 88 325.5 0.5 068
11 48.0 1.0 067 50 157.0 0.5 069 89 327.0 1.5 068
12 50.5 2.5 075 51 157.5 0.5 069 90 328.0 1.0 066
13 53.0 2.5 079 52 158.0 0.5 069 91 334.5 6.5 067
14 56.0 3.0 076 53 158.5 0.5 069 92 336.5 2.0 069
15 58.0 2.0 072 54 159.0 0.5 069 93 337.5 1.0 069
16 62.5 4.5 076 55 164.0 5.0 071 94 340.0 2.5 068
17 64.0 1.5 079 56 164.5 0.5 073 95 341.5 1.5 068
18 65.0 1.0 070 57 166.5 2.0 066 96 342.0 0.5 068
19 67.0 2.0 078 58 169.5 3.0 076 97 343.0 1.0 071
20 69.0 2.0 062 59 171.0 1.5 070 98 344.0 1.0 071
21 71.0 2.0 064 60 188.5 17.5 078 99 345.0 1.0 071
22 73.0 2.0 058 61 191.0 2.5 078 100 354.0 9.0 062
23 74.0 1.0 064 62 194.0 3.0 079 101 359.5 5.5 074
24 75.0 1.0 058 63 195.0 1.0 079 102 369.5 10.0 074
25 76.0 1.0 064 64 196.5 1.5 079 103 370.0 0.5 069
26 77.0 1.0 077 65 197.5 1.0 079 104 376.5 6.5 069
27 78.0 1.0 072 66 200.5 3.0 068 105 379.0 2.5 067
28 80.5 2.5 070 67 203.0 2.5 071 106 399.0 20.0 072
29 82.0 1.5 068 68 217.5 14.5 073 107 419.5 20.5 074
30 88.0 6.0 068 69 220.5 3.0 073 108 420.0 0.5 074
31 89.0 1.0 068 70 227.0 6.5 073 109 424.5 4.5 074
32 89.5 0.5 060 71 231.5 4.5 073 110 426.5 2.0 074
33 91.0 1.5 068 72 235.0 3.5 069 111 428.0 1.5 074
34 94.0 3.0 068 73 246.5 11.5 074 112 430.0 2.0 071
35 98.0 4.0 073 74 252.5 6.0 074 113 458.0 28.0 069
36 102.5 4.5 073 75 272.5 20.0 078 114 470.5 12.5 066
37 105.0 2.5 073 76 294.5 22.0 070 115 503.5 33.0 068
38 124.5 19.5 073 77 295.0 0.5 070 116 529.5 26.0 068
39 126.0 1.5 067 78 295.5 0.5 070 117 535.0 5.5 064

Station: CHD-W-2
NGR: NH 10019, 84173
Length: 19.1 m
Orientation: 165

# Distance
(cm)

Spacing
(cm)

Strike

Corrie Hallie dipslope
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118 536.5 1.5 078
119 543.0 6.5 069
120 544.0 1.0 069
121 549.0 5.0 064
122 556.0 7.0 088
123 565.0 9.0 070
124 572.5 7.5 076
125 590.5 18.0 062
126 594.0 3.5 075
127 610.5 16.5 062
128 612.4 1.9 062
129 614.0 1.6 058
130 619.5 5.5 060
131 626.5 7.0 070
132 627.5 1.0 070
133 628.0 0.5 072
134 630.5 2.5 077
135 639.0 8.5 082
136 640.0 1.0 072
137 642.0 2.0 073
138 652.0 10.0 078
139 653.5 1.5 076
140 655.0 1.5 072
141 672.0 17.0 075
142 677.0 5.0 074
143 881.5 204.5 074
144 882.5 1.0 074
145 891.0 8.5 071
146 898.0 7.0 074
147 903.5 5.5 067
148 924.5 21.0 070
149 926.0 1.5 072
150 934.5 8.5 074
151 935.0 0.5 073
152 935.5 0.5 073
153 936.0 0.5 066
154 946.0 10.0 074
155 963.0 17.0 063
156 968.0 5.0 055
157 969.0 1.0 056
158 981.0 12.0 067
159 986.5 5.5 069
160 987.5 1.0 069
161 989.0 1.5 072
162 989.5 0.5 072

163 996.5 7.0 071
164 998.0 1.5 063
165 1015.0 17.0 069
166 1020.0 5.0 073
167 1022.5 2.5 068
168 1026.5 4.0 068
169 1028.0 1.5 072
170 1042.0 14.0 068
171 1048.5 6.5 057
172 1059.0 10.5 064
173 1062.5 3.5 073
174 1063.0 0.5 073
175 1063.5 0.5 078
176 1074.5 11.0 071
177 1075.0 0.5 068
178 1076.0 1.0 068
179 1076.5 0.5 068
180 1077.5 1.0 068
181 1085.0 7.5 062
182 1087.5 2.5 064
183 1089.0 1.5 059
184 1090.0 1.0 059
185 1119.0 29.0 075
186 1122.0 3.0 075
187 1131.0 9.0 075
188 1136.0 5.0 056
189 1177.0 41.0 069
190 1178.5 1.5 069
191 1262.5 84.0 062
192 1264.5 2.0 062
193 1283.0 18.5 062
194 1293.5 10.5 062
195 1296.0 2.5 068
196 1309.0 13.0 064
197 1309.5 0.5 069
198 1310.5 1.0 069
199 1311.0 0.5 068
200 1315.0 4.0 068
201 1320.0 5.0 056
202 1321.0 1.0 056
203 1322.0 1.0 058
204 1325.0 3.0 065
205 1331.5 6.5 073
206 1350.0 18.5 068
207 1359.0 9.0 072

208 1359.5 0.5 072
209 1364.0 4.5 066
210 1364.5 0.5 066
211 1367.0 2.5 068
212 1376.0 9.0 068
213 1389.5 13.5 066
214 1393.5 4.0 068
215 1394.5 1.0 068
216 1396.5 2.0 069
217 1397.5 1.0 070
218 1401.0 3.5 070
219 1402.0 1.0 069
220 1413.0 11.0 066
221 1419.0 6.0 078
222 1419.5 0.5 079
223 1449.5 30.0 073
224 1450.0 0.5 073
225 1471.0 21.0 071
226 1471.5 0.5 070
227 1472.0 0.5 070
228 1497.5 25.5 070
229 1504.5 7.0 073
230 1508.0 3.5 073
231 1512.0 4.0 082
232 1521.5 9.5 073
233 1522.0 0.5 073
234 1522.5 0.5 073
235 1523.0 0.5 068
236 1532.0 9.0 056
237 1545.0 13.0 066
238 1563.0 18.0 069
239 1577.0 14.0 072
240 1593.0 16.0 074
241 1594.0 1.0 070
242 1594.5 0.5 070
243 1604.0 9.5 064
244 1605.0 1.0 070
245 1607.0 2.0 076
246 1610.0 3.0 066
247 1633.5 23.5 070
248 1658.5 25.0 070
249 1660.5 2.0 070
250 1662.0 1.5 080
251 1674.5 12.5 072
252 1706.0 31.5 068
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253 1729.0 23.0 065
254 1733.0 4.0 068
255 1738.0 5.0 064
256 1739.5 1.5 068
257 1740.5 1.0 068
258 1741.0 0.5 068
259 1742.5 1.5 064
260 1749.0 6.5 068
261 1751.0 2.0 068
262 1756.0 5.0 068
263 1757.5 1.5 076

264 1760.5 3.0 072
265 1761.0 0.5 066
266 1773.0 12.0 066
267 1792.0 19.0 072
268 1798.5 6.5 072
269 1818.5 20.0 071
270 1821.5 3.0 067
271 1822.5 1.0 067
272 1823.5 1.0 062
273 1825.0 1.5 062
274 1827.0 2.0 065

275 1828.0 1.0 069
276 1832.5 4.5 069
277 1842.5 10.0 065
278 1848.0 5.5 065
279 1848.5 0.5 071
280 1855.0 6.5 071
281 1858.5 3.5 071
282 1896.5 38.0 071
283 1905.0 8.5 072

Station: CHF-1
NGR: NH 10677, 84315
Length: 1 m
Orientation: 150
Bedding: 025/19E
Fault Trace: 066/60N

1 0.0 0.0 064
2 40.3 40.3 063
3 66.8 26.5 065

# Distance
(cm)

Spacing
(cm)

Strike

Station: CHF-2
NGR: NH 10607, 84275
Length: 1 m
Orientation: 150
Bedding: 024/17E
Fault Trace: 068/68N

# Distance
(cm)

Spacing
(cm)

Strike

1 0.9 0.9 061 6 33.5 0.6 058 11 96.0 0.6 064
2 19.2 18.3 062 7 48.0 14.5 064 12 97.2 1.2 072
3 20.5 1.3 066 8 54.0 6.0 066 13 97.7 0.5 070
4 22.5 2.0 061 9 94.5 40.5 066
5 32.9 10.4 058 10 95.4 0.9 061

Corrie Hallie fault-line scarp
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# Distance
(cm)

Spacing
(cm)

Strike

Station: CHF-3
NGR: NH 10494, 84209
Length: 1 m
Orientation: 150
Bedding: 020/12E
Fault Trace: 065/72N

1 4.0 4.0 054 3 40.3 14.3 060
2 26.0 22.0 062 4 92.5 52.2 060

# Distance
(cm)

Spacing
(cm)

Strike

# Distance
(cm)

Spacing
(cm)

Strike

1 10.6 10.6 061 4 84.5 31.5 068 7 86.9 1.3 062
2 36.8 26.2 072 5 85.1 0.6 072 8 93.3 6.4 076
3 53.0 16.2 072 6 85.6 0.5 072 9 100.0 6.7 074

Station: CHF-4
NGR: NH 10317, 84133
Length: 1 m
Orientation: 150
Bedding: 015/19E
Fault Trace: 062

# Distance
(cm)

Spacing
(cm)

Strike

Station: CHF-5
NGR: NH 10176, 84123
Length: 0.8 m
Orientation: 150
Bedding: 029/17E
Fault Trace: na

Station: CHF-6
NGR: NH 10138, 84076
Length: 1.1 m
Orientation: 150
Bedding: 035/16E
Fault Trace: na

1 6.2 6.2 059 4 8.9 0.5 042 7 63.2 33.3 054
2 6.8 0.6 059 5 27.7 18.8 052 8 66.1 2.9 054
3 8.4 1.6 044 6 29.9 2.2 048

1 99.8 99.8 060 3 103.5 1.7 059 5 109.2 4.4 071
2 101.8 2.0 059 4 104.8 1.3 065 6 113.1 3.9 061
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# Distance
(cm)

Spacing
(cm)

Strike

Station: CHF-7
NGR: NH 10069, 84053
Length: 3 m
Orientation: 150
Bedding: 032/16E
Fault Trace: na

# Distance
(cm)

Spacing
(cm)

Strike

Station: CHF-8
NGR: NH 10046, 84006
Length: 1 m
Orientation: 150
Bedding: 027/15E
Fault Trace: na

1 22.1 22.1 079 11 133.8 6.6 076 21 210.3 26.2 048
2 27.8 5.7 055 12 138.9 5.1 062 22 235.0 24.7 062
3 28.2 0.4 064 13 141.2 2.3 072 23 242.3 7.3 060
4 66.7 38.5 057 14 146.6 5.4 067 24 272.0 29.7 063
5 68.0 1.3 059 15 147.2 0.6 059 25 286.5 14.5 065
6 68.2 0.2 069 16 161.7 14.5 060 26 294.5 8.0 061
7 72.7 4.5 068 17 162.1 0.4 061 27 295.2 0.7 078
8 87.2 14.5 065 18 175.1 13.0 066 28 295.4 0.2 061
9 118.4 31.2 075 19 181.0 5.9 060 29 297.3 1.9 064
10 127.2 8.8 075 20 184.1 3.1 078

1 9.1 9.1 052 10 31.2 1.3 061 19 69.2 2.5 062
2 16.7 7.6 060 11 33.2 2.0 042 20 72.0 2.8 063
3 24.5 7.8 062 12 38.6 5.4 046 21 77.9 5.9 056
4 26.7 2.2 056 13 39.3 0.7 040 22 80.0 2.1 066
5 27.4 0.7 066 14 40.6 1.3 046 23 89.6 9.6 067
6 27.9 0.5 056 15 43.5 2.9 064 24 90.1 0.5 065
7 28.8 0.9 062 16 46.0 2.5 065 25 90.2 0.1 063
8 29.4 0.6 058 17 54.0 8.0 066 26 90.3 0.1 065
9 29.9 0.5 060 18 66.7 12.7 060 27 90.6 0.3 068
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# Distance
(cm)

Spacing
(cm)

Strike

Gleann Chaorachain dipslope

Station: GCD-1
NGR: NH 10748, 84073
Length: 4 m
Orientation: 150
Bedding: 029/17E

1 28.0 28.0 065 15 126.8 44.8 065 29 318.8 0.8 053
2 38.2 10.2 062 16 153.2 26.4 045 30 321.2 2.4 055
3 43.8 5.6 063 17 157.5 4.3 053 31 324.0 2.8 050
4 45.0 1.2 065 18 170.6 13.1 058 32 331.0 7.0 055
5 52.5 7.5 060 19 177.4 6.8 054 33 333.0 2.0 055
6 69.8 17.3 064 20 177.8 0.4 052 34 334.0 1.0 055
7 73.0 3.2 064 21 181.8 4.0 065 35 338.0 4.0 055
8 76.0 3.0 074 22 189.0 7.2 065 36 341.6 3.6 064
9 77.8 1.8 056 23 190.0 1.0 055 37 342.6 1.0 055
10 78.6 0.8 055 24 199.6 9.6 067 38 366.6 24.0 060
11 78.8 0.2 056 25 214.2 14.6 065 39 367.0 0.4 060
12 79.6 0.8 057 26 215.8 1.6 064 40 395.4 28.4 055
13 80.0 0.4 058 27 317.0 101.2 053
14 82.0 2.0 058 28 318.0 1.0 053

# Distance
(cm)

Spacing
(cm)

Strike

Station: GCD-2
NGR: NH 10752, 84111
Length: 3 m
Orientation: 150
Bedding: 030/16E

1 23.2 23.2 055 7 79.0 6.6 052 13 197.2 6.0 072
2 25.2 2.0 050 8 83.2 4.2 065 14 199.0 1.8 064
3 25.4 0.2 050 9 94.0 10.8 067 15 200.2 1.2 077
4 46.4 21.0 058 10 150.6 56.6 052 16 200.6 0.4 068
5 63.2 16.8 050 11 162.0 11.4 056 17 202.0 1.4 070
6 72.4 9.2 060 12 191.2 29.2 055 18 298.4 96.4 060
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# Distance
(cm)

Spacing
(cm)

Strike

Station: GCD-W-3
NGR: NH 09800, 83700
Length: 8.9 m
Orientation: 150
Bedding:

1 16.0 16.0 070 16 170.6 170.6 076 31 569.5 569.5 067
2 20.0 4.0 065 17 179.5 8.9 076 32 590.8 21.3 056
3 50.6 30.6 060 18 238.4 58.9 058 33 684.2 93.4 056
4 52.0 1.4 058 19 285.0 46.6 077 34 693.4 9.2 074
5 53.0 1.0 061 20 303.0 18.0 063 35 701.8 8.4 060
6 54.0 1.0 063 21 402.5 99.5 078 36 703.6 1.8 062
7 59.8 5.8 062 22 403.6 1.1 068 37 727.0 23.4 062
8 68.4 8.6 061 23 484.0 80.4 063 38 760.0 33.0 082
9 72.0 3.6 061 24 492.8 8.8 056 39 794.0 34.0 065
10 84.0 12.0 060 25 495.0 2.2 059 40 805.0 11.0 065
11 86.6 2.6 069 26 530.0 35.0 066 41 814.0 9.0 069
12 87.5 0.9 064 27 541.0 11.0 050 42 816.0 2.0 060
13 136.0 48.5 075 28 545.0 4.0 055 43 824.0 8.0 055
14 138.0 2.0 075 29 548.8 3.8 057 44 828.5 4.5 058
15 148.0 10.0 059 30 558.0 9.2 062 45 850.0 21.5 077

# Distance
(cm)

Spacing
(cm)

Strike

Allt Gleann Chaorachain

Station: AGC-1
NGR: NH 10899, 84279
Length: 13 m
Orientation: 170
Bedding:

1 23.0 23.0 060 16 229.0 1.0 060 31 436.0 8.5 070
2 28.0 5.0 044 17 253.0 24.0 052 32 444.0 8.0 072
3 40.0 12.0 062 18 288.0 35.0 052 33 448.5 4.5 070
4 48.0 8.0 064 19 300.0 12.0 060 34 458.5 10.0 060
5 82.0 34.0 064 20 312.0 12.0 058 35 460.0 1.5 068
6 85.6 3.6 054 21 326.0 14.0 056 36 475.0 15.0 075
7 88.0 2.4 060 22 368.0 42.0 048 37 486.0 11.0 060
8 93.0 5.0 056 23 378.5 10.5 061 38 494.0 8.0 048
9 101.0 8.0 064 24 385.0 6.5 065 39 500.0 6.0 062
10 110.0 9.0 060 25 387.0 2.0 058 40 505.0 5.0 038
11 136.0 26.0 060 26 398.0 11.0 055 41 516.0 11.0 082
12 158.0 22.0 054 27 404.5 6.5 069 42 528.5 12.5 078
13 182.0 24.0 052 28 419.0 14.5 056 43 542.0 13.5 064
14 212.0 30.0 040 29 421.0 2.0 062 44 550.0 8.0 076
15 228.0 16.0 060 30 427.5 6.5 058 45 556.0 6.0 076
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46 581.0 25.0 070 69 733.0 1.0 075 92 843.0 17.0 050
47 600.0 19.0 062 70 737.0 4.0 069 93 860.0 17.0 058
48 632.0 32.0 038 71 745.0 8.0 071 94 871.5 11.5 080
49 640.0 8.0 072 72 748.5 3.5 070 95 876.0 4.5 078
50 651.0 11.0 044 73 750.0 1.5 077 96 892.0 16.0 064
51 652.0 1.0 042 74 752.0 2.0 077 97 895.0 3.0 043
52 668.5 16.5 072 75 753.0 1.0 067 98 903.0 8.0 051
53 678.5 10.0 070 76 753.5 0.5 067 99 913.0 10.0 030
54 687.8 9.3 082 77 755.0 1.5 066 100 921.0 8.0 030
55 691.5 3.7 045 78 760.0 5.0 066 101 928.5 7.5 078
56 693.0 1.5 030 79 767.0 7.0 062 102 929.5 1.0 078
57 700.0 7.0 078 80 770.0 3.0 070 103 934.5 5.0 074
58 701.5 1.5 077 81 783.0 13.0 067 104 951.0 16.5 030
59 702.0 0.5 088 82 784.8 1.8 072 105 959.0 8.0 030
60 706.0 4.0 076 83 785.2 0.4 052 106 973.0 14.0 030
61 707.5 1.5 076 84 790.0 4.8 068 107 1139.0 166.0 077
62 710.0 2.5 076 85 795.0 5.0 072 108 1148.0 9.0 073
63 715.0 5.0 040 86 799.2 4.2 074 109 1177.0 29.0 038
64 721.0 6.0 074 87 800.5 1.3 065 110 1197.5 20.5 074
65 724.0 3.0 076 88 817.0 16.5 078 111 1208.0 10.5 074
66 726.5 2.5 078 89 818.5 1.5 075 112 1218.0 10.0 074
67 728.5 2.0 074 90 821.0 2.5 073 113 1228.0 10.0 074
68 732.0 3.5 074 91 826.0 5.0 040

# Distance
(cm)

Spacing
(cm)

Strike

Station: AGC-2
NGR: NH 10938, 84365
Length: 1.6 m
Orientation: 145
Bedding: 030/15E

1 24.5 24.5 065 13 70.0 7.2 075 25 112.2 15.0 056
2 33.2 8.7 055 14 70.3 0.3 075 26 122.4 10.2 058
3 34.0 0.8 055 15 71.6 1.3 070 27 126.7 4.3 056
4 42.0 8.0 075 16 72.4 0.8 077 28 128.4 1.7 054
5 42.6 0.6 070 17 72.7 0.3 077 29 136.6 8.2 058
6 47.0 4.4 080 18 74.0 1.3 060 30 137.2 0.6 056
7 47.6 0.6 068 19 76.2 2.2 051 31 137.6 0.4 053
8 53.0 5.4 069 20 85.0 8.8 054 32 138.5 0.9 072
9 53.9 0.9 079 21 88.8 3.8 062 33 152.2 13.7 057
10 55.4 1.5 077 22 94.6 5.8 053 34 153.1 0.9 060
11 60.2 4.8 055 23 96.1 1.5 059 35 154.2 1.1 079
12 62.8 2.6 050 24 97.2 1.1 055
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# Distance
(cm)

Spacing
(cm)

Strike

Station: GCF Station 1
NGR: NH 10423, 83952
Length: 4.9 m
Orientation: 170
Bedding: 

Gleann Chaorachain fault

1 14.2 14.2 082 27 110.2 6.0 075 53 337.2 3.2 072
2 14.6 0.4 076 28 119.6 9.4 070 54 339.0 1.8 072
3 17.8 3.2 072 29 120.0 0.4 070 55 341.4 2.4 060
4 22.6 4.8 078 30 140.0 20.0 071 56 344.6 3.2 062
5 24.6 2.0 069 31 187.0 47.0 068 57 346.6 2.0 075
6 25.4 0.8 070 32 189.0 2.0 078 58 349.8 3.2 075
7 27.0 1.6 070 33 227.5 38.5 078 59 360.8 11.0 064
8 32.4 5.4 071 34 230.0 2.5 076 60 374.0 13.2 058
9 35.0 2.6 071 35 230.6 0.6 072 61 384.8 10.8 060
10 39.0 4.0 077 36 231.0 0.4 069 62 405.0 20.2 066
11 44.2 5.2 076 37 237.0 6.0 072 63 407.6 2.6 066
12 46.8 2.6 068 38 246.4 9.4 058 64 413.0 5.4 066
13 47.2 0.4 070 39 252.2 5.8 076 65 422.0 9.0 066
14 47.6 0.4 072 40 265.0 12.8 048 66 425.0 3.0 054
15 58.0 10.4 072 41 267.4 2.4 048 67 426.6 1.6 070
16 66.6 8.6 074 42 268.6 1.2 048 68 430.8 4.2 062
17 66.8 0.2 074 43 270.4 1.8 048 69 436.2 5.4 062
18 68.4 1.6 074 44 273.0 2.6 065 70 442.0 5.8 062
19 69.0 0.6 074 45 274.0 1.0 065 71 444.0 2.0 075
20 70.2 1.2 074 46 293.0 19.0 065 72 446.4 2.4 075
21 70.6 0.4 074 47 297.6 4.6 062 73 448.2 1.8 068
22 71.2 0.6 076 48 309.0 11.4 050 74 463.2 15.0 073
23 72.2 1.0 072 49 314.4 5.4 070 75 464.6 1.4 069
24 93.6 21.4 078 50 319.8 5.4 070 76 470.6 6.0 056
25 96.6 3.0 072 51 332.0 12.2 070 77 475.0 4.4 065
26 104.2 7.6 080 52 334.0 2.0 070 78 480.4 5.4 065

# Distance
(cm)

Spacing
(cm)

Strike

Station: GCF Station 2
NGR: NH 10639, 83946
Length: 8.7 m
Orientation: 150
Bedding: 021/20E

1 6.5 6.5 063 6 29.0 3.7 045 11 45.2 0.2 060
2 15.7 9.2 070 7 36.5 7.5 064 12 45.6 0.4 060
3 15.9 0.2 070 8 44.5 8.0 060 13 45.8 0.2 060
4 18.4 2.5 065 9 44.7 0.2 062 14 46.0 0.2 060
5 25.3 6.9 067 10 45.0 0.3 060 15 46.4 0.4 050
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16 46.5 0.1 057 65 116.0 3.5 085 114 474.1 0.5 068
17 46.7 0.2 060 66 116.2 0.2 085 115 475.4 1.3 065
18 50.7 4.0 076 67 120.2 4.0 085 116 477.0 1.6 060
19 50.9 0.2 076 68 121.8 1.6 085 117 478.0 1.0 068
20 51.0 0.1 079 69 123.5 1.7 085 118 480.8 2.8 075
21 51.5 0.5 070 70 135.5 12.0 070 119 482.6 1.8 075
22 52.6 1.1 070 71 141.2 5.7 068 120 483.0 0.4 075
23 52.8 0.2 082 72 143.8 2.6 065 121 497.5 14.5 067
24 53.0 0.2 082 73 240.2 96.4 070 122 501.0 3.5 078
25 55.7 2.7 072 74 240.8 0.6 065 123 506.8 5.8 075
26 57.0 1.3 060 75 255.0 14.2 042 124 530.0 23.2 055
27 57.2 0.2 060 76 272.2 17.2 058 125 530.5 0.5 060
28 57.5 0.3 060 77 287.5 15.3 068 126 533.2 2.7 045
29 68.2 10.7 055 78 289.8 2.3 062 127 534.2 1.0 050
30 69.5 1.3 050 79 296.8 7.0 073 128 555.8 21.6 045
31 74.2 4.7 058 80 301.4 4.6 072 129 571.0 15.2 075
32 74.5 0.3 060 81 330.5 29.1 060 130 590.0 19.0 050
33 74.8 0.3 054 82 336.4 5.9 069 131 617.0 27.0 045
34 75.3 0.5 057 83 359.0 22.6 075 132 621.0 4.0 050
35 75.4 0.1 056 84 370.4 11.4 072 133 624.0 3.0 047
36 75.5 0.1 060 85 371.0 0.6 078 134 630.5 6.5 055
37 75.8 0.3 060 86 371.2 0.2 078 135 631.2 0.7 056
38 76.0 0.2 059 87 374.0 2.8 069 136 631.6 0.4 058
39 77.3 1.3 060 88 380.4 6.4 069 137 667.6 36.0 075
40 78.5 1.2 066 89 384.5 4.1 074 138 668.5 0.9 075
41 79.6 1.1 063 90 394.4 9.9 076 139 676.5 8.0 065
42 80.0 0.4 063 91 396.2 1.8 075 140 676.8 0.3 065
43 80.3 0.3 063 92 399.2 3.0 066 141 677.1 0.3 061
44 80.9 0.6 061 93 400.4 1.2 074 142 677.5 0.4 060
45 81.3 0.4 061 94 401.8 1.4 066 143 679.4 1.9 056
46 81.7 0.4 056 95 410.6 8.8 075 144 680.8 1.4 062
47 81.9 0.2 059 96 410.8 0.2 072 145 681.0 0.2 063
48 84.4 2.5 060 97 412.4 1.6 073 146 693.5 12.5 068
49 84.5 0.1 060 98 415.2 2.8 073 147 703.8 10.3 070
50 84.6 0.1 060 99 416.2 1.0 065 148 704.0 0.2 070
51 86.6 2.0 060 100 419.0 2.8 056 149 704.4 0.4 070
52 86.8 0.2 060 101 421.8 2.8 057 150 704.6 0.2 070
53 86.9 0.1 060 102 423.5 1.7 065 151 705.0 0.4 070
54 88.1 1.2 059 103 434.5 11.0 068 152 714.0 9.0 068
55 88.2 0.1 059 104 460.0 25.5 068 153 716.4 2.4 078
56 88.4 0.2 059 105 460.5 0.5 068 154 720.0 3.6 062
57 88.6 0.2 059 106 462.6 2.1 074 155 725.0 5.0 050
58 88.8 0.2 059 107 466.0 3.4 066 156 725.6 0.6 065
59 89.0 0.2 058 108 466.4 0.4 065 157 728.0 2.4 065
60 89.5 0.5 061 109 467.6 1.2 062 158 730.6 2.6 055
61 89.9 0.4 061 110 469.2 1.6 070 159 740.2 9.6 070
62 110.8 20.9 072 111 469.5 0.3 060 160 741.2 1.0 070
63 111.0 0.2 073 112 473.2 3.7 067 161 743.0 1.8 062
64 112.5 1.5 070 113 473.6 0.4 067 162 746.2 3.2 070
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163 748.0 1.8 072 176 793.0 5.5 060 189 843.4 0.2 065
164 756.0 8.0 065 177 807.0 14.0 075 190 843.8 0.4 065
165 761.0 5.0 064 178 812.6 5.6 067 191 844.0 0.2 065
166 764.0 3.0 070 179 815.0 2.4 070 192 845.0 1.0 062
167 766.0 2.0 072 180 816.4 1.4 064 193 850.4 5.4 054
168 767.0 1.0 069 181 818.0 1.6 060 194 852.0 1.6 052
169 768.4 1.4 069 182 818.8 0.8 060 195 853.5 1.5 050
170 769.2 0.8 066 183 819.0 0.2 060 196 854.0 0.5 052
171 770.0 0.8 060 184 820.5 1.5 070 197 857.0 3.0 050
172 771.4 1.4 065 185 827.0 6.5 065 198 860.8 3.8 052
173 782.0 10.6 065 186 831.5 4.5 058 199 863.0 2.2 045
174 785.5 3.5 060 187 838.0 6.5 060
175 787.5 2.0 059 188 843.2 5.2 065

# Distance
(cm)

Spacing
(cm)

Station: GCF Station 3
NGR: NH 09975, 83863
Length: 10.2 m
Orientation: 160
Bedding: 032/15E

1 3 3
2 11 8
3 24 13
4 33 9
5 38 5
6 46 8
7 50 4
8 59 9
9 85 26

10 90 5
11 107 17
12 108 1
13 109 1
14 127 18
15 139.8 12.8
16 152 12.2
17 185 33
18 199 14
19 215 16
20 225 10
21 305.1 80.1
22 314.9 9.8
23 324 9.1
24 354 30
25 374 20
26 452 78
27 480 28
28 490.4 10.4

29 499 8.6
30 501.8 2.8
31 526.9 25.1
32 527.2 0.3
33 530.8 3.6
34 548.4 17.6
35 554.4 6
36 571.8 17.4
37 573 1.2
38 581.8 8.8
39 583.2 1.4
40 620 36.8
41 623.8 3.8
42 674 50.2
43 677 3
44 697 20
45 711 14
46 726 15
47 733 7
48 750 17
49 765 15
50 780 15
51 825.6 45.6
52 830.8 5.2
53 837.6 6.8
54 841.6 4
55 860.6 19
56 866.6 6

57 879.8 13.2
58 880.2 0.4
59 880.8 0.6
60 881.2 0.4
61 881.4 0.2
62 881.8 0.4
63 882.2 0.4
64 882.6 0.4
65 883 0.4
66 893.4 10.4
67 898 4.6
68 903 5
69 905 2
70 908 3
71 910 2
72 910.8 0.8
73 911.2 0.4
74 911.6 0.4
75 912 0.4
76 916 4
77 919 3
78 928.8 9.8
79 934 5.2
80 936 2
81 938 2
82 940 2
83 966 26
84 968.4 2.4

86 1002 18
85 984 15.6
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# Distance
(cm)

Spacing
(cm)

Strike

Station: CNC-N-1
NGR: NH 09600, 83400
Length: 7.0 m
Orientation: 150

Carn nà Canaich Dipslope

1 40 40 082 13 390 61.8 062 25 580 7.8 040
2 41 1 062 14 398 8.2 072 26 582 2 052
3 44 3 064 15 400 1.6 060 27 590 8 040
4 88.6 44.6 052 16 415 14.9 071 28 594 4 040
5 143.4 54.8 042 17 473 58.5 061 29 602 8.2 040
6 208.2 64.8 050 18 480 7 059 30 648 45.8 072
7 217.2 9 040 19 487 6.8 040 31 656 8 072
8 219 1.8 058 20 490 3.2 082 32 667 11 072
9 221.2 2.2 053 21 501 11.4 053 33 679 12.4 060
10 237 15.8 042 22 510 9 053 34 686 7 040
11 308.6 71.6 050 23 546 35.1 054 35 696 9.2 062
12 328 19.4 050 24 572 26.7 066

# Distance
(cm)

Spacing
(cm)

Strike

Station: CNC-N-2
NGR: NH 09341, 82750
Length: 21.5 m
Orientation: 145

1 153.6 153.6 076
2 155.4 1.8 080
3 244.4 89.0 070
4 246.0 1.6 048
5 248.4 2.4 052
6 251.2 2.8 046
7 254.2 3.0 070
8 312.0 57.8 070
9 316.0 4.0 050

10 444.0 128.0 056
11 458.6 14.6 066
12 469.0 10.4 066
13 474.0 5.0 070
14 485.8 11.8 076
15 556.8 71.0 055
16 654.8 98.0 046
17 703.0 48.2 046
18 707.2 4.2 047
19 720.4 13.2 052
20 763.4 43.0 050
21 778.0 14.6 046
22 880.8 102.8 045

23 907.8 27.0 054
24 913.6 5.8 054
25 1054.8 141.2 070
26 1088.2 33.4 076
27 1172.0 83.8 043
28 1191.0 19.0 050
29 1210.8 19.8 054
30 1218.6 7.8 054
31 1301.0 82.4 054
32 1308.2 7.2 050
33 1346.0 37.8 052
34 1398.0 52.0 049
35 1438.0 40.0 042
36 1469.6 31.6 056
37 1474.4 4.8 056
38 1535.6 61.2 054
39 1548.0 12.4 054
40 1557.0 9.0 054
41 1584.2 27.2 057
42 1765.2 181.0 064
43 1794.0 28.8 054
44 1800.6 6.6 045

45 1816.6 16.0 048
46 1838.6 22.0 050
47 1862.0 23.4 059
48 1878.0 16.0 048
49 1894.4 16.4 048
50 1896.2 1.8 044
51 1903.8 7.6 056
52 1905.4 1.6 047
53 1906.8 1.4 069
54 1908.0 1.2 069
55 1909.8 1.8 069
56 1913.8 4.0 050
57 1917.0 3.2 050
58 1918.6 1.6 050
59 1950.2 31.6 050
60 1966.2 16.0 072
61 1982.0 15.8 050
62 2054.4 72.4 050
63 2102.2 47.8 052
64 2126.4 24.2 052
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# Distance
(cm)

Spacing
(cm)

Strike

Station: CNC-S-1
NGR: NH 09404, 82462
Length: 14 m
Orientation: 150
Bedding: 

1 62.2 62.2 063 8 148.4 8.4 050 15 687.5 44.1 066
2 67.6 5.4 060 9 168.0 19.6 050 16 688.6 1.1 063
3 94.4 26.8 038 10 217.4 49.4 044 17 965.6 277.0 061
4 97.0 2.6 038 11 217.8 0.4 041 18 1212.4 246.8 062
5 111.8 14.8 050 12 357.6 139.8 060 19 1295.2 82.8 054
6 114.2 2.4 050 13 416.0 58.4 052 20 1344.0 48.8 060
7 140.0 25.8 045 14 643.4 227.4 064 21 1359.0 15.0 058

# Distance
(cm)

Spacing
(cm)

Strike

Station: LB-1
NGR: NH 08837, 82394
Length: 18 m
Orientation: 150
Bedding: 020/17E 

Lochan na Bradhan

1 127.6 127.6 046
2 169.4 41.8 052
3 226.0 56.6 056
4 267.0 41.0 042
5 287.0 20.0 038
6 318.4 31.4 052
7 332.8 14.4 043
8 344.0 11.2 046
9 391.0 47.0 044

10 411.0 20.0 062
11 460.0 49.0 070
12 486.2 26.2 040
13 510.0 23.8 050
14 517.0 7.0 046
15 539.0 22.0 045
16 542.0 3.0 070
17 543.6 1.6 072
18 571.0 27.4 055
19 590.0 19.0 046
20 599.0 9.0 048
21 629.0 30.0 051
22 637.0 8.0 051
23 647.0 10.0 051
24 654.0 7.0 044
25 654.4 0.4 040

26 677.0 22.6 049
27 692.2 15.2 050
28 700.0 7.8 078
29 715.6 15.6 050
30 717.8 2.2 050
31 720.0 2.2 050
32 725.2 5.2 050
33 737.0 11.8 050
34 755.0 18.0 050
35 763.0 8.0 075
36 770.0 7.0 069
37 772.0 2.0 049
38 775.0 3.0 060
39 779.4 4.4 060
40 785.0 5.6 046
41 790.0 5.0 046
42 793.0 3.0 038
43 798.5 5.5 054
44 833.2 34.7 042
45 851.0 17.8 046
46 859.0 8.0 046
47 892.0 33.0 054
48 902.0 10.0 049
49 906.0 4.0 050
50 920.0 14.0 069

51 962.0 42.0 062
52 964.0 2.0 066
53 965.0 1.0 066
54 1015.0 50.0 066
55 1018.5 3.5 073
56 1040.0 21.5 057
57 1061.0 21.0 053
58 1121.0 60.0 060
59 1127.0 6.0 060
60 1151.0 24.0 080
61 1153.5 2.5 075
62 1155.0 1.5 075
63 1203.0 48.0 045
64 1211.4 8.4 055
65 1212.2 0.8 055
66 1239.4 27.2 062
67 1244.0 4.6 065
68 1256.0 12.0 061
69 1262.0 6.0 061
70 1266.0 4.0 047
71 1275.0 9.0 055
72 1303.0 28.0 053
73 1305.5 2.5 053
74 1311.0 5.5 060
75 1350.0 39.0 056
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76 1369.2 19.2 056
77 1371.6 2.4 056
78 1387.8 16.2 060
79 1393.4 5.6 060
80 1410.0 16.6 059
81 1413.6 3.6 053
82 1427.4 13.8 062
83 1438.0 10.6 062
84 1440.2 2.2 050
85 1460.0 19.8 050
86 1471.6 11.6 062
87 1534.0 62.4 063
88 1541.0 7.0 052

89 1552.0 11.0 062
90 1561.0 9.0 066
91 1566.4 5.4 077
92 1568.0 1.6 077
93 1569.0 1.0 058
94 1588.0 19.0 046
95 1601.6 13.6 065
96 1616.4 14.8 075
97 1628.5 12.1 058
98 1650.0 21.5 050
99 1672.0 22.0 059

102 1704.0 13.0 066
103 1709.0 5.0 090
104 1723.0 14.0 080
105 1729.0 6.0 072
106 1735.0 6.0 067
107 1743.0 8.0 052
108 1753.0 10.0 069
109 1756.5 3.5 080
110 1771.0 14.5 076
111 1784.0 13.0 066
112 1788.0 4.0 074

100 1687.0 15.0 074
101 1691.0 4.0 085

# Distance
(cm)

Spacing
(cm)

Strike

Station: LB-2
NGR: NH 08889, 82472
Length: 3.5 m
Orientation: 150
Bedding: 020/17E
Fault Trace: 77/66N

1 2.4 2.4 080
2 6.4 4.0 080
3 7.5 1.1 076
4 22.5 15.0 071
5 24.0 1.5 068
6 25.0 1.0 068
7 30.0 5.0 070
8 30.5 0.5 073
9 31.0 0.5 069
10 41.5 10.5 085
11 64.2 22.7 060
12 72.1 7.9 047
13 77.4 5.3 069

14 77.9 0.5 069
15 90.0 12.1 069
16 97.8 7.8 055
17 99.0 1.2 064
18 104.7 5.7 074
19 105.0 0.3 074
20 106.0 1.0 069
21 135.1 29.1 068
22 154.0 18.9 068
23 157.7 3.7 065
24 160.4 2.7 065
25 161.2 0.8 065
26 178.8 17.6 056

27 208.1 29.3 065
28 215.1 7.0 066
29 242.6 27.5 067
30 253.0 10.4 064
31 266.0 13.0 078
32 290.5 24.5 068
33 302.5 12.0 077
34 304.1 1.6 065
35 305.0 0.9 066
36 341.0 36.0 064
37 348.0 7.0 063

345



# Distance
(cm)

Spacing
(cm)

Strike

Station: LB-3
NGR: NH 08876, 82467
Length: 1.5 m
Orientation: 150
Bedding: 030/15E
Fault Trace: na

1 8.0 8.0 74 9 52.0 2.9 62 17 141.0 16.0 85
2 14.5 6.5 76 10 59.9 7.9 66 18 143.0 2.0 65
3 15.5 1.0 58 11 79.5 19.6 69 19 143.5 0.5 65
4 18.4 2.9 58 12 88.5 9.0 72 20 144.0 0.5 75
5 34.1 15.7 43 13 98.7 10.2 50 21 145.5 1.5 65
6 38.0 3.9 54 14 117.0 18.3 59 22 146.0 0.5 65
7 38.3 0.3 46 15 123.5 6.5 50 23 148.0 2.0 63
8 49.1 10.8 55 16 125.0 1.5 48

# Distance
(cm)

Spacing
(cm)

Strike

Station: LB-4
NGR: NH 08817, 82461
Length: 5.0 m
Orientation: 150
Bedding: 027/18E
Fault Trace: na

1 27.2 27.2 050 20 181.8 4.2 065 39 300.0 9.0 063
2 29.8 2.6 053 21 183.4 1.6 064 40 308.0 8.0 060
3 31.0 1.2 057 22 184.0 0.6 067 41 318.0 10.0 060
4 34.8 3.8 053 23 185.4 1.4 068 42 325.0 7.0 057
5 35.0 0.2 053 24 188.8 3.4 074 43 335.0 10.0 060
6 35.4 0.4 053 25 191.0 2.2 064 44 347.2 12.2 040
7 74.0 38.6 048 26 200.4 9.4 070 45 403.6 56.4 060
8 74.8 0.8 055 27 201.0 0.6 075 46 408.0 4.4 057
9 79.0 4.2 060 28 212.2 11.2 060 47 410.8 2.8 055
10 81.9 2.9 060 29 226.0 13.8 045 48 411.8 1.0 055
11 86.0 4.1 065 30 238.6 12.6 045 49 420.6 8.8 055
12 102.2 16.2 051 31 244.0 5.4 053 50 422.4 1.8 065
13 145.2 43.0 064 32 250.0 6.0 035 51 425.6 3.2 055
14 167.5 22.3 070 33 251.8 1.8 058 52 427.0 1.4 055
15 173.2 5.7 076 34 258.0 6.2 065 53 428.0 1.0 057
16 175.0 1.8 063 35 260.0 2.0 055 54 430.8 2.8 055
17 175.8 0.8 078 36 270.0 10.0 054 55 449.6 18.8 045
18 176.8 1.0 074 37 273.0 3.0 050 56 497.0 47.4 050
19 177.6 0.8 076 38 291.0 18.0 065
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# Distance
(cm)

Spacing
(cm)

Strike

Station: BG-1
NGR: NH 09275, 81979
Length: 3.1 m
Orientation: 150
Bedding: 035/14E 

Bradhan Gap

1 121.2 121.2 065 4 290.8 73.9 058 7 311.0 0.8 061
2 139.8 18.6 058 5 308.4 17.6 061
3 216.9 77.1 064 6 310.2 1.8 061

# Distance
(cm)

Spacing
(cm)

Strike

Station: BG-2
NGR: NH 09261, 81968
Length: 4.6 m
Orientation: 150
Bedding: 029/15E 

1 8.0 8.0 068 17 123.9 6.9 067 33 311.0 1.0 058
2 9.0 1.0 068 18 126.6 2.7 066 34 337.4 26.4 065
3 12.0 3.0 062 19 128.6 2.0 066 35 337.8 0.4 062
4 19.0 7.0 065 20 137.0 8.4 065 36 341.6 3.8 060
5 37.8 18.8 060 21 178.4 41.4 048 37 342.0 0.4 052
6 45.1 7.3 060 22 182.0 3.6 050 38 351.0 9.0 072
7 54.9 9.8 059 23 212.0 30.0 072 39 356.0 5.0 077
8 59.2 4.3 068 24 220.8 8.8 066 40 358.0 2.0 072
9 60.0 0.8 068 25 256.0 35.2 068 41 390.0 32.0 075
10 60.2 0.2 068 26 259.0 3.0 072 42 396.6 6.6 068
11 61.0 0.8 068 27 270.0 11.0 060 43 400.0 3.4 052
12 71.0 10.0 058 28 273.0 3.0 050 44 415.0 15.0 050
13 80.0 9.0 058 29 289.8 16.8 054 45 450.0 35.0 057
14 111.0 31.0 066 30 290.0 0.2 059 46 453.6 3.6 057
15 116.0 5.0 066 31 307.0 17.0 050
16 117.0 1.0 050 32 310.0 3.0 058
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Appendix E-2  Parent Fracture, Wing Crack, and Kink Angle Orientations 

1 056 041 15
2 061 036 25
3 059 027 32
4 059 039 20
5 055 037 17
6 049 029 20
7 053 033 19
8 055 022 33
9 055 028 27

10 055 022 33
11 055 022 33
12 056 036 20
13 056 029 27
14 056 031 25
15 054 039 15
16 053 034 18
17 055 037 18
18 066 036 30
19 066 022 44
20 066 032 34
21 066 037 29
22 066 044 22
23 071 046 26
24 067 024 43
25 075 035 40
26 067 039 28
27 073 055 18
28 067 029 38
29 072 020 52
30 067 039 28
31 067 020 47
32 067 025 42
33 069 028 41
34 071 052 19
35 070 027 43
36 071 049 23
37 067 019 48
38 069 036 34
39 067 025 42
40 070 050 19
41 070 049 21
42 069 043 27
43 065 045 20
44 065 048 17
45 070 044 26
46 070 050 20

47 058 031 27
48 065 039 26
49 067 040 27
50 058 040 18
51 067 024 43
52 067 033 33
53 058 038 19
54 072 025 47
55 072 038 34
56 072 025 47
57 072 025 47
58 071 039 31
59 071 044 27
60 072 020 52
61 072 037 35
62 072 033 39
63 072 025 47
64 061 040 21
65 061 051 10
66 064 034 30
67 061 041 21
68 061 031 30
69 061 036 25
70 063 038 26
71 061 040 21
72 070 046 24
73 070 037 33
74 069 021 49
75 066 020 46
76 069 039 30
77 069 036 33
78 069 037 33
79 069 038 31
80 069 034 35
81 068 027 41
82 049 028 21
83 068 039 29
84 068 038 29
85 068 042 26
86 068 028 39
87 066 024 42
88 068 031 36
89 062 033 29
90 062 030 32
91 062 033 29
92 068 026 42

93 065 031 34
94 065 030 35
95 061 019 42
96 065 033 32
97 065 026 39
98 065 029 36
99 065 028 37

100 055 015 40
101 052 012 39
102 052 029 23
103 060 037 24
104 062 022 40
105 060 033 27
106 065 095 30
107 067 016 51
108 067 009 58
109 048 027 21
110 048 017 31
111 048 015 33
112 048 022 26
113 054 023 31
114 053 017 36
115 048 004 45
116 060 012 49
117 055 010 45
118 055 022 33
119 055 012 43
120 055 026 29
121 055 015 40
122 049 022 27
123 049 010 39
124 056 026 30
125 056 012 45
126 056 004 52
127 056 015 42
128 059 037 22
129 069 027 42
130 069 032 37
131 069 024 45
132 069 024 45
133 069 007 62
134 069 023 46
135 074 038 36
136 074 029 45
137 071 019 52
138 071 047 23

# SET C WC KA # SET C WC KA # SET C WC KA

348



# SET C WC KA # SET C WC KA # SET C WC KA
139 071 038 33
140 071 021 50
141 065 032 33
142 071 040 32
143 071 054 17
144 074 014 60
145 074 056 18
146 074 040 35
147 074 033 41
148 074 022 52
149 073 037 37
150 074 031 43
151 070 044 27
152 074 038 36
153 070 035 35
154 070 023 46
155 067 018 49
156 072 050 22
157 074 046 28
158 070 019 51
159 067 037 30
160 070 018 52
161 066 047 19
162 067 032 35
163 067 031 36
164 067 026 41
165 067 029 38
166 067 025 42
167 067 038 29
168 068 021 47
169 066 046 20
170 066 027 39
171 066 028 38
172 065 031 35
173 071 049 22
174 066 043 23
175 067 042 25
176 073 044 30
177 067 029 38
178 067 024 43
179 067 035 32
180 067 032 35
181 067 037 30
182 067 029 39
183 067 022 46
184 044 025 19

185 064 035 29
186 061 024 37
187 064 019 44
188 071 016 55
189 063 040 23
190 063 034 29
191 063 026 37
192 068 016 52
193 061 017 44
194 064 015 48
195 063 032 31
196 060 017 43
197 061 016 44
198 062 039 23
199 061 019 41
200 061 033 27
201 058 033 25
202 068 022 46
203 063 026 37
204 063 018 45
205 068 021 47
206 063 034 30
207 063 028 35
208 062 032 30
209 062 039 24
210 046 042 4
211 061 045 16
212 064 038 26
213 061 040 21
214 066 029 37
215 061 012 48
216 065 023 42
217 061 020 41
218 066 024 41
219 066 018 48
220 064 020 44
221 064 040 23
222 069 027 43
223 050 025 25
224 053 030 23
225 062 035 27
226 069 029 40
227 057 024 33
228 067 026 40
229 063 042 21
230 065 029 36

231 065 030 36
232 062 038 24
233 067 188 8
234 065 031 34
235 065 188 7
236 065 023 43
237 065 031 35
238 065 025 40
239 064 025 40
240 065 028 37
241 065 037 29
242 065 028 37
243 065 025 41
244 064 039 25
245 065 027 38
246 062 020 43
247 057 029 28
248 065 027 38
249 065 053 12
250 065 062 2
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1 1.52 13.19 8.68
2 7.986 1.595 0.20
3 11.06 6.013 0.54
4 11.06 1.524 0.14
5 5.448 1.595 0.29
6 2.539 4.197 1.65
7 10.157 2.539 0.25
8 13.243 3.356 0.25
9 13.243 3.039 0.23

10 13.243 2.753 0.21
11 13.243 1.908 0.14
12 12.879 1.943 0.15
13 12.879 3.703 0.29
14 12.879 2.45 0.19
15 1.469 2.335 1.59
16 10.157 1.345 0.13
17 13.243 4.232 0.32
18 3.212 0.423 0.13
19 5.387 1.523 0.28
20 5.387 3.34 0.62
21 3.212 1.865 0.58
22 3.212 1.994 0.62
23 0.759 0.726 0.96
24 6.197 1.06 0.17
25 0.534 0.745 1.40
26 0.911 3.216 3.53
27 10.951 8.142 0.74
28 6.197 1.179 0.19
29 0.594 0.287 0.48
30 7.525 2.117 0.28
31 7.525 0.961 0.13
32 7.525 1.078 0.14
33 14.927 1.307 0.09
34 4.979 2.136 0.43
35 4.63 0.668 0.14
36 4.979 5.117 1.03
37 7.525 0.791 0.11
38 1.383 1.434 1.04
39 7.525 1.047 0.14
40 2.999 1.542 0.51
41 2.999 1.199 0.40
42 14.927 0.464 0.03
43 5.057 2.241 0.44
44 5.057 5.222 1.03
45 2.999 0.597 0.20

46 2.999 3.465 1.16
47 14.61 2.251 0.15
48 5.057 0.611 0.12
49 19.021 0.95 0.05
50 9.594 1.178 0.12
51 19.021 0.458 0.02
52 19.021 0.984 0.05
53 9.594 1.717 0.18
54 3.86 1.487 0.39
55 3.86 1.936 0.50
56 3.86 2.1 0.54
57 3.86 1.991 0.52
58 9.355 0.843 0.09
59 9.355 0.393 0.04
60 3.86 0.324 0.08
61 3.86 0.377 0.10
62 3.86 0.601 0.16
63 3.86 0.443 0.11
64 4.427 0.792 0.18
65 4.427 0.688 0.16
66 12.597 2.846 0.23
67 4.427 0.671 0.15
68 4.427 0.495 0.11
69 4.427 2.285 0.52
70 14.283 1.382 0.10
71 4.427 3.663 0.83
72 11.908 3.117 0.26
73 11.908 2.485 0.21
74 2.954 0.377 0.13
75 11.733 1.874 0.16
76 2.954 0.81 0.27
77 2.954 1.796 0.61
78 2.954 1.094 0.37
79 2.954 0.838 0.28
80 2.954 0.4 0.14
81 9.901 2.483 0.25
82 1.664 0.969 0.58
83 9.901 2.718 0.27
84 9.901 1.354 0.14
85 9.901 0.789 0.08
86 9.901 1.796 0.18
87 1.672 2.166 1.30
88 9.901 1.328 0.13
89 8.568 4.167 0.49
90 8.568 3.543 0.41

Appendix E-3  Parent Fracture  and Wing Crack Lengths

#
Parent

length (cm)
Wing Crack
length (cm) WCL/PFL #

Parent
length (cm)

Wing Crack
length (cm) WCL/PFL
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#
Parent

length (cm)
Wing Crack
length (cm) WCL/PFL #

Parent
length (cm)

Wing Crack
length (cm) WCL/PFL

91 8.568 0.849 0.10
92 9.901 1.091 0.11
93 14.489 1.757 0.12
94 14.489 1.921 0.13
95 4.107 0.515 0.13
96 14.489 2.582 0.18
97 14.489 2.493 0.17
98 14.489 1.508 0.10
99 14.489 1.855 0.13

100 6.864 0.899 0.13
101 8.488 2.42 0.29
102 8.488 3.023 0.36
103 6.944 2.455 0.35
104 8.568 2.706 0.32
105 6.944 2.357 0.34
106 14.489 0.024 0.00
107 1.822 0.505 0.28
108 1.822 0.475 0.26
109 12.071 5.262 0.44
110 12.071 6.956 0.58
111 12.071 8.249 0.68
112 12.071 1.256 0.10
113 23.629 1.361 0.06
114 16.165 5.348 0.33
115 12.071 2.185 0.18
116 0.813 1.402 1.72
117 15.091 3.346 0.22
118 15.091 4.509 0.30
119 15.091 2.723 0.18
120 15.091 2.474 0.16
121 15.091 3.212 0.21
122 4.275 2.626 0.61
123 4.275 2.113 0.49
124 19.872 4.308 0.22
125 19.872 2.491 0.13
126 19.872 1.997 0.10
127 19.872 2.489 0.13
128 2.395 1.611 0.67
129 6.667 0.572 0.09
130 5.569 0.892 0.16
131 6.667 1.504 0.23
132 6.667 1.83 0.27
133 6.667 0.528 0.08
134 6.667 2.056 0.31
135 1.513 0.872 0.58
136 1.513 0.436 0.29
137 3.551 0.544 0.15

138 3.551 0.368 0.10
139 4.624 0.845 0.18
140 4.624 0.427 0.09
141 8.342 3.045 0.37
142 4.624 0.895 0.19
143 4.624 1.323 0.29
144 4.805 0.149 0.03
145 10.002 0.259 0.03
146 10.002 4.059 0.41
147 10.002 2.829 0.28
148 4.805 0.15 0.03
149 0.367 2.401 6.54
150 4.805 0.143 0.03
151 8.426 3.255 0.39
152 10.002 2.736 0.27
153 0.815 0.36 0.44
154 0.569 0.306 0.54
155 0.567 0.222 0.39
156 2.512 0.317 0.13
157 10.002 0.471 0.05
158 8.426 2.053 0.24
159 4.862 1.017 0.21
160 8.426 0.959 0.11
161 4.967 4.197 0.84
162 4.862 1.627 0.33
163 4.862 1.145 0.24
164 4.862 0.999 0.21
165 4.862 2.302 0.47
166 4.862 0.38 0.08
167 4.862 3.264 0.67
168 2.529 0.805 0.32
169 4.967 0.333 0.07
170 4.967 2.319 0.47
171 4.967 1.36 0.27
172 16.174 2.466 0.15
173 7.421 2.882 0.39
174 4.512 1.469 0.33
175 1.399 1.102 0.79
176 6.038 1.704 0.28
177 10.224 1.048 0.10
178 10.224 0.793 0.08
179 10.224 1.154 0.11
180 10.224 1.083 0.11
181 10.224 1.877 0.18
182 2.834 0.372 0.13
183 2.834 0.336 0.12
184 1.188 0.959 0.81
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#
Parent

length (cm)
Wing Crack
length (cm) WCL/PFL #

Parent
length (cm)

Wing Crack
length (cm) WCL/PFL

185 11.121 1.225 0.11
186 19.966 4.943 0.25
187 11.121 1.3 0.12
188 5.015 0.672 0.13
189 4.381 1.619 0.37
190 4.381 1.38 0.31
191 14.501 2.424 0.17
192 4.399 0.952 0.22
193 19.966 0.795 0.04
194 11.121 1.236 0.11
195 4.381 1.39 0.32
196 4.055 0.56 0.14
197 19.966 0.677 0.03
198 8.139 1.189 0.15
199 19.966 0.751 0.04
200 32.327 1.21 0.04
201 15.039 5.794 0.39
202 4.358 0.611 0.14
203 14.501 4.139 0.29
204 1.207 1.442 1.19
205 4.358 0.616 0.14
206 4.381 3.896 0.89
207 14.501 2.974 0.21
208 20.892 2.871 0.14
209 20.892 2.012 0.10
210 9.755 1.376 0.14
211 1.897 1.211 0.64
212 16.834 2.536 0.15
213 1.897 1.25 0.66
214 4.512 1.224 0.27
215 1.897 0.597 0.31
216 4.512 1.393 0.31
217 1.897 0.731 0.39
218 4.512 0.729 0.16
219 1.589 6.583 4.14
220 16.834 2.503 0.15
221 11.121 1.248 0.11
222 10.106 1.673 0.17
223 2.087 4.956 2.37
224 6.793 5.837 0.86
225 32.327 1.969 0.06
226 10.106 2.464 0.24
227 2.715 0.626 0.23
228 8.414 2.877 0.34
229 14.501 2.492 0.17
230 2.897 0.941 0.32
231 9.636 2.907 0.30

232 32.327 1.234 0.04
233 8.414 2.128 0.25
234 9.636 3.907 0.41
235 9.636 0.433 0.04
236 9.636 2.225 0.23
237 9.636 2.597 0.27
238 9.636 1.726 0.18
239 16.834 2.299 0.14
240 9.636 2.073 0.22
241 9.636 2.237 0.23
242 9.636 1.04 0.11
243 9.636 1.203 0.12
244 16.834 2.599 0.15
245 9.636 1.647 0.17
246 7.822 1.742 0.22
247 14.901 2.828 0.19
248 9.718 3.054 0.31
249 9.718 3.016 0.31
250 9.718 2.395 0.25
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APPENDIX F: REVIEW OF DEFOMRATION MECHANISMS 
ACCOMODATING FAULTING IN QUARTZITE 

Lloyd and Knipe (1992) outline the complex interrelationship between the various 

deformation mechanisms that accommodate and promote fracture development and fault 

evolution in quartzite.  Their research highlights the importance of considering both 

fracture mechanics (the key material parameters controlling fracture development) and 

damage mechanics (stages of fracture evolution and interaction) in the investigation of 

fault zone evolution in the Eriboll Formation.  The development of faults in the upper 

crust (< 15 km) can be broadly defined by three deformational mechanism categories: 

fracturing, diffusive mass transfer (DMT), and low-temperature intracrystalline plasticity 

(Lloyd and Knipe, 1992).   

The mechanisms that facilitate fracturing of quartz at low-temperatures (< 0.3 

melting temperature (Tm)) are affected by confining pressure, chemical equilibrium, 

effective stress, temperature, preexisting flaws, residual strain, and internal strain.  Below 

I briefly describe the deformational mechanisms that control fracture development in 

quartz-rich material: ideal strength fracture, dynamic fracture, intragranular cleavage 

fracture, brittle intergranular fracture, low-temperature ductile fracture, and subcritical 

fracture propagation (Lloyd and Knipe, 1992).  Ghandi and Ashby (1979) present other 

recognized fracture mechanisms including intergranular creep, transgranular creep, and 

rupture.  However, these deformation mechanisms are generally associated with 

temperatures greater than those encountered in the brittle upper crust (> 0.3 Tm) and 

therefore will not be reviewed.   

The first mechanism considered in fracturing of quartz is ideal strength fracture.  

This occurs when the stress needed to break atomic bonds in an ideal crystal is achieved.  
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However, this condition is unlikely to develop in nature due to crystal imperfections and 

micro-flaws.  Dynamic fracture of quartz occurs under large applied stresses and is 

driven by the propagation of elastic waves.  Intragranular cleavage fractures develop 

when a cleavage planes resistance to plastic shear is greater than its cohesive strength. 

Brittle intergranular fracturing preferentially develops along grain boundaries and is 

controlled by grain boundary strength.  Grain boundary imperfections such as inclusions 

and voids can act as fracture nucleation sites in volumes of low porosity rocks. Low-

temperature ductile fracturing, develops when more than 10 percent crystal plasticity 

precedes fracturing.    

The deformation mechanisms described above, particularly intragranular cleavage 

fracture and brittle intergranular fracture, assume that fractures propagate (stably or 

unstably) at a critical value.  However, such parameters fail to adequately describe 

fracture growth during prolonged loading histories, commonly experienced in the upper 

crust.  Instead, fracture propagation under protracted conditions can be best described by 

the time-dependent phenomenon known as subcritical fracture propagation.  Subcritical 

fracture propagation is a deformation mechanism in which fractures propagate fracturing 

at stresses below critical values (i.e. Kc).  A review of subcritical fracture growth is 

provided in Chapter 4.  Subcritical fracture growth involves a host of processes including 

ion-exchange, diffusion, dissolution, and microplasticity, all of which promote episodic 

fracture extension into a process zone (damage zone) that precede the propagating 

fracture tip.  Furthermore, subcritical fracture propagation may promote crack-healing.  

With this said, subcritical fracture growth is related to, and dependent upon, a range of 

deformation processes, specifically diffusive mass transfer and intracrystalline plasticity 

(Lloyd and Knipe, 1992). 
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Diffusive mass transfer (DMT), a diagenetic process that promotes cementation 

and compaction, plays an important role in low-temperature deformation (Lloyd and 

Knipe, 1992, and references therein).  DMT is a particularly influential in low-

temperature deformation of fine-grained rocks, in which diffusion paths are relatively 

short and differential stresses are low enough to inhibit crystal plastic deformation.  

Cementation is a microstructural strengthening process that facilitates strain hardening.  

Although fracturing commonly acts as a weakening process, DMT deformation can result 

in localized strengthened zones (Lloyd and Knipe, 1992).  DMT is dependent upon 

chemical potential gradients (dictated by stress variations), fluid pressure gradients, and 

internal strain energies of individual parent grains. DMT deformation depends upon the 

composition of the source solution, migration of the material along a mass transfer path, 

and the precipitation of the material at a nucleation site. 

Intracrystalline plasticity mechanisms are usually associated with high-

temperature deformation, in which strain is accommodated by sliding along dislocations 

(Tullis and Yund, 1980).  However, slow strain rates (geologic time scales, millions of 

years) can induce slip along dislocations allowing intracrystalline plastic deformation 

mechanisms to act at lower temperatures.  Dislocation slip occurs when resistance 

produced by the crystal lattice and/or other obstacles (impurities, solute, and precipitates) 

is overcome.   
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APPENDIX G: FAULT ZONE ARCHITECTURE  

Faults in the brittle upper crust (less than 15 km depth) can be defined by four 

primary components: protolith, damage zone, fault core, and process zone (Caine et al., 

1996; Brosch and Kurz, 2008) (Figure G1).  The protolith (also referred to as the county-, 

host-, or parent-rock) is the volume of rock bounding the fault and fault-related 

structures.  Generally, the protolith is less deformed and in the case of some tight-gas 

sandstones (which may have very low country-rock porosity) can have considerably 

lower porosity and permeability than the fault zone.  Faults generally display a gradual 

transition from the protolith to the damage zone.  The damage zone is composed of a 

network of minor, fault-related structures that develop in response to fault formation and 

propagation.  Damage zones have been interpreted to form during fault initiation and 

propagation through the interaction of fault linkages (Caine et al., 1996; Cook et al., 

2006; Brosch and Kurz, 2008).  The minor structures in the damage zone include 

subsidiary faults, open fractures, veins, and folds.  Together, these structures can produce 

fault zone heterogeneities and anisotropy in permeability and elastic properties.  Damage 

zone width may be related to the size of the fault, country rock composition, and/or the 

number of deformational events along a particular fault as well as other factors (Caine et 

al., 1996; Cook et al., 2006; Brosch and Kurz, 2008). Located within the damage zone, 

the process zone is defined as the structures that develop as a result of fault tip 

propagation (Vermilye and Scholz, 1998; Brosch and Kurz, 2008).  The fault core is 

defined as the structural, lithological, and morphological region of the fault in which 

shearing, fragmentation, particle rotation, and grain size reduction is localized.  This zone 

is characterized by fault breccia, fault gouge, cataclasite, and mylonite (Caine et al., 

1996; Brosch and Kurz, 2008).  
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Figure G.1.  Fault zone architecture.  Schematic diagram showing the parts 
 of a fault zone.  Adapted from Caine et al. (1996). 

Protolith

Damage zone

Fault core

Process Zone
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APPENDIX H: SILICI-KARST LITERATURE REVIEW 

DISSOLUTION OF QUARTZ 

Pure silica naturally occurs in eight forms; however the most common are quartz, 

tridymite, and cristobalite.  Silica p olymorphs exhibit a wide range of s olubilities.  This 

enormous variability in solubility makes silica unique, and therefore when discussing the 

solubility o f silica it is im perative to distinguish between the various polym orphs 

(Krauskopf, 1956; Siever, 1962). However, in th e study of sedim entary rocks, ordinary 

quartz, opal-A, and amorphous silica are the only species of interest (Siever, 1962; Wray, 

1997b).   In m y study, ordinary quartz is c onsidered. The degree to w hich the various 

silica polymorphs are naturally soluble in water is largely controlled by four main factors: 

(1) silica state (crystalline versus amorphous),  (2) solution pH, (3) pr esences of other 

reactive species, and (4) tem perature (S iever, 1962; Yariv and Cross, 1979; W ray, 

1997b).  E xperimental studies sh ow that in  nature the equilibriu m solubilities of 

amorphous silica and quartz are much lower th an, for example, m ost lim estones.  At 

earth-surface tem peratures, the solubility  of amorphous silica is  between 100 and 140 

mg/l, while ordinary quartz is between 6 and 14 mg/l (Krauskopf, 1956; Yariv and Cross, 

1979; Wray, 1997a).  

Although the solubility of quartz is low and is not favorable for chem ical 

weathering in m ost environm ents, certain environmental conditions can affect and 

enhance quartz dissolution.  Benne t et al. (1991) showed that peat bogs in the Lost River 

peatland in northern Minnesota promote quartz dissolution.  Their evid ence of chem ical 

weathering and quartz dissolution was found in a number of heavily etched quartz grains, 

some of which displayed “honeycomb” text ures.  Their study shows that quartz and 

aluminosilicate minerals dissolve more rapidly in organic-rich, anoxic environments.    

358



 

Briceño et al., 1990 studied the geochemistry of peat bogs in the table-mountains on the 

Chimantá Massif in Venezuela, and found that the silici-karst formation as a result of 

chemical weathering of quartzose sandstone was primarily by the dissolution of siliceous 

cement, and the subsequent liberation of quartz grains.  These findings suggest that in 

some organic-rich environments, the dissolution rate of quartz may be higher than 

expected. 

KARST TERMINOLOGY 

There are inherent terminological difficulties associated with what exactly 

constitutes karst (Twidale, 1984; Wray, 1997a).  A number of karst definitions are limited 

and lithologically- and/or morphologically-dependent (e.g Dreybrodt, 1988; Ford and 

Williams, 1989; Self and Mullan, 1996).  Over the past few decades, several broader, 

process-based definitions (not restricted by landscape morphology or lithology) have 

been proposed.  Sweeting (1972) argued that the sinking and circulation of water 

underground is the fundamental process of karstification, and therefore true karst 

landforms are largely the result of one erosive process, dissolution.  Grimes (1975) stated 

that true karst could occur in lithologies other than limestone, provided dissolution was 

the predominant process.  Gams (1989) reported that the processes controlling landscape 

morphology can include non-karst processes and is not restricted to dissolution, although 

it is the most intensive geomorphic process.  According to Ford (1980) and Jennings 

(1983), dissolution is a critical precursor or “trigger” to the development of karst, and is a 

significant factor in the preparation of the rock for karstification.  Although it is not 

necessarily the dominant process, it plays a more important role in the formation of 

karstified landscapes than in other kinds of landscapes.  
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SILICI-KARST  

The definitions presented above suggest that more than chemical weathering 

(dissolution) is required for the development of silici-karst.  Previous studies show that 

there are a variety of chemical and physical processes involved in the development of 

limestone karst landscapes (Jennings, 1985; Ford and Williams, 1989).  Similarly, Silici-

karst development cannot be achieved solely through dissolution and involves a variety 

of chemical and physical processes; however, unlike common sandstone weathering, 

dissolution is a critical factor.  Although it is a critical factor, dissolution only removes a 

small portion of the bulk rock mass, approximately 10 to 20 percent (Martini, 1981; 

Jennings, 1983).  Prolonged periods of arenisation produce mechanically incoherent rock 

that is highly susceptible to physical erosion.  Unlike limestone carbonation, which leaves 

very little residual material, the dissolution of silica yields large volumes of residual silica 

that must be physically removed, therefore silici-karst formation requires an abundance 

of circulating water (preferably under vadose conditions) (Jennings, 1983; Wray, 1997a). 

The bulk removal of residual silica is strongly dependent upon the rate and 

volume of through-going water: higher water throughput results in higher rates of silica 

removal.  In the case of high water throughput, silica remains mobile and can be 

transported to stream systems, and is therefore subsequently removed from the area.  For 

low flushing rates, silica is not removed as efficiently and therefore may be 

reincorporated in the area as neoformation clays (Young and Young, 1992; Wray, 

1997a).  Throughput flushing is only capable of accelerating dissolution to a still poorly 

constrained limiting rate, beyond which dissolution is controlled by mineral reactivity.  

Therefore additional through-going water has little to no effect, and constant increases in 

throughput water volumes will no result in a constant increase in silica dissolution 

(Bemer, 1978; Wray, 1997a). 
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Other critical factors include reaction kinetics and thermodynamics (Wray, 

1997a).  According to Martini (1979; 1981), the reaction rate is as important as the 

overall solubility.  He noted that faster reaction rates limit the distance to which a 

solution penetrates a volume of rock before saturation.  This results in near-surface 

arenisation and an overall surface lowering, instead of deep karstification.  In the case of 

slower reaction rates, slowly circulating water can remain undersaturated and chemically 

aggressive over greater distances, allowing it to penetrate further in to the rock mass, 

potentially leading to fracture widening without surface lowering.  Furthermore, even 

slower reaction rates facilitate crystal boundary dissolution with deep weathering of the 

rock mass.  Crystal boundary voids are narrow and the rate at which water circulates 

through these zones is reduced.  Therefore, reaction kinetics must also be slow or else 

saturation will achieved over a short distance.  According to Martini (1981) silici-karst 

would be more common if silica dissolution rates were slower still, without changing 

bulk solubility (Wray, 1997a). 

DOCUMENTED SILICI-KARST LANDSCAPES 

Over the last forty years a number of dissolutional landforms have been 

documented in quartzite and quartzose sandstones over a wide range of scales, and the 

formation of karst structures in quartz-rich sandstones is becoming increasingly difficult 

to ignore.  Unfortunately reports of silici-karst are widely scattered throughout the 

geological and geomorphological literature.  Wray (1997b) addresses this issue by 

providing a comprehensive world-wide review of dissolutional features in quartzose 

rocks.   

The most detailed research on silici-karst landscapes have been in present-day 

tropical regions, or regions believed to have been at tropical latitudes in the geologic past, 

that are characterized by low relief and rainy, war,, temperate to humid tropical climates.  
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Silici-karst landforms have been documented in the quartzitic mesas the Roraima in 

southeastern Venezuela (White et al., 1966; Urbani and Szczerban, 1974; Chalcraft and 

Pye, 1984; George, 1989; Briceño and Schubert, 1990), Minas Gerais in southeastern 

Brazil (Correa Neto, 2000), in the Arnhem Land and Kimberly regions of northern 

Australia (Jennings, 1979; Young, 1987), and in the quartz sandstones of central and 

southern Africa (Mainguet, 1972; Martini, 1979; Aucamp and Swart, 1991). 

The concentration of studies in tropical regions, coupled with long standing 

conventional wisdom of the insolubility of quartz has led to the belief that tropical 

conditions are required for the dissolution of quartz formation of silici-karst.  However, 

recent studies have documented silici-karst in temperate and sup-polar latitudes, in 

regions where there is no evidence of prior tropical climactic conditions.  These findings 

suggest that the requirement of tropical conditions for the formation of silici-karst is no 

longer credible (Wray, 1997b).  In addition to the silici-karst landforms documented in 

the tropical Arnhem Land, evidence of quartz dissolution is also apparent in semi-arid 

regions of Australia, including the Lower Murchison Valley in Western Australia and the 

Sydney region in southeastern Australia (Young, 1986; Wray, 1995).  Ford and Williams 

(1989) documented grikelands developed in sandstones in Australian mountain ranges, 

United States deserts, and the sandstones along the crestlines of the subpolar periglacial 

Mackenzie Mountains in Canada.  Silica speleothems have been documented in 

Cornwall, England (Evans, 1964) and in the Pennsylvanian Lee Formation in Virginia 

(Porter, 1979).  
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APPENDIX I: STRUCTURES OF THE MOINE THRUST ZONE  

The Moine Thrust Zone (MTZ) is co mposed of severa l m ajor low- angle thrus t 

planes, steeper imbricate thrusts, and thrust-bound nappes.  The structures are associated 

with low-grade metamorphism and folding.  Th e zone directly bene ath the Moine Thrust 

was term ed the ‘zone of com plication’ by Peach et al. ( 1907) and is com posed of a  

number of s tacked thrust-bound nappes and thrust  faults.  The width of this zone varies 

from 0 to 11 km  and contains Lewisian Gneiss, Torridonian Sandstone, and Cam bro-

Ordovician sediments (McClay and Coward, 1981;  Strachan et al., 2002). From  north to 

south, the major thrus t units in th e MTZ ar e: the Arnaboll Nappe, the Glencoul N appe, 

the Ben More Nappe, the Kinlochewe Nappe -Kishorn Nappe, the Tarskavaig Nappe, and 

the Moine nappe (McClay and Coward, 1981).  Below I briefly describe these m ajor 

structures. 

THE ARNABOLL NAPPE 

The Arnaboll Nappe is  located on  the eas tern side of Loch Eriboll.  Here, 

Lewisian basement and its Cambrian cover are thrust over a wide imbricated sequence of 

Cambrian sedim ents.  South of Loch Erib oll, the MTZ dissec ts th e Arnaboll thrust, 

positioning it dir ectly on top of  the im bricated Cam brian sedim ents (McClay  and 

Coward, 1981). 

THE GLENCOUL NAPPE 

The Glencoul Nappe can be  traced from  north of Glen Dhu to Inchnadam ph, 

where it terminates in the overturned lim b of a recumbent fold in the Eriboll Form ation. 

The Glenco ul Nappe transports  a thi ck ( at l east 500 m at  Glencoul) slice of Lewisian  

Gneiss and its cover of Cambrian sediments (Bailey, 1934; McClay and Coward, 1981). 
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THE BEN MORE NAPPE 

Within the Ben More Nappe, the Ben More Thrust can be traced from south of the 

stack of Glencoul to west of Ben More, Ass ynt.  South of the stack of G lencoul, the Ben 

More Thrust is offset by a strike slip fau lt within the Glencoul Nappe.  The Ben More 

Thrust contains Lewisian basement and a Torridonian Sandstone and Cambrian sedim ent 

cover.  Klippes of the Ben More Thrust ar e present to the west of Ben More, A ssynt, 

transporting Lewisian basem ent, the Torri donian, and Ca mbrian rocks over im bricated 

Cambrian sedim ents.  In southern Assynt , the  Moine Thr ust over rides the Ben More  

Thrust, resting it directly over the foreland rocks (McClay and Coward, 1981). 

THE KINLOCHEWE-KISHORN NAPPE 

The Kinlochewe Thrust transpo rts the Lewisian basement with a folded cover of 

Torridonian and Ca mbrian sedim ents over Lower Ca mbrian rocks.  To the south, the 

Moine Thrust overlaps onto the foreland.  A si milar thrust (the Kishorn Thrust) emerges 

from beneath the Moine Thrust near Loch Carron.  Im bricated Cambrian sediments are 

present beneath the Kinlochewe Thrust at Kinlochewe and at  Ord on the Isle of Skye 

(McClay and Coward, 1981). 

THE TARSKAVAIG NAPPE 

The Tarskavaig Thrust transports a p ackage of heavily defor med sedim ents 

(referred to  as the  Tar skavaig Mo ines) ov er the folded Torridonian sedim ents of the 

Kishorn Nappe.  Klippes of the Tarskavaig Nappe crop out in southern Skye (McClay 

and Coward, 1981). 

THE MOINE NAPPE 

The Moine Thrust is easternm ost thrust plane in the “zone of com plication.”  It 

transports Moine m ylonites and psamm ites over the thr ust zone.  W ithin the Moine  

Nappe, highly tectonized slices  of Lewisian b asement are mo st likely the result of  early 
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(pre-Caledonian) deform ation of the Mo ine m etasediments an d tectonic slide-bound 

Caledonian thrust slices (McClay and Coward, 1981). 
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APPENDIX J: THE MOINE SUPERGROUP 

The Moine Supergroup is interpreted to have been deposited and deformed in an 

intracratonic setting associated with a failed rift stage early on in the breakup of the 

Rodinia supercontinent (Cawood, et al., 2007b). Source sediments were deposited in 

extensional half-grabens, under shallow marine conditions as predominately arenaceous 

and argillaceous sands, silts, and muds, with lesser calcareous and dolomitic constituents 

(Johnstone and Mykura, 1989; Strachan et al., 2002; Trewin and Rollin, 2002).  

Polyphase metamorphism of the Moine Supergroup is the result of three main orogenic 

events beginning with the Knoydartian (c. 820-870 Ma). The Knoydartian event is 

associated with pegmatite intrusions and amphibolite-facies metamorphism.  Pressure and 

temperature conditions during the Knoydartian, 700 C and 14k bar, are indicative of 

crustal thickening.  Further metamorphism occurred during the Middle Ordovician 

Grampian orogenic event.  The Silurian Scandian event is the final orogenic event to 

affect the Moine Supergroup.  The formation of thick mylonites (hundreds of meters) 

indicates thrusting under high-grade metamorphic conditions (Trewin and Rollins, 2002).  

The Moine Supergroup is divided into three major tectono-stratigraphic units: 

Morar Division, Glenfinnan Division, and Loch Eil Division (Figure J1) (Johnstone et al., 

1969).  The three groups are differentiated based on varying proportions of sand, mud, 

pelites and psammites (Trewin and Rollin, 2002).  The Morar Division is predominately 

composed of major psammite and pelite units.  Basal pelites of the Morar Division 

contain tectonic mélanges of Moine semipelites and retrogressed Lewisian basement 

rock.  The upright, N-S trending Morar antiform structurally dominates the Division.  The 

Glenfinnan Division includes thick pelitic units with interbanded semipelites, pelites, 

psammites, and quartzites.  The Division also contains distinctive lenses of garnet-
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bearing amphibolites and calcareous-silicates.  Folds with NNE-SSW axial planes 

dominate the Glenfinnan Division.  The predominately quartzose psammitic Loch Eil 

Division contains laterally discontinuous, minor bands of semipelitic to pelitic schists 

with local calcareous-silicate lenses.  The Loch Eil Division is structurally characterized 

by heterogeneous deformation where initially recumbent folds have been refolded by 

later open, upright folds (Allison et al., 1988; Johnstone and Mykura, 1989; Strachan et 

al., 2002).  Rocks of the Moine Supergroup to the east of this field area are in the Morar 

Division. 
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Figure J.1.  Simplified map showing the distribution of the Moine Super Group 
 in the Northwest Highlands.  Field area identified by red box.  Adapted from 
 Johnstone (1975) and Barr et al. (1986).
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APPENDIX K Eriboll Sample Catalog  

PH-FltN3-2008 NH 10340, 84905 1
PH-FltN2-2008 NH 10324, 84788 2
PH-FltN1-2008 NH 10320, 84701 3
P-2008-1 NH 10470, 84289 4
P-2008-2 NH 10470, 84289 5

Lochan na Bradhan

CH-1-84818 NH 11266, 84818 6

GC-08-1 NH 10907, 84338 7

Gleann Chaorachain Jeep Trail
GC-B-1-84202 NH 10918, 84202 8

PH-FltS1-2008 NH 09922, 83853 9

PH-22-2008 NH 09876, 83499 10
PH-CNC-West-2008-2 NH 09384, 82638 11
PH-CNC-West-2008-1 NH 09299, 82615 12

V-1-2008 NH 09784, 82384 13
V-2-2008 NH 09784, 82384 14

BR-08-1 NH 09384, 82199 15
04-1-82059 NH 09410, 82059 16
BR-82017 NH 09000, 82017 17
C-sl-82014 NH 09300, 82017 18
BG-FR-09 NH 09192, 81968 19
D-sl-81863 NH 08793, 81863 20
P-sl-81836 NH 09300, 81836 21
A-sl-81769 NH 08900, 81769 22
M-sl-81742 NH 08876, 81472 23

PH-2008-L. Fada NH 06920, 04100

Locality and Sample Name NGR Map # Sample Type

fault rock
fault rock
fault rock

mafic dyke 
dyke wall rock

(Pipe Rock Mbr.)

fault rock
fault rock
fault rock

fault rock

fault rock

Basal Quartzite vug

Basal Quartizte vug

Pipe Rock- pt. count
Flt rock- clast analysis

Pipe Rock Mbr.

Pipe Rock Mbr.

fault rock

fault rock

Basal Quartzite Mbr.

Pipe Rock Mbr.

Corrie Hallie dipslope

Allt Gleann Chaorachain

Gleann Chaorachain dipslope

Carn nà Canaich Dipslope

Bradhan Gap

Lochan Fada

Corrie Hallie Sheepfold

Pipe Rock Mbr.

Basal Quartzite Mbr.

Basal Quartzite Mbr.

Basal Quartzite Mbr.

*Map number corresponds to numbers shown on Figure 2.4.

Ullapool
U-05-2

Basal Quartzite Mbr.
Subcritical Crack Index 
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Appendix K1: Fault Core Porosity Point Count 

 The panchromatic CL image mosaic of sample PH-CNC-West-2008-2 [NH 

09384, 82638] was selected for porosity analysis using grid point counting.  The sample 

was selected because it is one of the best examples of cataclastic Eriboll fault core.  The 

superb preservation of this outcrop from which the sample was collected suggests this 

zone is well cemented (highly indurated) and is interpreted to be the manifestation of 

very little to no intrinsic porosity.  Furthermore, at the micro-scale, the sample illustrates 

the style of deformation characteristic of Eriboll fault cores (damage is strongly 

heterogeneous and there are abrupt transitions from highly damaged corridors to zones of 

relatively undeformed or intact country rock).  There are also several micro-scale 

kinematic slip indicators that are consistent left-lateral shear along NE fractures present 

throughout the image.  Field observations show that the less cemented fault cores were 

more susceptible to erosion/glaciation and therefore were not preserved over large 

exposures; such fault cores therefore may have revealed higher amounts of preserved 

porosity.  Analysis recorded 248 points which fell on preserved pore spaces, on a grid 

compose of 2, 345 points (10 percent porosity). 
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APPENDIX L: CORRIE HALLIE DYKE 

IGNEOUS INTRUSIONS IN NORTHWEST SCOTLAND 

The magmatic history of Scotland spans much of the period between 3100 to 50 

Ma (Macdonald and Fettes, 2006).  The main successions formed when the region was at 

or near the Laurentian margin and experienced the formation and breakup of three 

supercontinents: Kenorland, Columbia, and Rodinia (between 3000 to 500 Ma) (Pesonen 

et al., 2003; Macdonald and Fettes, 2006).  Although abundant within the Moine, there 

are very few Caledonian (Ordovician to Early Devonian) intrusions in the foreland west 

of the Moine Thrust Zone.  The most voluminous are those of the Canisp Porphry 

intrusives that are typically emplaced as sills in the Eriboll Formation and the underlying 

Torridonian Sandstones (Goodenough et al., 2004).  However, the Hebridean terrane 

contains several major Paleogene igneous centers.  In the Paleocene, a major hot spot 

formed in the Greenland-Faroe region of the North Atlantic.  The plume resulted in 

magmatism and thermal uplift spanning an area 2,000 km across, from Baffin Island and 

West Greenland in the west, north to northern Norway, and south to the Rockall Plateau.  

These igneous rocks form the North Atlantic Igneous Superprovince (NAIP) a Large 

Igneous Province (LIP) with an area of 1.3 x 106 km2 and a volume of 6 to 10 x 106 km3 

(Macdonald and Fettes, 2006).   

Smith (1979) discusses the three major suites of minor igneous intrusions that cut 

the rocks north of the Great Glen fault.  Of the three suites, the minette suite is closest to 

my field area.  The minettes typically form vertical, sharp-sided dykes with parallel walls.  

On average, dyke thickness is around 3 meters and may be intermittently traced for 

several kilometers along trend.  Minette dykes are characterized by an abundance of 
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megacrysts of corroded color-zoned biotite and colorless to pale green clinopyroxene, 

pale brown hornblende crystals are common and serpentinized olivine rare.  

Goodenough et al. (2004) review the intrusions (collectively referred to as the 

Assynt Culmination) in the Moine Thrust Belt near Assynt.  The Assynt Culmination is 

mostly Silurian in age and contains a variety of Caledonian alkaline and calc-alkaline 

intrusions that have been recognized since the late nineteenth century (Heddle, 1881; 

Bonney, 1883; Horne and Teall, 1892; Teall 1900; Teall 1907; Shand, 1910; Phemister, 

1926).  The main syenite intrusions around Assynt have been the subject of numerous 

studies (Parsons, 1965; Wooley, 1970; van Breemen et al., 1987; Parsons, 1999).   

Within the Assynt Culmination is a suite of dykes and sills formally referred to as 

The Northwest Highlands Minor Intrusion Suite.  The intrusions extend from Loch More 

(north of Assynt) to the Achall valley (near Ullapool) and range in composition from 

lamprophyres to peralkaline rhyolites and nepheline-syenites.  Although the Northwest 

Highlands Minor Intrusion Suite makes up a significant part of the total volume of 

igneous rocks in the Assynt Region, they are less understood and have received little 

attention.  Sabine (1953) provided the first detailed account of the minor intrusions and 

by studying their relationships relative to the regional structure divided them into six 

classes: grorudite, Canisp Porphyry, hornblende porphyrite, nordmarkite porphyry, 

vogesite, and ledmorite.  Using structural relationships and petrographic and geochemical 

data, Goodenough et al. (2004) revised the Sabine (1953) classification and propose a 

classification that divides the intrusions into seven swarms: Canisp Porphyry, Ledmorite, 

Peralkaline rhyolite, Hornblende Microdiorite, Nordmarkite, Vogesite, and Porphyritic 

Trachyte (names based on Gillespie and Styles, 1999).  
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Ag 0.01 Na 53
Al 520 Nb 8.3
As 2.4 Ni 512
Ba 930 P 1990
Be 1.57 Pb 7.9
Bi 0.07 Rb 55.5
Ca 3.61 Re 0.002
Cd 0.04 S 6
Ce 91.7 Sb 0.22
Co 60.8 Sc 27.7
Cr 932 Se 2
Cs 1.14 Sn 1.2
Cu 72.1 Sr 408
Fe 5.98 Ta 0.36
Ga 15.1 Te <0.05
Ge 0.12 Th 6.7
Hf 3.9 Ti 42.8
In 0.053 Tl 0.44
K 255 U 2.1
La 41.8 V 143
Li 88.8 W 0.3
Mg 9.42 Y 21.9
Mn 1200 Zn 86
Mo 0.63 Zr 155

Table L3.  Trace elements, ppm.

Table L2.  XRF Results. 

SiO2 44.95
Al2O3 9.41
Fe2O3 9.32
CaO 5.36
MgO 15.69
Na2O 0.65
K2O 3.05
Cr2O3 0.14
TiO2 0.72
MnO 0.17
P2O5 0.413
SrO 0.05
BaO 0.11
LOI 8.32

Total 98.35

Major 
Elements wt. %

Table L1.  XRD bulk rock composition of the Corrie Hallie Dyke.

Minerals %
15.3
3.2

22.2
23.1
6.7

14.9
13.3
1.3

Quartz
Plagioclase
Pyroxene
Biotite
Calcite
Laumontite
Kaolinite
Vermiculite
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APPENDIX M:  GAELIC PRONUNCIATION GUIDE AND 
GLOSSARY 

 
Short 
Vowel 

English 
Pronunciation 

Long 
Vowel 

English 
Pronunciation 

a/á “Ago” à “Father” 
e “Deck” è/é “Hey,” “Late” 
i “Tick” í “Bee” 
o “Dock” ò/ó “Toe” 
u “Mute” ú “Brood” 
 
Local Gaelic words and names: 
 

Allt (owlt): Stream 
An t-Sron (un tron): The nose 
An Teallach (ann Ch’elick): The anvil or the forge  
Bhreabadair: Weaver 
Bradhan: Querns 
Càrn (karn): Heap or pile 
Coire (kori); Valley 
Coir’ (kor): Corrie 
Corrag: Finger 
Cúl (kool): Back, hinder part 
Ghiubhsachain (gheeoo’sachan): Fir trees 
Glas (glas): Grey 
Gleann (glen): Narrow valley 
Gobhlach (goll’ach): Forked 
Liath (lee’a): Grey, moldy 
Loch (loch): Lake 
Lochan (loch’un): Small lake or pond 
Lochain (loch’an): Small lake or pond 
Meall/Mheall (meeal): Rounded Hill 
Mòr (mór): Big 
Sàil (sa’l): Heel  
Sgurr (skoor):  Peak 
Stob (stob): Stake 
Toll (to’ll): Hole or hollow.  
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