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ABSTRACT 
Fracture-hosted dilational cavities, or fault voids, and their infilling geological materials, are 
widely observed cutting crystalline and carbonate basement terranes worldwide. To date, 
however there has been a paucity of detailed descriptions and comparative studies of fault 
voids and their fills formed at different depths and geological settings. Here we examine 
four such examples of naturally-formed fault void fills in exhumed basement, each of which 
formed at different palaeodepths throughout the brittle upper crust ranging from the 
surface to 15km. We describe their geological characteristics and evolution, and how their 
relationships with fluid flow changes through geological time. Through the description and 
comparison of different field analogues, we gain a better understanding of the general 
features of fault void fills at given depths and make predictions regarding the architecture 
and connectivity of fault void networks for subsurface fractured reservoirs. 

Here we define three depth domains, each with independent fault void fills and 
architectures. These are the “shallow zone” (0-2km), the “intermediate zone” (2-8km), and 
the “deep zone” (8-15km). The shallow zone features typically comprise voluminous and 
interconnected dilatant fissure networks which connect to the palaeosurface and form 
complex and irregular cavity shapes and architectures. They are, inevitably, associated with 
major regional unconformities and are best developed on the upfaulted flanks of active rift 
basins or basement highs. These shallow fissures are variously filled by sediments and 
detrital fossiliferous material, hydrothermal mineralisation, and dilational wall rock 
collapse breccias. The intermediate zone is a hybrid or transitional zone between the 
textures and architectures observed in the shallow and deep zones. The faults here 
comprise frequently bifurcating and branching networks of faults and fractures which have 
irregular fault traces, forming dilational and contractional jogs with a network of 
interconnected void spaces. These fault voids are typically filled by both attritional and 
collapse breccias, in addition to extensive and chemically complex mineral deposits. The 
deep zone faults typically comprise high-strain zones of deformation, where multiple 
parallel highly planar faults form shear zones or fault corridors. Between parallel slip 
surfaces localised stresses develop and can form fault linkages and even dilatant fractures 
with complex shapes, architectures, and fills. Deep zone fault voids are commonly filled by 
attritional breccias, cataclasite, hydrothermal mineralisation, and frictional melts; however 
locally dilatant breccias have also been shown to form in association with ladder fracture 
arrays.  

In addition to the contrasting fabrics, processes, and structures which define the 
different depth zones, we have observed a number of key similarities which link the 
evolution and preservation of fault voids fills throughout the brittle upper crust. All the 
outcrops studied show faults and fractures which extensively reactivate inherited fabrics, 
such as vein margins, pre-existing faults, or metamorphic foliations. In addition, all field 
areas show strong evidence for fluid flux in void networks through the deposition of vein 
deposits, alteration of wall rocks, and redistribution of sediments. This illustrates that fault 
voids and their fills represent important fluid conduits, both during their development, and 
through deep geological time. Finally we have observed that the widespread development 
of fault voids and their fills are closely associated with wider tectonic and seismogenic 
events such as rifting, strike-slip faulting, and orogenic uplift. 
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Chapter 1: 

Introduction 

“Found your style on nature’s curves. Watch these wherever you can and where you 
cannot see them, feel them. To be true, a map must be beautiful.” Ann Greenley 

 

1.1 INTRODUCTION: 

Upper crustal fault zones are important conduits for fluid transport and storage in the 

lithosphere and many develop open cavities that may contain fault rocks, zoned mineral 

fills and, in some cases, entrained sedimentary material. In this thesis, we document 

natural examples of such fault voids and their associated fills, formed at a range of different 

depths, with the aim of better understanding the relationship between faulting and fluid 

flow, and how this may influence the development of economic resources in the 

subsurface, e.g. hydrocarbons, mineral resources, geothermal etc. 

 Fault voids and their fills are widely recognised in both surface exposures and 

subsurface cores, and are thought to represent significant potential pathways for the 

migration of mineralizing fluids and hydrocarbons in otherwise low permeability crystalline 

basement and carbonate reservoirs. Recent experimental studies have highlighted the 

importance of studying faults as a network of interlinked and isolated cavities (Holland et 

al. 2006, 2011; van Gent et al. 2010). Many fault analysis methods in use today simplify 

faults and fault networks into 2-dimensional structures (e.g. fracture topology, shale-gouge 

ratios etc.), and potentially overlook significant geological anisotropies or sources of 

information in the 3rd dimension. The rationale behind this research is to explore natural 

examples of fault voids, and to identify geological relationships related to their formation 
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and filling, that can be applied to fractured basement reservoirs as analogues. In order to 

identify useful geological relationships from natural examples that can then be applied to 

reservoir models, a large detailed dataset must be developed, with as many variables as 

possible. To achieve this, fieldwork was undertaken across 9 field areas each of which 

featured different variables such as formation depth, host rock, fluid type, etc. Of these 

field areas 4 were identified as the best analogues for subsurface fractured reservoirs and 

are presented here: Tor Bay (UK), Calabria (Italy), Adamello (Italy), and Achmelvich (UK). 

The other field areas studied but not presented here were not developed further due to 

time limitations; including Durness, Lewis and Harris, California, Bristol, and Devon. 

The primary aim of this thesis is: To determine the mechanisms, controls, and 

characteristics of fault void formation and filling. To better understand the controls and 

properties of fault voids, we examine outcrops that host networks of interlinked and 

isolated fault voids, formed across a range of depths from the base of the seismogenic zone 

(c. 15km) to the surface, in both crystalline and carbonate host rocks. We utilise detailed 

mapping, field observations, structural measurements, quantitative fracture modelling, 

microstructural/textural analyses, and outcrop modelling/aerial imagery.  

The results from this study could have significant implications for fluid migration 

models, and exploration and production of unconventional crystalline 

basement/carbonate hydrocarbon and geothermal reservoirs.  

1.2 METHODOLOGY: 

Datasets used in this thesis have been sourced, developed, and collected from numerous 

locations and across multiple scales. These include: 1: Large-scale remote sensing datasets 

such as low- and high-resolution satellite and aerial imagery, and published topographical, 
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geological, and survey maps. 2: Meso-scale datasets such as outcrop and field maps. 3: 

Micro-scale datasets such as thin sections and sample studies. 4: Scale-independent 

datasets such as topological analysis and palaeostress inversion analysis.  

In the following text we describe the techniques and methods used in the present thesis in 

general terms. Chapter specific methods pertinent to the individual study can also be found 

within chapters 2 – 5. 

1.2.1 REMOTE SENSING 
For the purposes of the present thesis; remote sensing analysis comprises the study and 

interpretation of geological planes and surfaces from distant – usually aerial – imagery. 

These images can be divided into two types based on scale and source. The first type are 

satellite and low-altitude aerial survey images; these are typically commercial or open-

source datasets. The second type of remote sensing dataset used includes drone-imagery 

personally collected for the purposes of the present study.  

1.2.1.1 Satellite and low-altitude survey imagery 

Satellite and aircraft imagery used in this study has been sourced from a variety of 

institutions. These include:  

Open-source datasets: 

Google Earth,  

NASA,  

GEBCO (General Bathymetry 

Chart of the Oceans) 

Mountain rescue service  

Open DEM - GMES RDA project 

Commercial datasets:  

Edina Digimap 

Ordnance Survey  

Instituto Geografico Militare 

d’Italia 
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These datasets include colour and non-colour images and digital elevation models (DEMs).  

The satellite and aircraft imagery and DEMs were used in the present studies to 

generate high-resolution field maps of the study areas. The far-field and bird’s-eye views 

of these images provide a new perspective of outcrops and their spatial relationships, and 

were invaluable in the interpretations of geological structures. These field maps were 

generated using QGIS software, incorporating topographic, bathymetric (where 

appropriate), and 2D images of the ground surface. Contour datasets and DEMS where 

processed to generate hillshades and false-colour maps, from which breaks-in-slope and 

oriented structures could be more easily resolved. Once combined, these datasets where 

used to pick lineaments and geological surfaces at a variety of scales. The interpretations 

of the satellite and aerial imagery were interpreted both by-hand in the field – where they 

could be “ground-truthed”, and remotely using vector graphics software. Once the 

interpretation of the oriented remote sensing dataset has been digitised – the data was 

extracted for use in other analytical techniques such as: structural data analysis, fracture 

topology, and volumetric assessments (see below). 

1.2.1.2 Drone Imagery 

Drone imagery used in this study was collected using a DJI Mavic Pro unmanned aerial 

vehicle (UAV) quadcopter. Drone use was restricted to key outcrops, where appropriate 

permissions could be obtained and Civil Aviation Authority (CAA) guidelines and rules 

followed.  

 In addition to providing material for virtual outcrop models (VOMs) – see below, 

drone photography provided a key intra-scale perspective on outcrops in real-time at the 
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locality, which helped bridge the gap between satellite images and outcrop studies. These 

photos were oriented using an onboard GPS, and could be processed and interpreted like 

the satellite data to produce geological and structural interpretations for further analysis. 

 

1.2.2 OUTCROP STUDIES 
Detailed outcrop studies were undertaken at numerous localities across the four areas 

considered here: Tor Bay (Devon, England), Copanello (Calabria, Italy), Adamello 

(Lombardy, Italy), Achmelvich (NW Highlands, Scotland). For the case of Tor Bay, Calabria, 

and Achmelvich these field studies were led and conducted by the thesis author – Kit 

Hardman, often with help of field assistants or supervisors, constituting 2+ excursions per 

area. Adamello field research however was not undertaken by the thesis author, due to 

difficulty and expense of access, but samples and data collected from the study from 

previous research trips (conducted by research supervisors) were analysed in detail. 

1.2.2.1 Mapping and structural data collection 

Structural mapping and data collections were undertaken extensively throughout the study 

areas, to build as large and as broad a dataset of field measurements as possible. Details of 

these datasets can be found within the relevant following chapters. 

 Mapping was undertaken at a variety of scales depending on the scales of the 

features observed and the purpose of the study. Mapping was typically undertaken in the 

field using “green line”  mapping technique of Edward and Ann Greenly (Williams 2007), on 

basemaps generated from survey, image, and topography datasets (see above), then 

digitised using vector graphics software on return from the field. Alternatively where the 

scale of observations were too small for suitable basemaps, oriented sketch maps and cairn 
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mapping techniques were utilised in conjunction with handheld GPS coordinates to 

generate correctly proportioned structure maps.  

 Structural data and field measurements were primarily collected from outcrop-

scale deformation fabrics. These measurements can be subdivided into two categories –

scalar data which described the geometric orientations of physical bodies/surfaces, and 

kinematic data which describe theoretical vectors of deformation such as fault offset and 

aperture. The geometric data typically included fault plane orientations, cross-cutting 

relationships, vein and mineral lineations, foliation plane orientations, fold hinges and axial 

planes etc. The kinematic data typically included slickenlines or fault striae, offset piercing 

points, kinematic aperture, and dilation and shear vectors etc. 

Orientation data were collected using standard compass-clinometer system (Silva) 

with a magnetic declination of 2o West for the United Kingdom, and 3o East for Italy. The 

orientations of planes were recorded in the field as strike, dip, and dip quadrant using the 

<180o convention for recording strike data. This was chosen over the Right Hand Rule 

convention as it allows for clearer assessments and QC of data in the field. Data were 

recorded as three digit strike – forward slash – two digit dip – quadrant (e.g. 170/43E). 

Lineation data were recorded using two methods depending on the steepness of the 

hosting plane. The first method orientates the lineation data through the use of plunge and 

plunge azimuth, which records the direction of the lineation on a vertical plane measured 

clockwise from North, and the inclination of the lineation from horizontal. The plunge and 

azimuth was recorded as two digit plunge – hyphen – three digit azimuth – plunge quadrant 

(e.g. 12-140 W)  The second method was through recording the rake (or pitch) of the 

lineation on a plane, this is recorded as the smallest angle from the measured lineation to 
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the line of strike and the compass quadrant of the strike line e.g. (85oN). Rake data were 

preferentially recorded on steeply dipping geological surfaces as measurement of azimuth 

on such surfaces is difficult and imprecise. Where lineation data were recorded, the 

orientations of the planes that host them were also recorded.  

 On return from the field site, structural data were digitised and tabulated along with 

relevant info such as location, measured body, kinematics etc. The data collected in the 

field were then used to calculate other measurements such as dip-direction, which are 

more easily handled in structural analysis software. Once the dataset was quality 

controlled, data were plotted onto stereonets using Richard Allmendingers “Stereonet” 

software (Allmendinger et al. 2011; Cardozo & Allmendinger 2013) to display orientation 

and kinematic data, in addition to producing rose diagrams and contoured plots to improve 

visualisation of larger more crowded datasets. More complex structural analytical 

techniques such as back-rotation and palaeostress invesion, were undertaken in WinTensor 

software, which is described in greater detail below (Delvaux & Sperner 2003). 

1.2.2.2 Virtual Outcrop Models and field photography 

 Recent technological developments in UAV technology, and domestic computing 

power, has enabled the application of simple 3D virtual model development in the 

geosciences. The ability to visualise and capture qualitative and quantitative information 

from geological structures outside of the field, and re-visit outcrops is a useful tool in 

geological analyses (Westoby et al. 2012; Bemis et al. 2014). Throughout the present 

research, virtual outcrop models have been developed from key localities to enhance and 

augment the field analyses.  
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 Virtual Outcrop Models or VOMs were built using “structure from motion” 

photogrammetry. “Structure from motion” photogrammetry uses overlapping images, 

taken from known positions, to trigonometrically calculate the three-dimensional co-

ordinate of a point of which no dimensional information is known (Fig. 1.1). These points 

are calculated from hundreds of individual overlapping photos to build a 3D point cloud 

framework, over which photos can be overlain, and data extracted (Fig. 1.1).  

Figure 1.1: Structure from motion photogrammetry schematics adapted from Bemis et al. 
(2014), and Tavani et al. (2014). Top: scheme showing the method through which a point 
(P) can be located inside a coordinate system by two photos (Pc1 & Pc2), once the 
orientation, position, and focal length are known. These parameters are described by the 
vector “ijk”, and the angle α. Bottom: Schematic showing multiple camera positions and 
the ability to resolve a surface by their overlap. 
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Prior to any photography, markers/targets were laid out on at least three differently 

oriented planes on the outcrop. These markers were laminated targets comprising contrast 

and colour gauges, spherical and linear geometries, and GPS location and orientation data 

written in dry-wipe marker for the geological plane the target was attached to (Fig. 1.2). 

The purpose of these markers was to quality control the virtual outcrop model to ensure 

there was so spatial or image distortion in the model which could bias interpretations or 

results. During the acquisition process for building the VOMs, photographs were taken 

from multiple angles of the outcrop. These photos were taken using GPS enabled cameras 

attached to poles (Olympus Tough TG-5) or gyroscopically mounted on UAVs (DJI Mavic 

Pro). The advantage of using a long photography pole, or where possible a UAV, is the 

ability to view, and therefore model, angles not visible “in-person” e.g. a top down view of 

a cliff section. For best results in building the virtual outcrop model, photos should be taken 

with significant overlap (70-80%), in bright but cloudy light/weather conditions (to 

minimise shadows and contrast), and within a single session to minimise non-geological 

differences between photos such as shadows/sea level/human activity. Through trial and 

error, the best model results came from models with a specific photographic strategy – 

multiple scan lines across the outcrop with fixed elevations, orientations, and angles for 

each scan, and a few oblique “full-outcrop” images. Once the photos were collected, 
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images are quality controlled to ensure they are in focus, and well-exposed, before being 

processed. 

For the generation of VOMs using structure-from-motion photogrammetry, a 

number of different software packages are available. Due to its low-cost and ease of use, 

Agisoft’s Photoscan (now Metashape) was used. The Photoscan software had an inbuilt 

workflow for the modelling process, and whilst settings were adjusted at each stage and 

for each model made (to optimise quality for level of detail required), this was kept broadly 

the same for each model: Firstly the photos are aligned, for which the software 

Figure 2: Photogrammetry target used, to verify model colours, orientations, 
scales, and positioning 
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reconstructs the 3D position of each camera position from GPS information stored in the 

photo metadata, then identifies key and reliable points within the overlapping photos  to 

build a sparse point cloud of data. Erroneous and irrelevant points in this point cloud are 

then manually removed, before the alignment of the images is further optimised by the 

software to improve the accuracy of the sparse point cloud. Once an accurate sparse point 

cloud is generated, a dense cloud of points can be generated extrapolating data points from 

the sparse cloud. The level of detail within the dense cloud is selected depending on the 

purpose of the model. The dense cloud is the further quality controlled and corrected, using 

the control points laid out. Once quality assured the dense cloud can then be used to build 

a full 3D solid surface model by first generating a surface mesh by building a network of 

irregular triangles from calculated distances between points within the point cloud. The 

original imagery is then draped over this triangular mesh, correcting for topography and 

perspective, to build a 3D photorealistic virtual outcrop model. For the extraction of 

geological data the high resolution digital elevation models were used to build field maps, 

however the most powerful tool used was the generation of orthorectified, planimetrically 

correct image maps of coastal platforms or cliff sections (Fig. 1.3). These ortho-maps were 

corrected for topography, lens distortion, and perspective so that geological bodies could 

be interpreted using vector graphic software, and geological data such as fracture 

connectivity and areal calculations extracted in extreme resolution. The models generated 

has a typical viewing resolution of 2-10mm – meaning, any geological body or offset greater 

than 2-10mm can be viewed and interpreted.    
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1.2.2.3 Sample Collection and Thin sectioning 

Where appropriate hand specimens and samples of geological material were collected 

from outcrop. In order to minimise damage to outcrops, direct sampling was undertaken 

as little as possible, with samples no greater than “fist-sized” removed. Samples were 

oriented prior to collection and removed using hammer and chisel. The hammer and chisel 

approach was preferred over using drills to collect cores, primarily due to outcrop damage 

– whilst hammers and chisels remove more material, the fresh surfaces will be swiftly 

weathered into accordance with the rest of the rock surface with no visible impact, 

whereas drilling leaves visible unsightly holes in outcrop that will not be weathered on a 

human timescale.  

1.2.3 MICROSCOPY 
Upon return from the field samples were catalogued and cut using a rock-saw to expose a 

key surface for further study, and where appropriate thin sectioned to assess the meso- to 

-micro characteristics of the sampled rock. Epoxy resin was used to bind fragile samples, 

and porous samples injected with blue-dye to clearly visualise primary pore space. 
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Analysis of thin sections was undertaken using petrological transmitted light 

microscopes with 1x to 500x lenses, resulting in 10 to 5000x magnification potential. These 

microscopes featured the rotating stages, tinted lenses, and polarising lenses necessary for 

assessment of geological materials in plain and cross polarised light. 

Figure 1.3: Figure showing an example photo used to generate an orthorectified photomap from a virtual 
outcrop model. 
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Whilst the petrological composition of the samples was important for geological 

analysis and interpretation, the textures and microfabrics were a key criterion in identifying 

kinematic styles and shear criteria for deformed fabrics 

In order to further understand the microfabrics and compositional variation of 

sectioned and polished samples, SEM and EDS analysis were undertaken at the G.J. Russel 

Laboratory, Durham University, using the Hitachi SU70 analytical high‐resolution electron 

microscope (Hitachi Limited, Tokyo, Japan) and Oxford Instruments Aztec 3.3 energy‐

dispersive spectra (EDS; Oxford Instruments, Abingdon, UK) microanalysis system.  

1.2.4 DATA ANALYSIS 

1.2.4.1 Palaeostress Inversion analysis 

Palaeostress analyses/inversions are a series of stereographic projection techniques that 

allow for the approximation of stress conditions for a given set of faults and fractures from 

recorded fault vector data (i.e. slickenlines) (Wallace 1951; Bott 1959). These techniques 

have a consistent assumption that the slip vector data recorded in the field is parallel to 

the ideal shear component of the resolved stress tensor (Wallace 1951; Bott 1959). In 

addition most palaeostress inversion techniques also assume rock masses and internal 

stresses are uniform and mechanically isotropic, and fault deformations are independent 

of one-another and are caused by the same resolved stress tensor/field. These inversion 

techniques are most accurate where the host rock is mechanically isotropic, fault 

displacements are small, and where data are measured across a wide range of fault plane 

orientations (ideally 4 independent sets of orientations) (Angelier 1991).  

Palaeostress analysis was undertaken primarily on slip vector data – 

slickenlines/slickenfibres etc. from as many planes as possible and across multiple 
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outcrops. Data were only included in the sample set if there was a clear indication of 

kinematics. Individual palaeostress inversions were typically undertaken for individual 

outcrops where sufficient data were available. Results were obtained using the Optimised 

Right Dihedron and PBT axes method using WinTensor software (Fig. 1.4; Delvaux & 

Sperner 2003).  

 

The optimised Right Dihedron method calculates a reduced stress tensor (four of 

six independent variables in a stress tensor), which constrains the orientations of the three 

principal stresses (σ1, σ2, and σ3) and the shape ratio (Փ) as follows: Փ =
(𝜎2−𝜎3)

(𝜎1𝜎3)
. It then 

uses a rotational optimisation algorithm to ensure that in minimising the angular misfit the 

shear stress magnitude remains sufficiently large to overcome the calculated rock cohesion  

Figure 1.4: Screenshot of palaeostress inversion analysis using Win_Tensor software. Different methods are conducted on the 
tabs above, shown method is optimised Right Dihdreon methods of Delvaux & Sperner (2003), with the derived slip tendency 
analysis, propagated uncertainties, and stability profiles around the stress axes. 
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(Angelier 1991; Delvaux & Sperner 2003). Like most inversion techniques, because the 

magnitude of the largest stress (σ1) is unknown, the principal stresses are presented as 

values normalised between 1 and 0.  

The PBT axes method of palaeostress inversion is a simpler method than the 

optimised right dihedron, and is therefore used in conjunction to allow for clearer quality 

control and assessment of results. In this method, strain axes rather than stress axes are 

derived. For each slip vector data point, theoretical contraction (P), extension (T), and 

neutral (B) axes are constructed in a lower hemisphere stereoplot, using a defined fracture 

angle between the fault plane and P (typically 30o – Mohr-Coloumb-Navier failure criterion) 

(Turner 1953). These strain axes on the stereoplot can then be used to calculate a reduced 

stress tensor using the assumption that the PBT strain axes are parallel to the σ1, σ2, and σ3 

stress axes (Delvaux & Sperner 2003).  

Where the study areas show evidence for geological tilting post-deformation, the 

slip data were back rotated. The rotation magnitude and axis was obtained from the strike 

and dip of overlying sedimentary sequences, making the assumption that these sequences 

were deposited on a horizontal palaeosurface.  

Where appropriate, slip and dilation tendency analyses were carried out for the 

deformed structures, particularly where they are reactivated fabrics such as pre-existing 

ductile foliations and dyke margins (Morris et al. 1996; Lisle & Srivastava 2004). Normalised 

slip tendency analysis defines the propensity of a measured plane to slip under the resolved 

stress field and an imposed frictional coefficient (Morris et al. 1996; Lisle & Srivastava 

2004). This analysis is presented as a ratio, where critically stressed faults have a value close 

to 1 and non-stressed faults have a value close to 0. Dilation tendency analysis which 
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defines the propensity of a measured plane to dilate under the resolved stress field and 

imposed fluid pressure. Where the results of the slip and dilation tendency analysis show 

critically stressed fault in orientations that match the orientations of the observed 

structures, this indicates that the faults were likely formed by the regional tectonic stresses. 

Where they don’t align this indicates the deformation observed must have formed under 

the action of a local stress field – likely generated by movement of proximal faults or 

variations in fluid pressure. This kinematic behaviour whereby fault movement can 

generate local stress fields, causing a stress transfer to a second fault set is well described 

in the literature (Gomberg et al. 1998; Stein 1999; Kilb et al. 2000; Freed 2005). 

1.2.4.2 Fracture Topology 

Fracture topology is a network characterisation technique that simplifies a 2D fault or 

fracture array into discrete elements – branches and nodes (Fig. 1.5; Sanderson & Nixon 

2015). By analysing the ratios between different elements, a numerical assessment of 

relative connectivity can be derived, along with other spatial characteristics of the network. 

In particular the ratio between the number of fracture branches (NB – fault traces between 

nodes) versus the number of fault lengths (NL – fault traces between tips or sample 

boundary) is a useful proxy for 2D connectivity of a given fault network. 

 Nodes are defined as fracture terminations and intersections (Fig. 1.5). I-type nodes 

are defined as nodes that terminate without intersection. Y-type nodes are defined as 

fracture branches or abutting connections. X-type nodes are defined as a cross-cutting 

intersection between fractures. Branches are the segments of fracture between two nodes. 

The number of nodes and branches of a fracture network are strictly related therefore 

variables can calculated when one or more of the elements are known. It is therefore 
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possible to quantify all the components and ratios once the numbers and relative 

proportions or nodes are known. The results of fracture topology analysis are visualised 

using ternary diagrams showing the relative proportions of nodes and branch types (II-type 

between two I nodes. IC-type between one Y or X node and one I node. CC-type, branch 

between two Y or X nodes). In general terms, X nodes are four times and Y nodes are three 

times more connected than I nodes.  

Figure 1.5: Node and branch model of Sanderson and Nixon (2015). Top: Three different fracture networks 
with increasing interaction as the reach a percolation threshold (Pc), and what that looks like on the 
topological ternary diagrams. Bottom: topological terms compared to common used fracture intersection 
terminologies. Figures from Peacock et al. (2016). 
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 For the present studies fracture topology was undertaken on field photos, 

orthorectified photomaps, and satellite imagery, interpreted on circular sample widows 

using vector graphic software. Once the oriented fracture trace maps have been 

interpreted the branches and nodes can be defined. Whilst there are software packages 

available which will automatically generate fracture topology results (e.g. FracPaq or 

Network GT) these algorithmic interpretations raise additional uncertainties so for the 

present studies a manual workflow was preferred.  

1.2.4.3 Volumetrics 

In addition to the 1D fracture traces mapped, sample areas were interpreted areally, 

distinguishing between fault-void infills, and the host rock. In doing so, a two-tone image 

was generated defining regions by colour as either “fault void fill - red” or “basement - 

blue”. The two-tone image was input into the image processing toolbox of MatLab, which 

calculated the total number of pixels and the number of red and blue pixels for the sample 

area. Whereby each pixel forms a cell of fixed area, with the same resolution as the original 

image. 

I = imread(uigetfile); 

  

redPixels = I(:,:,1) == 255 & I(:,:,2) == 0 & I(:,:,3) == 0; 

numRedPixels = sum(redPixels(:)); 

bluePixels = I(:,:,1) == 0 & I(:,:,2) == 0 & I(:,:,3) == 255; 

numBluePixels = sum(bluePixels(:)); 

  

B = numBluePixels; 

R = numRedPixels; 
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A = B+R; 

 

Once the numbers of each pixel colour were determined; the ratio between them was 

calculated to give a percentage value for fracture fill. 

  

pB = (B/A)*100; 

pR = (R/A)*100; 

pA = pB + pR; 

  

TPC = ['Total Pixel Count = ',num2str(A)]; 

FFP = ['Fracture Fill Pixels = ',num2str(R)]; 

BP = ['Basement Pixels = ',num2str(B)]; 

PL = ['Percentage Basement = ',num2str(pB)]; 

PS = ['Percentage Fracture Fill = ',num2str(pR)]; 

ACC = ['Accuracy /100 = ',num2str(pA)]; 

  

disp(TPC) 

disp(FFP) 

disp(BP) 

disp(PL)  

disp(PS) 

disp(ACC) 

 

If the area of each pixel can be determined these can be input to generate areas in m2. 

Which gives an accurate regional assessment of the area covered by fracture fill in 2D for 

the given sample area. 
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prompt = {'Pixel Area /m^2'}; 

title = 'Scaling Input'; 

dims = [1 35]; 

definput = {'0.00005'}; 

PixelArea = inputdlg(prompt,title,dims,definput); 

  

1.3 DEFINITIONS: 

The terminology surrounding faults and fractures is commonly mis-used and inaccurate 

(Peacock et al. 2016), as such it is pertinent to clarify the terms used in the present 

research, and their conventional usages. 

1.3.1 FAULTS AND FRACTURE CLASSIFICATION 
A fracture can be defined as any planar discontinuity in a rock, across which there has been 

displacement. Fractures can be subdivided into three subsets, based on the relative 

displacements across the fracture as per Atkinson (1987): 1) Mode I, tensile opening 

displacement with no shear offset, 2) Mode II, in-plane shear, 3) Mode III, out-of-plane 

shear. Cooling joints and desiccation cracks are examples of Mode I fractures, where-as 

shear faults are examples of Modes II and III. 

 Conventionally faults are classified based on their direction of slip and their 

geometry, whereby the stresses imposed upon the failing rock can be resolved as three 

independent axes, one of which will be oriented normal to the Earth’s surface. This 

classifications is known as Anderson’s fault classification after Anderson (1905) and is 

summarised in Figure 6 below by McClay (1988). Faults can be sub-divided into strike-slip 

(horizontal fault parallel offset) and dip-slip (vertical fault parallel offset). The sense-of-slip 
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can then further be used to categorise the fault into sinistral (left lateral offset), dextral 

(right lateral offset), normal (horizontal extension), or reverse/thrust (horizontal 

shortening). Combinations of dip- and strike- slip motion are referred to as oblique-slip 

faults. 

Figure 1.6: Fault classification schematic (a) Fracture types – Mode I, II, & III, and the 
corresponding Andersonian fault classifications relative to stress axes (b), and geometric 
classifications (c). From McClay (1987). 
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 In addition to the geometric and kinematic fault classifications described above, 

the term fissure is also used extensively in the present research. The term fissure is used 

to describe a fault or fracture with a dilatant component of displacement, formed at or 

near the surface, but connected to the palaeosurface based on the available geological 

evidence. The extent to which a fissure is connected to the surface can vary, however 

typically a fissure would be sufficiently connected to see evidence of direct or in-direct 

communication with surficial materials such as sediments or biological organisms, and 

exposure to surface processes such as meteoric or marine fluids. 

1.3.2 KINEMATIC INDICATORS 
In order to determine the sense of slip for faults, a number of different kinematic indicators 

can be used. These indicators include the offset of geological structures – piercing points, 

fault plane striations, asymmetric secondary fractures, and fault plane jogs.  

 Fault plane striations include: slickenlines – scratches along the fault plane caused 

by fault wall asperities; slickensurfaces – polished fault planes smoothed in one direction 

by fault motion; and slickenfibres – syn-kinematic elongate crystals that grow in fault 

cavities during fault movement. 

 Fault plane jogs, or undulations, are bends along fault or fracture trace lengths 

where localised zones of dilation and compression develop depending on the overall fault 

kinematics, and can therefore be used to determine the sense of displacement.  

 Reproducible secondary fractures form surrounding major faults during shear, and 

can be used to determine kinematics styles and orientations. The most typical secondary 
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fractures are defined as R, R’, P, and T (Byerlee 1978; Petit 1987). R or Reidel fractures are 

extensional and form sub-parallel / at a low angle to the main fault plane with the same 

sense of slip. R’ fractures form at a higher angle and have an opposite sense of slip to the 

main fault. Like the R fractures - P fractures have the same sense of slip as the main fault 

and form at a low angle, however are contractional. T fractures are purely tensile fractures 

and develop at an angle of 30 – 90o to the main fault. 

 In addition to showing sense-of-slip, the displacements of piercing points can be 

used to quantify dilation and shear magnitudes and orientations – deformation vectors. 

1.3.3 FAULT ROCKS 
There are a number of different fault rocks nomenclatures, for which there are published 

classification schemes. For fault breccias we follow the classifications of Woodcock & Mort 

(2008) (Fig. 1.7), which use grain size and clast architecture to classify brecciated fault 

rocks. In the Woodcock & Mort (2008) scheme breccias are split into crackle breccias, 

mosaic breccias, and chaotic breccias. For general fault rocks we follow the classification 

scheme of Schmid & Handy (1991), who classify fault rocks identified by Sibson (1977) (Fig. 

1.7), and fault-related rocks of Wise et al. (1985). 
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Figure 1.7: Fault breccia and fault rock classification. Top: classification scheme of fault breccias from Woodcock & Mort 
(2008). Bottom: Faulting styles and classification with depth from Fagereng & Toy (2011), adapted from Sibson (1977). 
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1.3.4 FAULT ZONE ARCHITECTURE 
Fault zone architectures comprise complex internal and external 3D shapes and 

connections, and as such a variety of nomenclature schemes exist. Recent publications 

have sought to summarise these and generate a glossary of terms. In the present research 

we follow the definitions and classification schemes described in Peacock et al. (2016) (Fig. 

1.8). 
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1.4 THESIS OUTLINE: 

The present thesis comprises six chapters. Chapter 1 is a general introduction and methods 

chapter, chapters 2 through 5 are data chapters, and chapter 6 is the discussion and 

conclusions; these are described in more detail below. Chapters 2 through 5 have been 

written as stand-alone manuscripts for publication in peer-reviewed journals, and as such 

each chapter contains a specific abstract, introduction, geological background, and 

conclusions which may repeat and can be skipped at the reader’s discretion. For 

consistency where pronouns have been used, they have been used as plural (i.e. we not I) 

to acknowledge the contributions of co-authors. Where thesis-related materials have been 

published prior to the publication of this thesis these have been included in journal typeset 

Figure 1.8: Schematics, illustrations, and diagrams showing the classifications and nomenclature of fault 
zones and their interactions, from Peacock et al. (2016) 
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format in the appendices (see table of contents). For 3D virtual outcrop models, please 

contact the author 

 

Chapter 2 – The nature and significance of rift-related, near-surface fissure-fill 

networks in fractured carbonates below regional unconformities. 

N.B. This chapter has been published in its broadly current format in the Journal of the 

Geological Society of London. This article is available in Appendix A-II; and can be read in 

place of chapter 2 at the readers discretion. 

Chapter 2 describes a sequence of Permo-Triassic fissures, in Devonian carbonate 

basement, from Tor Bay, Devon. This study is based on field mapping, microstructural 

characterisation, and detailed remote-sensing analysis. This chapter studies the 

development on brittle fabrics formed in the near-surface, in carbonate basement. 

 

Chapter 3 – The geology and evolution of crystalline basement and near-

surface fissure systems: Calabria, Italy. 

Chapter 3 describes a sequence of Miocene fissures, in Permo-Carboniferous granitoids 

from Calabria, Italy. This study is based on field mapping, microstructural characterisation, 

and detailed remote-sensing analysis. Like the Tor Bay example, this chapter studies the 

development on brittle fabrics formed in the near surface – except in crystalline basement 

as opposed to carbonates, and features the extensive development of synchronous void 

and frictional melts (pseudotachylytes). 
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Chapter 4 – Seismicity and Silicates: microstructural and mineralogical 

analysis of fault rocks and fracture fills from the Adamello Massif, Italy. 

Chapter 4 describes an extensively mineralised fracture set hosted in the granitic basement 

of the Adamello Italy. This study is based on microstructural characterisation of vein and 

basement samples and remote sensing analysis. This chapter investigates fault void 

formation and filling at a mid-crustal level, in particular the chemical impact of fluids during 

brittle deformation. 

 

Chapter 5 – Mid-crustal reactivation and deep void development during 

seismogenic slip and frictional melting. 

Chapter 5 describes the development of fault voids and their fills during seismogenic slip 

at the base of the brittle crust. This study is based on detailed field mapping, 

microstructural characterisation, and remote sensing analysis of Assyntian 

(Mesoproterozoic)-aged structures in the Lewisian gneiss, NW Highlands. This study 

represents the deepest features studied, and completes the story from fault void fills 

formed at or near the surface, to the base of the seismogenic zone. 
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Chapter 2: 
 

The nature and significance of rift-
related, near-surface fissure fill 
networks in fractured carbonates 
below regional unconformities 
 

“I don’t like sand: it’s coarse, and rough, and irritating, and it gets everywhere” [ Anakin 
Skywalker] George Lucas  

 

Abstract: Hosted in carbonate and crystalline basement rocks below regional 

unconformities, fissure-fill networks are a widely recognized, but relatively little described 

near-surface phenomenon (<1-2km). Faults and fractures in otherwise tight Devonian 

carbonates of the Tor Bay region, Devon, are associated with the development of 

millimetre- to decametre-wide fissures containing red early Permian sedimentary material, 

vuggy calcite mineralisation and wall-rock collapse breccias. These features preserve 

evidence concerning the style and history of fault deformation and reactivation in near 

surface settings, and on fluid-related processes such as elutriation and/or mineralization. 

Field observations, palaeostress analysis, and fracture topology analyses show that the rift-

related faults and fractures created a network of long-lived open cavities during the early 

Permian development of the Portland-Wight Basin. Once formed, they were subjected to 

episodic, likely seismically-induced fluid fluxing events and local karstification. The large, 

well-connected networks of naturally propped fractures were - and possibly still are - 

important fluid migration pathways within otherwise low permeability host rocks. These 
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structures are likely equivalent to those observed in many other rift-related, near-surface 

tectonic settings, and suggest that the Tor Bay outcrops can be used as a global analogue 

for sub-unconformity open fissure systems hosted in low permeability basement rocks. 

 
Supplementary material: Appendix A-II, published chapter; Appendix B-I, supplementary 

information on image analysis and volumetrics; Appendix B-II collected structural data from 

Tor Bay 

2.1 INTRODUCTION 

Cavern systems are widely developed across a range of scales in carbonate sequences 

worldwide and are known to be sustained as open features to depths greater than 2km due 

to the cohesion and relatively high tensile strength of most lithified limestones (e.g. Smart 

et al. 1988; van Gent et al. 2010). Many modern examples are associated with younger 

sedimentary fills and low temperature carbonate mineralization. These  features are known 

to strongly control present-day fluid flow pathways and processes and, more generally, the 

hydraulic behaviour of carbonates in the near subsurface (e.g. Popov et al. 2009).   

Ancient and modern carbonate cavity systems are commonly referred to as ‘karst’ 

features and their formation mechanisms are typically attributed substantially to 

dissolution processes. However, very similar features are also recognised in other strong 

host rocks fractured in near surface environments (<1-2km depth), such as basalts (e.g. 

Angelier & Mechler 1977; Schlische & Ackermann 1995; Walker et al. 2011) and crystalline 

basement (e.g. Beacom et al. 1999; Siddoway & Gehrels 2014; Holdsworth et al. 2019). In 

most of these cases, solution processes are relatively minor or absent. Theoretical 

considerations and analogue modelling studies show that the relatively high strength of 

carbonate or crystalline rocks will tend to favour the formation of sub-vertical dilational 
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fissures in the near surface during rift-related normal or strike-slip faulting episodes (Figs 

2.1a-c; e.g. Sibson 1996; Ferrill & Morris 2003; van Gent et al. 2010; von Hagke et al. 2019). 

We should therefore expect such features to be widely preserved in ancient settings where 

fractured carbonates (or crystalline basement) form a basement that was exposed at the 

palaeosurface below regional erosional unconformities during the early stages of rifting, 

prior to burial. Given the frequent global development of hydrocarbon and geothermal 

reservoirs in fractured carbonates located close to regional erosional unconformities in the 

subsurface (Yang et al. 2014; Narayan et al. 2018), these fault-related fissure systems are 

likely to be of potential economic significance. 

 

Massively dilated, ancient examples of carbonate-hosted fault zones are already 

known, for example the folded Tertiary carbonates in the UAE and Oman (van Gent et al. 

2010), where they are filled with carbonate veins, fractured wall rocks and laminated 

Fig. 2.1) (a) Hypothetical Mohr circles illustrating the translation from tensile failure at the surface to normal 
faulting at depth (after van Gent et al. 2010). (b) Cross-section view of fractures generated in analogue model 
(van Gent et al. 2010) illustrating fault cavity architectures for different depth zones. (c) Aerial photograph of 
Thingvellir Rift, Iceland showing large tensile fissures developed in basalts at the surface related to the 
development of a normal fault at depth. Photograph by Yann Arthus-Bertrand, part of the Earth from Above 
collection - www.yannarthusbertrand2.org (Arthus-Bertrand 2004, 2020). 
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sediment fills. Similar normal fault fissure-fills – thought to be Triassic to early Jurassic age 

based on fossil evidence – are widely recognised in the fractured Carboniferous limestone 

basement that underlies the regional post-Variscan unconformity in the Bristol Channel 

Basin (e.g. Wall & Jenkyns 2004; Wright et al. 2009; Woodcock et al. 2014 - see their figure 

13). 

In this paper, we describe in detail the nature and significance of fissure systems 

filled with sedimentary material, breccia and calcite-dominated mineral deposits hosted in 

fractured Devonian limestones cropping out on the western onshore flanks of the offshore 

Portland-Wight Basin in Torbay, SW England (Fig. 2.2). We examine the diverse architecture 

of these fissure-fills and their associations with rift-related normal faults, the nature and 

mechanisms of filling and discuss the significance of our findings for fluid flow and fluid 

reservoir development in the subsurface. 
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2.2 GEOLOGICAL SETTING 

2.2.1 REGIONAL CONTEXT AND STRATIGRAPHY  
Tor Bay in SW England lies within the English Riviera UNESCO Global Geopark, stretching 9 

km from Hope’s Nose (SX 94741 63546) southwards to Berry Head (SX 94563 56538) (Fig. 

2.2).  A structurally complex basement sequence of Devonian limestones and calcareous 

mudstones was deformed during the Variscan Orogeny (Coward & McClay 1983). It 

includes, from oldest to youngest: the Early Devonian Meadfoot Group; Middle Devonian 

Nordon Formation; Brixham (or Torbay) Limestone Formation; and Late Devonian Saltern 

Cove Formation (Strange P J 2001). Devonian basaltic tuffs  and intrusive dolerites occur at 

Saltern Cove, Black Head, and Oddicombe Beach (Fig. 2.2) (Ussher 1903).  

A little deformed and shallowly dipping (<10o ) cover sequence of red, early Permian 

sandstones and breccias outcrops mainly within the central part of the Tor Bay coast (Fig. 

2.2) (George et al. 1927; Shannon 1928; Strange 2001). These rocks belong to the Torbay 

Breccia Formation, part of the Exeter Group (Ussher 1903; Henson 1971). They form a well-

bedded sedimentary succession, starting with alluvial conglomerates and depositional 

breccias at the base, before sharply transitioning to younger cross-bedded and well sorted 

aeolian sandstones. The basement and cover are separated by a regional-scale, post-

Variscan erosive angular unconformity known locally as the ‘Goodrington Unconformity’ 

(best exposed at SX 89539 58742). 

Fig. 2.2) Location and geological structure maps of Tor Bay. Left: Simplified location map of Tor Bay, with key 
locations and study areas shown by red boxes. Right: Simplified coastal onshore-offshore geological map of main 
lithological and stratigraphic units and structures in Tor Bay. Adapted from British Geological Survey (2004), and 
Harvey et al. (1994), and data provided with permission by EDINA Digimap: (OS VectorMap® Local [TIFF geospatial 
data], OS Terrain 5 [ASC & SHAPE geospatial data] Scale 1:10000, Tiles: sx85ne, sx85se, sx86ne, sx86se, sx95ne, 
sx95nw, sx95sw, sx96ne, sx96nw, sx96se, sx96sw, Updated: 27 June 2018, Ordnance Survey (GB), Using: 
EDINAmDigimap Ordnance Survey Service, <https://digimap.edina.ac.uk>) (DiGRock250k [SHAPE geospatial data], 
Scale 1:250000, Tiles: GB, Updated: 31 December 2013, BGS, Using: EDINA Geology Digimap Service, 
<https://digimap.edina.ac.uk>). (DiGMapGB-50 [SHAPE geospatial data], Scale 1:50000, Tiles: ew339,ew350, 
Updated: 30 November 2016, BGS, Using: EDINA Geology Digimap Service, <https://digimap.edina.ac.uk>) 
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Extensive outcrops of Permo-Triassic and Jurassic sandstones occur along the South 

Devon-Dorset coastline to the east of Tor Bay, which also form key potential reservoir rocks 

in the offshore SW Approaches petroleum system (Shail & Leveridge 2009 and references 

therein). Though separated by the NW-SE trending Stickleback-Lustleigh fault zone, the Tor 

Bay area lies on the western flanks of the offshore Portland-Wight Basin (Fig. 2.2; Harvey 

et al. 1994; Underhill & Stoneley 1998). The form of the Tor Bay coastline and margins of 

the offshore basin are significantly controlled by regional-scale, sub-vertical fault zones. 

 Pleistocene karst systems are widely developed in the Devonian limestones 

onshore (e.g. Kent's Cavern; Ussher 1903; Lundberg & McFarlane 2007), together with 

interglacial raised beach sediments (Strange 2001; Leveridge & Hartley 2003).  

2.2.2 STRUCTURAL EVOLUTION 
During the Variscan Orogeny, northward-directed contractional deformation led to the 

development of northward verging minor folds, cleavages and thrust faults in the Devonian 

basement sequences (e.g. see Coward & McClay 1983). Following uplift, exhumation and 

regional erosion, the exposed limestone basement around Torbay experienced one or 

more phases of extensional tectonics, subsidence, and sedimentation leading to the 

formation of large, steeply-dipping to sub-vertical NNE-SSW and E-W faults and the 

regional-scale Goodrington Unconformity (Harvey et al. 1994; Shail & Wilkinson 1994) (Fig. 

2.2). Permian extension here is thought to be related to post-orogenic collapse of the 

uplifted Variscan orogenic belt (Harvey et al. 1994; Ruffell & Shelton 2000). Some large 

basin-bounding faults are seen onshore (e.g. at Crystal and Saltern coves), whilst others are 

inferred to lie just offshore with smaller fracture arrays occurring in aligned swarms and 

corridors throughout Tor Bay (Fig. 2.2). Open fissures associated with both fracture sets are 
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known to be filled with zoned calcites, complex breccias, and significant volumes of red 

sedimentary material (e.g. Richter 1966).  

Following a period of tectonic quiescence in the Triassic, active rifting resumed 

during the Jurassic. This extension was centred offshore to the E of Tor Bay, generating 

large sedimentary depocentres off the Dorset coast in the Portland-Wight Basin (Underhill 

& Stoneley 1998). Unequivocal evidence for this phase of extension is not observed within 

the study area as there are no exposed Jurassic rocks onshore, but it is clearly seen offshore 

in seismic reflection profiles (e.g. see Underhill & Stoneley 1998).  

A later Cenozoic disconformity occurs in the Eocene-Oligocene strata of southern 

Britain and reflects a further period of regional uplift. At around this time, several 

kilometres of sinistral strike slip motion are thought to have occurred along the regional 

NW-SE Sticklepath-Lustleigh Fault Zone (Fig. 2.2; Holloway & Chadwick 1986). This NW-SE 

fault zone presently separates the onshore Tor Bay area from the offshore Portland-Wight 

Basin located further to the E (Fig. 2.2). 

  

2.3 FIELD AND LABORATORY METHODS 

Fractures systems and their fills were studied at 14 localities around Tor Bay (Fig. 2.2) where 

they are well exposed in the Devonian carbonate basement located close to the 

Goodrington Unconformity in coastal cliffs, wave-cut platforms, and quarries (Fig. 2.2). 

Structural geometries were recorded through the collection of orientation data, with brittle 

fault kinematics measured from: offsets of markers in the host rocks, the local preservation 

of slickenline lineations, and the preservation of asymmetric shear criteria such as en-

echelon veins and slickenline steps (Petit 1987). The relative ages of fractures and their 
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associated fills were ascertained in the field from observation of cross-cutting relationships. 

In exceptionally well exposed cliff sections and rock platforms, observations and 

interpretations were also made using low-level areal images collected using a drone.  

Representative samples of oriented hand specimens were collected from mineral and 

sediment fills of fractures and were used to study the microstructure and relative-age 

relationships of mineralization and cementation using transmitted light optical microscopy. 

As many of the fracture systems studied include faults with slickenline lineations, 

we used palaeostress inversion techniques to determine an approximation of the stress 

conditions responsible for their formation. This was carried out using WinTensor software 

(Delvaux & Sperner 2003), which utilises both the PBT axes method and the improved Right 

Dihedron method of Angelier & Mechler (1977) and Delvaux et al. (1995). These techniques 

have a consistent assumption that the slip vector data recorded in the field is parallel to 

the ideal shear component of the resolved stress tensor (Wallace 1951; Bott 1959). They 

are most appropriate where the host rock is mechanically isotropic, fault displacements are 

small, and where data is measured across a broad range of fault plane orientations 

(Angelier 1991). 

In order to quantify fracture connectivity and volume of sediment fills in the 

Devonian basement, a drone-based orthorectified virtual outcrop model (VOM) was 

created for one very well exposed rock platform at Shoalstone Beach (Fig. 2.2) with an 

effective viewing resolution of 1-2cm. This was then interpreted manually and “ground-

truthed” during subsequent fieldwork, to generate a fracture trace map which was used to 

quantify fracture attributes, both manually and using the FracPaQ MatLab extension (Healy 

et al. 2017). The relative connectivity of the fracture network was determined using 

fracture topology (Sanderson & Nixon 2015), a characterisation technique that simplifies a 



 Chapter 2 

42 
 

2D fault or fracture network into discrete branches and nodes. The ratios between different 

types of nodes (I-Y or Y-X), and branches can be used to determine the relative connectivity 

and spatial characteristics of the network. In addition, areal and volumetric calculations of 

the amounts of fracture fills were undertaken using the Image Processing toolbox of 

MatLab (see Appendix B-I). 

 

2.4 POST-VARISCAN FRACTURE ARCHITECTURES AND GEOLOGICAL 

ASSOCIATIONS 

Brittle fractures are well-preserved, cross-cutting Devonian basement rocks and the 

lowermost parts (<5m above basement) of Permian cover sequences around Tor Bay. These 

structures are characteristically highly dilational in character and comprise three distinct 

void-like forms described below. 

2.4.1 SUB-VERTICAL FORMS 
Steeply-dipping to sub-vertical structures are the dominant form around Tor Bay. Two 

categories occur – large normal faults with apertures of up to 40m; and 10-100m wide 

fracture corridors made up of fractures that individually have apertures of <1m.  Note that 

throughout this paper, we use the term ‘aperture’ to refer to the width of a fracture 

including any fill, i.e. the ‘kinematic aperture’ of Ortega et al. (2006). 

2.4.1.1 Large normal faults  

At Crystal Cove (SX 89656 58057) a 400m coastal section on the north side of Broadsands 

Beach exposes a linked array of three major, sub-vertical NNE-SSW faults with apertures 

up to 40m wide (Figs 2.3a-c). Red clastic sedimentary material intercalated with extensive 

vuggy calcite mineralisation fills the fault fissures (Figs 2.3c,e,f). A series of discrete slip 
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surfaces with calcite slickenfibres (e.g. Fig. 2.3d) are recognised separating panels of 

sediment infill, brecciated basement wall rocks and dilatant calcite mineral fills (Fig 2.3b-f). 

Slickenfibres display normal dextral shear senses, with rakes varying from 63o to 90o, along 

planes which strike from 003o - 043o and dip 68o to 86o E (Fig. 2.3g). The aforementioned 

sediment fills are distinctly zoned, with each widening (increasing in aperture) towards the 

overlying palaeosurface unconformity in a “v” shape (e.g. Fig. 2.3c). These features likely 

formed as filled fissure cavities, each zone representing an individual dilatant opening 

event of the fissure. With each movement, the cavity widens creating new spaces that were 

infilled by sediment and/or by minerals precipitated from circulating hydrothermal or 

meteoric fluids. The repeated overprinting of slickenfibres and zoned fills suggests multiple 

reactivation events, with synchronous shear and tensile fracturing behaviour close to the 

palaeosurface represented by the immediately adjacent base-Permian unconformity.  
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Some 200m north of Crystal Cove, a small inlet called Shell Cove (Fig. 2.3a; SX 89643 

58217) preserves the unconformable contact between the Devonian limestone basement 

and the Permian clast-supported breccia and interbedded sandstone cover. The lowermost 

layers of this cover sequence are interpreted as flash-flood deposits and contain clasts of 

the underlying limestone basement (Thomas 1909; Henson 1971). Sub-vertical NNE-SSW 

striking sandstone and breccia-filled fractures are seen to cut both the limestone basement 

and the lowest 2-3m of the overlying breccia. These rocks are then disconformably overlain 

by cross-bedded, finely laminated sandstone. It is difficult to demonstrate conclusively that 

the sedimentary material filling the fracture cavity is continuous with these Permian 

sandstones, but the lithologies are identical in composition, grain-size and rounding. We 

therefore suggest that the cross-bedded sandstone either forms the sediment source, or 

immediately post-dates the sediment fills in the underlying fractures and that both were 

deposited under similar environmental conditions.  

E-W major faults are best observed at Oddicombe Beach (SX 92645 66127) and 

Saltern Cove (SX 89543 58377) (Figs 2.2, 2.4). In the latter locality, a large E-W trending 

fault system is observed in the cliffs with an aperture of 14m, dipping steeply N (Fig 2.4a, 

b). It cross-cuts a small, S-dipping Variscan thrust that emplaces Brixham Limestone 

Formation over rocks of the younger Saltern Cove Formation. The limestone hangingwall 

Fig. 2.3) Field photographs and location map of large faults at Crystal Cove (for location see Fig. 2.2). (a) Maps 
showing key location names (left) and basic geology (right). For key see Fig. 2.2 (b) Field photograph of large 
fault surface separating Brixham Limestone Formation (BxL) and Torbay Breccia Formation (TBf) with a ‘wall’ 
of geopetal clastic sediment infill and calcite mineralisation (Ca). Locations of Figs 2.3c and e are also shown 
[SX89702 58039]. (c) Cross-section view of the large fault shown in b, showing c. 40m wide “v” shaped fault 
aperture filled with red sandstone-breccia and complex calcite mineralisation. Locations of 2.3d are shown 
[SX89541 57918]. (d) Field photograph of typical slickenlines seen on fault wall at contact between fault 
sediment infill and limestone host rock along the major fault seen in Fig. 2.3c [SX89541 57918]. (e) Field 
photograph of geopetal sediment accumulation in a conical shaped pile within a calcite mineralised fault plane, 
location given on Fig 2.3b [SX89590 57996]. (f) Plan view field photograph of fault cavity infill with successive 
syntaxial calcite mineralisation and sediment infilling giving strata-like banded appearance reflective of 
reactivation history [SX89619 58614]. (g) Stereographic projection of contoured poles to shear fracture 
planes, mean cyclographic shear plane, lineations of fault slip vectors, and tensile fracture planes. 
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of the thrust fault has undergone dissolution at the intersection between the thrust and 

normal fault. Calcite-bearing vugs (c. 2-15cm) have developed here (Fig. 2.4f), some of 

which have been filled geopetally by well-bedded red sandstone. A large limestone clast 

lies suspended in a matrix of zoned, sub-horizontally bedded red sandstones (Fig. 2.4a, c) 

suggesting that emplacement of the block was contemporaneous with red sediment 

infilling; it appears to have fallen downwards into the cavity from the hangingwall of the 

pre-existing thrust. The infilled cavity also contains entrained volcanic material (Figs 2.4d, 

e). 

 

Fig. 2.4) Virtual outcrop model and field photographs from Saltern Cove (for location, see Fig. 2.2). Model and 
photographs show faulted Brixham Limestone Formation (BxL) and Saltern Cove Formation mudstones (SCf), 
infilled by Volcaniclastic material (Vc) and bedded sediment of the Torbay Breccia Formation (TBf). (a) Annotated 
3D virtual outcrop model. Inset shows the stereographic projection of data from the reverse fault and 
slickenlines, the dilatant fault, and the bedding of the overlying limestone and a bedding-parallel fold axis 
[SX89488 58535]. (b) Local geological map, with main outcrops labelled, for key see Fig 2.2. (c) Field photograph 
of bedded sediment overlying the fallen limestone block. Location shown in a. (d) Field photograph of zoned 
volcaniclastic tephra within the tensile normal fault; orange material is fine grained tuff, with suspended 
volcanic clasts. (e) Field photograph of breccia material infilling the normal tensile fault, with clasts of brecciated 
orange volcaniclastic material in a red sandstone matrix. (f) Field photograph cross section view of limestone-
hosted vuggy calcite-lined cavities in the hangingwall of the thrust fault. 



 Chapter 2 

47 
 

2.4.1.2 Dilatant fault and fracture corridors 

Sub-parallel corridors 10’s to 100’s of metres wide are best exposed in plan view at 

Shoalstone Beach, and in cross section at Berry Head Quarry (Fig. 2.2; Richter 1966; Wall & 

Jenkyns 2004; Woodcock et al. 2014). Other important, though less well-developed 

examples occur at Hope’s Nose. These fractures typically have apertures of 5-15cm, but 

have been observed as narrow as a few millimetres and as wide as 4.5m. 

At Berry Head Quarry (SX 94293 56615) (Fig. 2.5a), the excavated Mid Devonian 

limestone walls are up to 60m high, with a single shelf exposure of cliff section 900m long. 

26 sub-vertical sediment-filled fractures trending either NNE-SSW or E-W are seen here 

cutting homogenous massive limestones. No filled fissure tips are observed, with fractures 

extending vertically over many tens of metres with little systematic change in aperture. 

Despite having seemingly constant apertures over vertical distances of up to 60m, the walls 

of the fracture cavities are locally irregular, with many large angular asperities and 

entrained blocks of brecciated wall-rocks (Figs 2.5b-d). These features, together with the 

lack of any noticeable lateral offset of bedding in the surrounding limestones indicates that 

these are predominantly tensile (Mode I) opening fractures. At the western end of the 

quarry, a number of moderately dipping (~40o) sediment-filled cavities are also exposed 

linking into vertical fractures (“low angle linkages” in Fig. 2.5d). 
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Fig. 2.5) Field photographs, maps and structural data from Berry Head (for location, see Fig. 2.2). Field 
photographs show Brixham Limestone Formation (BxL), faulted and filled by calcite mineralisation (Ca), and 
Torbay Breccia Formation sandstones (TBf). (a) Digitized field sketch map showing locations and orientations of 
the sediment-filled fractures on headland (black lines), with inset (left) oblique view of Berry Head from Google 
Earth, with locations labelled. Second inset (right) is a stereonet showing poles to fracture planes and mean 
cyclographic plane (red), demonstrating the general NE-SW strike and SE dip. Basemap 5m digital elevation 
model (scale shown) generated from Ordnance Survey data provided by Edina Digimap. (b) Plan view field 
photograph of jigsaw breccia in fracture cavity [SX94418 56714]. (c) Field photograph of quarry face showing 
red sandstone infilling and calcite vein development and cross-cutting relationships within vertical fracture 
cavities in limestone [SX94296 56619]. (d) Field photograph of sub-horizontal smaller fracture cavities and 
“linked-flats” infilled with red sandstone, W Berry Head Quarry [SX94156 56566]. (e) Field photograph of bedded 
red sandstone within a small irregular shaped cavity bound by syntaxial sparry calcite growth [SX94418 56714]. 
(f) Field photograph of a large sandstone-filled sub-vertical dilatant cavity (right) and bifurcated smaller cavity 
(left) at Berry Head Quay [SX94418 56714]. 
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At the seafront quay, some 150m N of the main quarry, 5 bifurcating and linked, 

sediment-filled fractures occur with apertures up to 40cm (Figs 2.5a – yellow box, e, f). By 

tracing these fractures along strike to the equivalent set seen in the quarry walls, we can 

infer that these fractures are at least 500m long, and show little evidence of narrowing or 

tipping out laterally, indicating a still larger fracture trace-length. A minority of the exposed 

margins of these fractures appear to have been smoothed. These are interpreted as 

possible local karst weathering features (Dubois et al. 2014). This suggests that these 

cavities were open close the surface and permeable to fluids prior to infilling. Note, 

however, that the evidence for dissolution is generally very limited and the vast majority 

of exposed fracture walls feature angular – sub-angular asperities that can be matched 

exactly to opposing fault walls, along with textures such as jigsaw brecciation, that would 

not be preserved had dissolution widely affected the fracture surfaces.  

A large wave-cut platform 700m long occurs at Shoalstone Beach, NE of Brixham 

harbour (SX 93608 56816) (Figs 2.2, 2.6). Here an exceptional 2D plan view of sediment-

filled fracture networks is exposed cutting Mid Devonian limestones (Figs 2.6a-h). As in 

previous locations, shear offsets of bedding are minimal and the fractures are almost 

entirely dilational Mode I features. Previous authors have noted that the sub-vertical 

fissures here occur in two sets  (Richter 1966). An older, paler coloured E-W set is cross-cut 

by younger, darker N-S set (Figs 2.6f-h). These relative age relationships are typical of the 

Tor Bay region as a whole, and given the exceptional exposure,this locality can be regarded 

as the “type” locality for these sediment-filled fractures.  



 Chapter 2 

50 
 

 Fig. 2.6) Orthorectified outcrop images and trace maps, data and field photographs from Shoalstone Beach (for 
location, see Fig. 2.2). Field photographs show Brixham Limestone Formation (BxL), faulted and filled by Torbay 
Breccia Formation sandstones (TBf). (a) Virtual outcrop model in which smallest structures resolvable are 1.5-
2.5cm. (b) Interpreted fracture-trace map. Sediment-filled fractures in orange, unfilled fractures in black.  (c) 
Sediment-filled fracture-volume map, interpreted from within well exposed selected area shown. Note the 
irregularity of apertures and traces. A summary fracture volume estimates is also given. Fracture fill: basement 
areas and ratios were calculated using MATLAB image processing toolbox, defining each pixel in interpreted 
image as either fracture-fill or basement, and then calculating areas using measured scales. For more information 
see Appendix A. (d) Fracture topology plot of fracture node types showing connectivity (Sanderson & Nixon 2015). 
Manual and automated (Healy et al. 2017) analyses shows that both the unfilled and filled fractures are well 
connected. (e) Rose diagrams of fracture segment strike angles generated using FracPaQ MATLAB toolbox, with 
average strike in red, showing that sediment-filled fractures are strongly orientated in ENE-WSW and N-S 
orientations. (f) Field photograph of well-bedded sandstone fracture fill and calcite veining from East Shoalstone 
Beach [SX 93834 56770]. (g) Field photograph of single fracture c.4.5m in aperture, filled with a uniform 
homogenous unbedded red sandstone [SX 93696 56789]. (h) Field photograph of interconnected fracture 
network filled with homogenous red sandstone with no calcite veins lining the wall-rock contacts [SX 93775 
56780]. 
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At Hope’s Nose, Mid Devonian reef limestones are cut by irregular sediment- and 

calcite-filled faults and rare sulphide mineralised fault breccias (Figs 2.7a, b). Several faults 

exhibit a stratigraphic control where the mode of failure changes within different host units 

(e.g. Figs 2.7c, d). For example, where thicker bedded, more competent limestones are 

offset, the fault is dilatant (Mode I) with a wide aperture (up to 65cm) filled with sediment. 

Traced upwards into the directly overlying finer bedded limestones and tuffs, the fault 

shallows in dip by 20o and becomes a narrower shear fracture (Mode II/III) (Fig. 2.7c). This 

section of the fault contains breccia and slickenlines which indicate a normal shear sense 

(Fig. 2.7e). In some cases, blind faults are observed to have generated open ‘forced folds’ 

directly above the propagating fault tip (Fig. 2.7d). The fracture sets at Hope’s Nose exhibit 

cross cutting relationships opposite to those seen in the rest of Tor Bay, i.e. sets of (unfilled) 

N-S fractures here are cut by (sediment- and breccia-filled) E-W faults. These E-W 

structures show brecciation of mineral fills suggesting that there was later local fault 

reactivation here which may help explain the difference in percolating fluid chemistries at 

Hope’s Nose described by Shepard et al. (2005). Once again, a minority of fractures at 

Hope’s Nose exhibit smoothing of cavity walls and apparent locally widened apertures (e.g. 

Fig. 2.7a), suggesting some minor karstification prior to sediment infilling. 
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2.4.2 SUB-HORIZONTAL FORMS 
Where present, sub-horizontal fracture cavities are usually associated with large vertical 

faults and fractures. They have previously been referred to as “Liassic veins”, and 

“sedimentary sills” (Peterson 1967; Richter 1966; Smith 1952).  At Fishcombe Point (SX 

91843 57053) (Figs 2.8a-d), two small horizontal, partially sediment-filled cavities occur in 

Mid Devonian limestone with exceptionally well-developed fractal-scalenohedral calcite 

crystals which line the cavity walls (Figs 2.8c-f). These horizontal cavities link into a large (3-

17cm wide, >10m long) vertical sediment-filled fracture, progressively thinning away from 

it until they eventually pinch out (Fig. 2.8c). The horizontal cavities are partially filled by a 

Fig. 2.7) Field photographs and structural data from Hope’s Nose, showing Meadfoot Group deposits (Mdt), 
fractured and filled by Torbay Breccia Formation sandstones (TBf), calcite mineralisation (Ca), and Saltern Cove 
Formation mudstones (Scf). (a) Section view field photograph of red sandstone-filled, lozenge-shaped sub-
vertical fracture cavities showing minor dissolution of the limestone host rock and early karstification prior to 
deposition of infill. Mdt = Devonian Meadfoot Group [SX 94932 63666]. (b) Field photograph of multiphase 
mineralised breccia. Clasts include limestone, mudstone, and earlier brecciated calcite, cemented by secondary 
calcite and darker ore minerals (arrowed). (c) Field photograph of fracture stratigraphy showing dilatant 
fracturing in thickly bedded limestones below, and shallower dipping narrow shear fracture in thinly bedded 
mudstones above [SX 94942 63705]. (d) Field photograph of forced fold in finer bedded units. (e) Stereonet 
showing poles to fracture planes and slickenline lineations from Hope’s Nose, with mean plane and vector data 
shown in red [SX 94952 63634]. 
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red homogenous sediment continuous with the sediment fills in the vertical fractures, 

although it is much finer grained (20-50µm versus 250-1000µm) (Figs 2.8d-f). These 

horizontal cavities are sub-parallel to the pre-existing bedding in the limestone basement 

(Fig. 2.8c) and feature locally smoothed cavity walls, indicating that some minor dissolution 

has occurred during cavity creation (Dubois et al. 2014). 
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2.4.3 IRREGULAR CAVITY FORMS 
Cavernous carbonate-hosted voids are subordinate features compared to the other forms 

of fill and are morphologically diverse. At Fishcombe Cove (SX 91979 56942) (Fig. 2.2), the 

coastal exposures host a densely packed network of steeply-dipping, sediment-filled 

fractures trending NNE-SSW and E-W (Figs 2.8b, i), which exhibit the same cross-cutting 

relationships as seen at Shoalstone Beach. Less than 10m E along the coast, a near spherical 

fracture cavity up to 2m in diameter occurs filled with homogenous, un-bedded Permian 

sandstone. At Fishcombe Point, a series of small 20cm wide sediment-filled fractures are 

connected to a number of irregular lozenge-shaped, low aspect ratio (cave-like) cavities 

(1.7 x 0.5m), lined with calcite (c. 10cm thick) and filled with bedded Permian sandstone 

(Figs 2.8g, h).  

 

Fig. 2.8) Field photographs of fissure-fills from key outcrops around Fishcombe Point and Fishcombe Cove. Field 
photographs show Brixham Limestone Formation (BxL), faulted and filled by calcite mineralisation (Ca), and 
Torbay Breccia Formation sandstones (TBf). (a) Local geological map and (b) stereonet showing poles to 
sediment-filled fracture planes for Elberry and Fishcombe, demonstrating E-W and N-S trends as seen in mean 
cyclographic planes (N-S in red, E-W in blue); the dark red dashed line corresponds to the large fault at 
Fishcombe Cove. For key to geological map see Fig. 2.2. (c) Field photograph of subvertical sediment-filled fault 
cavity – white lines, and two sets of subhorizontal fault cavities intersecting – highlighted in yellow. Host rocks 
are folded Devonian limestones and interstitial mudstones of the Brixham Limestone Formation – BxL. Locations 
of Figs 2.8d-f are also shown [SX 91825 57062].  (d) Field photograph of horizontal fracture cavities showing 
the relationships between calcite mineralisation, minor-limestone dissolution, and sediment infilling at 
Fishcombe Point. (e) Field photograph of sand-volcano structures at the intersection of vertical and horizontal 
fractures, Fishcombe Point. Note the conical shape and central vent, and apparent fingering of sediment down-
slope. (f) Field photograph of horizontal cavity partially filled with red siltstone-sandstone, with the tips of scalar 
scalenohedral calcite crystals poking through the top-surface. (g) Field photograph of large red sandstone-filled 
cavity with calcite lining at Fishcombe Cove. Location of Fig. 2.8h is shown [SX 91979 56929]. (h) Field 
photograph of red sandstone-filled fracture cavity, bound by thick calcite veins from Fishcombe Cove. Sediment 
is bedded showing geopetally inclined and horizontal beds in addition to a single well-developed flame 
structure, all highlighted in yellow. (i) Field photograph of cross cutting red sandstone-filled fractures at 
Fishcombe cove, younger N-S set picked out in white, older E-W set highlighted in yellow [SX 91976 56949]. 
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2.5 INFILLS: NATURE AND PROCESSES 

The intimately associated sediment- and calcite-fills found associates with faults and 

fractures in the Tor Bay area must have formed close to the surface based on their 

proximity to the regional unconformity and the close lithological similarity of the sediment 

fills to the immediately overlying basal Permian strata.  

2.5.1 MINERAL FILLS 
Fracture walls are typically lined by sparry calcite fills, which vary significantly in size and 

morphology from millimetre-thick blocky to metre-thick coarse crystalline spars (Figs 2.5e, 

2.8d, f, 2.9a-g). Where sediment fills are present, the veins are normally a few centimetres 

thick and typically occupy < 10-15% of the fracture volume. The calcites are mostly milky 

white, but dark-grey fills are locally developed containing impurities such as carbon or fine 

iron oxide. Thick sparry calcite veins are consistently syntaxial and grow inward from the 

cavity walls (Figs 2.9a-f). Associated sediment fills are commonly cross-cut by smaller, 

younger calcite veins (e.g. Fig. 2.10b) and new fissure cavities may be present in the infilling 

sandstone which are also lined by crystalline calcite (e.g. Figs 2.3c, f).  



 Chapter 2 

57 
 

 

 

 

 

 

 

  

Fig. 2.9) Field photographs of calcite mineralisation types found in fracture cavities around Tor Bay. (a) Simple 
scalenohedral (dog tooth spar) calcite, Crystal Cove [SX 89615 58018]. (b) Complex scalar scalenohedral calcites 
growing in a sub-horizontal fracture cavity, Fishcombe Point [SX 91828 57061]. (c) Rhombohedral (nail head 
spar) sparry calcite, Crystal Cove [SX 89615 58018]. (d) Euhedral cubic calcites, Crystal Cove [SX 89586 57977]. 
(e) Splaying “plumose” calcites later partially filled with sandstone in a loose boulder found near Broadsands 
Beech [SX 89615 58018]. (f) Colour zonations in individual calcite crystals showing fluctuations in hematite, 
Crystal Cove [SX 89586 57977]. (g) Travertine style calcite mineralisation, Hope’s Nose quarry [SX 94924 63660]. 
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A variety of crystalline calcite forms are observed (Fig. 2.9) including: scalenohedral 

(dog-tooth spar) (Fig. 2.9a) a delicate fractal scalenohedral variety (Fig. 2.9b); 

rhombohedral (nail-head spar) (Fig. 2.9c); fine grained and sheeted (Fig. 2.9g); dendritic 

(Fig. 2.9e); mm-cm scale stalactites, and blocky calcite (Fig. 2.9d). Fibrous forms are largely 

absent except as slickenfibres developed on larger fault surfaces (e.g. Fig. 2.3d).  

 Syntaxial “cavity filling” textures are best displayed by the scalenohedral and 

rhombohedral forms (Figs 2.4f, 2.8d, f-h, 2.9a-f, 2.10b). Both types are known to form in 

near-surface environments ( e.g. García Carmona et al. 2003; Milodowski et al. 2018) and 

the lack of mixed calcite morphologies in single fractures suggests that fluid compositions, 

water depth and/or temperature may have fluctuated during fissure-filling.  

Fig. 2.10) Thin section photomicrographs of sediment infills. (a) PPL image of sub-rounded red 
sandstone grains in contact with a calcite vein. Quartz sand grains are coated in a thin rim of 
haematite. The calcite vein grows in optical continuity with the sandstone cement. (b) Photograph 
of thin section chip, of a fracture fill from Shoalstone beach. Showing the multiphase calcite vein – 
sediment infilling relationships. (c) PPL image of red sandstone infilling gap between two 
scalenohedral calcite crystals. Note lack of compaction and high porosity. (d) PPL image of heavily 
cemented red sandstone infilling fracture cavity, showing paucity of contact points between grains. 
(e) PPL image of fine-grained red silt from sub-horizontal cavity, consisting of material likely 
elutriated from nearby vertical sandstone-filled fracture. (f) PPL image of pseudo-cockade-style 
quartz mineralisation of individual grains, with intergranular porosity. Rounded quartz grains with a 
thin hematite coating, are enclosed by quartz cement growing in optical continuity with the clastic 
grains. (g) XPL image of 2.10f, highlighting the optical continuity of the isopachous quartz cement 
surrounding each quartz grain – separated by a thin haematite coating. 
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Small amounts (<1cm thick) of fine and sheeted calcite – interpreted to be 

travertine and flowstone - are seen lining cavity walls in a minority of locations, e.g. Hope’s 

Nose, Fishcombe Point (Fig. 2.9g). These features suggest that a limited degree of 

karstification may have affected some of the open fractures, which also show evidence for 

minor dissolution (‘smoothing’) along the cavity walls.  These karstified fractures can be 

distinguished from the effects of later Cenozoic-Recent weathering as they are partially 

covered by Permian sandstone infills.  

 Calcite textures are consistently growth zoned with large scalenohedral calcites 

commonly showing orange bands, parallel to crystal faces (e.g. Fig. 2.9f). Colour zonations 

like this are thought to be controlled by small fluctuations in fluid conditions/chemistry 

(Paquette et al. 1993; Guoyi Dong et al. 1995; Milodowski et al. 2018). The bright orange 

stained zones/bands within the calcite crystals likely formed due to enrichment of iron 

oxides in the mineralising fluids, which were then precipitated as thin haematite coatings 

and trapped as Fe-rich fluid inclusions (Milodowski et al. 2018). More generally, the 

syntaxial calcites show a marked coarsening-inward texture (Figs 2.9a-f, 2.10b). Multiple 

sequences of calcite growth from a single wall-rock interface are locally developed, with up 

to three or four bands of coarsening-inward calcite within a single vein (e.g. Fig. 2.10b). This 

is likely due to repeated pulsing of fluids through the open fracture systems, each 

generating a renewed phase of mineralisation.  

2.5.2 SEDIMENTARY FILLS 
Most fills in sub-vertical faults and fractures are consolidated red sandstones comprising 

well rounded, medium to coarse grains (200-100µm) of quartz coated in a thin layer of 

hematite (Figs 2.10a-e; Richter 1966). The grains are exceptionally well sorted, and most 

sands are homogeneous, structureless and massive (Figs 2.10d, e). Bedding, where present, 
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is defined by small variations in grain size and/or by thin laminations of fine silt (Figs 2.3e, 

2.4c, 2.5e, 2.6f, 2.8h).  

In most of the Tor Bay area, fills in the older E-W set of fissures are calcite cemented, 

with a great deal of associated calcite veining, whereas fills in the younger N-S set also 

feature regions of quartz cement, in addition to lesser amounts of calcite (Richter 1966). It 

is not certain whether this reflects a change in depositional conditions, but in every other 

respect, the fissures are identical. Where calcite cements are present in sediment, they 

grow in optical continuity with large calcite crystals in adjacent mineral fills (Fig. 2.10a). 

Where quartz cements are present in the sediment fills of N-S fractures, they are seen to 

grow in optical continuity with the clastic quartz grains they enclose (Figs 2.10f, g), which 

can be recognised by a thin coating of haematite. Collectively, all of these features suggest 

that fissure-hosted sedimentation, cementation and calcite mineralization were all 

contemporaneous.  

Further evidence for this contemporaneity comes from the preservation of striking 

pyramidal piles of sandstone-siltstone within large vertical fault fills and fractures (Fig. 

2.3e). At Crystal Cove, hundreds of these red sediment pyramids can be seen in cross-

section within a large calcite-lined N-S fault cavity. They vary in size from millimetres to 

tens of centimetres across, and in many places preserve shallowly-dipping bedding 

laminations in the centre of the pyramid, progressively steepening towards the margins 

(Fig. 2.3e). Similar features have been described by Woodcock et al. (2014) and are thought 

to represent geopetal accumulations of sediment which have been washed into open, 

partially mineralized fault cavities and piled up on any asperities or fallen clasts of wall-

rock.  
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Chaotic breccia fills up to several metres wide are found in many sediment-filled 

fissures around Tor Bay. The most common type consists of irregularly orientated, angular 

clasts of wall-rock limestone that show no evidence for attrition or rounding (e.g. Figs 2.4a, 

c, 2.7b,). These are thought to have formed by wall-rock collapse into open fissures 

(Woodcock et al. 2014). Locally, jigsaw-type breccias are developed where clast fragments 

are seen only slightly displaced from their original position (e.g. Fig. 2.5b). In all cases, the 

breccia clasts are held in a uniform matrix of red sandstone, suggesting that brecciation 

occurs coevally with sediment infilling.  

A few more exotic fills are found locally in some larger fracture systems. At Saltern 

Cove, an irregular zone of breccia fill includes clasts of tephra with associated copper and 

lead mineralization, enclosed in a matrix of fine-grained red sandstone (Figs 2.4d, e). Clasts 

are of orange-coloured tuff, and copper-rich clasts of volcanic ejecta. The sandstone matrix 

here preserves bedding laminations that wrap around the volcaniclastic clasts, suggesting 

that they were already lithified before being incorporated into an open cavity along with 

the unlithified sand. This volcanic material may have originated from either the early 

Permian Exeter Volcanics, or the Late Devonian interstitial basaltic tuffs within the Saltern 

Cove Formation, reworked at the surface and emplaced into the cavity (Smith 1952). The 

vertical and horizontal zonation of the sediment infilling the large normal fault cavity here 

further suggests that this fault-related fissure was repeatedly and cyclically reactivated, 

dilating and filling iteratively over time.  

At Fishcombe Point and SE of Fishcombe Cove, sedimentary fills in sub-horizontal 

fractures are finer grained (20-50µm) relative to adjacent vertical fracture fills and show 

normal grading consistent with deposition from a fluid suspension. This may indicate that 

these open fractures were regions of lower energy fluid flow, where finer sedimentary 
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material elutriated from the adjacent, faster flowing vertical fracture cavities was 

deposited (Cox & Munroe 2016). The local development of sand volcanoes close to the 

intersections of vertical and horizontal cavities (e.g. Fig 2.8e) also points to fluid fluxing and 

elutriation. Along the slopes of the sand-volcanoes, interfingering sedimentary structures 

with slight variations in grain-size reveal different depositional events, showing that these 

likely formed iteratively over many repeated fluid flux events (Fig. 2.8e).  

Finally, along the eastern side of Fishcombe Cove, a large lozenge-shaped sediment 

fill with an aperture of a few 10s of cm occurs (Figs 2.8g-i). The fracture is lined by sparry 

calcite, and the infilling sediment hosts an array of sedimentary structures including cross 

bedding and dewatering structures (Fig. 2.8h). Unusually, the earliest sediment fills here 

were concentrated along the sides of the cavity in very steep beds, most likely caught 

against the walls as the majority of the sediment fell deeper into the fault cavity. Once the 

steep beds met and blocked the fissure, shallowly dipping beds were deposited on top 

which preserve dewatering and flame structures consistent with periodic fluid fluxing 

events (Fig. 2.8h). 

 

2.6 DISCUSSION 

Our observations indicate that the fracture-hosted cavities in Devonian Limestone 

basement are fault-related fissures formed at, or within no more than a few hundred 

metres of the surface that have been pervasively infilled by Permian red sediment, with 

broadly contemporaneous calcite (and minor quartz) mineralization. The near surface 

interpretation is predicated on the close spatial association between the occurrence of the 

red sediment fills and the presence of the regional (early Permian) unconformity.  The 
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clastic material either fell, or was washed, into a network of long-lived open, subterranean 

cavities and was then variably reworked and redistributed by periodic upward-directed 

fluid fluxes (Fig. 2.11). The intimate association between the sediment fills and the calcite-

dominated mineral fills suggests that these fluid fluxes are plausibly related to active rifting 

in the early development of the Portland-Wight Basin. 

 

Fig. 2.11) Fissure-fill elutriation and emplacement sorting processes. Field photographs show Brixham 
Limestone Formation (BxL), faulted and filled by calcite mineralisation (Ca), Torbay Breccia Formation 
sandstones (TBf), and clasts of undifferentiated Devonian mudstones (Dm). (a) Illustration of near-surface 
fault architectures and the sorting of unconsolidated infills by fluid flow. i) shows emplacement sorting process 
where fine material is held in suspension by fluid and is unable to enter the fracture system, whilst coarser 
material rolling around on the palaeosurface is able to fall in. ii) demonstrates elutriation of finer sediment by 
fluid percolating vertically through the fracture-hosted unconsolidated sediment. Coarser material is held in 
or falls out of suspension, whereas fine material is winnowed out. This fine material is then either deposited 
where the fluid velocity drops in horizontal or dead-end fractures; or is expelled at the palaeosurface. b) Field 
photograph of sub-vertical to sub-horizontal filled-fracture linkage, showing fining of fill in the horizontal 
fracture away from the vertical cavity. Taken at Fishcombe Cove [SX 92021 56996]. c) Plan view field 
photograph of subvertical fracture in 2.11b, showing isopachous cockade-style calcite mineralisation around 
angular clasts of Devonian mudstone (Dm) and Brixham Limestone (BxL). Host rock is Brixham limestone 
suggesting upward migration of older Devonian mudstone clasts in cavity. Note the near uniform clasts size, 
and lack of fines despite the proximity to the fine red sedimentary material shown in Fig 11b [SX 92021 56996]. 
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2.6.1 KARSTIFICATION VS TECTONIC FISSURE FORMATION 
Karstification plays a significant role in the development of cavity systems in shallow 

basement carbonates world-wide (Hauselmann et al. 1999). In the Tor Bay area, large 

Quaternary cave systems are known within the carbonate basement, such as Kent’s Cavern 

(Lundberg & McFarlane 2007). However, most of the fracture cavities directly associated 

with Permian sediment and mineral fills in fissured limestone show very angular cavity walls 

and asperities with little or no evidence for aperture widening and dissolution (see also 

examples discussed by Woodcock et al. 2014).  The preservation of faults with shear offsets 

and slickenlines is further evidence for tectonic faulting at the time of open fissure 

formation. Fifty slickenside lineation measurements and relative displacement senses were 

subjected to a stress inversion analysis. (Fig. 2.12). The results suggest that both E-W and 

N-S structures formed under an extensional radial stress system (vertical 𝜎1) with a NNW-

SSE primary extensional axis (𝜎3), and an ENE-WSW secondary extensional axis (𝜎2) (see 

Fig. 2.12). Collectively these observations suggest that the majority of fissure-fills here are 

of tectonic origin, and the extensional stress system demonstrates that they are most likely 

related to the early stages of Permian rifting and basin formation rather than Variscan 

contractional deformation. Importantly, analogue models of dilatant normal fault systems 

in carbonates have shown how vertical tensile fissures can form in the near surface, linking 

at depth to inclined hybrid and shear fractures with dilational voids seen in jogs at 

intermediate levels (Figs 2.1a, b; van Gent et al. 2010).  
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2.6.2 MINERAL FILLING MECHANISMS 
Mineral zonation and cockade textures (Frenzel & Woodcock 2014; and references therein) 

are widely recognised on micro- to meso-scales, with the best examples preserved at 

Crystal Cove, Petit Tor Point, and Shoalstone Beach.  Here the mineralized fracture cavity 

fills have individual clasts that are completely surrounded by, and therefore appear to float 

in, multiple concentric layers of cement (Figs 2.7b, 2.10e, 2.13a). Elongate scalenohedral or 

rhombohedral calcites surround clasts ranging from single quartz sand grains to large clasts 

of Devonian wall rock (Figs 2.10e, 2.13b). The paucity of contact points between the clasts 

suggests that the clasts are free to move away from one another. Fractured cockades (e.g. 

Fig. 2.12) Palaeostress analysis of slip vectors (slickenlines) from major fault planes using 
WinTensor (Delveaux et al. 1995; Angelier and Mechler 1997). Results tabulated above and 
illustrated in stereonet projections below.   
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Fig. 2.13b) are locally preserved but the more widespread development of uniform 

overgrowths within and between clasts requires that the mineral cements grew evenly on 

all sides of each clast at the same rate. Whilst some of the concentric overgrowths may be 

the result of a “cut-effect” during sampling, the prevalence across multiple samples and 

paucity of contact points between clasts shows that the majority are “true” cockades. This 

suggests that they grew either in suspension, and/or by repeated rotation and accretion of 

clasts in an upwardly flowing, supersaturated fluid (Figs 2.13a, b; Frenzel & Woodcock 

2014; Cox & Munroe 2016). More generally, the preservation of such textures indicates 

that the fracture cavities remained open for significant periods and were subject to 

episodic fluid fluxes with significant flow velocities. The open nature of the fissures is 

consistent with the filling with red sediment derived from above, and the ubiquity of this 

relationship suggests that complete sealing of mineralized fissures rarely occurred (see 

discussion in Frenzel & Woodcock 2014).  
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Fig. 2.13) Examples and model of multiphase breccia formation. Field photographs show fissure-fills within 
the Brixham Limestone Formation (BxL) containing calcite mineralisation (Ca), bedded Torbay Breccia 
Formation sandstones (TBf), and clasts of undifferentiated Devonian mudstones (Dm). (a) Fault breccia from 
Petit Tor Point displaying cockade style mineralisation, with clasts of angular limestone separated by calcite 
mineralisation. Varying from other cockade style fabrics in Tor Bay as the thickness of calcite veining varies 
[SX 92649 66144]. (b)  Photo of fault infill from Crystal Cove, showing fractured cockade brecciation, 
mineralisation, and geopetal sediment infilling around clasts of suspended older wall rock [SX 89541 57918]. 
(c) Panelled illustration of formation of fault infill seen in (b), from repeated faults movement, fluid flux events 
and passive sedimentary infilling. 
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Crack-seal textures and fibrous calcite fills are preserved widely in dilational calcite 

veins in the Devonian basement rocks, where they also have a distinctly yellow colouration 

compared to the younger milky-white fissure-fill calcites. These older features are widely 

interpreted to indicate the cyclic build-up of fluid pressures leading to repeated episodes 

of hydraulic fracturing and mineral precipitation (e.g. Ramsay 1980; Cox & Etheridge 1989). 

The absence of such features in the later mineralized Mode I fractures of inferred Permian 

age is consistent with the fissures remaining open or partially open due to their near 

surface location meaning that significant build-ups of fluid pressure that might lead to 

hydraulic fracturing (i.e. fault valve behaviour; Sibson 1990; Cox & Munroe 2016) did not 

occur.  

2.6.3 RED SEDIMENT FILLING MECHANISMS 
Sediment-filled fractures are commonly referred to in the literature as either “neptunian 

dykes” or “injectites” (Richter 1966; Martill & Hudson 1989; Siddoway & Gehrels 2014; 

Siddoway et al. 2019). Sediment that has been driven into a fracture cutting a low-

permeability host rock in the sub-surface is commonly referred to as an “injectite” (Hurst 

et al. 2011 and references therein). Injectites are generated where overpressure develops 

in a poorly consolidated, uncemented sandstone, leading to hydraulic fracturing in an 

adjacent (usually) overlying lithology. Supposed injectites have also been recognised in 

crystalline basement lithologies beneath unconformities (Siddoway & Gehrels 2014; 

Siddoway et al. 2019; Holdsworth et al. 2020). One characteristic feature of injectites is the 

lack of internal sedimentary structures. This occurs because during injection of a sediment 

slurry in a single event there is no opportunity for grain sorting (Walton & O’Sullivan 1950; 

Peterson 1967; Walker et al. 2013). 
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There is very little evidence for injection of sediment in the Tor Bay area. Whilst it is not 

ubiquitous, horizontal-bedding is locally observed within many cavity fills (Figs 2.3e, 2.4c, 

2.5e, 2.6f, 2.8h, 2.13b), and the large euhedral, scalenohedral form of the calcite crystals 

that line the fracture cavities demonstrate that the voids were open prior to sediment 

infilling (Figs. 2.5e, 2.8c-h, 2.9e). Laminated sediment fills are also associated with a variety 

of geopetal structures which consistently young upwards and show that sediment 

progressively filled pre-existing open voids (Figs. 2.3e, 2.4c, 2.5e, 2.6f, 2.8c-h, 2.13b). The 

frequent lack of bedding laminations in many Tor Bay examples may be due to the periodic 

and repeated upward percolation of fluids through the sediment-filled fracture systems 

during and immediately following deposition, but prior to lithification (Fig. 2.11).  This fluid 

flux could have been sufficient to destroy any sedimentary structures and cause a large-

scale sorting/local homogenisation effect by elutriating the sediments and removing fines. 

Close to some of the larger basin-bounding faults, there is evidence of multiple fault 

movements at the same time as hydrothermal mineralization and sediment deposition. It 

is certainly conceivable that the repeated opening and closing of fault and fracture cavities 

in cohesive limestone basement close to the surface would lead to local fluid pressure 

changes. Hence it may be that finer silty fractions were able to be forced into open fractures 

following elutriation (Figs 2.11a-c). The result is a mass of sediment that has pervasively 

invaded any available and connected void space in the limestones below the regional base 

Permian unconformity.  

Given the evidence for fluid flux through the sediment-filled fractures, it seems likely 

that some sediment was ejected from the fracture system and effused at the surface; but 

has since been removed due to the erosive nature of the base-Permian unconformity. This 

would likely appear in the rock record as sand volcanoes, similar to those seen within some 
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horizontal fault cavities (e.g. Fig 2.8e). Sand volcanoes are well reported in the rock record 

(Gill & Kuenen 1957; Rowe 2013), but are more commonly associated with liquefaction 

processes during seismic shaking, rather than co-seismic fluid flux. Large magnitude 

earthquakes such as the Christchurch earthquake (2011), Niigata (1964), and New Madrid 

(1812) have been shown to produce sand volcanoes at the surface as a result of co-seismic 

liquefaction processes. However, despite the lack of onshore examples, large offshore sub-

marine mud volcanoes such as the Bortoluzzi volcano, offshore Calabria, frequently sit 

above major active fault zones and are formed through very similar processes (Cuffaro et 

al. 2019).  

2.6.4 WHAT DROVE FLUID FLOW? 
Whilst it is clear that the limestone-hosted fractures formed close to the surface and were 

open for long time periods, there is also evidence for cyclical, upward fluid fluxing events. 

Given the tectonic origin of the fissure systems and the clear association with active 

Permian rifting, it is likely that the migration of these fluids could be driven by co-seismic 

slip along larger basin bounding faults at depth (Sibson et al. 1975; Sibson 1981, 1994; Muir-

Wood & King 1993). Semi-regular slip events along large faults will lead to changes in fault-

void shape and volume, driving fluids out and drawing fluids in throughout the connected 

void network; suspending or rolling clasts around and precipitating minerals (Figs 2.13c, 

2.14). Since the architecture of the observed fault voids are frequently irregular, curvilinear, 

and bifurcated, the opportunity to develop dilational jogs and props is widespread. As the 

faults accumulate slip, these jogs will open and close, creating and reducing fracture 

volumes and causing pressure changes, leading to the mobilisation of fluids and suspended 

sediment throughout the connected cavity network. It is unknown whether the fluids 

involved here were meteoric or hydrothermal – or a mixture of both – and fluid inclusion 
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and stable isotope analyses are required in order to ascertain the origins of the host fluids. 

Either way, a tectonic mechanism related to seismogenesis during rifting seems a plausible 

driving mechanism. 

 

2.6.5 IMPLICATIONS FOR LONG-TERM FLUID TRANSPORT AND STORAGE 
Since the marginal parts of many rift basins overlie regional erosional unconformities, there 

is every reason to extrapolate that similar sediment and mineral-filled fissure systems may 

form anywhere where the basement is strong and cohesive, e.g. massive carbonates, 

crystalline basement, and basalts.  Examples of such fills from the geological record have 

been described in all these rock types (e.g. Angelier & Mechler 1977; Schlische & 

Ackermann 1995; Beacom et al. 1999; Walker et al. 2011; Siddoway & Gehrels 2014; 

Siddoway et al. 2019).  Good modern examples are seen associated with the Dabbahu 

Fig. 2.14) Schematic synoptic illustration of a typical near surface, mineral- and sediment-filled fault and 
fissure system and processes based on common structures observed around Tor Bay. 
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Fissure (Affar rift, in Ethiopia) (Rowland et al. 2007) and the mid-Atlantic ridge (Iceland) 

(Kettermann et al. 2019). These modern examples also feature fissures filled with surface 

detritus (sediment/lava/scree), and are formed along tectonic boundaries (Rowland et al. 

2007; Kettermann et al. 2016, 2019). Similar structures to those studied here, such as zoned 

calcite mineralisation, are also reported in modern fissure systems (De Filippis et al. 2012). 

As the basement subsides and is buried, the sediment and mineral fills prop open 

the highly interconnected network of cavities, potentially maintaining the large apertures 

and connection pathways (Holdsworth et al. 2019, 2020). If the sediment within the cavities 

is largely free of clay due to the effects of elutriation, and is well sorted and distributed 

throughout the fracture network, it has the potential to preserve a high porosity and 

permeability, provided the pore space does not become completely occluded by mineral 

cement. This sorting and elutriation has happened to some extent in the Tor Bay examples 

but an analysis of present-day porosity-permeability has not been carried out. 

Nevertheless, it illustrates that these fracture fills are potentially important sites for the 

sub-surface storage of fluids in hydrocarbon basins, geothermal reservoirs, or aquifers.   

 The drone-based orthorectified  virtual outcrop model (VOM) (Fig. 2.6a) and 

fracture trace map (Fig. 2.6b) from Shoalstone Beach illustrate in plan-view the very high 

interconnectivity of the sediment- and mineral-filled basement fissure systems formed in 

near surface settings (Figs 2.6a-d, g, h). A fracture topology plot (Fig. 2.6c; Sanderson & 

Nixon 2015) shows the connectivity of both the unfilled and sediment-filled fracture 

networks at Shoalstone Beach, with > 1.8 connections per fracture branch (> 1 is the 

threshold for a connected network). All sampled fracture networks show a dominance of 

Y-nodes over X- or I-nodes, though the unfilled network has more I-nodes, despite the 

higher number of fractures present. An areal calculation revealed that in fracture corridors 
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like this, the percentage area of potentially highly permeable sandstone fill locally reaches 

up to 69%. Further details of the virtual outcrop modelling and analysis, including an 

attempt to estimate the total volumes of fracture fill can be found in the Supplementary 

Materials (Appendix B-I). 

In the light of these findings, it is significant to note that the basal Permian-Triassic 

unconformities in the southern part of the UK are widely known to be associated with 

clastic and mineral infills (Woodcock et al. 2014, see their figure 13).  For example, in 

Pembrokeshire, Lower Carboniferous limestones are cut by large sediment- and mineral-

filled faults and fractures, formed during the opening of the Bristol Channel Basin. The late-

Triassic sediment fills here also feature cockade textures, and geopetal accumulations, 

whilst the limestones show only minor karstic dissolution, and extensive brecciation 

(Wright et al. 2009; Woodcock et al. 2014). Large arrays of red Triassic to early Jurassic 

sediment-filled fractures and faults are also found cutting Carboniferous limestones in the 

Mendips (Williams 1986; Wall & Jenkyns 2004). 

Collectively, our observations may explain why the basal Permo-Trias unconformity and 

underlying fractured basement are thought to form a significant aquifer and potential 

geothermal reservoir in the Southern British Isles. The unconformity is thought to provide 

an ingress point for fluids to generate substantial recent karst networks, potentially 

enabling deep-heat geothermal prospects (Narayan et al. 2018; and references therein). 

Faults and fractures exposed at the surface can only enhance the penetration of karstifying 

fluids, augmenting the potential for basement Devonian/Carboniferous limestones to be a 

significant geothermal reservoir. Fracture attribute and connectivity information collected 

in field sites such as the Shoalstone Beach outcrop could be important in helping to build 

better predictive fractured reservoir models. 
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2.6.6 REACTIVATION AND TIMING RELATIVE TO OTHER REGIONAL EVENTS 
Aside from the larger basin-bounding fault zones like those of Crystal Cove and Saltern 

Cove, there is relatively little evidence for reactivation of the fractures and associated 

fissure-fills. An exception occurs at Hope’s Nose. Mineralised fault breccias here are 

developed in Mid Devonian limestones (Russell 1929; Scrivener et al. 1994). These fault 

breccias trend broadly E-W (090-123o) cross-cutting a set of unfilled N-S fractures. The 

presence of re-brecciated calcite breccia here (Fig. 2.7b) shows that the E-W faults and 

fracture corridors have been reactivated. Dendritic native gold, palladium, and haematite 

mineralization within the re-brecciated fractures was associated with localised acidic fluid 

alteration of calcite (Russell 1929; Scrivener et al. 1994). This chemically diverse, cross-

course mineralisation has been dated at 236Ma ± 3Ma (mid to late Triassic) using Rb-Sr 

dating of quartz by Scrivener et al. (1994). These authors suggested that the fluids were 

basinal brines originating from the Permo-Triassic New Red Sandstone and Aylesbeare 

mudstones. It is also plausible that they are a distal manifestation of the rifting responsible 

for the formation of fissures in the region of the Bristol Channel Basin to the northwest 

(Woodcock et al. 2014 and references therein). Collectively these observations illustrate 

that the initiation of the Portland-Wight Basin (Permian) was significantly earlier than the 

onset of rifting to form the Bristol Channel Basin (Triassic-Jurassic) in SW Britain. 

 

2.7 CONCLUSIONS 

The geological material found within fracture-hosted cavities preserves a valuable and 

under-utilised source of information regarding early basin histories. The fissure-fill systems 

formed in the fractured limestones of the Tor Bay area (Fig. 2.14) are thought to have 
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formed during early Permian ENE-WSW rifting, linked to early stages in the opening of the 

offshore Portland-Wight Basin. Cyclical and iterative precipitation of mainly calcite from 

circulating, possibly upwelling fluids occurred very close to the surface in the fissures, 

plausibly related to repeated seismogenic faulting during rifting. At the same time, clastic 

sedimentary materials fell into, or were washed into, the open fault-related fissures from 

above (Fig. 2.11). Once incorporated, the sedimentary material in the fissures was 

commonly repeatedly remobilised, sorted, and redistributed by further episodes of fluid 

circulation throughout the near-surface fault and fracture network. These faults and 

fractures are very effectively propped open by their sediment and mineral fills and also by 

the inherent irregularity of the cavity walls, preserving the interconnectivity and potential 

permeability of these filled fissure systems (Fig. 2.14).  This may explain why the basal 

Permian-Triassic unconformities of southern Britain – which are known to be widely 

associated with filled fissures of this kind - are associated with the development of 

significant regional geothermal reservoirs and aquifers. This is also likely to be the case 

globally in sub-unconformity settings of this kind. 
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Chapter 3: 
 

The geology and evolution of crystalline 
basement and near-surface fissure systems 
hosted in these rocks, Calabria, southern 
Italy 

 

“The entire universe has been neatly divided into things to (a) mate with, (b) eat, 
(c) run away from, and (d) rocks.” Terry Pratchet 

 

Abstract: The geological characteristics and development of fissure-fill networks are a 

poorly-understood and under-described phenomenon. In the present paper we examine 

examples of fissures in exhumed crystalline Carboniferous basement and describe their 

origin, petrology, and geological implications. These fissures cut and reactivate 

deformation fabrics related to deeper tectonic events and immediately underlie and 

contain infills related to a Pliocene regional erosional unconformity surface. The superbly-

exposed inherited fabrics track the progressive upwelling and exhumation of the plutonic 

basement, from its emplacement in the Late Carboniferous through veining, folding, and 

rifting to submarine exhumation and fissuring in the Mid Miocene. The fissure network 

hosts sedimentary and fossiliferous material, collapse breccias, and limited mineralization 

with vuggy cavities and provides information on the style and history of faulting and 

sedimentation in the near surface during the Miocene. In addition these fissures are shown 

to be an important fluid migration pathway within otherwise impermeable crystalline host 

rock. Field observations, palaeostress analyses, and fracture topological analyses 
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demonstrate that these networks of filled-fissures are exceptionally well-connected and 

penetrated down to depths of at least a kilometre into the upper crust. Analysis of collected 

samples show that these fissure-fills are typically very porous, resulting in a well-connected 

network of inter-and-intragranular cavities analogous to other basement reservoirs around 

the world.  

Supplementary material: Appendix B-III, Structural data from calabria 

3.1 INTRODUCTION 

Recent studies have highlighted the significance of near-surface fault and fissure 

development in low permeability rocks such as basalts, limestones, and crystalline 

basement (Trice 2005, 2014; Belaidi et al. 2016; Hardman et al. 2020; Holdsworth et al. 

2020). These faults and fissures are known to substantially impact the reservoir and 

transport properties of water, hydrocarbons, magma and hydrothermal fluids (e.g. 

Gutmanis 2009; Walker et al. 2013; Holdsworth et al. 2020). There is also evidence that 

they can be linked to active rifting processes and seismicity (Holdsworth et al. 2019; 

Hardman et al. 2020). Therefore these structures are of key interest in the assessment of 

geothermal reservoirs, petroleum systems, geohazards, and other subsurface geological 

resources, and can provide information on the geological and tectonic history during 

sedimentary basin formation that is otherwise missing from the rock-record.  

 Recent publications have highlighted the uncertainty surrounding the geological 

characteristics of top basement (Trice 2014). It is often assumed that the top basement is 

a planar nonconformable erosional surface separating impermeable crustal rocks from 

cover sequences; however with developments in our understanding of near-surface fissure 
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systems, it is increasingly apparent that the boundary between basement and cover can be 

more complex than has previously been assumed. Deep and shallow weathering, fissuring 

and infilling of voids, surface reworking and erosion, and other processes can drastically 

change the geological characteristics of basement rocks immediately below regional 

unconformities.  

An ideal natural analogue to study these phenomena in 3D exists on the Ionian coast 

of Calabria (Fig. 3.1a). Here the surface topography and coastal processes have produced 

exceptional 3D exposures of the basement rocks and lowermost Miocene-Pliocene fills of 

the Crotone basin. In the basement rocks, a series of different tectonic events can be 

delineated, each associated with different P-T conditions reflecting the progressive 

exhumation of the basement from low-mid crustal pluton emplacement and cooling up to 

the surface. Here we present field and microscopic observations, structural data, and 

stress-inversion analyses, and virtual outcrop studies from fissure-filled fractures and top 

basement fabrics and fault rocks. We show that fissure-fills can constitute substantial 

networks of up to 50% local rock volume of highly interconnected rock below regional 

nonconformities and may exhibit and preserve exceptional reservoir properties through 

geological time. These findings have important implications for the hydrodynamic 

properties and economic potential of up-faulted, sub-unconformity crystalline basement 

blocks – so-called ‘buried hills’ (Biddle & Weilchowsky 1994) - worldwide.  
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3.2 REGIONAL SETTING 

3.2.1 REGIONAL CONTEXT 
The Calabrian region is situated in the south of Italy, bordered to the north by Basilicata 

and separated from Sicily to the west by the Strait of Messina (Fig 3.1b). The Calabria-

Peloritani Arc terrane is a detached orogenic arc-basement complex separating the 

subducting Ionian lithosphere to the southeast, from the Tyrrhenian lithosphere to the 

northwest (Fig 3.1c) (Finetti & Del Ben 1986). This c.230km long overriding continental 

complex stretches from mid-Sicily to the Sila mountains. The crust of the Calabrian arc 

complex is comprised of high grade (granulite-amphibolite facies) Palaeozoic metamorphic 

gneisses, paragneisses, and migmatites intruded by Permo-Carboniferous granitoids 

(Langone et al. 2014; Ortolano et al. 2020). The intruding felsic plutons form a chain of 

massifs that define the elongate shape of the Calabria region; these are the Aspromonte, 

Serre, and Silla Massifs (Fig. 3.1a). These massifs and the surrounding host rocks have been 

extensively uplifted during the Cretaceous – Palaeogene Calabria-Peloritani orogenic event 

to form a chain of mountains >1km in height (Fig. 3.1b) (Thomson 1994; Bonardi et al. 2001; 

Cirrincione et al. 2015; Ortolano et al. 2020).  
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In the Mid-Late Miocene (Tortonian to Messinian), following Oligocene Alpine 

uplift, the Calabrian complex underwent SE extension, forming a series of back-arc 

transtensional fault-bounded basins between massifs associated with the opening of the 

Tyrrhennian sea (Thomson 1994; Monaco et al. 1996; Brutto et al. 2016). These continued 

phases of rapid exhumation and rifting from the Oligocene to the late Miocene is followed 

Fig. 3.1) Figure showing the location and structure maps of the study area and its tectonic setting. a) 
Topographic and bathymetric structure map of Calabria, showing the key mountain ranges/massifs and basins 
which define the shape of the region. Inset shows the location of the study area in Italy. b) Topographic and 
bathymetric map of southern Italy and Sicily showing key tectonic elements and suture lines. c) Cross section 
of Calabrian arc subduction complex after Finetti and Del Ben (1986), showing subduction of Ionian lithosphere 
under the Tyrrhenian lithosphere beneath the Calabrian arc complex. d) Regional geological map of the 
Catanzaro graben and northern Serre massif, showing the regional basement cover relationships. 
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by further uplift and rifting to the southeast associated with the ongoing opening of the 

Crotone forearc basin in the southeast. The transition from orogenic uplift and back arc 

extension to forearc extensions is represented in the rock record as a regional 

nonconformity known as the Messinian Erosional Surface (MES; Fig. 3.1d) (Cornée et al. 

2016). Within the core of the Calabrian complex, the Mid Miocene tectonic extension was 

accommodated by a series of NW oriented transtensional faults (Fig. 3.1a). These large 

sinistral-slip-extensional faults formed the Catanzaro, Siderno, and Messina grabens; 

separating the Serre, Silla, Aspromonte massifs and the Peloritani mountains (Fig. 3.1a, d) 

(Monaco et al. 1996; Van Dijk et al. 2000; Spina et al. 2011; Brutto et al. 2016). Tectonism 

has continued until recent times, with evidence for WNW-ESE extension in the middle 

Pleistocene and recent seismicity with exposed NW-dipping rupture surfaces along the 

Sant’Eufemia, Cittanova, and Serre faults (Minelli et al. 2016; Tripodi et al. 2018).  

As a result of this tectonically long-lived deformation, the Calabrian crystalline 

basement complex close to the basal Cenozoic erosion surface has been intensely faulted 

and fractured, and as it is well exposed on the coast, forms an outstanding natural 

laboratory for the study of sub-unconformity basement structures.  

3.2.2 STRATIGRAPHY 
For the purposes of this study the stratigraphy of Calabria can be simplified into the 

“Basement” lithologies, which are the Hercynian and Alpine units of the “Calabrian 

Basement Complex”, and the “Cover” sequences, which comprise transgressive Miocene 

to Pleistocene clastics, carbonates, and evaporites (Fig. 3.1d, 3.2). Within the study area, 

the basement comprises the Squillace-Petrizzi tonalite, deepest part of the Serre pluton, 
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overlain by Miocene marine sediments of the San Nicola and Panda Clay formations and 

Messinian carbonates (Fig. 3.2; Massari et al. 2010; Langone et al. 2014; Caggianelli 2016).  

The basement lithologies of Calabria consist primarily of Hercynian and Alpine 

metamorphic gneisses and paragneisses and Permo-Carboniferous felsic plutons (Van Dijk 

et al. 2000). The present study area is situated along the Copanello and Pietragrande 

headlands on the NW margin of the Plio-Pleistocene Crotone Basin (Fig. 3.1d; Zecchin et al. 

2012). Here the basement comprises a foliated biotite-rich tonalite with amphibolitic 

enclaves from the Serre Massif. Zircons collected from the central Serre pluton, between 

the Sila pluton to the northeast and Aspromonte pluton to the southwest, have been dated 

using U-Pb LA-ICPMS Geochronology and yield two dates of 295 and 306 Ma, which 

suggests a sequential emplacement of magma from the Late Carboniferous to the Early 

Permian (Fig. 3.1d) (Langone et al. 2014). The tonalite consists predominantly of quartz 

(20%), plagioclase feldspars (50%), and biotite (25%), with some hornblende and other 

amphibole minerals (<5%) (Fig. 3.2a). Extinction angles and published refractive index 

analyses show an anorthite wt% of 50% for the plagioclases (Caggianelli 2016). The dark 

mafic enclaves within the tonalite (Fig. 3.2a) comprise plagioclase (50%), hornblende (30%), 

biotite (10%), and cummingtonite (10%). In addition to its foliated crystalline fabric, the 

tonalite basement also hosts a number of deformation structures related to subsequent 

tectonic episodes, tracking its progressive exhumation to the surface following 

emplacement in the mid-crust (Caggianelli 1997; Caggianelli et al. 2000; Langone et al. 

2014). These structures include in order of relative age (oldest to youngest): magmatic 

shear, aplite and pegmatite veining, folding, frictional melts (pseudotachylytes) and 

chloritized cataclasites; and clear brittle fractures and sediment-filled fissures. Cooling 
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joints are not directly observed in the field, however due to the multiphase deformation 

history, they likely formed, but were overprinted by successive structural fabrics. 
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Some of the coastal exposures of tonalite show weathering of the crystalline matrix 

(Borrelli et al. 2016), altering the more chemically unstable minerals, such as biotite, into 

kaolinite and gibbsite clays, which are then preferentially removed through marine and 

meteoric erosion. This weathering is readily identifiable in outcrop as a “bleaching” effect, 

as the preferential alteration and removal of the dark biotites over the pale quartz and 

feldspar leads to a lightened appearance to the rock mass (Fig. 3.2b). This weathering 

related bleaching is distinguished from bleaching associated with propylitic alterations 

(discussed later), by a softening of the rock-mass and the absence of epidote 

mineralisation. 

 The tonalite is unconformably overlain by a chaotic clast-supported conglomerate 

(Fig. 3.2c) (Massari et al. 2010; Massari & Prosser 2013; Siddoway et al. 2019). The clasts 

consist exclusively of rounded grains (mm) to boulders (m) of tonalite basement and 

associated rocks. These clasts are largely un-weathered tonalite, mafic enclaves, and aplite 

vein/dyke material. The sandy matrix of the conglomerate comprises fine-medium sized 

grains (0.2-0.5mm) of angular quartz, biotite, and plagioclase. The grains are largely 

unorganised showing little evidence for any sorting or significant compaction, but do 

infrequently preserve poorly defined, small bedforms (1-10mm thick) above and between 

the larger clasts. The sandy matrix has a primary porosity indicated by blue-staining of thin 

Fig. 3.2) Figure summarising the stratigraphy and cross-cutting relationships seen across the study area. Left: 
Local geological map summarising the coastal geology of Copanello and Pietragrande, showing the localities 
and locations of collected virtual outcrop models. Right: Stratigraphy - younging directions shown by “Y” arrow. 
a) Thin section photomicrograph and field photograph (38°45'34.3"N 16°34'18.4"E) showing the petrology and 
key structures of the tonalitic crystalline basement. Qz is quartz, Plg is plagioclase, and Bi is biotite. b) Thin 
section photomicrograph and field photograph (38°45'41.9"N 16°34'16.4"E) showing the petrology and 
appearance of the weathered crystalline basement. c) Thin section photomicrograph and field photograph 
(38°45'37.4"N 16°34'15.9"E) showing the petrology and appearance of the basal conglomerate unit. Ca is 
calcite. d) Thin section photomicrograph and field photograph (38°45'36.9"N 16°34'16.6"E) of microbreccia 
showing the petrology and appearance of the unit. e) Field photograph (38°45'33.2"N 16°34'13.6"E) showing 
the general appearance of the Miocene San Nicola formation. f) Field appearance (38°45'22.9"N 16°34'00.2"E) 
showing the general appearance of the hypersaline Messinian carbonates. 
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sections of c.15-25%. These beds are defined by sharp variations in grainsize between fining 

upward (normally-graded) bedforms. In thin section, the crystalline grains are commonly 

coated by cockade-style calcite growths (<1mm thick) and an ultra-fine carbonate mud 

(Dowey et al. 2017). This mud is present directly against the grains i.e. under the calcite 

overgrowths and between the grains within available pore space, suggesting that the 

deposition of the calcareous mud occurred broadly synchronously with the growth of the 

calcite. The presence of interstitial mud is not uniform as some sections show a complete 

absence of muddy material, with cockade calcite growth continuing into adjacent pore 

spaces. The angular grain shapes of tonalitic constituent minerals, their lack of alteration 

and the lack of apparent compaction or sorting suggests that these sands are texturally 

immature and derived locally from the basement rock. The presence of calcareous mud 

within the conglomeratic sand matrix suggests that the grains have been deposited in a 

sub-marine palaeoenvironment (Dowey et al. 2017). Previous authors have attributed the 

sandy matrix of the conglomerate to the marine sandstones of the San Nicola formations 

above, interpreting the conglomerates as a reworked horizon at the base of the Serravalian 

– Tortonian sedimentary succession (Van Dijk et al. 2000; Massari et al. 2010; Massari & 

Prosser 2013).  

 Where exposed, the basal conglomerate is then overlain by a finer-grained 

microbreccia (Fig. 3.2d). The microbreccia comprises of a chaotic mass of small angular 

grains of tonalitic and detrital (fossiliferous) material set in a crystalline calcite matrix. 

Petrographically the microbreccia is similar to the matrix sandstone material of the 

underlying conglomerate, but it notably lacks the interstitial calcareous muds. The 

microbreccia clasts and grains vary in size from microns to several centimetres in scale, and 
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again show a distinct lack of sedimentary structures or grain organisation, and are angular 

in shape (Fig. 3.2d), and in thin section, appear largely uncompacted – no significant 

alignment of angular grains. The calcite cement growth primarily occurs surrounding each 

grain in a cockade style texture, but rarely fills all the available inter-grain pore spaces 

resulting in an exceptionally high porosity (30-40%). In addition to the local grain material 

derived from the tonalitic basement, the microbreccia also hosts detrital fossiliferous 

material. These fossils are primarily fragmented corals and bivalves suggestive of a shallow 

marine depositional environment (Massari & Prosser 2013). This horizon has previously 

been interpreted as a coastal fan or proximal braided stream deposit, within the larger San 

Nicola Formation (Massari et al. 2010). 

Collectively, the basal conglomerates and microbreccias vary significantly in 

thickness from zero, where absent, up to tens of metres thick, and grade upwards into the 

regionally recognised Serravalian-Torntonian sandstones of the San Nicola formation 

(Massari et al. 2010; Siddoway et al. 2019). The San Nicola formation also varies in thickness 

occurring from 0 to 90m thick when they fill topographic lows such as incised valleys. The 

sands of the San Nicola formation comprise 0.2 - 0.5mm rounded tonalitic grains such as 

plagioclase and quartz to give a predominantly pale yellow/grey colour, but grains are also 

reported to comprise mineralogies derived from low grade metamorphic rocks (Fig. 3.2e; 

Massari et al. 2010; Massari & Prosser 2013). The San Nicola formation hosts a variety of 

fragmented fossiliferous material including bryozoa, pectinids, bivalves, and corals, 

however these appear to be far more concentrated at the base of the succession (Fig. 3.2e) 

(Massari et al. 2010). This formation is best exposed locally up cliff from the Blu70 bar 

(38°45'33.6"N 16°34'12.8"E), 30m above the Copanello coastal outcrops. Here prominent 
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sub-metre scale foresets (014/28 SE) are found within transitional marine facies bedforms, 

separated by packages of bedded marine sands (023/31 SE). These sandstone units are 

separated by small disconformable surfaces. Regionally the San Nicola formation consists 

of fining upwards sediment packages passing from the basal pebble and boulder 

conglomerates and braided coastal deposits at the base to arkosic marine shoreface 

sandstones at the top (Massari et al. 2010; Massari & Prosser 2013). The San Nicola 

formation fills and covers the irregular topography of the basement and reworked 

basement below. Conformably overlying the San Nicola formation regionally are Tortonian 

shales and clays of the Ponda formation, though these are only present in the study area 

in <1m thick shale horizons, separating the San Nicola sands below, from the Messinian 

Limestones above. The Ponda clays are soft white diatomaceous clays and silts, interpreted 

to have formed in a low oxygenated outer-shelf environment (Massari & Prosser 2013). 

This formation marks the fossil boundary or transition at the MES between the fossil rich 

Miocene sequences, and the afossiliferous limestones of the hypersaline messinian strata 

above.  

Overlying the Serravalian and Tortonian sediments are the Messinian basal 

limestones (Fig. 3.1f). These hypersaline limestones are hundreds of metres thick and 

bound at the base by the regionally recognised Messinian Erosive Surface (MES) 

unconformity. The Messinian limestones are a thick succession of pale yellow/brown 

coloured intermixed evaporitic, carbonate, and siliciclastic sub-units (Van Dijk et al. 2000). 

Where exposed in the present study area, the Messinian limestones comprise the 

lowermost successions, where shallowly northward dipping bedforms mark boundaries 
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between dolomitic and micritic limestones, gypsarenites, and possible siliciclastic debrites 

(Massari & Prosser 2013) 

Due to access restrictions and outcrop preservation, the Ponda clay and Messinian 

Limestones were not sampled in the field, and unfortunately due to the unconsolidation 

and weathering of the marine sands of the uppermost San Nicola Formation, sample quality 

was poor.  

3.3 FIELD AND LABORATORY METHODS 

5 main localities were studied around the Copanello and Pietragrande coastline in Calabria, 

which host well exposed fracture systems and their fills within tonalite basement below 

regional unconformities. Structural geometries were recorded through the collection of 

orientation data, with brittle fault kinematics measured from piercing point offsets and 

localised slickenline lineations; supported by preserved asymmetric shear criteria such as 

jogs and the development of Riedal shears. The relative ages of fractures and their fills are 

determined in the field through cross-cutting relationships comparable across outcrops. In 

selected outcrops, field observations and interpretations were supported by use of low 

altitude areal images collected using a UAV Quadcopter. Where appropriate, 

representative samples of oriented hand specimens were collected from host rocks, fault 

rocks, and mineral/sediment fills of fractures; and were sectioned and analysed using 

transmitted light optical microscopy to study the microstructure and relative-age 

relationships of fracturing, mineralisation and cementation.  

 As many of the localities studied include faults preserving slickenlines and brittle 

shear criteria, we used palaeostress inversion techniques to determine an approximation 
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of the stress conditions responsible for their formation. This was carried out using 

WinTensor software (Delvaux & Sperner 2003), which utilises both the PBT axes and 

improved right hand dihedron method of Angelier & Mechler (1977) and Delvaux et al. 

(1995). These techniques assume that the slip vector data recorded in the field lie parallel 

to the ideal shear component of the resolved stress tensor (Wallace 1951; Bott 1959). 

These methods and assumption are appropriate where fault displacements are small, the 

host rock is mechanically isotropic, and data is measured across a broad range of 

orientations – ideally with 4 sets of fractures or more (Angelier 1991). Prior to the use of 

palaeostress inversions, the kinematic and structural data were subdivided into different 

relative age groups based on cross-cutting relationships observed in the field. 

 In order to quantify fracture connectivity and volumetrics in the tonalite basement, 

a structure-from-motion photogrammetric model of key outcrops was built using drone 

imagery. Using “metashare” photogrammetry software, hundreds of photos orientated 

along scan lines/flight paths from a multitude of different altitudes and orientations were 

compiled to form a high-resolution 3D virtual outcrop model (VOM). By extracting the 

digital elevation data for the topography from the model, and superimposing the drone 

images, a high-resolution orthorectified, planimetrically correct image map of the outcrops 

is created. The orthorectified images typically have an effective viewing resolution of 1-

2cms and are preferable to single-shot photos, as they remove the perspective effects on 

scaling, so accurate comparative measurements can be extracted from large areas. These 

models were interpreted manually, to generate a fracture trace map which was used to 

quantify fracture attributes. Due to the extremely low colour contract between fault void 

fills and the host rock, and the three-dimensional fault orientations, the volumetric data 
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was too unreliable to determine quantitatively from the VOMs. The relative connectivity of 

the fracture network was determined using fracture topology (for details see Sanderson & 

Nixon 2015). Fracture topology is a network characterisation technique that simplifies a 2D 

fault or fracture array into discrete elements – branches and nodes (Sanderson & Nixon 

2015). By analysing the ratios between different branch and node types a numerical 

assessment of relative connectivity can be derived, along with other spatial characteristics 

of the network. In particular the ratio between the number of fracture branches (NB - fault 

traces between nodes) versus the number of fault lengths (NL – fault traces between tips 

or sample boundary) is a useful proxy for 2D connectivity of a given fault network.  

3.4 LOCAL STRUCTURAL HISTORY 

The igneous and metamorphic basement of Calabria constitutes a fragment of overriding 

Palaeozoic continental crust located over the Ionian convergent boundary and subduction 

zone, intruded by Permo-Carboniferous felsic plutons/massifs (Fig. 3.1c). Within the study 

area the local basement is a basal part of the Serre Massif – an exhumed tonalite to 

granodiorite pluton (Fig. 3.1d). The Serre batholith was emplaced incrementally into the 

intermediate crust (7-20km depth) over a time interval of approximately 10 million years 

(306-295Ma) by the accretion and injection of small batches of magma (Langone et al. 

2014; and references therein). The Serre batholith can be subdivided into two units – which 

represent two main emplacement mechanisms and ages: an upper younger unit (Stilo 

granodiorite) and a lower older unit (Cardinale and Squillace-Petrizzi tonalite) (Langone et 

al. 2014).  Langone et al. (2014), developed a two-stage hybrid tectonomagmatic model for 

the Serre batholith. This model comprised a first stage of mid-lower crustal extension and 

ductile thinning which generated the accommodation space for the initial intrusion of the 
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lower unit (306Ma), followed by a second stage of laccolith-style emplacement through 

doming of the country rocks in the upper crust (<15km depth), generating accommodation 

space for the injection of the younger upper unit (295Ma). This two-stage model is the 

result of an extended emplacement time, as the initial intrusion heated and softened the 

overlying country rock, effectuating doming (Langone et al. 2014). This relatively low-

pressure emplacement mechanism, driven by thinning of the crust, resulted in low pressure 

high temperature metamorphism in the surrounding Palaeozoic country rocks and on-

going shearing and deformation of the magma during emplacement (Langone et al. 2014). 

These country rocks are not exposed in the present study area, with the nearest outcrops 

being metapelites 5km to the west around Montauro. The basement outcropping within 

the study area, belongs to the lowermost unit of the Serre Batholith – the Squillace-Pertrizzi 

tonalite. 

 From our observations, we have determined that during its exhumation this 

basement batholith has undergone five successive deformation events, each generating a 

new set of cross-cutting structures visible in outcrop (Fig. 3.3). These fabrics have then been 

subsequently subjected to ongoing seismicity. These deformation fabrics are described 

here from oldest to youngest.  
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Fig. 3.3) Figure summarising the early tectonic history and the fabrics of the Serre batholith. a) Simplified 

model, field photograph (38°45'35.4"N 16°34'18.9"E), and stereographic projection showing the orientation 

and primary features of the early magmatic deformation of the basement, including a foliation fabric, elongate 

pyroxenite enclaves and compositional banding. b) Simplified model, field photograph (38°45'47.4"N 

16°34'09.8"E), and stereographic projection showing the orientation and primary features of early ductile 

shearing and minor folding of the basement. c) Simplified model, field photograph (38°45'34.3"N 

16°34'18.3"E), and stereographic projection showing the orientation and primary features of aplite and 

pegmatite veining showing dilatant offsets picked out by enclave offset. d) Simplified model, field photograph 

(38°45'44.0"N 16°34'11.9"E), and stereographic projection showing the orientation and primary features of 

deep brittle shears including chloritized cataclasite and frictional melts – pseudotachylytes (PT), cut by a later 

fissure-fill (FF). Stereographic projection also summarises the results of palaeostress inversion revealing E-W 

rifting. e) Simplified model, field photograph (38°45'34.0"N 16°34'18.2"E), and stereographic projection 

showing the orientation and primary features of near surface fissuring and infilling with pale bedded sediment 

Rose diagram superimposed on stereographic projection also summarises the collected dilation vector data 

showing N-S opening of fissures.  
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3.4.1 MAGMATIC DEFORMATION 
At Copanello and Pietragrande, the outcropping basement comprises the lowermost 

tonalite facies of the Serre Massif. Tabular domains metres to 100s of metres thick of 

biotite-rich tonalite and granodiorite forms 90-95% of the basement lithologies, whilst the 

remaining 5-10% comprise dioritic and gabbroic enclaves (Fig. 3.3a). The plagioclase 

crystals are typically unstretched with a range of aspect ratios between 0.9-1. Quartz 

crystals appear more aligned parallel to the foliation direction with aspect ratios of 0.4-1. 

Boundaries between quartz grains show no solid-state recrystallisation processes 

suggesting the observed foliation fabrics were formed in a magmatic state (Hutton 1988). 

The dark biotites pick out a clear foliation fabric within the basement at outcrop, showing 

parallelism to the compositional interbanding of the tonalite and granodiorite. The foliation 

and banding display a regionally consistent steeply dipping SE trend (029/61 SE), parallel to 

the trend of the Calabrian arc and Ionian subduction zone (Fig. 3.2b, 3.3a). The tonalite and 

granodiorite domains appear to represent multiple sheeted units typical of many plutonic 

complexes worldwide (e.g. Hutton 1988) and the widespread preservation of ultramafic 

enclaves suggest that magma mixing may have occurred. However rare earth element 

profiles and mass balance calculations by Caggianelli et al. (2005) have demonstrated that 

the tonalite and enclave material of the Serre batholith can be generated through unmixed 

30% partial melting of  a basaltic source magma. The lozenge-shaped enclaves are also 

deformed with their long axes orientated parallel to the foliation fabric and magmatic 

banding, with evidence for flow-banding and schlieren textures of the foliation wrapping 

around the enclaves (Fig. 3.3a). This suggests that the magmatic intersheeting, foliation 

development and deformation of the enclaves all occurred coevally during magmatic 

shearing prior to complete cooling of the crystal mush (Hutton 1988; Tribe & D’Lemos 1996) 
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3.4.2 DUCTILE SHEARS 
At Pietragrande (38°45'11.9"N 16°34'06.5"E), there is evidence for localised solid-state 

deformation that predates the emplacement of local pegmatite and aplite veins/dykes. 

Here small (<5cm) wide ductile shear fabrics are present at the subtle contacts between 

the tonalite and granodiorite bands (Fig. 3.3b). Given the rarity of the structure and lack of 

preservations of any clear shear sense indicators it is not possible to determine the 

kinematics or significance of this deformation in the field, however published studies across 

the Silla massif describe a phase of ~550oC solid state deformation related to Jurassic 

extension and uplift (Caggianelli 1997; Caggianelli et al. 2000; Langone et al. 2014). 

Caggianelli et al. (2000), describe the dynamic recrystallisation of medium grained (0.3-

0.4mm) quartz grains through grain boundary migration (GBM) and area reduction (GBAR) 

forming polygonal arrays of equigranular quartz, and interlobated quartz arrays, associated 

with high temperature deep-seated deformation. This phase of deformation is not clearly 

visible in thin section as they are overprinted by later fabrics. 

 The rocks at Pietragrande also feature some minor folding within the tonalite. These 

folds are best observed using the mafic enclaves, which have bent and deformed to pick 

out fold limbs and axial planes. These folds form pairs which have a mean fold axial plane 

of 182/25W with a plunge of 15o - 17o South (Fig. 3.3b). It is not clear if these folds formed 

coevally with the ductile shears, but both represented a phase of deformation prior to the 

intrusion of the pegmatite and aplite dykes/veins. 

3.4.3 PEGMATITE AND APLITE VEINING 
Cross-cutting the magmatic fabrics and ductile shears are a series of pale-white pegmatite 

and aplite veins (Fig. 3.3c). These veins consist almost exclusively of quartz and feldspar, 
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but with varying grain sizes (sub-mm – aplite -to dm scale - pegmatite). The apertures of 

the veins vary from a few centimetres up to a metre wide, and the margins are sharp and 

well defined with no associated zone of deformation or alteration (Fig. 3.3c). The veins lack 

any internal deformation fabrics or structures related to their emplacement and have a 

similar mineralogical composition to the tonalite, suggesting that they represent a 

magmatic feature formed prior to complete cooling of the magma from a eutectic melt.    

 Within the present study area, the pegmatites and aplite veins are orientated sub-

parallel to one-another but do not reactivate the inherited SE dipping foliation fabric, 

instead striking NNE-SSW with a subvertical (generally WNW) dip (Mean = 195/66 WNW) 

(Fig. 3.3c). Off set of piercing points across the vein margins show that these veins are 

tensile – suggesting an ESE-WNW extension direction. Whilst the dip of the veins is rotated 

c. 45o clockwise compared to the foliation and sheeted fabric, the strike direction is 

consistent. This suggests a common structural framework between the two fabrics, which 

is consistent with the veins being late expressions of magmatic melt.  

These veins are frequently cut and reactivated by later brittle deformation, and are 

useful as they provide examples of offset horizons and piercing points for determining 

sense of shear and slip and dilation vectors.  

3.4.4 CATACLASIS AND FRICTIONAL MELTING (‘DEEP BRITTLE SHEAR’) 
Throughout the study area brittle shears hosting epidote mineralised cataclasites cut the 

pegmatite and aplite veins, magmatic textures, and ductile fabrics (Fig. 3.3d, 3.4a). In 

addition to the distinctive brittle shear fabric, these cataclasites are strongly associated 

with the generation of co-planar frictional melts (Fig. 3.4a). Whilst the frictional melts 

frequently overprint the cataclasite matrix, they are also cut and brecciated by subsequent 
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cataclasite generating shears, offsetting small veinlets and fragmenting lithified melt into 

breccia-clasts (e.g. 38°45'34.7"N 16°34'18.2"E). This mutually cross-cutting relationship has 

previously been noted in nearby pseudotachylytes to the south of the study area by 

Caggianelli et al. (2005). Whilst also forming new, cross-cutting shears, these faults locally 

reactivate both magmatic foliation planes and vein margins, leading to a complex array of 

interconnected faults with a spread of orientations (Fig. 3.3d). The stereonets show that 

the majority of pseudotachylyte and cataclasite hosting faults trend NNE-SSW with a 

moderate ENE or WSW dip of 80 to 30o. These NNE-SSW trending faults typically reactivate 

the vein margins and the magmatic foliation planes. In addition to these reactivated 

structures, a grouping of broadly ESE-WNW faults moderately dipping (20-60o) to the south 

is picked out in groupings in the stereonets. 
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The cataclasites within the faults are typically <50cm thick, and are clearly visible in 

outcrop due to the fragmentation, alignment, and stretching out of quartz crystals, and the 

pervasive pale green colouration (Fig. 3.4a,b). Offset piercing points, slickenlines, sigmoidal 

clasts, en echelon tension gashes, reidel shears, and dilational jogs, show consistent dip-

slip normal fault offsets (Fig. 3.4c). Given the diverse array of orientations, the dip-slip shear 

is often oblique with a minor strike-slip component; the dextral or sinistral sense of which 

depends on the orientation of the fault plane. In thin section the alignment of fractures, 

plagioclase crystals, and stretching of quartz is observed to produce a shear-parallel 

foliation to the cataclasites, which wraps entrained clasts in a flow-like texture (Fig. 3.4b).  

The ubiquitous green staining of these fault rocks is the result of synkinematic 

alteration of biotite and other minor mafic minerals to chlorite, and the retrogressive 

albitisation of plagioclases prompting epidote mineralisation (Fig. 3.4e-g). In thin section, 

the cataclasite matrix shows elongate quartz crystals and sericitized and chloritised biotites 

encapsulating angular clasts of plagioclase (Fig. 3.4e-g). Infrequently observed in thin 

Fig. 3.4) Figure summarising the field and microstructural fabrics relating to the cataclasite and 

pseudotachylyte bearing faults. a) Field photograph showing pseudotachylyte injection veins cross-cutting and 

caught between two green-stained chloritised cataclastic faults (38°45'41.9"N 16°34'16.4"E). b) Thin section 

photomicrograph showing zoned and foliated cataclasite. c) Thin section photomicrograph of foliated 

cataclasite showing elongate quartz crystals oriented parallel to the foliation. d) Field photograph of 

pseudotachylyte hosting fault with subvertical slickenline striae (38°45'41.9"N 16°34'16.4"E). e) Thin section 

photomicrograph of biotite crystals altered to chlorite and sericite, pinned between plagioclase crystals. f) Thin 

section photomicrograph showing the sericitization of biotite between plagioclase and quartz crystals. g) Thin 

section photomicrograph of chloritized biotite in plain polarised light, note the alteration along the crystal 

margins. h) Thin section photomicrograph showing the bulging grain boundary migration textures (BLG) 

between quartz crystals. i) Thin section photomicrograph showing polygonal quartz arrays within a fault rock 

clast suggestive of grain boundary area reduction (GBAR) textures. j) Thin section photomicrograph of foliated 

cataclasite, cut by en echelon quartz veins. k) Thin section photomicrograph in plain polarised light of 

pseudotachylyte injection vein with an injection/”wing” crack. l) Thin section photomicrograph of 

pseudotachylyte banding at the wall-rock interface with microlitic paler melts with smaller clasts and darker 

finer spheluritic melts with larger and more frequent clasts at the fault margins. m) Thin section 

photomicrograph of asymmetric banding/flow structures around clasts in frictional melts along the wall rock 

interface. 
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sections, quartz clasts within the cataclasite show dynamic recrystallisation structures 

along grain boundaries (Fig. 3.4h). Here cuspate and lobate high-surface area contacts are 

found along quartz grain margins consistent with bulging recrystallisation processes (BLG) 

(Fig. 3.4h). The epidote-albite-chlorite alterations observed in the cataclastic matrix are 

commonly associated with propylitic alteration by Mg and Fe rich hydrothermal fluids, 

suggesting these shear structures were invaded by fluids at the time of deformation. 

Observed in clasts, at the boundaries between quartz grains are small sub-grains and 

polygonal grain boundary area reduction (GBAR) contacts (Fig. 3.4i). In thin section micro 

quartz veins can be infrequently observed cutting the cataclasite fabrics parallel and at a 

low angle (<45o) to the foliation in an en echelon arrangement (Fig. 3.4j). Crystals at the 

margins of the micro quartz veins are smaller (10µm) that at the centre of veins (100µm). 

Not observed are the mineralisation of zeolite or prehnite-pumpellyite facies minerals.  

 The pseudotachylyte veins in this fault set trend parallel to the cataclasite bands, 

with characteristic perpendicular tensile cracks - “wing-cracks”, or dilational injection veins, 

emanating from the shear surface where the frictional melt is likely generated (Fig. 3.3d, 

3.4k) (Rowe et al. 2018). These veins of frictional melt reach thicknesses of up to 20cm and 

can occur in pairs or networks of multiple sub-parallel interlinked melting/slip surfaces 

within one fault (Fig. 3.3d, 3.4a). These pseudotachylytes comprise a glassy matrix of dark 

brown-black aphanitic crystals hosting clasts of rounded country rock (Fig. 3.3d, 3.4a, d). In 

thin section, many of these pseudotachylytes show a distinct zonation, with a darker 

cryptocrystalline matrix at the fault margins, and a lighter matrix in the centre of the faults 

(Fig. 3.4l). The darker matrix is associated with spheluritic mineral fabrics and contains 

larger and more abundant rounded clasts of wall rock. The lighter fabric is associated with 
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microlitic grains and smaller – less abundant clasts (Fig. 3.4l). Similar frictional melt 

zonations have been described at the Adamello massif in northern Italy by Di Toro & 

Pennacchioni (2004), who use petrological observations under scanning electron 

microscopy to suggest that the zonations are caused by differential melting and cooling of 

different minerals (plagioclase v.s. quartz and biotite) within a single event. Given that the 

Adamello massif features a similar tonalitic host rock, these observations can reasonably 

be applied to the melts present at Copanello and Pietragrande (Kirkpatrick & Rowe 2013). 

This zonation also reveals wavey clast-wrapping fabrics within the melt, which are 

analogous to flow textures within foliated and ductile-shear fabrics (Fig. 3.4m), but the 

asymmetries in these fabrics have not been used to derive shear-sense indicators, as flow 

of melt is driven by fluid pressure gradients, not fault kinematics.  

3.4.5 FISSURING AND DILATANT FAULTING (SHALLOW BRITTLE FAULTING AND FRACTURING) 
The final set of structures present in the study area, and the primary focus of the present 

chapter, is the locally extensive set of interconnected breccia- and sediment-filled fractures 

and faults (Fig. 3.3e). These faults and fractures occur pervasively within the basement 

tonalite as well as in the overlying conglomerate and microbreccia units. The fills 

themselves comprise brecciated wall rock, pale sandstone, rounded boulders of tonalitic 

host rock, and detrital fossiliferous material (Fig. 3.3e). These fills widely feature 

sedimentary structures and textures, which are discussed further in section 3.6. These 

sediment- and breccia-filled dilatant faults and fractures are interpreted to have formed at 

and close to the palaeosurface, and are therefore referred to as fissures in the present text. 

The collected structural data from these filled fissures show a sporadic distribution 

of orientation directions with groupings of NNE-SSW oriented fissures where they have 
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reactivated foliation planes, vein margins, and cataclasites. Kinematic data from fissures 

measured from offsets of piercing points across fissure planes provide dilation vectors. The 

dilation vector data shows a strong North-South trend, indicating that despite the broad 

range of orientations, these fissures share a unbiquitous N-S opening direction (Fig. 3.3e). 

The N-S opening direction is orthogonal to that determined for the 

cataclasite/pseudotachylyte bearing faults.  

The apertures of the fissures are typically <30cm wide, but multi-metre wide 

examples exist for example at Copanello South (38°45'26.4"N 16°34'10.1"E) and North 

(38°45'47.4"N 16°34'09.6"E). Given that they include sedimentary fills that include fossils, 

it is reasonable to assume that these dilatant fissures were infilled from above following 

their formation at or near the palaeosurface. In the following sections we discuss the 

geological relationships, kinematics, emplacement, and significance of these fault voids and 

their fills. 

3.4.6 ONGOING RIFTING 
Across the study area, a small number of larger offset faults are observed and inferred cross 

cutting the basement, Miocene sequences and the Pliocene Messinian strata (Fig. 3.2). The 

faults have decameter offsets and trend either WSW – parallel to the Catanzaro fault, or 

NE-SW (Fig. 3.2). Due to a lack of access and therefore detailed observation it is unclear if 

these faults reactivate any earlier structures, or host any slip-vector data. Previous authors 

have noted ongoing seismic activity in the region (Minelli et al. 2016; Tripodi et al. 2018), 

which is attributed to forearc rifting in the Ionian sea and the opening of the Crotone basin 

(Zecchin et al. 2012). The offshore sedimentary succession records cyclical phases of uplift 

during the mid-Pliocene, early Gelasian, mid-Pleistocene, late Ionian and recent, 
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interspersed between phases of subsidence and the accumulation of sediments (Zecchin 

et al. 2012).  

3.5 ILLUSTRATIVE EXAMPLES OF FISSURE ARCHITECTURES FROM THE 

COPANELLO AREA 

The sediment filled fissures are well exposed in both coastal platforms and coastal road 

cuttings in the Copanello study area, identified by the pale yellow/grey sands infilling light 

grey felsic host rocks. Given the significant topography (elevations vary by 0-120m, with 

individuals cliff heights of up to 70m) this provides an opportunity to study the structures 

at different elevations as a proxy for different depths below the regional unconformity and 

deeper into the basement. To the North of Copanello, the major NW-SE Catanzaro fault 

bounds the Catanzaro graben (Brutto et al. (2016); Figure 3.1d, 3.2). By tracing the coastline 

south through the study area we can also identify any relationships between the frequency, 

fill type, or aperture of the fissure-fills with distance from the Catanzaro fault. In the 

following section we describe the features observed at 5 selected outcrop locations, from 

moving from north to south, i.e. moving deeper into the basement and further from the 

Catanzaro fault (Fig. 3.2). 

3.5.1 COPANELLO NORTH 
Copanello North is formed by a very well exposed, 500m long coastal platform most of 

which lies at or close to sea level. Between 38°45'49.1"N 16°34'08.6"E to 38°45'34.4"N 

16°34'17.5"E) basement tonalite is continuously exposed, with smaller outcrops of 

overlying conglomerate, microbreccia, and Messinian carbonates (Fig. 3.2, 3.5a-c). Cutting 

the outcrops are three NE-SW trending normal offset faults. Fault planes are not preserved, 

but general orientations can be inferred from outcrop displacements and offsets calculated 
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from field map reconstructions. Two of these faults cut the basement, but not the overlying 

Messinian sequences, with a throw of approximately 10m (Fig. 3.2). These faults form a 

graben/horst irregular topography within which the conglomerate and microbreccia were 

deposited. This explains the present-day lateral discontinuity of the units, and the apparent 

thickening of strata with proximity to the faults. The northernmost of the NE-SW normal 

faults, and closest to the Catanzaro Fault, is larger, with a throw of 50-60m cutting multiple 

units including the basement, a large NW-SE trending sediment-filled fissure, and the 

overlying Messinian cover. This fault therefore has a significant component of later 

displacement, likely associated with Pliocene-recent seismicity in the region associated 

with the opening of the Crotone Basin (Zecchin et al. 2012; Massari & Prosser 2013). At the 

North end of Copanello North, the base of the Messinian sequence is in the cliff c. 20m 

above the coastal platform, further south this contact can be traced further inland. Local 

variations in the elevation of the MES are likely caused by the irregular palaeotopography 

and faulting in the basement (Massari & Prosser 2013). Sediment-filled fissures can be 

found throughout this section of coastline, predominantly within the tonalite (Fig. 3.5d-f); 

but can also be observed cutting the overlying conglomerate and microbreccia sequences 

(Fig. 3.5b). The mutually cross-cutting relationship between these sedimentary sequences 

and the sediment filled fissures (where fissures in basement are cut by overlying 

conglomerates which are in-turn also cut by sediment filled fissures) is best observed at 

38°45'36.9"N 16°34'16.6"E.  
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Fig. 3.5) Figure summarising the data collected and key structures from the Copanello North locality. a) Field 
photograph showing the erosive contact between unweathered basement and basal conglomerate highlighted 
in yellow (38°45'37.4"N 16°34'15.9"E). Note the few minor fissures filled with the finer material from the 
conglomeratic matrix. b) Field photograph showing basal stratigraphic relationships between the weathered 
basement, basal conglomerate, messinian carbonates, and cross-cutting fissures (38°45'41.9"N 16°34'16.4"E). 
c) Field photograph showing a major fissure-fill filled with large boulders, overlain by basal conglomerate both 
cut by a later fissure-fill (38°45'47.4"N 16°34'09.7"E). d) Field photographs showing an exposed palaeosurface 
from a wide fissure-fill, cross-cutting basement (38°45'44.2"N 16°34'11.6"E). e) Field photograph of vertical 
fissure-filled with bedded sediment, reactivating normal faults as shown by offset of veins (38°45'34.3"N 
16°34'17.8"E). f) Field photograph of multi-metre wide fissure, filled with bedded sediment and large boulder 
(38°45'34.2"N 16°34'18.0"E). g) Stereographic projection showing orientations of key features and kinematic 
vectors. h) Graph showing the distribution of collected fracture attribute data from Copanello North. i) 
Orthorectified photo map extracted from photogrammetric virtual outcrop model. Orthomodel is overlain by 
sample windows and interpreted fracture traces and nodes for topological analysis (Sanderson & Nixon, 2015). 
Inset shows primary results showing ratios of I Y X nodes and II IC CC branches. 
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 At Copanello North, the sediment filled fissures show a complex arrangement of 

orientation directions (Fig. 3.5g). Within the virgin fissures, i.e. those that have not 

reactivated pre-existing structures, the poles to fault planes show a spread of data with 

vertical to horizontal fractures present. These virgin fissures show a clustering of 

subvertical data around ENE and NNE and a clustering around subhorizontal orientations. 

The sediment-filled fissures across Copanello North, and the whole study area, share a 

common N-S dilation vector. Here the mean opening vector is 006.3o ± 3.1o as shown in Fig. 

3.5g. Despite the uniform N-S opening direction, few E-W oriented fissures are observed. 

Instead broadly orthogonal clusters of fissure sets are observed, suggesting these “virgin” 

fissures may represent the reactivation of unobserved pre-existing orthogonal cooling 

joints. The net result of the diverse distribution of fissure orientations is that the 

connectivity of the network is high in all directions. This connectivity is further quantified 

using fracture topology (Sanderson & Nixon 2015).  Analysis of sample areas shown in Fig 

3.5i show connections/line ratios >2.0 in all results with a mean of 4.2, and an average 

connections/branch ratio of 1.99; with a consistent dominance of “Y” nodes over “I” or “X” 

(Fig. 3.5i, Table 3.1). This indicates that the fracture and fault systems here are 

exceptionally well connected. 
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Table 3.1) Table summarising the results of the topological analysis from samples areas shown in Fig. 3.5i. 
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 The sediment filled fissures at Copanello North have a mean aperture of 40.4cm, 

with a range of <0.5 to >200cm (Fig. 3.5h). For clarity, here we refer to aperture as the 

opening component of displacement (kinematic aperture of Ortega et al. (2006)), including 

the fill, not (for example) the distance along a scan line. The scaling relationship of fracture 

aperture has been shown by previous authors to be power-law (Ortega et al. 2006; 

McCaffrey et al. 2020). Despite the smaller dataset and less in-depth statistical analyses, 

the data collected from Copanello North, and across the study area as a whole appears to 

show similar power-law scaling relationships to those in McCaffrey et al. (2020) (Fig. 3.5h). 

 At Copanello North, the spatial distribution of sediment filled fissures does not 

show any clear increase of intensity, size or aperture northwards towards the Catanzaro 

fault. Here the primary control on sediment fill intensity along the coastline is exposure – 

the largest accumulation of fissures and fills can be found at the southern end, by the Blu70 

bar (38°45'34.7"N 16°34'18.4"E), where the largest area of platform/basement is exposed 

(Fig. 3.2). The top surface of the tonalite basement is exposed here in a long promontory, 

behind which the overlying microbreccia can also be observed about a metre or so higher 

up protruding from the concrete dancefloor of the Blu70 bar. Further up the cliff behind, 

transgressive marine sandstones of the San Nicola Formation are exposed in contact with 

the Messinian limestones above (38°45'33.7"N 16°34'12.7"E) (Fig 3.2; Massari et al. 2010). 

This contact is marked by a small shale horizon thought to correspond to the Ponda Clay 

Formation (Fig 3.2, Massari et al. 2010). This outcrop lies 32m above the top basement 

outcrops below, suggesting a thickness of c. 30m of pre-Messinian Miocene stratigraphy at 

the southern end of Copanello North.  
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 Using the virtual outcrop models and orthorectified images of Copanello North, it is 

possible to trace out a fracture distribution map as shown in Fig. 3.5i. Given the outstanding 

exposure in the Copanello North section and its clear relationship to the overlying 

sedimentary cover sequences, it is taken to represent the type-locality for the sediment 

filled fractures and fissures of the Ionian coastline.  

3.5.2 COPANELLO CENTRE 
Copanello Centre is a small locality (50 x 50m) situated between Copanello North and South 

(38°45'31.7"N 16°34'15.7"E). This locality is primarily significant due to the sequential fill-

types present – discussed later, and the preservation of localised solid-state shearing 

textures (see below). 

Here the base of the Messinian limestone is observed and traced along breaks in 

slope in the cliffs 30m above the outcropping basement dipping shallowly north (Fig. 3.2). 

A fault is inferred between Copanello Centre and North outcrops to account for the c.5m 

vertical displacement observed between the base Messinian horizon (Fig. 3.2). Below the 

Messinian limestone (and the MES) are several metres of Miocene sediments and reworked 

basement (conglomerates and microbreccias) exposed along road cuttings at the top of the 

cliffs, underlain by tonalitic basement. Therefore the exposed tonalite at the shoreline is 

several metres below the top basement horizon, and therefore represents a 

stratigraphically deeper section that the fissures exposed at Copanello North. 

Like Copanello North, the sediment-filled fissures here have a uniform N-S dilation 

vector, demonstrating they formed coevally with their northern counterparts (Fig. 3.6a). 

Like the other collected orientation data from fissures, there is a wide distribution of fills, 

with clusters around reactivated vein margins. The virgin fissures at this locality are 
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clustered around a NW-SE orientation (Fig. 3.6a). The relative intensity, connectivity, and 

aperture distributions of the fissures seen here are comparable to those seen at Copanello 

North, suggesting there is little change to the fracture attributes within the uppermost few 

metres of basement.  
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3.5.3 COPANELLO SOUTH 
Copanello South is another large shorefront locality (38°45'26.0"N 16°34'09.8"E to 

38°45'30.4"N 16°34'15.0"E), comprising the sediment-filled fissures similar to those seen 

at Copanello North. Here a small road winds down from the top of the cliff (40m above sea 

level) to the shoreline, allowing for detailed examination of road cuttings, down through 

the stratigraphy (Fig. 3.2). The top of the road starts in the Messinian limestone and hits 

the base Messinian contact at an outcrop 35m above sea-level. Here (38°45'30.9"N 

16°34'13.6"E) the Miocene San Nicola sequences are present, but are <1m metre thick, 

overlying 1-2m of microbreccia and conglomeratic units and basement tonalite. The 

basement tonalite, conglomerate and microbreccia here form a multi-phase half graben 

fault block structure, with NW-SE trending normal faults (121/59 SW), indicating ongoing 

rifting during the deposition of these units (Fig. 3.7a). Below and moving S from this 

outcrop, tonalite basement is then continuously exposed along the roadside down to the 

shorefront. This unbroken outcrop therefore represents a 35m of stratigraphic depth 

section below top-basement. The tonalite is frequently cut by sediment infilled fissures 

which show no significant decrease in aperture or frequency down to 35m. At the base of 

the road a wave cut platform exposes a large area of tonalite basement pervasively cut by 

sediment filled fissures (Fig. 3.7b) (38°45'27.2"N 16°34'12.5"E). This outcrop arrangement 

provides an exceptional 3D view of the basement structures both in cross-section in the 

cliff, and in plan-view on the coastal platform. The tonalite within the cliff also shows a 

Fig. 3.6) Figure summarising the key structures and orientations at Copanello Centre. Field 
photographs from 38°45'31.8"N 16°34'16.1"E. a) Stereographic projection and rose diagram 
showing the orientations and opening vectors of fissures. b) Field photograph showing injection 
network and jigsaw breccia of sediment filled fractures/fissures. c) Field photographs showing 
multiphase fissure-fill showing clast of paler sandstone infill in a matrix of darker fine sediment. 
Clast is topped by pyramidal geopetal pile of sediment. d) Field photograph of bedded and 
brecciated fissure-fill. e) Field photograph of fissure containing two fills, an older paler fill and a 
younger iron stained cemented fill. 



 Chapter 3 

116 

 

bleaching, not commonly observed in other localities, however it is not clear if this is a 

recent phenomenon, or is related to geological processes in the past. Analysis of 3D models 

and orthorectified images revealed the presence of N-S trending linements or apparent 

major faults, and a high strain shear zone (Fig. 3.7b). The apparently dextral slipping shear 

zone is picked out by a band of closely spaced linements which offset the fissures and the 

veins (Fig. 3.7b).  
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The orientation and kinematics of these sediment filled fissures is similar to the 

orientations recorded at Copanello North and Centre, with a sporadic distribution of 

orientations and a uniform N-S opening vectors (Fig. 3.7e). The orientation of virgin fissures 

here are seen to cluster subvertically around ESE-WNW and NNE-SSW, and a subhorizontal 

northward dip with an E-W strike. These orthogonal sets are similar to the sets observed at 

Copanello North, but with a slight anticlockwise rotation, this rotation may be due to a 

rotation with depth – aligning with the regional N-S stresses. 

At the base of the cliffs at Copanello South sediment-filled structures occur on three 

scales. The largest is a single 3-15m wide, at least 30m high vertical fissure, trending 070o 

to the East visible in cross-section in the cliff wall, and in plan-view in the platform (Fig. 

3.7b-d). This fissure is entirely dilational with no clear associated shear offset (Fig. 3.7c). 

The kinematics of this fissure suggest a broadly N-S opening direction, in-line with the other 

smaller sediment filled fissures seen throughout the study area. The fissure contains large 

clasts of wall rock, sediment, vuggy cavities, and minor mineralisation (Fig. 3.7d). The 

entrained clasts of wall-rock are predominantly rounded boulders of veined tonalite and 

ultramafic enclaves, between which are large vuggy cavities up to 2m in diameter (Fig. 

3.7c). Unlike the other sediment filled structures, the fissure hosts minor calcite 

mineralisation visible by eye, which encapsulates and cements smaller clasts of breccia (See 

section 6.2). Another notable characteristic this fissure, is the presence of a “damage zone”. 

Fig. 3.7) Figure showing the key structures and orientations at Copanello South. a) field photograph of 
contact and cross-cutting relationships between the microbreccia, weathered basement, and tonalite 
basement at the top of the road at Copanello South (38°45'31.0"N 16°34'13.7"E). b) Orthorectified photo 
map extracted from photogrammetric virtual outcrop model of Copanello south showing the major fissure 
(yellow) and larger faults / fault zones (red). c) Orthorectified photo map of cliff section showing major 
multimetre fissure (yellow) and associated damage zone of “strata bound” dilatant cracks. d) Field 
photograph showing the contact between the major fissure-filled sediment and breccia and the surrounding 
host rock (38°45'26.5"N 16°34'10.5"E). e) Stereographic projection showing orientations and opening 
directions of fissures at Copanello South. f) Field photograph (38°45'27.6"N 16°34'10.9"E) showing sediment 
injection splay network cross cutting pseudotachylyte (PT) and cataclasite (CC). 
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Small (<2m in depth) dilatant mode I fractures occur in the tonalite basement up to 20m 

either side of the fissure. These cracks are not connected to the top-basement 

palaeosurface and they appear “strata-bound” between low-angle aplite and pegmatite 

veins, and as such are un-filled (Fig. 3.7c). The frequency of these structures decreases up 

to 15m away from the fissure.  

 The wave-cut platform also hosts a large amount of sediment filled fissures up to 

50cm wide. The frequency and density of these fissures is similar to those exposed at 

Copanello North, despite the increased formation depth (35m below top basement). 

However the mean aperture of the sediment filled fissures here, excluding the large fault, 

is 13cm which is less that at Copanello North (40.4cm), consistent with a narrowing with 

depth of the fissures.  

The smallest scale of sediment-filled cavities observed at Copanello South are mm 

scale micro-cracks, filled with a fine silt/clay grade sediment (Fig. 3.7f). Like Copanello 

Centre, the tonalite basement here comprises a number of branching clay and silt-filled 

fractures. These branching arrays of clay-filled micro-cracks are much larger in extent (cms 

vs ms), denser, and more common here than to the North, and in addition contain a more 

diverse infilling material. These clay splay networks comprise mutually-cross-cutting 

microfractures less than 2 mm in aperture in densely packed arrays, the largest of which is 

2-3 metres across (Fig. 3.7f).  

3.5.4 ROAD CUTTING 
The “Road Cutting” locality is situated 600m West of Copanello Bay, 110m above sea level, 

on the Località Torrazzo off the E90 autostrada (N 38o 45’ 23.6”: E 016o 33’ 59.1”) (Fig. 3.2). 

Here c.40m of cliff is exposed in a valley around a 180o bend in the road, showing a small 
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50m wide fault-bounded rift, with tonalite, conglomerate, and microbreccia fault blocks, 

and graben filled with Messinian carbonates (Fig. 3.8).  

The normal faults of this small-rift section strike NNW-SSE (150o to 170o) and dip 

65-75o E or W. These faults host a pale well-cemented fine-grained fault gouge with fault-

parallel foliations (<5cm thick), and slickenlines which show a sinistral shear component to 

the normal fault displacement (pitch of 50-85o). These normal faults offset the tonalite, the 

conglomerate, and the microbreccia, with lateral thickening occurring in the microbreccia 

unit to the west of the rift (Fig. 3.8). This thickening suggests some rifting began prior to or 

during the deposition of the conglomeratic units. Overlying the basement sequences 

(tonalite-microbreccia) are thick carbonates with clear growth strata in the grabens; 

demonstrating that the majority of the rifting here occurred during the Early Messinian 

(Fig. 3.8).  This phase of rifting, may be correlative with the faulting observed at Copanello 

North which cuts the Messinian strata. Bedding within the matrix sediment in the 

Fig. 3.8) Field photograph showing the horst and graben multiphase rift structures present at the road cutting 
90m above sea level (38°45'23.2"N 16°33'59.7"E). 
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conglomerate and breccia is sub-horizontal, indicating that little or no rotation of the fault 

blocks has occurred subsequent to deposition, at least at this locality.  

Cutting the central horst block of microbreccia, is a large sediment-filled fissure (c. 

50cm in aperture) trending 170/65W, which is itself cut out by the overlying Messininan 

carbonates (Fig. 3.8). The sedimentary fill of the fissure appears identical to fills seen at the 

Copanello and Pietragrande outcrops. Notably missing from this section are the presence 

of Miocene sediments from the San Nicola and Ponda Clay Formations (Fig. 3.8). This 

absence may be the result of local topographic variation and sediment pathways during 

the Miocene, preventing the deposition of sediments within this localised graben.   

 The aforementioned rift is only exposed on the southern side of the valley road 

cutting, the northern side does not feature the rift section. The North side of the valley 

above the road cutting features a heavily vegetated cliff section with poorly exposed 

limestones; below the road tonalite is exposed cut by a small low angle fault. The offset 

across the valley is interpreted to have formed due to the presence of a large fault in the 

valley offsetting these structures. 

3.5.5 PIETRAGRANDE 
The Pietragrande locality is situated 800m south of Copanello Bay, on the Torrazzo 

headland (38°45'11.8"N 16°34'06.6"E) (Fig. 3.2). Here the basement comprises NE-SW 

oriented foliated tonalite, cut in turn by low amplitude folding, NNE-SSW oriented veining, 

pseudotachylyte and cataclasite hosting shears, and fissures. These are the same series of 

inherited structures and stratigraphy as at Copanello, and can therefore be regarded as the 

same basement material which has also been cut and reactivated by sediment filled fissures 

(Fig. 3.9a). It is not clear from outcrop where the base Messinian or top basement horizons 
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lie in relation to the outcropping structures as they do not outcrop nearby. However tracing 

the MES from the North via breaks-in-slope would suggest the horizon is c. 50m above sea 

level at Pietragrande. Additionally as the most southerly outcrops studied, this locality is 

the greatest distance from the Catanzaro Fault c.2.5km. 

 

The sediment filled fissures outcropping here show a similar range of orientations, 

and uniform N-S dilation vectors as Copanello (Fig. 3.9b), however with fewer and more 

Fig. 3.9) Figure summarising the key structures of Pietragrande locality. a) Field photograph of fissure-filled 
with fossiliferous sediment and breccia (38°45'11.8"N 16°34'06.6"E). b) Stereographic projection showing 
orientations and opening directions of fissures. c) Field photograph of sheared fissure-fill and micro injection 
network (38°45'11.8"N 16°34'06.6"E). 
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concentrated clusters. The virgin fissures at Pietragrande occur in two main clusters, a 

subvertical set oriented broadly ENE-WSW, and a subvertical set oriented NE-SW. This 

concentration of fissure orientations compared to Copanello, may be reflective of the 

increased depth below the palaeosurface causing a consolidation and alignment of fissures 

under increased burial pressure.  In addition the apertures of the fissures are much 

narrower than elsewhere (mean 2.7cm), and many of them occur in small zones of mutually 

cross-cutting micro-fractures (Fig. 3.9c). These zones or fracture corridors are not observed 

at other localities and comprise numerous densely packed bifurcating and linking filled 

micro-fractures, each with an aperture <0.5cm, but in a corridor up to 20cm wide. The 

largest individual fissure recorded here was 8cm wide, with a mean aperture of 2.7cm for 

the whole locality compared to 40.4cm at Copanello North and 13cm at Copanello South. 

3.6 INFILLS AND MICROSTRUCTURES 

The N-S fissures of Copanello and Pietragrande are typically filled with a pale grey 

sandstone/breccia, with a calcite cement between grains. In addition to sand-grains and 

breccia clasts, the fissures also contain a significant amount of brecciated marine 

fossiliferous material, which suggests these fissures were exposed to a sub-marine 

palaeoenvironment. In the following section we describe the intrinsic characteristics of the 

fault void fills and the sedimentary structures they form. 

3.6.1 LITHOLOGIES AND SEDIMENTARY STRUCTURES 
The vast majority (>80%) of the sedimentary fills in the Copanello area are hard, pale, 

medium to coarse grained, sandstones, often with variably sized breccia clasts, and 

occasional fossils (Figs. 3.5a-f, 3.6b-e, 3.7b-d, f, 3.9a, c). The sandstones show numerous 
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sedimentary structures (see below), however these are not ubiquitous, and many of the 

fills comprise simple massive well-sorted sandstones and conglomerates/breccias. In 

outcrop the grain size distribution appears uniform within individual fissures, however 

appears to vary significantly between fissures. For the majority (>80%) of sedimentary 

infills these grain sizes are between 200-500µm in diameter. In outcrop the sandstones are 

well-cemented, although no veining or cement is observed (except for the major fissure at 

Copanello South which shows a calcite cement).  

 In thin section the sand grains are shown to primarily comprise angular-subangular 

grains of quartz, biotite, and feldspar (Fig. 3.10a). In addition to monomineralic grains, 

grains also frequently consist of fragments of tonalite, aplite vein, pseudotachylyte, fossil 

fragments, cataclasite, and chloritized biotite (Fig. 3.10b). Surrounding the sandstone 

grains are small volumes of calcite cement and a fine carbonate mud (Fig. 3.10c). The 

carbonate mud occurs both directly against the grain surface i.e. under the calcite cement 

(Fig. 3.10c), and in intergranular cavities (Fig. 3.10b), indicating that the precipitation of 

calcite and accumulation of carbonate mud was contemporaneous and likely iterative. 

Despite the hard, cohesive nature of the sandstone in the field, in thin section the grains 

appear largely un-compacted, with large volumes of highly interconnected intergranular 

pore space, between unaligned grains (Fig. 3.10a-c). This pore space is sometimes occupied 

by carbonate mud or continued calcite cement (Fig. 3.10b). The lack of compaction is 

thought to be caused by the hosting tonalite providing a mechanical buffer, preventing the 

weight of overbearing sediments from dewatering and compacting the fissure-fills. The 

angularity and composition of the grains suggest a local Serre Massif tonalitic basement 

origin for almost all of the grain material, which is consistent with the presence of 
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pseudotachylytes and cataclasite grains/clasts. The presence of calcareous muds and 

marine fossils within the fissures (Figs 3.9a, 3.10i-k) suggests that the fills originated in a 

marine palaeoenvironment. Grain coatings of calcareous mud (Fig. 3.10c) indicate that the 

sediment was rolled along the sea-floor collecting the mud, prior to emplacement into the 

fissure. The presence of potentially in-situ coralliferous growths towards top basement 

would also suggest a shallow sea depth, however this is not conclusive on its own.  
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Although it doesn’t occur in every fault void fill, bedding of the sedimentary infills 

is frequently observed within the fissures of Copanello and Pietragrande, and is typically 

defined by thin silt-laminations and sharp variations in grain-size between normal-graded 

beds (Fig. 3.10d). The orientation of bedding planes provides a geopetal and way-up 

indicator in the rock record. In the study area the bedding planes observed are typically 

horizontal, demonstrating that that these fissures have not rotated significantly following 

their formation. Where bedding is not horizontal it is fissure-parallel and appears to reflects 

a “plastering” effect of sediment emplaced against the rough surface of a fault wall (Fig. 

3.10e). Where this plastering has occurred, vertically inclined branching furrows and ridges 

are observed in finer sediment fills, trending parallel to the fissure wall (Fig. 3.10e) (Flood 

1981). These corrugated sedimentary structures are formed in low-energy environments, 

such as karst systems, where gravity-driven fluids deposit and shape the suspended fine-

grained sediments (Flood 1981). Unlike ripples, furrows and ridges are formed trending 

parallel to the principal fluid flow direction, and have a tendency to converge and simplify 

with depth (Fig. 3.10e) (Flood 1981). In the larger sandstone filled fissures, bedding is locally 

observed to have been deformed (Fig. 3.10f). This deformation consists of a localised 

Fig. 3.10) Figure summarising the breccias, sediments, and sedimentary structures present within fissure-fills 
across Copanello. a) Thin section photomicrograph showing fissure-fills sandstone petrology consisting of 
angular grains of quartz (Qz) and plagioclase (Plag) and biotite (Bi) surrounded by calcite (Ca) cement in a 
isopachous to cockade texture. b) Thin section photomicrograph of breccia showing mm sized clasts of 
basement in a matrix of angular grains in a carbonate mud and calcite cement. Clasts feature chloritized (Chl) 
biotite (Bi) cataclasite (CC) and pseudotachylyte (PT). c) Thin section photomicrograph of fissure-fill showing 
angular grains of basement material surrounded in carbonate mud and cemented by cockade/isopachous 
calcite. d) Field photograph of bedded and injected fissure-filling sediment cross-cutting a vein (38°45'34.1"N 
16°34'17.4"E). e) Field photograph of sediment plastered on a fissure wall, hosting furrows and ridges 
(38°45'34.1"N 16°34'17.4"E). f) Field photograph of bedded fissure-fill featuring slumped “catenary” bedding 
(38°45'34.2"N 16°34'18.0"E). g) Field photograph showing geopetal sediment piled on an asperity 
(38°45'34.3"N 16°34'18.7"E). Sediment influx events can be distinguished within the feature. h) Field 
photograph of fissure-filled with sediment and rounded breccia clasts which act as a proppant (38°45'37.5"N 
16°34'15.7"E). Clasts are rounded from rolling at the palaeosurface and originate from conglomeratic unit. i) 
Field photograph of fissure-fill containing fossilised coral growths (38°45'34.3"N 16°34'17.9"E). j) Thin section 
photomicrograph of mineralised fossil fragments from a fissure-fill. Fossil is remineralised in quartz (Qz) and 
calcite (Ca). k) Thin section photomicrograph of a mud rich fissure-fill containing a bivalve fossil. Fissure cross 
cuts basement and cataclasite (CC) and pseudotachylyte (PT). 
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slumping or drooping of bedding surfaces at the fracture core into a markedly catenary “U” 

shaped curve (Fig. 3.10f). These structures are interpreted to have formed in 

unconsolidated sediment where accommodation space beneath the fill became available 

and sediment dropped further into the cavity under gravity, as opposed to elastic rebound 

of the fracture walls as they are not repeated along the length of the fissure. 

Further evidence for this gravity-driven fluid and sediment transport comes from 

the preservation of pyramidal piles of sandstone within large vertical fissure-fills (Fig. 

3.10g). These geopetal piles of sediment occur directly overlying any sub-horizontal planar 

surface within a fault cavity such as: entrained clasts, fault-wall asperities, and horizontal 

jogs. The piles vary in size from a few millimetres to tens of centimetres across and, where 

exposed in cross section, show a gradual steeping of bedding-sets upward and toward the 

margins (Fig. 3.10g). This feature is typical of geopetal accumulations of sediments which 

have been washed into open cavities such as karsts or fissures (e.g. Wright et al. 2009; 

Woodcock et al. 2014; Hardman et al. 2020).  

Entrained clasts of tonalitic basement are abundant in many basement-hosted 

fissures around Copanello and Pietragrande (Fig. 3.10h). These clasts vary significantly in 

size from centimetres to multiple metres, often in broad-correlation to the aperture and 

palaeosurface proximity of the hosting fissure. The breccia clasts consist of both well-

rounded and angular clasts of tonalite basement (including inherited fabrics) (Fig. 3.10h) 

and coralliferous and invertebrate marine fossiliferous material (Fig. 3.10i). There are 

multiple textures of breccia fabric within the fissure cavities. The most common type are 

chaotically orientated, rounded boulders (up to several metres in diameter) of basement 

material, these are typically found within larger fissures, and those closest to the top 
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basement unconformity (Fig. 3.10h). These rounded clasts are commonly overlain by 

bedded sediment and held within a sediment matrix, suggesting their emplacement within 

the fissure cavity predates or is coeval with the emplacement of the sediment. Other 

commonly occurring styles of brecciation within the fissures include locally developed 

jigsaw-type breccias, which form where clast fragments of wall rock are seen only slightly 

displaced from their original position, and held in position by the sandstone matrix 

(Woodcock et al. 2014; Hardman et al. 2020). The sediment filled fissures at Copanello 

Centre host re-brecciated fills, whereby clasts of semi-lithified sediments are brecciated 

within a matrix of younger sediments (Fig. 3.6c,d). The cross-cutting relationships observed 

here indicate a relative age-relationship to the different sediment accumulations, 

culminating in an iron-stained sediment (Fig. 3.6e), however they are still interpreted to 

have been emplaced broadly contemporaneously. 

Fossiliferous material is observed within fissure-fills throughout Copanello and 

Pietragrande both in outcrop and in thin sections (Fig. 3.10i-k). Like the breccia clasts, the 

fossil fragments vary in size depending on the aperture of hosting fissure and the depth of 

formation; with larger more complete assemblages observed closer to the top basement 

unconformity (Fig. 3.10i). The fossils typically comprise fractured corals (Fig. 3.10j) and 

bivalves (Fig. 3.10k), but smaller unidentified microfossils and fragments do feature in thin 

sections. Whilst the majority of fossils observed show clear evidence for transport prior to 

deposition (i.e. fracturing, rotation etc); at Copanello North some coral growths are 

potentially autochthonous as they are largely unfractured, unrotated, and are situated on 

the top or sides of large clasts (>1m) within fissure cavities very near to the top basement 

surface. 
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In addition to the bedded and fossiliferous sediment filled fissures seen, the tonalite 

basement also hosts rare arrays of finer, branching sediment fills that show fracture parallel 

foliation textures within the enclosed sediments (Fig. 3.6b). These branching fractures 

occur on two scales, a micro-scale of fractures <1mm in aperture filled with clay and fine 

silt, and a larger meso-scale fracture <10cm in aperture filled with chaotic sediment breccia 

matrix. These fractures tend to originate from a large, often bedded, fissure-fills but show 

splaying and branching fault architectures, which rapidly narrow toward the tips (Fig. 3.6b). 

The chaotic fills are a poorly sorted matrix of sediment and breccia clasts which occasionally 

show asymmetrical laminations along the fracture walls. Where these fractures narrow 

through bifurcation or tipping-out the entrained sediment becomes finer, indicative of an 

injected “slurry” of material. The microfractures comprise a homogenous pale silt/clay 

grade micritic material that forms dense branching networks of fractures. These fractures 

don’t appear to cross-cut each other – instead forming abutting and splay intersections, 

suggesting they formed coevally. These clay-splay networks are also observed to cut older 

fissures and originate from larger fissures (Fig. 3.9c). The microfractures appear to have 

formed from hydraulic overpressure and injection within a single instantaneous event. The 

increased prevalence and magnitude of injections of all types towards Copanello South is 

likely associated with the proximity of the major E-W fissure, and increased depth of 

formation.  

3.6.2 CEMENTS AND TEXTURES 
Visible mineralisation and veining are notably sparse within the fissures at Copanello and 

Pietragrande. This absence is counter to extensive mineralisation textures preserved at 

other near-surface fissure systems in the rock-record (e.g. Tor Bay: Hardman et al. (2020); 
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Rona ridge: Holdsworth et al. (2019, 2020)). As previously mentioned, small grain-coatings 

of calcite, partially cement the sandstone and breccias within the fissure-fills. This calcite 

typically comprises small (<5µm) sparry crystal that grow syntaxially into the available void 

space (Fig. 3.11a). This syntaxial crystal growth occurs from the fault-walls inwards, or from 

clasts/grains outward, and is indicative of “cavity-filling” mineralisation that occurs after 

the voids have developed (Cox & Etheridge 1983). 
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 The elongate calcite growth surrounding clasts and grains form a complete 

concentric layer of cement around each grain/clast (Fig. 3.11a, b). This encapsulating 

cement generates a paucity of contact points between the grains/clasts that is typical of 

cockade textures (Frenzel & Woodcock 2014; Cox & Munroe 2016). In order for cockade-

style mineralisation to occur, the clasts/grains must be free to move away from one 

another, for example suspended in an upwardly flowing fluid (Frenzel & Woodcock 2014). 

There are multiple mechanisms for generating cockade-style textures, see Frenzel and 

Woodcock (2014), such as rotation and accretion or simple cut-effects. In the Calabrian 

examples presented here, the uniform-thickness of the calcite overgrowths both on the 

same clast, and between clasts, suggests that these examples precipitated evenly on all 

sides of each clast at the same rate during a single “episode”. This suggests that these 

crystals formed on a substrate suspended in upwardly flowing, saturated fluids. 

 At Copanello Centre, a small number of fissure-fills feature an orange-red rust 

coloured staining (Fig. 3.11c). This staining is the result of iron oxidation at the surface, and 

suggests that in these local examples, highly oxidized iron-rich fluids or deposits are 

incorporated into or have percolated into the fissure cavity.  

  

Fig. 3.11) Figure summarised the different cement types and textures present across the study area. a) Thin 

section photomicrograph of fissure-fill showing large volume of void space and “cockade” textured calcite 

cement. b) Field photograph showing fissure-filling breccia cemented by cockade texture calcite cement from 

the large fissure at Copanello South (38°45'26.4"N 16°34'10.1"E). c) Field photograph showing iron rich 

cement staining fissure infill orange/red (38°45'31.8"N 16°34'16.1"E).  
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3.7 DISCUSSION 

3.7.1 EARLY STRUCTURAL HISTORY 
In the present section we discuss the cataclasite and pseudotachylyte generating 

deformation of the basement prior to the development of fissures, in order to better 

understand the nature, age, and development of the basement, and how this relates to 

wider tectonic events.  

 As previously mentioned, Caggianelli et al. (2005) has described two outcrops of 

top-to-the E or ESE opening pseudotachylytes at Copanello and Pietragrande. Using 

Scanning Electron Microscopy they describe spherulitic and foliated microlites of 

plagioclase (50%An) and biotite which make up the pseudotachylyte matrix; and through 

thermo-chronological modelling date and time the seismogenic events to 21-30Ma and 

10km deep. This Oligo-Miocene age is consistent with the rapid exhumation and 

extensional faulting described in Thomson (1994) and Van Dijk et al. (2000), but precedes 

the Mid-Miocene Tortonian-Messinian opening of the Catanzaro and Siderno Grabens 

(Caggianelli et al. 2000; Langone et al. 2014). However in the Caggianello et al. (2005) 

paper, they describe a series of pseudotachylytes up to 10cm thick to the South of the 

Copanello and Pietragrande headlands within a fault zone 60m wide trending NE-SW. Our 

field observations have identified pseudotachylytes up to 20cm thick, across the headland, 

not constrained by fault zones. 

In order to approximate the stress conditions that generated the cataclasite- and 

pseudotachylyte-bearing faults, a palaeostress inversion was undertaken on recorded fault 

vector data. Whilst the host rock is not mechanically isotropic at time of formation (due to 

the inherited foliation and vein fabrics), the slickenline data are taken from a broad range 
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of orientations of fault planes, suggesting the palaeostress inversion will still provide a 

useful indication of the general trends in resolved stress axes (Fig. 3.12a). The analysis was 

undertaken on slickenline orientation data from 36 fault planes where there is a clear slip 

sense and where they were not reactivated by later brittle deformation (Fig. 3.12a,b). The 

results of the analyses show that the resolved σ1 value has a subvertical axis of 81-018, 

whilst the σ3 axis has an orientation of 04/262 (Fig. 3.12c,d). The results are consistent with 

an extensional regime (Stress ratio R = 0.41) with an E-W direction of tectonic extension 

(Fig. 3.12b,c). This reconstructed palaeostress is consistent with the ESE extension 

described in Caggianelli et al. (2005).  
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 Petrological and kinematic evidence provides an insight into the approximate 

formation palaeodepth for the cataclasites and pseudotachylytes. The presence of 

Fig. 3.12) Figure summarising the palaeostress inversion for the cataclasite and pseudotachylyte hosting 
faults. a) stereographic projection showing the data used for the palaeostress inversion with fault vector 
lineation data shown with arrows and poles to fault planes as contoured dots. b) Ternary plot showing the 
distribution of slip senses from resolved focal mechanisms, with a grouping of data around normal faults. c) 
Summary results of palaeostress inversion using improved right dihedron method of Angelier & Mechler (1977) 
and Delvaux & Sperner (2003). Left: resolved stereographic projection with stress axes. Right: Stability profiles 
around stress axes showing margin from the collected vector data. d) Summary of results from palaeostress 
analysis using PBT axes method. Left: resolved stereographic projection with stress axes and uncertainties. 
Right: Resolved contraction (p), neutral (b), and extension (t) axes, and summary of different uncertainties 
using multi-criteria-analysis, fault plane orientation frequencies, and standard deviations. 
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sericitised and chloritised biotites within the cataclasite matrix, the albitisation of 

plagioclase, and the precipitation of epidote indicates a hydrothermal fluid presence during 

deformation. During hydrous melt generating slip-events the absence of vesicles of fluid 

within the pseudotachylyte has been used to indicate a deep formation depth (Swanson 

1992; Di Toro & Pennacchioni 2004; Caggianelli et al. 2005). Whilst this may be a useful 

general indicator of depth, vesicles have been reported in pseudotachylytes injected into 

dilational fractures at the base of the seismogenic zone, casting potential doubt on the use 

of vesicles as a palaeodepth indicator in frictional melts (Chapter 5; Hardman, 2019). The 

presence of BLG along quartz grain boundaries within the cataclasite indicates an ambient 

formation temperature of ~250-400oC; since these textures are infrequently observed and 

there is an absence of observed subgrain recrystallisation it is likely that the formation 

temperature was closer to 250oC than 400oC. Additionally the propylitic alteration of biotite 

and mafics to epidote and chlorite, and the absence of zeolite, would suggest that this 

deformation is associated with a degree of greenschist facies metamorphism. Greenschist 

facies metamorphism is typically associated with an ambient temperature envelope of 300-

450oC.  By combining these temperature estimates we can conservatively place the 

palaeodepth of this event to circa 10km assuming a geothermal gradient of (30-40oC/km). 

This assumption of a typical (30oC/km) to hot (40oC/km) geothermal gradient is based on 

the tectonic setting (extensional) and host rock (large intrusive igneous pluton), which 

would be unlikely to yield a relative high confining pressure – low temperature event. This 

estimate of c.10km formation depth for the cataclasties and pseudotachylytes is in line with 

the palaeodepth estimates and thermal histories of Caggianelli et al. (2000, 2005).  
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Despite the high strain textures, where piercing points are available, the offsets of 

the faults appear to be relatively small (<10m). Thermal melt modelling by Caggianelli et al. 

(2005) demonstrated that 2-6cm of slip was sufficient to generate melt 1mm from the fault 

wall for these Oligo-Miocene pseudotachylytes. However since we observe 

pseudotachylytes up to 20cm thick, this would suggest that in order to generate the large 

volumes of frictional melts from these low-slip normal faults, that the confining pressure 

would have to be large. To achieve the necessary confining pressure in an extensional 

regime the faults would have to have formed at high depths (Sibson 1975; Di Toro & 

Pennacchioni 2004).  

3.7.2 FISSURING 
Our observations indicate that the fracture-hosted cavities in tonalite basement and early 

cover units are fault-related fissures formed at, or close to, the palaeosurface and have 

been pervasively infilled by broadly contemporaneous sedimentation associated with the 

development of a regional unconformity associated with the opening of the Catanzaro 

Graben Basin. The clastic material was deposited by flowing water currents and/or due to 

gravity into a network of long-lived open, submarine cavities and was then variably 

reworked by fluid flux. The uniform N-S opening vectors (Figs 3.5g, 3.6a, 3.7e, 3.9b) of the 

sediment-hosting fissures suggests that these faults formed under regional tectonic 

stresses, likely associated with Miocene transtensional rifting in the region at this time (Van 

Dijk et al. 2000). 
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3.7.3 SEDIMENT ORIGIN AND TIMING RELATIVE TO OTHER REGIONAL EVENTS. 
Given the numerous unconformable horizons and events that typify top basement 

stratigraphy, and the post-emplacement processes that alter fissure-fill petrology, 

determining an exact origin and age of the sediment bodies is commonly problematic. 

However given the substantial evidence presented in outcrop at Copanello and 

Pietragrande it is at least possible to narrow down the ages and timing of fissuring and fills. 

 The first observation to consider regards the petrology of the sediment within the 

fissure-fills and the hosting/overlying conglomerate and microbreccia. In thin sections the 

sandstone within the fissures (Figs 3.10a-c, j, k), and the matrix sandstone of the 

conglomerates and microbreccias (Figs 3.2c, d) appears identical, with similar calcite 

cements, calcareous muds, fossil material, and mineralogy. The sediment clasts on all scales 

are predominantly – although not exclusively angular and tonalitic/pegmatitic in 

composition and regularly feature polymineralic grains/clasts of pseudotachylyte and 

chloritized cataclasite (Figs 3.10a-c). This suggests that, like the conglomeratic boulders and 

clasts, the infilling sediments are also reworked local basement material of the same origin. 

Given that these sands form both the host rock and the infills within the fissures in the 

conglomerates, the sediment supply must therefore have been long-lived. Previous authors 

have interpreted the matrix sandstones of the conglomerate and microbreccia as the same 

sandstones which form the overlying Miocene San Nicola formation sandstones, as they 

host identical fossiliferous material (Massari et al. 2010; Massari & Prosser 2013). This 

would suggest that the sands which have infiltrated the basement have a Miocene 

Serravalian-Tortonian age.  
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 Cross-cutting relationships of the filled fissures show that the fissures began 

opening prior to or during the deposition of the overlying conglomerate, and likely ceased 

sometime following the deposition of microbreccia unit, since we observe fissures cross 

cutting and being stratigraphically cut-by the microbreccia, and the conglomerate. The 

Serravallian San Nicola Formation overlying the microbreccia therefore provides a 

candidate for some of the sedimentary source material within the fissures (Fig. 3.2) 

(Massari et al. 2010; Siddoway et al. 2019).  

 Significantly the Messinian palaeoenvironment was hypersaline as a result of the 

salinity crisis, and as a consequence could not support complex life (Carnevale et al. 2019). 

This strongly suggests that the fossiliferous material within the fissures predates the 

Messinian. The fossils observed in the fissures and overlying conglomerates include 

molluscs, bivalves, corals, bryozoans etc, which are the same as the marine fossils reported 

in the lower sequences of the Sand Nicola Formation (Massari et al. 2010; Massari & 

Prosser 2013).  

 Previous authors have noted that the San Nicola Formation shallows upwards 

toward more transgressive shoreface and deltaic deposits, and as a result these upper 

horizons host less marine fossiliferous material (Massari et al. 2010; Massari & Prosser 

2013). This suggests that the sands in the fissures and in the conglomeratic units may have 

originated from the lower San Nicola strata. 

 From the cross-cutting and petrological evidence presented, we propose that the 

material within the fractures likely dates to the Late Serravalian (c. 11Ma) in the mid-

Miocene, whereby following submarine exhumation of the basement (Rossetti et al. 2004), 

the initial influx of shallow marine sediments filled basement fissures and formed the 
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matrix for the reworked basement units (conglomerates etc.) and subsequent rifting events 

opened new fissures which were also filled until the whole system was buried by the 

continued sedimentation of the San Nicola Formation. Subsequent Messinian uplift then 

formed a regional erosive unconformity, known as the MES. Where the MES has removed 

the previous cover sequences and lies directly on the basement, the fissures preserve the 

“missing” stratigraphy. 

Given the uniform opening vectors of fissures across the whole study area, it is likely 

that the fissures were formed as a result of regional tectonic stresses. Given the age 

constraints provided by the fissure-fills, and the proximity to the Catanzaro fault, these 

fissures are interpreted to have formed during Miocene sinistral transtension along the 

Catanzaro strait/graben (Van Dijk et al. 2000; Spina et al. 2011). This Miocene rifting is a 

recognised phase of extension associated with the back-arc Tyrrhenian extension and 

sinistral transtension along NW-SE oriented faults, forming the sedimentary depocentres 

between the Aspromonte, Serre and Silla massifs such as the Catanzaro graben (Fig. 3.1d, 

3.2) (Monaco et al. 1996; Spina et al. 2011; Brutto et al. 2016).  

3.7.4 EMPLACEMENT MECHANISMS AND PALAEOENVIRONMENT: INJECTION VS. PASSIVE 

SEDIMENTATION 
Sediment-filled fracture bodies are commonly referred to in the literature as either 

“neptunian dykes” or “injectites” (e.g. Richter 1966; Siddoway & Gehrels 2014). Sediment 

that has been driven into a fracture cutting a low-permeability older host rock in the sub-

surface is commonly referred to as an “injectite”, which is typically diagnosed by the lack 

of internal sedimentary structures (Jonk 2010; Hurst et al. 2011). “Injectites” are generated 

where overpressure develops in a poorly consolidated, uncemented sandstone, leading to 
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hydraulic fracturing in an adjacent (usually) overlying lithology (Jonk et al. 2003; Hurst et 

al. 2011). The significance of this terminology is that the primary driver for the 

emplacement of sediments within an injectite is hydraulic action, not gravity. Previous 

studies have described the sediment-filled fissures of Calabria as “injectites” (Siddoway et 

al. 2019), and whilst the presence of clear injections of sediment-slurry and clay material 

does feature in the examples presented, these structures form a minority of fills (<5%), and 

typically are sourced from nearby bedded fills. Given the repeated evidence for fluid flow 

and/or gravity-driven emplacement of sediments within the fissure cavity that could not 

have formed under high-energy conditions (younging upward bedding, sedimentary 

structures etc), it is suggested that ‘injectites’ is an inappropriate collective term for these 

structures, and would instead suggest fissure-fills as a more appropriate descriptor. A 

summary of the interpreted emplacement and filling mechanisms for the fissures at 

Calabria is shown in Figure 3.13, showing the fissure development from Oligocene 

exhumation, through to the deposition of the Messinian limestones. 
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Fig. 3.13) Figure summarising the geological model for the formation and evolution of fissures at Copanello. 
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 Where sedimentary structures or bedding are absent within the fissure-fills, it is not 

necessarily indicative of a high energy emplacement mechanism preventing any sediment 

sorting. Another interpretation is that these fragile structures may be destroyed due to the 

periodic and repeated upward percolation of fluids through the fissure system during, and 

immediately following deposition, prior to sediment lithification. Any percolating fluids 

passing through the fissure system would also cause elutriation of the sediment matrix 

homogenising the grain size distribution within the fissure-fills and removing fines; this 

process has been recognised in other filled fissure systems (Hardman et al. 2020). Given 

that there is a greater distribution in grainsize between fractures than within the same 

bodies, this suggests that there is at least a degree of fluid flux through the entrained 

unlithified sediment to redistribute finer grained materials and homogenise the grain-size 

distributions within the individual fissure cavities. Given the association of these fissure 

with regional Miocene rifting, it is certainly conceivable that the repeated opening and 

collapse of fault and fracture cavities in cohesive basement near the surface would lead to 

local fluid pressure changes and flux.  

 Whilst gravity driven fissure-filling is proposed as the primary filling mechanism for 

the studied fractures, higher energy hydraulic injections of material are also present. As 

described previously, these injections of sediment slurry and clay material typically 

originate from a wider aperture – bedded fissure-fill, suggesting that highly localised 

over/underpressures can occur within the network, driving localised injection. Given that 

these fissures likely formed as the result of ongoing Miocene rifting, it is not unreasonable 

to suggest that new dilatant fractures or jogs, could form after others had been open and 

filled. If these dilatant voids were to develop abutting a fissure-filled with unconsolidated 
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sediment, the differential pressure associated with the generation of a new void space 

would rapidly and energetically draw in any loose material or fluids. In addition to this 

under-pressure mechanism for injection, any changes in void geometry or volume as the 

result of on-going tectonic deformation would create significant local overpressures within 

the trapped sediment fills, resulting in local developments of injection. These injection 

mechanisms would also explain the increased prevalence of injected material with depth 

and proximity to the major tectonic fissure at Copanello South. Previous authors have 

demonstrated and discussed the link between seismic and tectonic deformation and the 

collapse of fault voids in the subsurface (Sibson 1994; Holdsworth et al. 2019, 2020; 

Hardman et al. 2020; McCaffrey et al. 2020). Given the evidence for seismicity from 

Oligocene to recent across Calabria (Monaco et al. 1996; Caggianelli et al. 2005; Cirrincione 

et al. 2015; Tripodi et al. 2018), it is highly likely that there has been some upward 

propagation of seismic waves through the fissure network. This seismic activity may have 

deformed the cavity network and caused injection, and remobilisation of the fissure-filling 

material as described above. 

3.7.5 OTHER EXAMPLES ACROSS CALABRIA – PALMI & MARINELLA 
The near-surface structures discussed in the present paper are not limited to the outcrops 

studied. Similar near-surface fissure systems are described in basement limestone (Wright 

et al. 2009; Hardman et al. 2020), extrusive basalts (Walker et al. 2011),  and intermediate 

gneisses (Holdsworth et al. 2020; McCaffrey et al. 2020). 

 Previous studies have identified networks of sediment filled fissures across Calabria 

and Sicily. Montenat et al. (1991), described two types of sedimentary “dykes”: Neptunian 

dykes, and injection dykes, with depths up to 10m and apertures of up to 10s of cms. These 
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features are described along fault scarps along the straits of Messina at Scilla at the 

southwestern tip of Calabria. 

 As part of the present study, though not described in full here, sea cliff exposures 

at Palmi on the Northern coast of Calabria were studied. Here the coastal cliffs revealed 

large sediment and collapse-breccia filled fissures over 150m deep (Fig. 3.14a). Where 

exposed in plan view the apertures were 1.5 to 10 metres in aperture and pervasively 

infilled by sediment, conglomeratic boulders, and breccia. These outcrops prove that these 

fissure phenomena can form immense and extensive sub-surface structures.  

 

Fig. 3.14) Figure summarising the geological relationships of fissures at Palmi. a) Oblique orthomosaic image 
from virtual outcrop model highlighting the profile of a large fissure in the cliff wall. b) Field photograph of a 
geopetal sediment accumulation on an asperity within a fissure cavity. c) Field photograph of cockade style 
mineralisation texture of breccia clasts within a fissure. d) Field photograph of injected fissure with a carbonate 
mud lining the fault cavity encapsulating a chaotic slurry of breccia and fossil fragments. 
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 Like the structures at Copanello, the sediment infilling the fissures at Palmi feature 

cockade mineralisation textures and form geopetal accummulations or pyramidal piles in 

addition to bedding and other way up criteria that indicate the sediment was passively 

deposited in the cavities from above (Fig. 3.14b,c). Along the beach large rounded boulders 

of limestone and basement are at the shore floor, these also are pervasively cut by 

sediment filled fractures, including a very fine pale clay/carbonate mud not observed at 

Copanello. The sediment filled fractures which cross-cut the limestones also suggest that 

fissuring was longer-lived here and continued into the Pliocene – unlike at the southern 

coastline at Copanello. Where the sediment fills can be safely viewed up close at the base 

of the cliffs and in the fallen boulder, large numbers of branching fine grained narrow 

fractures (<3cm) are observed. These branching fractures are lined by fine grained mud at 

the contact with the wall rock, and at the core host a chaotic breccia slurry (Fig. 3.14d). 

These structures are typical of injection fabrics, suggesting that these represent the 

hydraulic injection of sediment into wall rock during or immediately following 

emplacement. Given that exposures here are at least 150m below the palaeosurface, these 

injections may be more prevalent due to the increased depth. 

 The structures described at both Palmi, and Scilla, further demonstrate that the 

fissuring phenomena is not restricted to the Copanello and Pietragrande outcrops, but 

occur throughout Calabria, and can form wherever there is active tectonics and an 

exhumed top basement unconformity. 
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3.7.6 RESERVOIR ANALOGUES AND POTENTIAL 
Wherever geological phenomena are observed at their surface, it is not clear how the 

structures will continue with depth. In Holdsworth et al. (2020), a number of geological 

cores and sidewall cores were recovered and analysed from the Rona Ridge, West of 

Shetland, from up to 1300m total vertical depth. These cores show clear evidence that the 

Lewisian basement is cut by naturally-propped deeply-penetrating tensile fissures, filled 

with sediment and breccia, very similar to the fissures described in the present paper. 

These fissures are interpreted to have formed in the near-surface below a regional 

erosional unconformity, then been buried and eventually charged with hydrocarbons, 

forming an economically significant reservoir. This tells us that fissure systems – when 

buried – maintain their reservoir potential, and surface analogues such as those presented 

here can be used to predict and model sub-surface reservoirs. 

3.8 CONCLUSIONS AND IMPLICATIONS 

The primary conclusions of this study are twofold. Firstly, the nature and characteristics of 

top-basement is more complex than is generally realised. At Copanello and Pietragrande, 

the basement – cover nonconformity consists of numerous zones defined by the fissuring, 

faulting, reworking, and sporadic weathering of top basement below regional 

unconformities. Secondly the geological material found within fracture-hosted cavities 

preserves a valuable source of information regarding the geological and tectonic history of 

Calabria. The filled fissure systems described in the present paper are interpreted to have 

formed during N-S rifting associated with regional Miocene transtensional opening of the 

Catanzaro graben (Van Dijk et al. 2000; Spina et al. 2011). Iterative fissuring, fluid flow from 

the surface and gravity-driven filling of widely-oriented fissures occurred within 
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impermeable basement. Fissures which were remobilised and locally injected following 

tectonic movements and fluid flux events related to the transtensional opening of the 

Catanzaro graben (Fig. 3.13). The present fissure-fills effectively prop open the fault voids, 

preserving the interconnectivity and potential permeability of these systems (e.g. Fig. 

3.10h). The fissure-fills themselves are shown to be largely uncompacted due to the 

mechanical buffering provided by the hosting basement and are therefore highly porous 

(c.10-40%) (e.g. Fig. 3.10a). The result of this deformation is a highly connected and 

voluminous network of cavities, filled with porous sandstones and breccias, generating high 

geothermal and petroleum reservoir potential below the regional nonconformity (Fig. 

3.13).  

 The basement structures identified at Copanello and Pietragrande are not restricted 

to the study area and appear to be a regional phenomenon across southernmost Italy 

(Montenat et al. 1991; Siddoway et al. 2019), nor are they restricted to exposed outcrops. 

These naturally-propped deeply-penetrating fissures form a voluminous and highly 

interconnected network of void spaces in otherwise impermeable basement, and with the 

correct system conditions, form an excellent reservoir for hydrocarbons, geothermal or 

hydrothermal fluids. Given that fissure formation in consolidated rocks below regional 

unconformities is increasingly being discovered and recognised, these outcrops represent 

an ideal natural analogue for the study of basement reservoirs.  
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Chapter 4: 
 

Seismicity and Silicates: a microstructural 
and mineralogical analysis of fault rocks 
and fracture fills from the Adamello 
Massif, Italy  
 

“The fascination of any search after truth lies not in the attainment, which at best is found 
to be very relative, but in the pursuit, where all the powers of the mind and character are 
brought into play and are absorbed by the task.” Florence Bascom 

 

Abstract: The glacially polished outcrops in front of the Lobbia glacier, Adamello Massif 

(Northern Italian Alps) expose a diverse array of faults and fracturing styles, formed at a 

range of palaeodepths from amphibolite facies ductile shear zones to zeolite facies faults 

and fractures. Here we examine the zeolite-filled faults in the tonalitic Val d’Avio pluton to 

better understand the role of mineral-precipitating fluids in upper to mid-crustal fault 

reactivation. The faults and fractures here formed during the Late Miocene Alpine 

exhumation from the reactivation of pre-existing shear zones and cooling joints at an 

estimated palaeodepth of between 4 and 6.5km. These faults show evidence of repeated 

episodes of hydraulic tensile fracturing and small shear displacements of < 5m total offset, 

to form three coeval fault sets: N-S normal, NNE-SSW strike-slip, and E-W reverse faults. 

These faults and fractures all formed broadly during the same phase of deformation, under 

the same confining pressure, temperature, regional stress, and fluid conditions. Through 

microstructural characterisation, X-ray diffraction (XRD), scanning electron microscopy 

(SEM), and energy dispersive spectroscopy (EDS) analysis, we describe how the fluids that 
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percolated the fracture systems are strongly associated with the rapid precipitation of 

hydrothermal minerals such as zeolites and other secondary silicates. This sheds new light 

on the controls on fault void formation, the relative chronology of geological processes, 

fracture longevity and connectivity within mid-crustal basement fault systems.  

4.1 REGIONAL CONTEXT AND RATIONALE 

The Adamello Massif is a fault bound intrusive igneous complex, located in the Southern 

Alpine domain of the Italian Alps. The massif consists of 10 intrusive bodies grouped into 

four primary plutonic units (Stipp et al. 2004): the Re di Castello, the Adamello, the Val 

d’Avio/ d’Genova, and the Presanella pluton (Fig. 4.1). These intrusive bodies are bound by 

the Giudicarie and Tonale faults to the North and East, respectively (Fig. 4.1). The present 

study is focussed on the faults and fractures of the central Val d’Avio pluton, SW of Bedole, 

in close proximity to the Gole Larghe Fault Zone (Fig. 4.1).  
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The Val d’Avio pluton consists of a 32-34 Ma medium grained, unfoliated and 

schistose foliated tonalite (Mittempergher et al. 2009). These rocks are almost 100% 

exposed at the foot of the Lobbia glacier, which has polished the underlying outcrops 

exposing continuous fault traces uninterrupted by topography or vegetation – presenting 

an ideal natural laboratory for detailed structural analysis and fault characterisation (e.g. 

see Di Toro & Pennacchioni 2005; Mittempergher et al. 2009; Mitchell et al. 2013; Dempsey 

et al. 2014). The faults and fractures studied here form cavities or fault-voids, which are 

pervasively infilled by zeolite mineralisation and are associated with a diverse array of fault 

rock textures including injected gouges, attrition breccias, cataclasites and complex vein 

morphologies and composition (Dempsey et al. 2014). 

The fault void fills present in the tonalites of the Val d’Avio pluton show evidence 

for a strong fluid-control on the development and filling of the faults, both through fault 

valve behaviour, and chemical reaction with host rocks (Dempsey et al. 2014). However 

whilst there are extensive studies on the role of fluids for specific deformation processes, 

i.e. hydraulic fracture (Sibson 1981; Cosgrove 1995) and particle suspension (Cox & Munroe 

2016), the Adamello outcrops present a unique opportunity to study the chemical role 

fluids play in the mineralogical and textural development and filling of fractures at upper 

to mid-crustal depths.  The purpose of the present study is to analyse the zeolite fault-void 

fills of the Val d’Avio pluton in detail using microstructural characterisation, geological 

description, X-Ray diffraction (XRD) analysis, and scanning electron microscopy (SEM), to 

further understand and role of fluid – host rock chemical interaction in the development 

Fig. 4.1) Schematic geological map of the Adamello massif, (Dempsey et al. 2014). GLFZ 
- Gole Larghe Fault Zone; LF - LAres Fault; PCFZ - Passo Cercen Fault Zone. Study area 
highlighted in red. 
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and filling of voids, and assess the impacts on hydraulic connectivity and crustal 

permeability.  

 

4.2 GEOLOGICAL HISTORY 

The Adamello pluton was emplaced initially at a depth of 9-11km from the palaeosurface 

into Early Palaeozoic graphitic phyllites and intercalated quartzites of the Edolo-Schists and 

Permo-Triassic cover around c. 35Ma during the widespread Cenozoic Alpine volcanic 

episode (Fig. 4.2; Stipp et al. 2004; Del Moro et al. 1983). This depth is indicated by the 

mineral assemblages preserved in the aureole of the batholith, and assumes a typical 

lithostatic pressure gradient (20-25kPa/m) (Stipp et al. 2004).  

Following emplacement, the Adamello massif has undergone four major widely-

documented deformation events, tracking the pluton from its emplacement depth and 

temperature through exhumation and cooling to its present position at the surface (see Di 

Toro & Pennacchioni 2004; Pennacchioni et al. 2006; Mittempergher et al. 2009; Dempsey 

et al. 2014). Initial cooling of the Adamello massif resulted in the development of two sets 

of regional cooling joints, trending approx. N-S and E-W (Fig. 4.2). The joints were rapidly 

intruded by a network of aplite dykes (>600oC) (Fig. 4.2; Di Toro & Pennacchioni 2005). 

Within the first 5Myrs of pluton emplacement, the N-S and E-W joints were reactivated, 

sinistrally (N-S set) and dextrally (E-W set), as conjugate amphibolite facies ductile shear 

zones and mylonites (Fig. 4.2; 550-450oC) (Di Toro & Pennacchioni 2005). The tonalite 

basement later hosted a series of earthquakes and associated brittle deformation 

generating the Gole Larghe Fault Zone (GLFZ) through the reactivation of the dextral E-W 
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shear zones (Pennacchioni et al. 2006). The GLFZ hosts multiple generations of chlorite- 

and epidote-bearing cataclasites and zoned pseudotachylytes (Fig. 4.2; 300-250oC) (Di Toro 

& Pennacchioni 2005). The pseudotachylytes of the GLFZ are related to a regional tectonic 

episode c. 30Ma, which also saw the intrusion of the neighbouring Presanella intrusion and 

dextral slip shearing along the Tonale Line (Figs 4.1, 4.2; Di Toro & Pennacchioni 2005). This 

was followed by a period of relative quiescence as the batholith cooled to temperatures 

<250oC (Fig. 4.2; Di Toro & Pennacchioni 2004). From approximately 22-13, Ma during 

Alpine Miocene exhumation, the Adamello pluton was uplifted and cooled (Fig. 4.2; Stipp 

et al. 2004; Reverman et al. 2012). During this exhumation, the inherited joints, dykes, 

shear zones and faults were repeatedly and cyclically reactivated producing three fault and 

fracture sets: N-S, E-W, and NNE-SSW (Fig. 4.2, 4.3; Dempsey et al. 2014). These faults and 

fractures host a diverse array of microstructures, fracture fills and fault rock fabrics, 

including a significant amount of hydrothermal mineralisation including Ca-rich 

aluminosilicates such as zeolites. The precise depths at which zeolite mineralization 

occurred are somewhat uncertain. However if we assume that the thermal gradient in the 

Adamello Massif at this time was similar to its present day value (35oC km-1), and a zeolite 

mineralization temperature window of 70-230 oC for the observed zeolites (Weisenberger 

2009), this would suggest maximum and minimum formation depths of 2-6.5 km (Dempsey 

et al. 2014). There is no evidence for significant tilting during uplift of the Val d’Avio pluton 

from depth (Brack 1981), so it can be assumed that the exhumation was reasonably 

uniform at this time.  
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In their study of these zeolite-bearing fracture systems, Dempsey et al. (2014) 

demonstrated that the kinematics and cross-cutting relationships of the N-S, E-W, and NNE-

SSW faults are geometrically complex (Fig. 4.3). Mutual cross-cutting relationships and 

fault-rock/fracture fill textures suggest that the structures all formed broadly coevally 

through cyclical reactivations. However, the sense of slip for each fault/fracture set - 

sinistral shear on the NNE-SSW faults, reverse shear for the E-W faults, and normal dilatant 

faulting on the N-S faults - cannot be easily resolved under a single regional stress field. The 

apparently conflicting kinematics of the contemporaneous faults were reconciled by 

Dempsey et. al. (2014) through attributing the fault kinematics to not only the regional 

tectonic stresses, but also localised, fluid-assisted stress transfer due to seismogenic slip 

events along large sinistral strike-slip faults, cyclically loading/unloading adjacent fault sets. 

 

Fig. 4.2) Temperature/time plot showing the progressive cooling of the Val d’avio Intrusion and the deformation 
fabrics. Temperature and dates based on information from Di Toro & Pennacchioni 2005; Dempsey et al. 2014; 
Del Moro et. al. 1983; Pennacchioni et al. 2006; Stipp et al. 2004). Stereographic projections adapted from 
Dempsey et al. (2014), to show orientations of fabrics - planes (great circles) and lineations (axes). 
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4.3 ANALYTICAL TECHNIQUES AND METHODS 

Structural observations and samples were collected by Dempsey et al. (2014) from the Val 

d’Avio pluton within the Calabria massif, NE of Bedole village, which host continuously 

exposed and glacially polished outcrops of mid-crustal faults and fractures within tonalite 

crystalline basement. They characterised the different fault and fractures sets based on 

orientation - recorded through strike and dips of the fault sets - and their kinematics 

measured from offsets of markers, localised slickenline lineations, and asymmetric shear 

criteria such as jogs and Riedal shears. The relative ages of fractures and their fills were 

determined in the field using cross-cutting relationships where available. 

Fig. 4.3) Summary of Coulomb stress model from Dempsey et al. 
(2014). a) Satellite image of study area intereted with major fault 
traces: E-W reverse (red), NNE-SSW Sinistral (yellow), and N-S 
normal (blue). after Dempsey et. al. (2014). b) Coulomb stress 
model showing rupture along NNE-SSW sinistral fault (white), 
generating a local stress field (red: increase in Coulomb stress, Blue: 
decrease in Coulomb stress, white arrows: local reorientations of 
stress field), loading adjacenet E-W reverse faults; after Dempsey 
et. al. (2014) c) Stereographic projection showing the rake 
predicted by the Coulomb stress model compared to recorded rake 
orientations seen in the field. 
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24 Representative samples of fault void fills were collected, catalogued, and 

orientated in the field. Samples were thin sectioned and analysed as part of the present 

study using transmitted light optical microscopy to study the microstructure and relative-

age relationships of deformation, mineralisation and cementation. Thin section analysis 

was further used to categorise and characterise samples based on petrology of infilling 

material, fabrics, shear criteria, and microstructures. In addition to recorded field 

observations, and optical microscopy, the collected samples have undergone x-ray 

diffraction analysis (XRD), scanning electron microscopy (SEM), and Energy Dispersive 

Spectroscopy (EDS).  

 

4.3.1 X-RAY DIFFRACTION 
X-Ray diffraction analyses were undertaken at Padua University on 14 powdered samples 

of fault rocks. Fault rock was differentiated from host rock based on colour, texture, and 

geological context in the field. The data from this study was initially published in Dempsey 

et al. (2014), and later reinterpreted for the present study. The following excerpt is from 

the aforementioned paper and describes the method used for collecting the XRD data from 

the studied samples: “All the samples were ground to a particle size <10 µm to minimize 

possible micro-absorption effects and to improve accuracy in measuring the intensities. X-

ray powder diffraction data were recorded on a Panalytical θ-θ diffractometer (Cu 

radiation) equipped with a long fine focus Cu X-ray tube (operating at 40 kV and 40 mA), 

sample spinner, Ni filter and a solid state detector (X'Celerator). The system optics consist 

of fixed ½° divergent slit and 1° antiscatter slit on the incident beam path and soller slits 

(0.04 rad) on incident and diffracted beam path. The powders were mounted on 32 mm 
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(internal diameter) circular sample holder. Scans were performed over the range 3-80° 2θ 

with a virtual step size of 0.017° 2θ and a counting time of 100 s/step. The phase 

identification and semi-quantitative analysis were performed using the software package 

X'Pert HighScore Plus. The phase identification was gained by the comparison with the 

reference pattern database Panalytical-ICSD (Inorganic Crystal Structure Database). The 

semi-quantitative data were calculated through the normalized RIR (Reference Intensity 

Ratio) method (Chung 1975), using the scale factor measured and RIR values from ICSD 

database” 

 

4.3.2 SCANNING ELECTRON MICROSCOPY 
SEM and EDS analysis were undertaken at the G.J. Russel Laboratory, Durham University, 

using the Hitachi SU70 analytical high‐resolution electron microscope (Hitachi Limited, 

Tokyo, Japan) and Oxford Instruments Aztec 3.3 energy‐dispersive spectra (EDS; Oxford 

Instruments, Abingdon, UK) microanalysis system. Standard polished thin sections were 

treated with a carbon coat using a Cressington 108 carbon‐sputtering unit (Cressington 

Scientific Instruments, Watford, UK) which provided a 25 nm carbon coating to all sample 

slides. Images were then obtained and investigated using 15Kev BSE (back‐scattered 

electrons) for phase and chemical contrast imaging. In addition to analysis of thin sections, 

rock chips were analysed through careful cleaning and polishing of rock fragments that 

were then mounted using carbon cement followed by 30 nm Au/Pd coating (Cressington 

108 Auto RF sputtering system). Secondary electron (SE) imaging at 8 KeV was utilised for 

the purpose of depth of focus, topographical and natural state morphology of samples. 
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4.3.3 FRACTURE TOPOLOGY 
An analysis of fracture topology was carried out during the present study as this technique 

was not available to Dempsey et al. (2014). Fracture topology is a network characterisation 

technique that simplifies a 2D fault or fracture network into discrete branches and nodes 

(Sanderson & Nixon 2015). The ratios between different types of nodes (I-Y or Y-X), and 

branches can be used to determine the relative connectivity and spatial characteristics of 

the studied fracture network. In particular NB/NL ratios – the ratio of the number of 

fractures branches (fault trace between two nodes) versus the number of fault lengths 

(total faults between two tips or sampling boundaries) is used as a proxy for connectivity 

of a given fault network (Sanderson & Nixon 2015). In this study fracture topology was 

calculated from open-source satellite imagery of the outcrop surface (Fig. 4.4). Due to the 

glacial polishing of the outcrop, the satellite imagery has excellent exposure of continuous 

fault trace length. The imagery analysed has an effective viewing resolution of a 1-2 m. 

Sample areas were selected to maximise outcrop coverage. 
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4.4 FRACTURE SET CHARACTERISATION RESULTS 

The primary focus of the present study are the fault rocks and fracture fills formed during 

Miocene exhumation at between 2 and 6.5km burial depth from the N-S, NNE-SSW, and E-

Fig. 4.4) Summary of topological analysis of open source satellite imagery (Google, Earth). Top: interpreted fracture 
map showing sampling windows (black), with reverse (red), sinistral (yellow), and normal (blue) fault linements 
traced onto the outcrop surface. Nodes interpreted within the sampling windows according to Sanderson & Nixon 
(2015), show I-types (blue circles), Y-types (green triangles), X-types (red squares), and E-types [sample window 
intersection] (yellow stars). Mid: table summarising the results of the topological analysis. Below: ternary diagrams 
highlighting the results from the topological analysis, showing a dominance of Y-type nodes (left) and CC branches 
(middle). Right: Stereographic projection of mean fault planes showing the intersection lineations.   
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W fault sets. These faults and fractures share a common pervasive infilling and veining of 

Ca-zeolites and aluminosilicates. During topological analysis of satellite imagery, sample 

areas selected and analysed showed an average NB/NL ratios of 1.6, with a consistent 

dominance of “Y” and “X” nodes over “I” (Fig. 4.4). The mean number of connections per 

branch (1.85) and connections per line (1.8) indicates that the fracture and fault systems 

here are reasonably well interconnected at an outcrop scale, suggesting the potential for 

fluid communication throughout the basement. Further analysis at different scales would 

reveal connections and relationships not observed in satellite imagery. When you examine 

the intersection lineations of the mean fault planes, they all lie closely oriented towards 

the SE – SSE with a dip of approximately 40o (Fig. 4.4). These intersection lineations indicate 

that there is a likely anisotropy in the flow characteristics not revealed in topological 

analyses, with a preferential flow direction 40o to the SE-SSE – almost perpendicular to the 

outcrop surface. 

Though a useful tool, topological analysis simplifies faults and fractures to discrete 

2D planes and therefore assumes uniform flow characteristics for all faults and fractures. 

e.g. uniform fracture apertures and fills. Given the variation in void architecture and fills 

observed between the fault sets in the field, there is likely a strong anisotropy in the fluid 

permeability properties of this network that may not be revealed by topological analyses. 

Furthermore these topological analyses were undertaken on top down satellite images on 

a glacial floor slope which dips 33o
 to the NNE. Whilst this provides a useful view of the 

fracture system – it is not the optimal viewing direction to examine the connectivity.  
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4.4.1 NNE-SSW SINISTRAL STRIKE-SLIP FAULT SET 
The NNE-SSW set of faults are sinistral strike-slip faults, which have regionally 

preferentially reactivated the ductile shear zone fabrics of pre-existing Oligocene mylonites 

(Pennacchioni et al. 2006; Mittempergher et al. 2009; Dempsey et al. 2014). The NNE-SSW 

void fills are characterised by wide kinematic apertures (<1m, sensu Ortega et al. 2006), 

with attritional fault breccia and cataclasite development (Fig. 4.5a) comprising fragments 

of primary wall rocks and minerals and secondary mineral precipitates – mainly zeolite (Fig. 

4.5b). In outcrop these faults typically have long undulose fault traces (up to 700m), which 

likely lead to the development of localised zones of compression and dilation within “jogs”, 

as defined by dilatant mineralisation styles (e.g. syntaxial and cockade), and in-situ 

cataclastic shear. In thin section, these fault rocks typically show strong compositional 

banding, variations in grain size and grain sorting, foliations defined by mineral alignments, 

and injections of fluidised material (Fig. 4.5). In addition, some samples show cockade-style 

mineralisation textures and the preservation of vuggy pore spaces. 
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Fig. 4.5) Photographs and thin-section photomicrographs of the NNE-SSW sinistral fault set. a) Field 
photograph of multi-centimetre wide NNE-SSW oriented fault, showing zoned fault breccia/cataclasite, and 
entrain fault wall clast (white clast). b) Photograph of sampled fault rock, showing multiphase reactivations 
along the fault set, concentrated to within a few cms. Rock chip shows faulting and reactivation associated 
with iron-staining, veining, brecciation, alteration, and zeolite mineralisation. c) Thin section 
photomicrograph, showing 3 closely space deformation fabrics as three bands: foliated cataclasis, laumontite 
(Lm – zeolite) veining, and unfoliated cataclasis in cross polarised light (XPL). d) Thin section photomicrograph 
of poorly sorted chaotic cataclasis with a large range in clast sizes and orientations. e) Thin section 
photomicrograph showing haematite veining and staining of fault rock, around and between brecciated 
altered biotite crystals. f) High power thin section photomicrograph showing immiscible Fe rich fluid inclusions 
caught between two converging crystal growths (zeolite). 
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In thin section, the microstructural fabrics of the sinistral fault set comprise fault-

parallel bands of brecciated and veined material (Fig. 4.5c). This banding is primarily 

defined by variations in mineralogy, grain size, and cement, forming distinctive and 

correlative fault fabrics (Fig. 4.5c). These cataclasites vary significantly in grain size and 

composition, with matrix materials of authigenic grains between 10µm - 100µm, but 

typically have a poorly-sorted matrix-supported (40-80% matrix) fabric with a chaotic to 

mosaic clast arrangement (c.>15o clast rotation) (Fig. 4.5d, 4.6a,b). The clasts are sub-

rounded and comprise fragments of tonalitic wall rock, zeolite or prehnite veins, or older 

clasts of cataclasites/breccias. Some cataclastic bands show pervasive staining of haematite 

around clasts and within higher strain zones, i.e. zones with more well-developed foliation, 

smaller/rounder clasts, and finer matrix. The haematite staining occurs both within clasts 

of older brecciated material, and within the matrix, though it is typically concentrated 

within the finer grained regions of the veins and cataclasites suggesting the presence of 

ferric fluids was cylical/iterative during the Miocene deformation history (Fig. 4.5e, f). 

These cataclasites can be subdivided into two categories – those that show zonation (i.e. 

banding / clast rotation etc.) (Fig. 4.6a), and those that show no preferential orientation or 

zonation and resemble a relatively homogeneous “slurry” of material (Fig. 4.6b). In the first 

category, fracture-parallel bands comprise aligned, reduced grainsize matrix material 

(typically highly-fragmented zeolite crystals) that fine inward within a coarser unaligned 

matrix (Figs. 4.6a, 4.7b). These bands are interpreted to represent localised high strain slip 

surfaces within the broader cataclastic shear zones, that align and rework the matrix during 

cataclastic slip – shear banding. This variation in strain across the shear zone is indicative 

of autochthonous fault-rock emplacement – i.e. the material is generated in-situ, and has 

not migrated into its current position from elsewhere. The second category – the slurry-like 
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cataclasites comprise poorly sorted matrix materials (typically highly-fragmented zeolite 

crystals), that show no alignment of crystals or internal zonation/fabrics (Fig. 4.6b). These 

isotropic slurries preserve little information on their emplacement, however the lack of any 

preferential fracture-parallel alignment of crystals would suggest that they have not 

undergone any shear-deformation, prior to cementing. These slurries are therefore 

interpreted to represent allochthonous injections – whereby co-seismic slip on a nearby 

fault/slip surface raises fluid pressures within the deforming fault rock, causing injection of 

fluidised material through either hydrofracture of wall rock, or fluid flux into low-pressure 

cavities such as dilational jogs. 
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In addition to cataclastic fabrics, the intracrystalline microstructures and alterations 

of host rock minerals visible in thin section provide more information on the deformation 

history (Fig. 4.6c-h). Where preserved in the wall rock or as clasts, the biotite crystals are 

typically large (0.5-1mm) in comparison to the plagioclase and quartz crystals (<0.5mm). 

Where biotite crystals are deformed as clasts in the fault rock they show extensive chemical 

alteration and deformation (Figs.  4.6c,d). The larger best-preserved whole biotites show 

“kinking” of the cleavage bands, with a rotation of 15-85o of the deflected bands as a result 

of shear (Fig. 4.6c). Where biotites have undergone greater deformation, the crystals 

appear sigmoidal as strongly-cleaved mica-fish (Fig. 4.6c-d). Mica-fish typically develop 

during ductile deformation but the sigmoidal biotite clasts present here are deformed in a 

brittle manner as shown by the preservation and shear offsets of the cleavage planes which 

generate the sigmoidal shape. Where biotite crystals have undergone extensive 

deformation, they are typically disaggregated along cleavage planes – these acicular 

fragments are useful in identifying crystal alignments (Fig. 4.6b). The biotites have also 

undergone extensive chemical alteration to chlorite and sericite, and interleaving between 

cleavage planes with prehnite and haematite (Fig. 4.6d). In the NNE-SSW fault set, biotites 

do not appear to alter to any clay minerals – even in high strain zones. Where the feldspar 

crystals are preserved within the fault rocks or wall-rocks, they are typically significantly 

Fig. 4.6) Photographs and thin-section photomicrographs of the NNE-SSW sinistral fault set a) Thin section 
photomicrograph showing slip surfaces within foliated cataclasites, as indicated by grain-size reduction. These 
slip surfaces cut an adjacent zeolite vein on the surface of the wall rock. b) Thin section photomicrograph 
showing injected slurry of brecciated zeolite and biotite. Note the chaotic orientations of the “shards” of biotite 
crystal within the matrix. c) Plain Polarised Light (PPL) thin section photomicrograph of a biotite crystal, 
showing kink-banding as picked out by the cleavage planes. d) Thin section photomicrograph of heavily altered 
and sheared biotite crystal showing sericitization (oranges and reds), and chloritization (blues and greys) in the 
birefringence pattern of the crystal. e) Thin section photomicrograph of heavily fractured and altered 
plagioclase crystal showing fluid-induced alteration and veining along micro-cracks within the crystal, and at 
the crystal margins. f) Thin section photomicrograph of fractured and micro-veined k-feldspar crystal g) Thin 
section photomicrograph of zeolite vein cutting earlier cataclasite, note the syntaxial mineralisation style of 
the precipitated laumontite. h) concentrically coated “cockade” clast of wall rock – coated by multiple 
successive phases of zeolite growth. 
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altered and damaged by brittle deformation and irregular crystal boundaries (Fig. 4.6e). 

The anorthitic plagioclases are heavily fractured and show extensive alteration to albite 

plagioclases and replacement by zeolites (Fig. 4.6e). Alteration of the plagioclase grains 

typically occurs at the crystal margins and surrounding the microfractures within the 

crystal, suggesting it is strongly controlled by the presence of fracture-hosted fluids (Fig. 

4.6e). The plagioclase alteration is clearly seen through disruptions to the twinning planes 

of the primary crystal. K-feldspars show less chemical alteration, but are also extensively 

fractured and cut by micro-veins of zeolite and recrystallised plagioclase (Fig. 4.6f). 

The final fault void filling material within the NNE-SSW faults are the zeolite veins. 

These veins are frequently brecciated during subsequent overprinting brittle shearing 

events (Fig. 4.5c), and appear as clasts of veins, and as cataclastic matrix material. Where 

the zeolite veins are intact, they show strong cavity-filling syntaxial mineralisation styles, 

with radial mineralisation of laumontite and stilbite originating from “seeding points” on 

the vein margins and clasts (Fig. 4.5c, 4.6g). 

In summary, the cataclasites developed in the sinistral faults (Fig. 4.6a) are typically 

more widely developed than in the other fault sets, and show greater evidence for 

reactivation episodes with multiple generations of zeolite-rich cataclasites cross-cutting 

one another between slip surfaces (Fig. 4.5b,c,d, 4.6a,b,d,g). The fracture fills show both 

autochthonous and allochthonous fabrics, with consistent mineralogy throughout 

suggesting that fault rock material has been generated, migrated, and injected locally. The 

mineralisation textures present along the fault breccias include syntaxial (Fig. 4.6g) and 

cockade-style (Fig. 4.6h) mineralisation textures which indicate that faulting is associated 

with cavity development and successive in-filling (see below). These textures are best 
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observed/preserved within samples collected from the dilational fault jogs, where there is 

an absence of authigenic cataclasites, and the preservation of vuggy porosity and cavity-

filling mineralisation textures. We therefore propose that shear motion along contractional 

jogs and fault margins along the NNE-SSW fault trace caused brecciation and cataclasis 

which were remobilised and distributed into neighbouring fault voids such as dilational jogs 

or pull-aparts as a fluidised/injected fault rock (Figs. 4.6b, 4.7a).  
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4.4.2 E-W REVERSE FAULT SET 
The E-W set of faults show a reverse dip-slip offset with a smaller component of sinistral 

shear (Fig. 4.7c, 4.8a; Dempsey et al. 2014). The reverse faults are characterised by zoned 

developments of multiphase breccias, zeolite-rich cataclasites and gouges, and clay-rich 

slip surfaces (Fig. 4.8b). The E-W faults in thin section are shown to comprise numerous 

slip-surfaces marked with fine bands of clay minerals (µm – mm thick) and grain-size 

reduction (Figs. 4.8c). These slip surfaces cut zeolite-rich cataclasites and gouges, which are 

typically smaller in grain size (< 15µm) than the NNE-SSW faults (c.100µm) (Fig. 4.7c, 4.8c). 

The finer grained material within the reverse-slip fault rocks typically consists of brecciated 

zeolite veins. In addition to being finer-grained compared to the NNE-SSW faults, the fault 

rock in the E-W fault set are also exceptionally well sorted, with a foliated ultrafine 

gouge/cataclasite matrix (< 15µm) supporting larger well-rounded clasts (Fig. 4.8d). The 

clasts within these fault rocks are mainly primary quartz grains derived from the tonalitic 

wall rock. Where clasts of other minerals (biotite, plagioclase, prehnite etc.) are preserved, 

such as at the margins of the faults, the crystals are extensively damaged and sheared, and 

appear squeezed between stronger quartz crystals (Fig. 4.8e). Within the E-W reverse 

faults, the quartz crystals in the wall rock and within clasts show extensive internal crystal 

deformation structures such as cataclastic microfractures, and deformation lamellae. Fig. 

4.8f shows an example of intracrystalline deformation lamellae, in the form of en echelon 

lamellae, which have been cut by a cataclastic micro-fracture. The grain boundaries present 

Fig. 4.7) SEM images and EDS profiles of samples. a) SEM image and EDS analysis, showing a quartz crystal 
injected with zeolite vein, that originates from a zeolite cemented cataclasite. Note the jigsaw brecciation 
style of the quartz crystal. b) SEM image and EDS analysis, showing two adjacent cataclasites, both cemented 
by zeolite, but one containing quartz clasts, and another finer cataclasite containing clasts of older zeolite 
and sheared biotite. c) SEM image and EDS analysis showing a clay-rich gouge, cutting zeolite crystals. d) 
SEM image and EDS analysis of a zeolite mineralised fault cavity adjacent to a K-feldspar crystal interface. e) 
SEM image and EDS analysis of altered plagioclase showing microveining and complex grain boundary 
morphologies with Ca zeolite. 
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in the host rock commonly feature bulging GBM structures which are indicative of low-

temperature deformation. The biotite and plagioclases present do not appear to feature 

the same replacive chemical alteration and dissolution textures that were observed in the 

NNE-SSW fault set; although the high degree of shearing and deformation observed within 

these crystals might make it more difficult to readily identify alteration fabrics.   
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Unlike the sinistral and normal faults, the E-W reverse faults feature the 

development of micro-quartz veinlets (<50µm), which cut the fault fabrics and host rocks 

(Fig. 4.8g). These quartz veinlets are concentrated around the fault-rock fabrics, and show 

little evidence for reworking, therefore they may have precipitated during co- and post-

seismic fluid pressure drops in the seismic cycle (which would be indicative of crack-sealing 

and fault valve behaviours), however it is not conclusive.  

The samples collected from the E-W reverse fault set show much less iron-staining 

compared to the NNE-SSW and N-S faults. In thin section, haematic staining of fault gouge 

and cataclasites are constrained to narrow fracture-parallel bands, with no leaching of 

fluids into the surrounding rocks, except adjacent to isolated well-developed injection veins 

(Fig. 4.8h). It is proposed that these fracture sets were subjected to more transient fluid 

flow over shorter periods compared to the NNE-SSW strike-slip faults, consistent with a 

more valve-like behaviour. The slip-surfaces of the thrusts host clay unlike the other fault 

sets, which may be indicative of cataclastic breakdown of zeolite gouge during short 

duration, possibly seismogenic slip events (Fig. 4.7c; Thompson 1971). 

 

Fig. 4.8) Photographs and thin-section photomicrographs of the E-W reverse fault set. a) Field photograph of 
reverse fault, showing numerous clay-smeared slip surfaces between the hangingwall and footwall. b) 
photograph of rock sample, showing zonation between two cataclastic fault rocks. c) Thin section 
photomicrograph of typical reverse fault microstructures, showing multiple clay-rich slip surfaces cutting zone 
zeolite veins and injections and damaged wall rocks. d) Thin section photomicrograph of well-rounded and 
sorted, fine-grained cataclasite that typifies the E-W fault set’s fault rocks. e) Thin section photomicrograph of 
sheared chlorite and prehnite crystal, which has undergone greater deformation that the surrounding quartz 
and plagioclase crystals, due to differences in mechanical strength. f) High power thin section 
photomicrograph, showing en-echelon deformation lamellae within a quartz (Qz) crystal, which has then failed 
brittlely forming a micro-cataclastic, fault. g) Thin section photomicrograph of micro quartz veins cutting 
quartz and plagioclase crystals h) Thin section photomicrograph of concentrated haematite cemented (He) 
cataclasite and injection vein. 
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4.4.3 N-S NORMAL FAULTS 
The N-S fault set shows a normal and dilational fault offset (Fig. 4.9a). These normal 

faults are characterised by brecciation and veining and as such fall into two categories, 

simple dilational fractures/veins (Fig. 4.9b), and breccia-filled voids (Fig. 4.9c). The 

brecciated faults show a chaotic to mosaic arrangement of clasts of wall rock and re-

brecciated mineral veins. These clasts are typically <1mm in diameter in thin section and 

appear largely angular and fractured. The matrix of these breccias is a cataclasite of smaller 

fractured grains of zeolite and host rock, with minimal cavities. This breccia forming 

cataclasite is generally un-foliated and has a matrix-supported texture, however forms 

fault/fracture parallel bands where successive overprinting deformation events have 

occurred (Fig. 4.9c).  

Whilst these cataclasites of the N-S fault set are similar to the NNE-SSW sinistral 

faults in regards to the grain-size and fabric type, there are key differences. Firstly these 

cataclasites are much simpler microstructurally, as there are fewer bands of fault-rock 

material, and secondly they typically host large (<2cm) angular polymineralic clasts of older 

fault rocks and veins. Like the other fault sets the aforementioned bands are primarily 

defined by variations in cement/minerals and grain size, however there are far fewer 

(typically 1-3 in the N-S set vs 5+ in the NNE-SSW set). This suggests that each fault has 

undergone fewer reactivations, so there are fewer overprinting fabrics (Fig. 4.9a). 

Additionally, the cataclastic fabrics are in general more chaotic and un-foliated; however 

where foliation has developed, the bands are typically small (<2mm in thickness) and 

heavily iron-stained (Fig. 4.9d). The clasts within the N-S faults are more exotic  in that they 
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appear to contain material not immediately derived from the wall rocks, such as frictional 

melts – pseudotachylytes, epidote stained mylonites, and clasts of older fault gouges, not 

seen in situ in the N-S faults (Fig. 4.9c, e). These exotic clasts likely originated from the 

Fig. 4.9) Photographs and thin-section photomicrographs of the N-S normal fault set. a) Field photograph of 
zoned normal fault vein showing 3 zones of 2 fault rocks, cut by a later dextral fault. b) Photograph of rock sample 
showing zoned veins of zeolite. c) Thin section photomicrograph of chaotic cataclasite/fault breccia with un-
orientated angular clasts of wall rock, including clasts of fault gouge not otherwise present in the N-S faults. d) 
Thin section photomicrograph of two foliation cataclasites with rounded clasts, one of which is heavily Fe-stained. 
e) Thin section photomicrograph of multiple cataclasite/breccia, with clasts of exotic material such as 
pseudotachylyte (PT), which must have been transported from another fault system. f) Thin section 
photomicrograph of angular clast surrounded and injected by Fe-rich fluid/cement. g) Thin section 
photomicrograph of cockade clasts of older breccia surrounded by growths of zeolite cement. h) Thin section 
photomicrograph of multiphase zeolite vein showing successive reactivations along the centre line of the 
dilational vein. 
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North where a pre-existing zone of alteration host well-developed epidote rich mylonites 

and pseudotachylytes (Di Toro & Pennacchioni 2004; Mittempergher et al. 2009; Dempsey 

et al. 2014), and were transported into the N-S dilatant faults through energetic fluid flux. 

Finally the clasts in the N-S fault set are regularly stained around the margins by haematite 

(Fig. 4.9f). Whilst both the NNE-SSW and N-S set host significant haematite staining, the 

encapsulation of clasts in haematite is only seen in the N-S set. 

Due to the few foliated fault-rock textures present it is likely that some of these 

cataclasites and brecccias are formed from attritional shearing during the normal faulting 

(Woodcock et al. 2014). However the exotic clast material and dominance of unfoliated 

fabrics suggests that the fault rock material is predominantly derived from elsewhere, and 

has been emplaced into dilatant cavities in the N-S faults.  

Cockade mineralisation textures surround some of the breccia clasts (Fig. 4.9g), 

which are typically associated with long-lived open fault cavities (Frenzel & Woodcock 

2014). The close association of cataclastic fault rocks and cockade mineralisation textures 

suggests that, like the sinistral faults, regions of shear along fault surfaces act as sources 

for void-filling material, which are then deposited in open cavities within dilational 

jogs/zones.  

Like the NNE-SSW sinistral faults, the N-S faults show evidence for chemical 

alteration of biotites and plagioclases through chloritisation and albitisation. However 

unaltered fragments of biotite are regularly preserved, and where alteration is observed, it 

is less extensively altered compared to the biotites in the NNE-SSW sinistral faults. This 

suggests that like the NNE-SSW faults there is a chemical interaction between the co-

seismic fluids and the wall rock, but it is less aggressive in dissolving, reprecipitating, or 
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altering primary minerals. This may be due to differences in fluid temperatures, 

composition or volume. 

The purely dilational fractures are readily identified by the presence of unbrecciated 

zeolite veins (Fig. 4.9b, h). These zeolite veins typically show multiple types of zeolite in 

vein-parallel bands with no visible shear offset of piercing points i.e. Mode-I fractures (Fig. 

4.9b, h). The zeolite precipitated in these veins are predominantly syntaxial, showing radial 

growth inwardly from suitable substrates on the fracture wall (Fig. 4.9h). Where 

reactivation has occurred, it typically occurs along the centre-line of the mineral veins (Fig. 

4.9b, h); only rarely are the fractures opened at the mineral-fault wall interface. This is 

thought to be due to the syntaxial growth style of the zeolites; as they grow radially from 

suitable substrates on the fault walls, the centre line where the opposed minerals meet 

becomes the weakest axis, not the vein-wall contact (Cox & Etheridge 1983). 

 

4.5 FAULT ROCK COMPOSITION 

The fault rocks in the Adamello are composed of 9 major minerals: K-Feldspar, plagioclase 

(Albite – Anorthite), Quartz, Chlorite, Prehnite, and the Ca-zeolites: Scolecite, Stellerite, 

Stilbite, and Laumontite (Fig. 4.10). These minerals can be distinguished in thin section 

(where whole) using twinning, crystal form/habit, birefringence, and colour. However in 

many regions of fault rock and fracture fill, the material present is very fine grained making 

mineral identification difficult. As a result, the optical observations were supplemented by 

bulk analysis  of fills using quantitative XRD powder analyses, and qualitative EDS and SEM 

(Fig. 4.7, 4.10). The results of the bulk XRD powder analyses are summarised in Fig. 4.10. 
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These results show that most dominant authigenic minerals present in the fault rock matrix 

are the Ca-zeolites, which on average constitute 59% of the NNE-SSW fault set, 73% of the 

E-W faults, and 100% of the N-S faults.  

Petrologically, the fault rocks can be subdivided into two mineral categories: 

primary minerals derived from the tonalite host rock and their alteration products, and 

authigenic hydrothermal minerals and their alteration products (Fig. 4.10). The primary 

minerals are clasts of wall rock, that have been incorporated into the fault rock mass 

through brecciation and cataclasis. In these tonalitic grains, the only unaltered minerals are 

quartz and potassium-feldspars which are resistant to chemical alteration. Other less stable 

primary minerals present in the tonalitic host rock, such as biotite and anorthitic 

plagioclases are not present in the fault rock samples analysed, presumably because they 

have been metasomatically altered by the hydrous fluids present in the fault voids (see 

above). The biotites are seen in thin section to have been directly altered in-situ to chlorite 

Fig. 4.10) Figure summarising the quantitative XRD results from 15 samples. Top: table showing the wt% of each 
mineral per sample analysed after Dempsey et al. (2014). bottom: pie charts showing the average (mean) 
percentage consituent mineral percentages for each fault set. 
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through the release of potassium and magnesium from the crystal matrix, which is used in 

the formation of Ca-Al silicate minerals such as Ca zeolites and prehnite (Parry & Downey 

1982; Weisenberger & Bucher 2011). The anorthic plagioclases (oligoclase range) have also 

been directly altered to albite plagioclase, releasing calcium into the circulating fluids 

through the process of albitisation; this is best observed in the EDS and SEM images (Fig. 

4.11). Hydrothermal minerals present in the faults rocks include the Ca-zeolites: 

laumontite, stilbite, stellerite, and scolecite; and prehnite. These minerals are consistent 

with zeolite and prehnite/pumpellyite facies metamorphism, which are typified not only by 

the precipitation of zeolites and prehnite, but also by the chloritization of biotite around 

200oC (Parry & Downey 1982). These metamorphic facies typically occur at depths <20km 

and temperatures <300oC. 
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4.6 DISCUSSION:  

The zeolite filled faults of Val d’Avio are shown to have formed under shallow to mid-crustal 

zeolite and prehnite-pumpellyite conditions, from seismogenic “fluid-assisted” ruptures. In 

this section we discuss how the presented data can be interpreted to provide new insights 

into the relative ages, depths, and deformation styles of the zeolite filled fissures.  

4.6.1 CYCLICAL FAULT REACTIVATION 
Whilst it is not uncommon to see small dip-slip faults form in association with large strike-

slip faults (and vice versa), the faults and fractures present within the Val d’Avio tonalites, 

are of similar sizes and magnitudes and form independently under the same regional 

tectonic stresses (Fig. 4.3a). Under the Andersonian laws of faulting, in order for strike-slip 

and dip-slip faults to form under the same regional stresses it requires a localised rotation 

of the minimal stress axis (σ3) from horizontal to vertical (Anderson 1905; Healy et al. 

2012).  

The NNE-SSW fault set are observed to be the largest fault set, both in terms of 

offset (<5m), aperture (<1m), and trace length (<700m), and show the greatest evidence of 

overprinted fault fabrics (see below) (Fig. 4.3a, b) indicating they were the most frequently 

reactivated of the fault sets. This reactivation history and the cross-cutting relationships 

observed in the field suggest that these faults were the first to form, providing an initial 

conduit for fluids to enter the otherwise impermeable tonalite at sub-lithostatic pressures 

Fig. 4.11) SEM EDS profiles showing albitisation of plagioclase. a) Energy dispersive spectra and SEM image of 
anorthite plagioclase showing Calcium, silicon, oxygen, aluminium, and carbon. b) Energy dispersive spectra 
and SEM image of altered anorthitic plagioclase showing release of calcium and capture of sodium and 
potassium to form albite and anorthoclase feldspar, c) summary of chemical reactions showing the process of 
albitisation in the release of calcium cations to form laumontite and stilbite ca-zeolites. 
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(Dempsey et al. 2014; Mittempergher et al. 2014). These fluids were circulated through the 

faults assisting and clustering the seismicity as described and modelled by Dempsey et al. 

(2014) (Fig. 4.3): Once introduced to the tonalite fault system through the NNE-SSW faults, 

the fluids were then trapped by impermeable zones of amphibolite facies alteration and 

zeolite mineralisation along pre-existing fault zones, which enabled localised development 

of overpressure with the pore-fluids (Fig. 4.3a). Multiple small seismogenic events along 

the strike-slip faults led to an increase in the fluid and tectonic pressure in the northern 

part of the fault within the region of compression for the hypothetical focal mechanism. 

This loaded the E-W faults effectively transferring the stress from one fault set to another 

(Fig. 4.3b, c). The stress-load from movement along the NNE-SSW fault generates a 

secondary local stress field, such that when the E-W fault fails under regional tectonic 

stresses; the net result is sinistral reverse faulting (Fig. 4.3c). The movement of the sinistral 

thrusts caused further migration of fluids and continued static stress transfer, eventually 

generating the N-S oriented dextral normal faults in turn.  

Immediately following a seismic rupture, fluid pressures would likely have fallen, 

stabilising the faults and enabling rapid precipitation of zeolites within any seismically 

generated fault voids (Sibson et al. 1975; Sibson 1981, 1990). The zeolites (although 

permeable on a molecular scale) would at least partially seal the faults, potentially allowing 

renewed development of fluid overpressures during aseismic periods. The zeolites are also 

significant as due to a low mechanical strength, and would therefore potentially have a 

strong fault-weakening effect, localising subsequent ruptures and reactivation episodes 

allowing for numerous slipping events along the same slip-surfaces (Sibson 1990; 

Holdsworth 2004).  
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4.6.2 ZEOLITE MINERALISATION 
Natural zeolite mineralisation is a well-documented and studied mineral precipitate 

(Weisenberger 2009; and references therein), but Ca-bearing zeolites have a number of 

properties that allow for new insights into structural analysis and deformation 

characterisation.  

Firstly natural Ca-zeolite crystals do not typically grow directly from parent 

minerals, i.e. there is no direct solid-state alteration from plagioclase to zeolite; instead 

they form due to dissolution, transport, and re-precipitation from a bulk fluid 

(Weisenberger 2009). This is because Ca-zeolites only precipitate when exposed to a 

suitable substrate (i.e. seeding point), and when the distributary fluids are super-saturated 

(Weisenberger 2009). The implication is that the type of zeolite that is deposited is a direct 

reflection of the bulk fluid chemistry across the connected fracture network, and not a 

localised chemical alteration at a crystal scale. This means therefore that only one type of 

Ca-zeolite can precipitate from a fluid at any given time, so where fractures host multiple 

types of Ca-zeolite in one fault cavity, the zeolites are likely to be diachronous, reflecting 

multiple phases of mineralisation and changes in temperature or fluid chemistry with time 

(Fig. 4.12; Weisenberger 2009; Weisenberger & Bucher 2010; Weisenberger et al. 2012). 

Since zeolites only precipitate once a critical saturation of necessary elements has been 

met in the bulk fluid composition, they are correlatable between fracture sets as a single 

broadly-contemporaneous “mineralisation event” – on the assumption that the fractures 

are hydrodynamically connected.  
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In addition to the strong chemical control on zeolite mineralisation, there is also a 

well-documented thermal control on the type of zeolite that precipitates from a given fluid 

(Fig. 4.12a) (Weisenberger 2009). Thus the order of zeolite mineralisation in the Adamello 

pluton will potentially be a direct reflection of the temperatures of the circulating fluid and 

surrounding rock as the pluton cools (Fig. 4.12a) (Stipp et al. 2004). By determining an order 

of zeolite mineralisation from comparing published experimental work and textural/cross-

cutting observations in thin section, a region-specific thermo-chronology can in theory be 

developed, which can be correlated and compared between fracture sets. For the Val 

Fig. 4.12) Figure summarising the chemistry and style of zeolite mineralisation. a) Thermochronology of 
zeolite mineralisation from Weisenberger & Bucher, (2010). Timings inferred from thermal history in figure 2 
and Reverman et al. (2012) using 22Ma as a start for zeolite mineralisation (Dempsey et al. 2014; Stipp et al., 
2004., Reverman et al. 2012) b) ternary diagram for Ca-zeolites, highlighted in red is observed zeolites in study 
area, adapted from Weisenberger (2009). 
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d’Avio it is clear from cross cutting relationships in thin section that the laumontite is the 

earliest phase of zeolites precipitated (22-18.1Ma), preceded only by secondary prehnite 

and chlorite (>22Ma), and succeeded by later phase zeolites such as stilbite and stellerite 

(18.1-17.5Ma), and scolecite (17.5-16.8Ma) (Fig. 4.12). 

In SEM images zeolite-plagioclase contacts are irregular and can appear 

fractured/microveined or even lobated. At first glance this would appear to suggest that 

the plagioclase crystal has undergone a direct in-situ alteration to zeolite, and not as 

described above, undergone dissolution and reprecipitation. However under further 

analysis it is apparent that this is not necessarily the case. Prior to the precipitation of 

zeolites, anorthitic plagioclase crystals underwent albitisation to release Ca and trap Na 

(oligoclase -> albite: see below). Albitisation is a direct and volume-reducing reaction in 

that the oligoclase phase plagioclases will alter in-situ to a smaller volume albite crystal. 

This volume reduction causes the plagioclase crystals to micro-crack and form complex 

lobate/shrinkage geometries along fluid-crystal reaction fronts/interfaces. Following the 

albitisation reactions, when the fluids are super-saturated in Ca, zeolites are pervasively 

precipitated, filling any available space including the microcracks and complex lobate 

crystal boundaries to form the observed contacts.  

 

4.6.3 RATE OF MINERALISATION 
As previously mentioned cockade textures are observed in a number of thin sections in the 

open N-S and NNE-SSW fracture sets (Figs. 4.6h, 4.9g). Cockade textures denote individual 

clasts that are completely surrounded by, and “floating” in, multiple concentric layers of 

cement (Fig 4.9g). Zeolite grew on and surrounded individual clasts of wall rock and earlier 
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brecciated fault material (Fig 4.9g). A characteristic feature of cockade textures is the 

paucity of contact points between the clasts which suggests that the clasts are free to move 

away from one another. The cockade textures present here are formed by either fluid 

suspension: whereby clasts are suspended in seismogenic fluids and are “coated” by rapidly 

precipitating minerals, or by repeated rotation and accretion: whereby clasts are 

episodically mineralised and rotated during fault reactivation (Frenzel & Woodcock 2014; 

Cox & Munroe 2016)  (Fig. 4.10). The fluids need not be particularly high velocity, or flow 

for long periods of time, as cockade textures have been reported to form at velocities lower 

than 0.1ms-1 (Cox & Munroe 2016). As the suspended particles are coated by the 

precipitating zeolites, they may reach a critical mass and fall out of suspension leading to a 

gradual sinking through the remaining fluidised aggregate (Cox & Munroe 2016). The 

cockade textures can be difficult to identify as they are frequently brecciated during fault 

reactivation (Fig 4.9g), along with mineral veins and fragments of wall rock, and can often 

be mistaken for cut effects of sectioned samples (Fig. 4.10). Cockade textures are significant 

as they are a direct indication that these fractures remained open and permeable to 

repeated fluid flux. This open fluid conduit system in which we find cockade textures, 

suggests that fault valving did not occur within the hosting fault, as the fault did not 

sufficiently seal to allow for interseismic fluid pressure increases. However should 

mineralisation continue beyond the formation of cockade textures – filling the interclast 

space the fault can seal again, trapping fluids and potentially allowing for fault-valve 

behaviour.  

The concept of super-saturated fluids and “seeding” style mineralisation provides 

the basis for “exothermic gel” technologies such as re-usable handwarmers (Sandnes 
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2008). The syntaxial radial growth of the crystals observed in gel handwarmers is similar to 

the observed morphology of the preserved zeolites in thin-section (Figs. 4.6g, 4.7d, 4.9h, 

4.13). The significance of this is that the rapid rate of mineralisation seen in the 

handwarmers is attributed to the presence of super-saturated fluids. It is therefore not 

unreasonable to suggest the zeolites may also precipitate very rapidly given the similarity 

in mineralisation styles (super-saturated fluids, seeding site precipitation, and radial crystal 

forms). Rapid zeolite precipitation would quickly coat any available surface on the fault 

walls, or suspended clasts during episodic seismogenic fluid flux. This would permit 

mineralisation styles such as cockade textures and crack-seal syntaxial mineralisation to 

occur within single pulses of fluid flux – seismogenic events. However this link between the 

synthetic crystal precipitation and natural examples of zeolite mineralisation would require 

further research and experimentation to verify.  

 

4.6.4 MINERAL ASSEMBLAGES 
As previously mentioned, the zeolite-filled faults of the Val d’Avio pluton are composed of 

9 major minerals: K-Feldspar, Albite, Quartz, Chlorite, Prehnite, Scolecite, Stellerite, 

Fig. 4.13) Figure comparing the growth habit of zeolites with the crystal growth of synthetic crystals. a) 
photomicrograph of acicular scolecite growing syntaxially and radially from a seeding point on a laumontite 
crystal substrate. b) photograph of a gel handwarmer shortly after exposing the seeding site, note the similarity 
in crystal structure and mineralisation style 
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Stilbite, and Laumontite (Fig. 4.10). However, despite hosting similar silicate group 

minerals, the fractures do not contain any pumpellyite, heulandite, or chabazite. The 

absence of these minerals provides information on the sub-surface conditions at the time 

of mineralisation.  

The lack of pumpellyite is interpreted to be due to the composition of the host rock, 

as pumpellyite is typically found as amygdales and fracture fills in mafic gabbros and 

basalts, as opposed to the felsic tonalite that comprise the Val d’Avio pluton.  

The lack of other Ca-zeolites such as heulandite and chabazite may be the result of 

a number of different factors such as that could inhibit their growth such as temperature 

and fluid chemistry. A typical Ca-zeolite assemblage contains heulandite and chabazite, 

however these zeolites contain more Na or K than the other Ca-zeolites found in the fault 

fills (Fig. 4.12b). It is therefore possible that a lack of Na or K in circulating fluids could 

prevent heulandite or chabazite from being precipitated (Weisenberger 2009). In addition 

to chemistry, chabazite is also more stable at cooler temperatures (<700C) (Fig. 4.12a), so 

it is possible that during fracturing and mineralisation the fluids were never cool enough to 

form chabazite (Lrou 1971). 

4.6.5 VARIATION BETWEEN FAULT SETS 
The bulk mineralogy of the fracture fills differ between fracture sets as shown by the XRD 

(Fig. 4.10). The most obvious variation is the lack of any primary minerals or alteration 

products within the N-S normal faults (Fig. 4.10). The presence of primary minerals is 

thought to represent clasts of wall rock which have been incorporated into the matrix of 

the fault rock. The lack of these primary minerals in the normal faults suggests there are no 

clasts of wall rock within the samples analysed and therefore minimal shearing or 
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brecciation has occurred which is consistent with these sampled fractures being 

predominantly Mode 1 dilational cracks. The sampled N-S faults were from simple dilation 

veins, and not from the cataclasite-hosting normal faults. 

Additionally the sampled N-S faults contain greater proportions of stilbite and 

scolecite and a smaller proportion of laumontite compared to the shear fractures (Fig. 

4.10). Given that the mineralisation of different Ca-zeolites must have occurred 

heterogeneously, and the regional zeolite chronology of Laurmontite -  scolecite – stilbite 

(Fig. 4.12a) based on cross cutting relationships and a thermal cooling of the pluton, this 

implies that the N-S fault were possibly mineralised somewhat later than the NNE-SSW and 

the E-W faults.  

4.6.5.1 Albitisation 

There is a well-documented correlation between the precipitation of zeolites and 

albitisation in granitic rocks (Weisenberger & Bucher 2010). The alteration of Ca-

plagioclases to albite releases Si, Al, and Ca, and stores Na (Fig. 4.11; Weisenberger 2009) 

and provides the necessary material to precipitate the Ca-zeolites (Fig. 4.11). Secondly as 

previously mentioned albitisation is known to generate porosity through a volume 

reduction thus improving fracture permeability and leaching of fluids into the host rock. 

Albitisation is observed in the SEM dispersive spec. profiles (Fig. 4.11a,b), which show direct 

plagioclase alteration products rich in Na and Si, and depleted in Ca and Al compared with 

their parent mineral (Fig. 4.11a,b).  As a result of the shrinkage in mineral volume 

albitisation is thought to have caused deformation of the plagioclase crystal, including 

micro-cracks (subsequently mineralised to form microveins of zeolite), and irregular crystal 

boundaries along reaction fronts.  



 Chapter 4 

192 

 

 

4.6.5.2 Clay minerals 

The slip-surfaces in the thrust faults appear to contain more clay minerals than the other 

fracture sets (Figs. 4.7c, 4.8c). SEM EDS analysis shows variability in the metals within the 

clay minerals (e.g. Ti, Mn, Mg, Fe, K), but are consistently rich in Ca and Al– suggesting they 

are derived from Ca rich parent minerals such as zeolite (Fig. 4.8c). Different clay-types 

appear to have been produced including smectite and montmorillonites, and chlorite 

groups, defined by the groupings of different metals: smectite/montmorillonite group (K, 

Mg, Fe), and chlorite group (Mg, Fe, Ni, Mn, Ti).  Due to their concentration around discrete 

slip surfaces and their fine scale (often <50µm), textural relationships can be difficult to 

define, however some of the larger clay bands appear to show fault parallel foliations and 

lineations. The concentration of clays around slip-surfaces in the thrust faults is interpreted 

to be the result of a higher fluid pressure in the surrounding impermeable alteration zone, 

which reduces the ability of zeolites to tolerate CO2, resulting in a breakdown of zeolites 

into clays (Fig. 4.7c; Thompson 1971).  

4.7 CONCLUSIONS 

During Miocene uplift and exhumation, three sets of small displacement faults were 

formed and filled by predominantly zeolite mineralisation (Fig. 4.3). These faults were 

repeatedly and cyclically reactivated through fluid-assisted, seismogenic rupturing, 

producing complex fault rock fabrics. Each fault set contains distinct and characteristic fault 

rock fabrics due to the local stress conditions for each orientated structure (Figs. 4.5, 4.6, 

4.7, 4.8). The NNE-SSW sinistral faults are larger and contain greater volumes of fault rock 

material and fracture fills, which includes foliated cataclasite and cockade textures; 
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suggesting that these faults were open as fluid pathways longer than the other fault sets 

(Fig. 5,8). The E-W reverse faults show evidence for valve-like behaviours resulting from 

transient flow of coseismic overpressured fluids producing fine-grained cataclasites and 

gouge and clay rich slip surfaces (Fig. 4.8). The N-S normal and dilational faults are 

characterised by veining and extensive zeolite mineralisation (Fig. 4.9). 

 The Ca-zeolite mineralisation which pervasively inhabits the Miocene fault sets, has 

had a number of impacts on the development and structure of the fault cavities. 

1) The presence of repeated, overprinting, zeolite-rich, fault rock fabrics across all 

fault sets demonstrates that the precipitations of zeolites during and between 

seismic events has increased the potential for fault reactivations, and caused a 

strain localisation effect on the larger faults, due to the low-mechanical strength of 

zeolite crystals weakening the fault cores in comparison to the surrounding host-

rock.  

2) In addition to providing the necessary cations for the precipitation of Ca-zeolites, 

albitisation of anorthitic plagioclases also enhances fluid flux and connectivity of the 

faults as the daughter albite crystals have a smaller mass and volume, than the 

parent plagioclase crystals. This further causes shrinkage and cracking of plagioclase 

crystals, increasing the number of pathways for fluid flux and causing pervasive 

zeolite mineralisation in invasive microveins.  

3) Syntaxial and cockade mineralisation textures show that the fault sets, despite mid-

crustal depths (2-6.5km), were open and permeable to repeated fluxes of fluid. The 

present fault voids and cavities were sustained through geological time, in 

otherwise impermeable crystalline basement. Potential evidence for crack seal 
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veining and fault valving are also present, which contradicts the open and 

permeable interpretation, however local variations in amount of precipitated 

zeolite and/or fault kinematics (dilational-jog vs shear plane etc.) can result in 

sealing or cavity preservation on a local scale. 

4) Since Ca-zeolites do not form as a direct alteration product but instead precipitate 

from a super-saturated bulk fluid when exposed to a suitable substrate, the 

mineralisation can be correlated between fault sets assuming they are 

hydrodynamically connected at an outcrop scale – which the results of topological 

analysis suggests they are. 

5) The precipitation of different Ca-zeolites is strongly controlled by the temperature 

of the percolating fluids (Weisenberger 2009). The result of this is that only one type 

of zeolite mineral is likely to be precipitated at any one time from a fluid at a given 

temperature. Given the cross-cutting relationships between different zeolite types, 

the relative timing and chronology of zeolite mineralisation can be determined: 

Laumontite – Stilbite – Scolecite. This chronology is consistent with progressive 

cooling of the pluton and circulating fluids during Alpine uplift and exhumation 

between 22 and 16.8Ma.  

6) When the chronology of zeolite types is applied regionally, and compared to 

collected XRD data, it shows that the NNE-SSW faults and E-W faults have a greater 

proportion of “early phase” zeolites such as laumontite, than the N-S normal faults 

which contain greater concentrations of “later phase” zeolites such as scolecites. 

This suggests that the N-S normal faults opened-up and were mineralised 

somewhat later than the sinistral and reverse fault sets. It is significant that these 
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fractures also show very little evidence for reactivation and this would be consistent 

with their relatively late age. 

The chronology of the faults sets developed in the present research supports the fluid 

circulation and cyclical reactivation model proposed by Dempsey et al. (2014), with fluid 

ingress into the basement through the NNE-SSW sinistral faults first, before co-seismic 

redistribution into E-W thrust and N-S fault network. 
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Chapter 5: 
 

Mid-crustal reactivation and deep void 
development during seismogenic slip 
and frictional melting 
 
“With their four-dimensional minds, and in their interdisciplinary ultra-verbal way, 
geologists can wiggle out of almost anything.” John McPhee 
 
Abstract: The geological characteristics and development of fault voids formed close to the 

base of the seismogenic zone is relatively poorly understood compared to voids created in 

shallower crustal settings. Here we examine exhumed examples of fault void formation and 

filling from the Lewisian Complex of the NW Highlands (Fig. 5.1), which formed during 

regional Mesoproterozoic (ca 1.55 Ga) strike-slip faulting. This deformation is characterised 

by sinistral reactivation of earlier NW-SE trending ductile shear zone fabrics (Laxfordian, c. 

1.75Ga) and pre-existing intrusive margins of (c. 2.4Ga) mafic dykes. Our findings 

demonstrate that even at depths likely close to 15km, faulting processes synchronous with 

frictional melting events during earthquakes lead to cycles of mm to dm-scale cavity 

formation, dilation and collapse. Preserved fault cavities are occupied by chaotic wall rock 

breccias, local hydrothermal minerals, and injected frictional melts. Such processes are 

most effective in areas where steeply dipping to sub-vertical pre-existing planar fabrics or 

igneous contacts are reactivated during strike-slip movements, leading to the creation of 

sub-vertical fracture meshes forming a series of cross-cutting dilational cavities. The chaotic 
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fills act as natural props holding cavities open and preserving them as potential fluid flow 

conduits over long geological time periods.  
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Supplementary information: Relevant published papers in Appendix A-I, A-III, A-IV, A-VII, 
A-VIII; Topology breakdown in Appendix B-IV, V; Structural data in Appendix VI 

5.1 INTRODUCTION 

Recent studies have emphasized the importance of near-surface dilatant cavity formation 

in areas where fault development occurs in relatively strong, low permeability rocks such 

as basalts, crystalline basement rocks and carbonates (e.g. Holland et al. 2006, 2011; van 

Gent et al. 2010; Walker et al. 2012; Weismüller et al. 2019; Hardman et al. 2020; 

Holdsworth et al. 2019, 2020a). These features are believed to significantly influence the 

flow and storage of water, hydrothermal mineralizing fluids, magma, and hydrocarbons. 

They are therefore of interest in the assessment of subsurface geological resources, 

geothermal reservoirs and geohazards.  

Two related areas of current uncertainty are concerned with first, how the 

development of these dilational phenomena may be related to seismogenic slip processes 

along the brittle fault systems and second, understanding the depth range over which such 

dilational features can form along active crustal fault zones.   

An ideal natural analogue where these issues can be explored lies in the 

Neoarchaean gneisses of the Lewisian Gneiss Complex (LGC), a well exposed and relatively 

accessible area of continental basement rocks in NW Scotland (Wheeler et al. 2010 and 

references therein). In these rocks, a series of tectonic events are recognised, each 

associated with different P-T conditions reflecting the progressive exhumation of these 

rocks over more than 2.8 billion years (Park 2005; MacDonald et al. 2015; Holdsworth et 

al. 2020b). They include very well-preserved examples of faults formed close to the 

Fig. 5.1) Location maps, digital data from EDINA digimap and BGS. a) Topographic map of Achmelvich 
coastline showing Canisp Shear Zone (grey), Lochinver monocline (white dashed line), and torridonian 
cover sequences (white); with key localities highlighted. b) Terrane map of the Lewisian complex West 
of the Moine Thrust. Adapted from R.E. Holdsworth et al. (2020) c) Maps of the Scourie dyke intrusion 
complex. Adapted from R.E. Holdsworth et al. (2020) d) Geological map of the Assyntian Terrane with 
hill shaded topography. 
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frictional-viscous transition which are widely associated with the development of 

pseudotachylytes (friction melts) (Sibson 1975; Sibson & Toy 2006).  

In this paper, we present field and microscopic observations and analyses, 

supported by virtual outcrop models and stress inversion analyses from exceptionally well-

exposed ancient seismogenic fault zones in the LGC. We show that they are particularly 

well developed in areas where pre-existing, steeply dipping to sub-vertical geological 

structures (foliations, dyke contacts) are reactivated by strike-slip displacements and that 

large (up to dm-scale) dilational cavities are formed directly associated with seismogenic 

faulting events. Whilst the development of such features may be transient at such great 

depths (10-15 km), geological processes occur that lead to the preservation of partially 

open cavities over long geological timescales, with important potential implications for the 

hydrodynamic properties and economic potential of crystalline basement terrains 

worldwide. 

5.2 REGIONAL SETTING 
The Precambrian rocks of the LGC, NW Scotland form a fragment of the continental 

basement of Laurentia that lies to the west of the Palaeozoic Caledonian orogenic belt (Fig. 

5.1a). The rocks preserve evidence for a superimposed sequence of crustal-scale geological 

events that occurred from the Neoarchaean to the Mesoproterozoic.  

The Assynt Terrane (Fig. 5.1b) forms the central part of the LGC in mainland NW 

Scotland. It is mostly composed of grey, banded, tonalite–trondjemite–granodioritic (TTG) 

gneisses which are locally highly lithologically heterogeneous, and include distinct lenses 

of mafic-ultramafic composition (e.g., Sheraton et al. 1973; Guice et al. 2020). The TTG 

gneisses are thought to be derived from igneous plutons intruded at c. 2.96-3.03 Ga (high 
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precision U-Pb and Sm-Nd geochronology; Hamilton et al. 1979; Park 2005). These gneisses 

have subsequently undergone a series of Neoarchaean to Mesoproterozoic deformation 

episodes prior to their final exhumation at the surface at some point prior to the deposition 

of the overlying Stoer Group sediments in the Neoproterozoic (ca. 1.2 Ga) (Fig. 5.2). 

These rocks first experienced deformation and upper amphibolite-granulite facies 

metamorphism during so-called Badcallian event(s) the timing of which is incompletely 

resolved with current age constraints suggesting either a more widely favoured age of c. 

2.76 Ga (e.g; Corfu et al. 1994; Zhu et al. 1997; MacDonald et al. 2015), and/or a younger 

age of c. 2.48–2.49 Ga (e.g., Friend & Kinny 1995; Kinny et al. 1999) (Fig. 5.2a).  

The central part of the Assynt Terrane is cut by the c. 1.5 km wide, NW-SE-trending, 

steeply dipping, dextral transpressional Canisp Shear Zone (CSZ; Attfield 1987; Fig. 5.1a). 

There are other, steeply-dipping, NW-SE to WNW-ESE trending minor shear zones such as 

the Stoer Shear Zone cutting the surrounding Badcallian gneisses (Park & Tarney 1987). 

Fig.  5.2) a) Metamorphic facies diagram adapted from Panchuk (2019). Superimposed with the key tectonic 
events of the assynt terrane showing progressive exhumation from the Badcallian |B| to the Inverian |I|, the 
Laxfordian |L| and Assyntian |A|. b) Schematic cross section of a fault zone adapted from Ke Fagereng and 
Toy (2011), and Sibson (1993); superimposed with key late tectonic events, including stoer aged exhumation 
at the surface. 
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These shear zones are thought to have developed initially during Inverian deformation and 

amphibolite-facies retrogression which affected substantial parts of the Assynt Terrane 

(Attfield 1987) (Fig. 5.2a). The absolute age of this event is also somewhat unclear, but a 

majority of studies favour an age of c. 2.4 Ga (e.g., Corfu et al. 1994; Love et al. 2004; 

Goodenough et al. 2013).  

The Badcallian and Inverian structures are cross-cut by a regionally extensive set of 

NW-SE trending mafic and ultramafic intrusions referred to as the Scourie dyke suite (Fig. 

1b). Individual intrusions range in thickness from a few millimetres to several tens of metres 

and in some cases can be traced for several kilometres along strike. They were intruded as 

two suites of differing age: a dominant c. 2.42-2.38 Ga set and a more minor group at c. 2.0 

Ga (Rb-Sr whole rock and U-Pb geochronology; Chapman 1979; Heaman & Tarney 1989; 

Davies & Heaman 2014). These dykes display evidence of having been emplaced under 

amphibolite facies pressures and temperatures, i.e. in the middle crust, possibly 

immediately following the Inverian event (O’Hara 1961; Tarney 1973; Wheeler et al. 2010) 

(Fig. 5.2a).  

The dykes and older structures in the host rock gneisses of the Assynt Terrane are 

cross-cut by a regional set of quartz-pyrite veins, the emplacement of which has been dated 

using Re-Os geochronology at c. 2.26 Ga (Vernon et al. 2014). These veins, and all older 

structures, are heterogeneously overprinted by younger Laxfordian deformation with 

widespread retrogression of the TTG gneisses under lower amphibolite to upper 

greenschist-facies metamorphic conditions (e.g., Sutton & Watson 1951; Attfield 1987; 

Beacom et al. 2001) (Fig. 5.2). This regionally recognised Laxfordian event begins with a 

series of magmatic events c. 1.9–1.87 Ga – at least some of which are related to island arc 

development – followed by a protracted orogenic episode lasting from 1.79 to 1.66 Ga (see 
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Goodenough et al. 2013). In the Assynt Terrane, the effects of Laxfordian reworking are 

highly localised, being largely restricted to the central 1 km wide centre of the CSZ and 

other, narrower local shear zones, as well as along the margins of the Scourie dykes (Figs 

5.1a, c). This contrasts with the Rhiconich and Gruinard Terranes which lie respectively NE 

and SW of the Assynt Terrane (Fig. 5.1b), where the Laxfordian event reached amphibolite 

facies and was associated with more pervasive ductile shearing and reworking (Droop et al. 

1999). This has led to the hypothesis that the Assynt Terrane represented a less deeply 

buried crustal block during the Laxfordian event(s) (e.g., Dickinson & Watson 1976; Coward 

& Park 1987).  

In both the Assynt and Gruinard terranes, a younger set of strike-slip related brittle-

ductile shear zones, brittle faults and localised folds is recognised developed sub-parallel 

to the pre-existing high-strain fabrics in Laxfordian and Inverian shear zones, and the 

margins of some Scourie dykes (Beacom et al. 2001; Holdsworth et al. 2020b) These 

structures are widely associated with the development of pseudotachylytes formed due to 

rapid frictional melting during earthquake slip events along local fault zones (e.g. Lei Shihe 

& Park 1993; Beacom et al. 2001; Holdsworth et al. 2020a). Rhenium-Osmium 

geochronology has been used to date localized syn-tectonic copper-iron hydrothermal 

mineralization near Loch Assynt (Fig 5.1) and this suggests an age of c.1.55 Ga for this 

faulting. Related epidote-quartz-chlorite mineralization is more ubiquitous and, together 

with the typical depth range of most pseudotachylytes worldwide (Sibson & Toy 2006; 

Fagereng & Toy 2011), suggest that these faults likely formed at depth of 10-15 km close 

to the frictional viscous transition (Figs 5.2a,b).  The structures are dominated by NW-SE 

sinistral faults and Holdsworth et al. (2020a) have tentatively proposed that they be termed 

‘Assyntian’ rather than the previous used term ‘Late-Laxfordian’. This is because they are 
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kinematically distinct from the regional dextral displacements associated with Laxfordian 

deformation. 

Assyntian structures are post-dated by deposition of the unmetamorphosed and 

little deformed c. 1.2 Ga Torridonian Stoer Group (Beacom et al. 2001; Killingback et al. 

2020). This suggests that the presently exposed parts of the Lewisian Complex had been 

exhumed to the surface by that time. Regionally, both the Stoer Group and the Lewisian 

Complex are in turn unconformably overlain by younger Torridonian sequences (Diabeg 

and Torridon groups) thought to have been deposited no earlier than 1.04 Ga (Park et al. 

1994) (Fig. 5.1d, 5.2b).  

The present study focuses on exceptionally well exposed Assyntian fault zones 

found near to the present-day coastline in the Achmelvich-Stoer region (Fig. 5.1a, d). 

 

5.3 LOCAL GEOLOGICAL SETTING AND STRUCTURES 
The earliest Badcallian structures are shallowly W- to NW-dipping compositional banding 

(ranging from 1mm-100cm thick), schlieren textures around ultra-mafic pods, and small 

intrafolial folds (Figs 5.3a, b). Petrologically, these foliations are defined by alternating felsic 

bands of quartz, plagioclase and alkali feldspar, interlayered with bands containing greater 

amounts of mafic orthopyroxene, garnet, retrograde hornblende and biotite (Fig. 5.3a). 

This high temperature mineral assemblage indicates a phase of upper amphibolite to 

granulite-facies metamorphism consistent with the presence of schlieren textures and 

felsic-mafic injections due to partial melting (Barbey 2009). Trace element patterns 

described by Rollinson and Gravestock (2012) are also consistent with partial melting of the 

TTG gneisses. These textures are thought to have formed 2.5-2.7Ga at pressures >10kb and 
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temperatures in excess of 1000oC (see Wheeler et al. 2010 and references therein). Good 

examples of these features are seen in the clean coastal outcrops either side of Achmelvich 

Beach (Fig. 5.1; NC 05490 24910, and NC 05677 25462) (Figs 5.1, 5.3).  
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Fig.  5.3) Field photographs and data summarising the early ductile structures of the Assynt Terrane at 
Achmelvich Bay. a) Field photograph of Badcallian foliation and schlieren textures around a mafic enclave taken 
at (NC 05629 24994). b) Lower hemisphere stereographic projection of Badcallian planes and lineation data, 
collected from outside the Canisp Shear Zone. c) Field photograph of Inverian foliation and folding taken at (NC 
05746 25532). d) Lower hemisphere stereographic projection of Inverian planes and lineation data, collected 
from the margins of the Canisp Shear Zone. e) Field photograph of Laxfordian foliation and sheath folding 
(highlighted in yellow) taken at (NC 04198 26577). f) Lower hemisphere stereographic projection of Laxfordian 
planes and lineation data, collected from reactivated dyke contacts and the centre of the Canisp Shear Zone. g) 
Location map adapted from Fig. 1a; showing the detailed zonation of the Canisp Shear Zone at Achmelvich Bay 
and location of key Scourie dykes and structural data sources. Stereonets initially generated using Stereonet by 
Richard Allmendinger. 
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The Inverian event is represented by the steepening of the Badcallian foliation to 

form the Lochinver monocline (Park 1970) (Figs 5.1a, 5.3c, g) and the development of a 1.5-

2.5km wide CSZ. This is a zone of intense NW-SE sub-vertical gneissic foliation (1-15cm 

thick), tight minor folds, and steeply-obliquely plunging mineral lineations (Fig. 5.3d; 

Attfield 1987). Representative samples of reworked Inverian gneisses from within the CSZ 

contain quartz, feldspar (predominantly altered plagioclase), hornblende, biotite, epidote 

and chlorite, together with relict grains of pyroxene. The hornblende, epidote, biotite are 

interpreted to be a retrograde assemblage formed under amphibolite facies conditions 

(Beach 1976) (Fig. 5.2a). The quartz crystals contain 0.25–1 mm subgrains and form 

irregular, sub-parallel ribbons of crystals, which are finer than in the undeformed Badcallian 

gneisses, possibly due to syn-tectonic recrystallisation (Jensen 1984; Vernon et al. 2014). 

This suggests that significant exhumation had occurred since the Badcallian to depths in 

the range 15-25km (520-600oC, Fig. 5.2a; Sills, 1983; Zirkler et al., 2012).  

 Where undeformed (e.g. NC087219; Scott, 2019), the metadoleritic Scourie dykes 

consist primarily of fine to medium grained hornblende (likely replacing igneous pyroxene 

and possibly olivine), plagioclase feldspar, quartz, and K feldspar. They are thought to have 

been emplaced under amphibolite facies temperatures and pressures due to the 

autochthonous alteration of igneous pyroxenes to hornblende along the chilled margins of 

undeformed dykes (Tarney, 1963; Scott 2019) (Fig. 5.2a). The original cross-cutting nature 

of the dykes is commonly partially to totally obscured by the development of later shear 

zones and faults that localize along, and reactivate the dyke margins during Laxfordian and 

younger deformations (Wilson et al. 2011). Xenoliths of country rock within the intrusive 

igneous dykes preserve original metamorphic fabrics and emplacement textures from 

subsequent deformation or metamorphic episodes (Macdonald et al. 2017). North of 
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Achmelvich Beach (NC 05647 25074), a xenolith of gneiss (40x170cm) is preserved within 

an 30m wide metadolerite dyke (Fig. 5.4a). This xenolith of gneiss contains retrogressed 

hornblende, epidote, biotite and chlorite consistent with an Inverian metamorphic fabric. 

In addition to the preserved Inverian fabric, the contact between the xenolith and the 

surrounding dyke material is undeformed, conserving original baked gneiss and systematic 

N-S trending cooling joints.  

Fig.  5.4) Summary of Laxfordian dyke margin reactivation. a) Hill shaded topographic and satellite map of 
Achmelvich beach showing the present-day locations of two key studied dykes (purple) and surrounding 
structures. Faults cutting dykes shown in red are of mixed ages. Grid squares = 100m2. b) Field photograph of a 
reactivated ductile dextral sheared dyke margin from the southern margin of NE dyke on Achmelvich beach, 
highlighting the development of schistose mylonites and syn-kinematic quartz veining. c) Field photograph of 
reactivated ductile dextrally sheared dyke margin from the SW dyke on Achmelvich beach, highlighting the 
development of schistose fabrics (yellow dotted line) and syn-kinematic quartz growth (Blue solid line). d) Thin 
section photomicrograph under cross-polarized light (XPL) of grain boundary deformation microstructures 
within the Laxfordian biotite muscovite schists. e) Thin section photomicrograph under plain polarized light (PPL) 
of dextral S-C (yellow and green) banding fabrics within the Inverian dyke margin biotite muscovite schists. 
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A central part of the CSZ, 0.5 km wide, is dominated by an overprinting Laxfordian 

ductile deformation forming a sub-vertical high intensity schistose fabric (Figs 5.3e, f). 

Scourie dykes here are transformed into schistose amphibolites sheared into near 

concordance with the surrounding foliation in the gneisses (Fig. 5.3g, 5.4b, c; e.g. NC 05490 

24910, and NC 05677 25462; Sheraton et al. 1973; Attfield 1987; Chattopadhyay et al. 2010; 

Scott 2019). The subvertical NW-SE foliation is schistose and mylonitic, with shallowly-

dipping mineral lineations and widespread dextral shear criteria preserved (Figs 5.3e, f) 

(Attfield 1987; Beacom et al. 2001; Wilson et al. 2011).  The foliation locally anastomoses 

and coalesces around tight to isoclinal intrafolial (sheath) folds (Fig. 5.3e; Chattopadhyay 

et al. 2010) which act as local regions of lower strain where refolded Inverian or Badcallian 

folds and fabrics are locally preserved, together with locally cross-cutting amphibolites 

derived from otherwise transposed Scourie dykes (e.g. on the coast at Port Alltan Na 

Bradhan [NC 04786 26272]). The Laxfordian schistose gneisses comprise quartz, feldspar, 

hornblende, biotite and muscovite, with feldspar porphyroblasts (typically ∼1 mm in size) 

wrapped by alternating bands of smaller quartz grains (<100 microns) and larger quartz 

grains (∼500 microns to 1 mm) which form an anastomosing schistose foliation (Jensen 

1984). Quartz grain boundaries are commonly pinned by aligned micas and layers richer in 

mica therefore tend to show finer quartz grain sizes compared to mica-poor layers (Figs 

5.4d, e). Quartz widely shows pervasive sub grain rotation (SGR) and minor grain boundary 

migration (GBM) recrystallization (Fig. 5.4d). 

Dyke margins outwith of the CSZ also feature <20cm wide developments of NW-SE 

schistose mylonites affecting both the metadolerite and adjacent granitic gneiss (Figs 5.4b, 

c; NC 05490 24919, NC 05677 25462). These schistose fabrics feature shallowly plunging 

mineral lineations, S-C fabrics, and asymmetric bending of foliations from regions of high 
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strain to low strain that consistently demonstrate ductile dextral shear (Figs 5.4b-e). 

Steeply dipping quartz veins mm to cm thick are prominently concentrated along many 

sheared dyke margins and highlight the importance of hydrous fluids during Laxfordian 

retrogression. These locally form en-echelon arrays oriented 15-20o clockwise of the 

schistose foliation. The orientation and opening vectors of the veins suggests that they 

formed syn-tectonically as synthetic Reidel shears to the dextral mylonites. 

Collectively, the phyllosilicate-dominated mineralogy and deformation textures 

associated with dextral Laxfordian shear, both in the central part of the CSZ and along dyke 

margins outwith of the CSZ, are consistent with lowermost amphibolite to greenschist 

facies metamorphic conditions (Beach 1976; Attfield 1987; Wilson et al. 2011; MacDonald 

et al. 2017) and likely formed just below the brittle-ductile transition at around 15km depth 

(~500oC) (Figs 5.1a, 5.2a, b).  

Steeply-dipping to subvertical NW-SE structures related to the Assyntian event are 

predominantly brittle, and localize along and therefore reactivate earlier ductile Laxfordian 

fabrics in the central part of the CSZ (Fig. 5.5a-c) and more regionally, along Scourie dyke 

margins (Fig. 5.5d, e; Beacom et al. 1999, 2001). In the central CSZ, fault surfaces running 

parallel, or at low angles to the pre-existing schistose foliation preserve shallowly plunging 

slickenlines/fibres. Sinistral senses of shear are indicated by local offsets of piercing points, 

shear band fabrics in phyllosilicate rich horizons, the presence of dilational jogs, and the 

development of mm to cm-scale, steeply plunging S-shaped folds (Beacom et al. 2001) (Figs 

5.5f). At the dyke margins, dextral ductile mylonites are overprinted by low offset (<30cm) 

brittle faults that host brecciated schistose material and low-angle slickenfibres that show 

sinistral offsets (Fig. 5.5d, e). All these structures are associated with quartz-epidote-

chlorite-hematite mineralization, local developments of ultramylonite and 
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psuedotachylyte (Fig. 5.5d, e, g), all of which are consistent with their development under 

lower greenschist facies metamorphic conditions close to or just above the frictional 

viscous transition (c. 300-500oC; 10-15km depth).  
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The youngest features observed locally lie in close proximity (<5m) from the basal 

breccia of the Clachtoll Formation, the oldest part of the basal Stoer Group. The basal 

unconformity is irregular, with erosive channels/valleys in the gneiss filled with crudely 

bedded, generally upward fining conglomerates and breccias. At NC 04157 26543, simple 

tensile fractures are filled with Stoer Group sediment and are arranged into a small 

network, with a subhorizontal (004/54 W) <10cm wide cavity, cutting two sub-vertical 

foliation parallel fractures (average: 087/80 S) <6cm wide (Fig. 5.6a). The fracture cavities 

are evenly filled with three separate sedimentary packages – as distinguished by grain 

size/colour. These highly localised sediment-filled fractures are thought to have formed as 

sediment was washed into small open fissures and voids close the surface at c. 1.2 Ga (Fig. 

5.2b, 5.6). Another highly localised series of sandstone-filled fractures are found associated 

with a large megaclast of Lewisian gneiss in the basal part of the Stoer Group at Clachtoll 

(NC 04098 26701). These formed either by being injected into the lower parts of the gneiss 

block as it fell into wet sediment below or as passive fills into open fractures on top of the 

block as it was subsequently buried (see Killingback et al. 2020 for further details). 

Fig.  5.5) Field photographs and data summarising the dyke margin and shear zone reactivation structures of 
the Assynt Terrane a) Location map adapted from Fig 5.1a; showing the detailed zonations within the Canisp 
Shear Zone and locations of field photographs. b) Drone bird-eye-view photograph of brittle reactivation of 
foliation and folds at Alltan na Bradhan (NC 05723 25541) c) Field photograph of Inverian foliation and tight 
isoclinal folding (yellow) cut by foliation sub-parallel Assyntian faulting (white) associated with frictional melts 
– Pseudotachylyte (PT) (NC 04158 26554) d) Field section photograph of dyke margin Laxfordian 
ultramylonites overprinted by sinistral shear associated with epidote mineralization. Photo taken from dyke 
margins on the Loch Assynt shore. e) Field photograph showing detailed view of reactivated dyke margin 
contact hosting sheared epidote mineralization. f) Field photograph of slickenlines indicating sinistral shear 
sense on a NW-SE trending foliation parallel fault surface. g) Thin section scan view and interpreted section 
of dyke margin fabric taken at the Loch Assynt shoreline. Section shows Laxfordian dextral mylonitic fabric 
with minor folds (blue) overprinted by Assyntian sinistral S-C fabric and porphyroclasts, overprinted again by 
sinistral cataclastic shear (brown), brittle faulting (red), and development of Qz-epidote mineralized 
slickenlines and attritional breccias (green). This tracks the development of dyke margin fabric across the 
brittle-ductile transition during the Assyntian. 
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In the following sections, we summarise the main geological features associated 

with the reactivation of pre-existing structures during the Assyntian strike-slip faulting and 

how these processes led to the generation of deep voids at depths close to the frictional-

viscous transition. 

Fig.  5.6) Field photographs of sediment filled faults and fractures. a) Field photograph showing the 
sediment filled fracture array associated with the exhumation of the Lewisian Gneiss within the 
Assynt Terrane – highlighted in yellow; taken at NC 04088 26593. b) Field photograph of sediment 
filled fracture from the south side of Achmelvich bay at NC 05342 24946. 
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5.4 ASSYNTIAN REACTIVATION 
We initially focus on the development of Assyntian structures in the central part of 

the CSZ at Achmelvich as this represents the region where these structures are widely 

developed and best exposed (Beacom et al. 2001; Wilson et al. 2011). We then briefly 

compare and contrast these features with equivalent age structures that are locally 

developed along reactivated dyke margins outwith of the CSZ in the Achmelvich and Loch 

Assynt areas. 

5.4.1 CENTRAL CANISP SHEAR ZONE 
Fault styles and geometries: In the Achmelvich area (Fig. 5.2g), the Assyntian structures are 

dominated by two sets of mutually cross-cutting faults and fractures (Fig. 5.7a). A NW-SE 

trending sinistral strike slip fault set – sub-parallel or at low angles to the pre-existing sub-

vertical ductile foliation – and a dextral-extensional fault set trending NNE-SSW 

perpendicular to the foliation (Fig 5.7a). Given their mutually cross-cutting behaviour, these 

faults are interpreted to have formed as a broadly coeval set of structures; they are, 

however, geologically quite distinct from one another. In all cases, the Lewisian host rocks 

adjacent to these fault sets are pervasively stained dark red/brown due to the percolation 

of Fe-rich fluids through the fault and fracture network (Fig 5.7b). 
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The sinistral NW-SE foliation-parallel faults are shear fractures with individual 

offsets of up to at least several metres – as measured from piercing points where 

preserved. These faults are locally associated with continuous bands of pseudotachylyte 

(0.5-5cm thick) developed along narrow, very long fault planes (10s-100s metres), with 

little to no damage zone development other that the rare presence of small sinistrally-

verging folds (Fig. 5.7c-e). Shallowly plunging slickenlines where preserved are consistent 

with sinistral offsets with very minor reverse movement senses. 

The NNE-SSW foliation-perpendicular faults show minimal shear offset; piercing 

points suggest a minor dextral component to the slip – usually a few mm to cm - but the 

faults are predominantly tensile/extensional (Fig. 5.7f, g). The fractures are therefore much 

wider in aperture than the foliation perpendicular faults (e.g. 2cm-2m), and feature broad 

damage zones (up to 10cm into the surrounding host rock) and complex (low aspect ratio) 

shapes (Fig. 5.7h). These foliation-perpendicular structures have much shorter lengths 

(typically 1-2m), and are commonly bounded by the foliation-parallel faults (Fig. 5.7b, c, i). 

Fig.  5.7) A collection of field photographs and orientation data from Alltan Na Bradhan and Cathair Dhubh 
outcrops, showing Assyntian fault architectures. Foliation perpendicular ladder fractures are outlined in 
yellow, foliation parallel shear faults are outlined in white. a) Lower hemisphere stereographic projection of 
the Assyntian fault planes. Data is divided into dextral (blue) and sinistral (red) offsets and contoured 
independently but to the same scale. Stereonets initially generated using Stereonet by Richard Allmendinger. 
Kinematic data from these faults is shown in Fig. 10. b) Field photograph of pervasive haematite staining in 
Assyntian fault and fractures from NC 04831 26198 c) Oblique aerial image taken using a drone of the Port 
Alltan na Bradhan outcrop showing the large length, high intensity, and minimal danage zone of the foliation 
parallel assyntian fractures. (NC 04830 26197) d) Field photograph of large injection vein of pseudotachylyte 
emanating from a foliation parallel sinistral fault (NC 04831 26198) e) Cross section view in field photograph 
of foliation parallel fault, note the high density of single discrete slip surfaces and absence of a damage zone 
(NC 05751 25527). f) Field plan view photograph of a high strain corridor showing interaction of ladder 
fractures and foliation parallel faults (NC 05728 25541) g) Field photograph in plan view of a high angle 
dilatant fracture, note the opening vector orientation – parallel to foliation (NC 05728 25541). h) Plan view 
field photograph showing Breccia filled ladder fracture, note the chaotic mixed rotation of clasts (NC 05728 
25541). i) Field photograph showing oblique view of well-developed dilatant breccia filled fracture, plan view 
in (e) (NC 05728 25541). 
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A small number of foliation-perpendicular faults have a longer trace length (>5m) with 

greater shear offsets (up to a few metres). 

Fault rocks and fracture fills: The foliation-parallel faults are associated with thin but 

persistent volumes of frictional melt – pseudotachylyte (Fig. 5.7d, 5.8a). In thin section 

under high magnification, the pseudotachylytes show characteristic dendritic-spherulitic 

silica microcrystallites suspended in an amorphous black/brown matrix e.g. Fig. 8b. This 

indicates a fast cooling rate (Kirkpatrick & Rowe 2013). The friction melts are locally 

exceptionally well exposed both in cross section (Fig. 5.8c) and along-plane (Fig. 5.8d), and 

locally display complex flow patterns which show no correlation with slickenline 

orientations suggesting that they record the local migration of melt driven by differences 

in pressure during seismogenic slip – so-called “volume-driven flow” (Fig. 5.8d, e; Sibson 

1975). In addition, many melt-bearing, foliation-parallel shear fractures also display 

characteristic arrays of orthogonal ‘veinlets’ or ‘wing-crack fills’ that are widely associated 

with pseudotachylyte developments globally (e.g. Fig. 5.8a, c and f). In some examples, 

clasts of older pseudotachylyte are preserved floating in a matrix of younger frictional melt 

(Fig. 5.8g) and injections of pseudotachylyte are seen in outcrops cross-cutting each other 

suggesting multiple phases of seismogenic slip and associated melting. 
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The foliation-perpendicular faults and fractures show a diverse range of associated 

fills and are markedly dilational in character. A range of heavily iron-stained, clast-

supported breccias are developed with clasts of wall rock and variable matrix (Fig. 5.7b, h, 

5.9a). Following the terminology of Woodcock & Mort (2008), these range from crackle 

breccias defined by conjugate sets of shear fractures in which bounded blocks are variably 

tilted and offset forming irregular ‘ladder fracture’ arrays (Fig. 5.9b), through to completely 

chaotic breccia made up of disaggregated collections of angular wall rock clasts bounded 

by relatively planar fractures on one or both sides (Fig. 5.7h, 5.9a). The angular clasts range 

from 1 to 10s of cm along their longest axis and show no sorting, preferred orientation or 

any uniform rotation direction (Fig. 5.7b, h). A variety of matrix fills are present (see below), 

but in many cases the volume of infilling matrix is notably low (<10%). The almost complete 

absence of textural evidence for shearing and attrition of clasts is a striking characteristic 

and strongly suggests that these breccias have formed by wall rock implosion or collapse 

into open dilational cavities.  

Fig.  5.8) A collection of field photographs and photomicrographs of pseudotachylyte bearing structures. a) 
Plan view of pseudotachylyte injection vein showing numerous “wing cracks” (NC 04154 26571). b) Thin section 
photomicrograph in plain polarized light of dendritic-spherulitic silica microcrystallites in an amorphous melt 
matrix. c) Cross section view of large wing crack / injection vein of pseudotachylyte (NC 04831 26198). d) Cross 
section view of pseudotachylyte, note the flow texture around fault plane asperities (NC 05751 25527). e) Thin 
section photomicrograph in plain polarized light of flow structures within multiple phases of pseudotachylyte. 
f) Thin section photomicrograph in plain polarized light of ‘wing crack’ injection into crystalline gneissic wall 
rock. g) Breccia with clasts of wall rock and early pseudotachylyte with a matrix of younger pseudotachylyte 
melts (NC 04203 26574). h) Thin section photomicrograph in plain polarized light of vesicles in pseudotachylyte. 
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 Fig.  5.9) A collection of field photographs of breccia fills. a) Field photograph of breccia filled ladder fracture 
showing large up to decimetre scale cavities between clast (NC 04830 26197).  b) Field photograph of foliation 
perpendicular fault filled with angular clasts of wall rock and an epidote cement bearing matrix (NC 04823 
26210). c) Thin section photomicrograph in cross polarized light showing void spaces and syntaxial mineral 
growths. d) Thin section photomicrograph in plain polarized light of fault breccia showing haematite rims 
around the clasts. e) Thin section photomicrograph in plain polarized light of epidote rich gouge-cataclasite 
between gneissic wall rock. f) Field photograph of plan view of filled fault cavity showing multiple successive 
infills as distinguished by mineralizing cement. Fault fill shows a relative age of earlier haematite and later 
epidote cements (NC 04823 26210). g) Field photograph of foliation parallel fault with preserved slickenlines 
showing epidote and haematite mineralized surfaces (NC 04823 26210). 
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In a few localities, the foliation-perpendicular faults/fractures can also contain 

green epidote cemented porous cataclasites and micro-breccias, notably in the area 

around Alltan Na Bradhan (NC 04861 26212) (Fig. 5.9b). These appear to have formed 

where a greater degree of shear offset and attrition has occurred. These foliation-

perpendicular faults have metre-scale offsets and display complex anastomosing and 

coalescing geometries with lengths that may be several tens or hundreds of metres. 

Matrix fills predominantly comprise fine clasts of wall rock material and mineral 

cements. The mineralogy of the cement within the fault rocks and fills is hugely varied and 

often zoned, showing mineralisation and alteration phases of prehnite, chlorite, epidote, 

clinozoisite, pyrite, quartz, chalcedony, and calcite (Figs 5.9b-e). Uncommon cross-cutting 

relationships suggest that an earlier phase of cementation led to the development of 

hematite rimmed clasts of wall rock (Figs 5.9d). A second phase is a more complex phase 

of epidote, quartz, chlorite and prehnite mineralisation, often best seen in well-developed 

cataclasites lining exposed fault walls (Figs 5.9e-g). Despite the textural variation between 

the brecciated fault voids fills, they are all highly porous, and show significant vuggy cavities 

from a micro to mesoscale (up to 10cm in diameter) (Fig. 5.9a, c).  

In several examples where foliation-parallel and -perpendicular intersect (e.g. NC 

05822 25529; NC 05575 25751) injections of pseudotachylyte occur into abutting ladder-

fractures and crackle breccia, akin to those examples reported in Rowe et al. (2018). This 

shows that whilst the two sets of fractures are very different in their geological character, 

both are contemporaneous with and therefore related to the development of the same 

frictional melts during seismogenic slip. When viewed in thin section, the injected 

pseudotachylytes are unusual as they preserve abundant vesicles (Fig. 5.8h). These are 
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thought to represent bubbles that formed from transient and rapid depressurisation of the 

melt when injected into dilatational cavities (e.g. Chernov et al. 2014).  

5.4.2 DYKE MARGINS 
Many, but not all, exposed NW-SE-trending steeply-dipping dyke margins show evidence 

of reactivation during either Laxfordian and/or Assyntian deformation. Good examples of 

undeformed dyke margins can be found at NC 08739 21945, whilst examples of ductile 

dextral Laxfordian reactivation can be seen on the southern contact of the dyke exposed at 

NC 05490 24910 and on the northern contact of the dyke at NC 05677 25462 

(Chattopadhyay et al. 2010; Wilson et al. 2011; Scott 2019), both of which lie on the 

southern and northern sides of Achmelvich beach. Brittle fractures associated with both of 

these dykes, and interpreted to be Assyntian, form two main sets. A set of NW-SE trending 

dyke margin-parallel faults, and a set of NE-SW trending tensile fractures (Fig. 5.4) are 

mutually cross-cutting and abutting and are therefore interpreted to be coeval. The dyke 

margin-parallel shears host brecciated schistose material (derived from both the dyke and 

the wall rocks), and 1-5cm thick bands of cataclasite associated with <2.5cm thick 

pseudotachylytes, and a variety of different hydrothermal minerals (Fig 5.5c, d, f). The 

cataclasites and breccia contain significant volumes of chlorite (15%), quartz (10%), and 

hornblende (15%) set in a quartzofeldspathic microcrystalline matrix (<10μm grains). These 

brittle fabrics show offsets of gneissose banding, S-C fabrics, Riedel shears, kink-banding, 

and shallowly-plunging slickenlines all of which indicate sinistral strike-slip offset. Adjacent 

to the dyke at NC 05490 24910, tensile fractures within the gneiss trend NE-SW and are 

locally injected by <1cm wide bands of pseudotachylyte that originate from the prominent 

NW-SE fault that forms the northern margin of the dyke. Cross cutting and post-dating the 

pseudotachylytes and the dyke are pale-coloured zeolite veins trending ENE-WSW and in 
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NE-SW trending pull-aparts. The faulted dyke margin is prominently stained red-brown by 

hematite mineralization which extends along fractures up to 3m from the contact 

northwards.  

At Loch Assynt, 15km east of Achmelvich, two subvertical dykes (40m and 10m 

wide) sharply cross-cut the pre-existing gneissic foliation, and are in turn cut by early (2 Ga) 

quartz veins (Vernon et al. 2014; Holdsworth et al. 2020c). Brittle reactivation of dyke 

margins by sinistral faults, with Riedel shears has occurred, and these are locally marked 

by 1-5cm thick bands of dark foliated ultramylonites (Figs 5.5c). These ultrafinegrained 

(<50µm) fault rocks feature S-C banding consistent with sinistral shear and are associated 

with narrow bands of frictional melt and quartz-epidote veining (c.1mm wide) (Fig. 5.5f). 

Where exposed, the margins of the veins show sinistrally stepping quartz-epidote grain 

growth as slickenfibres (Scott 2019). 

5.5 PALAEOSTRESS INVERSION AND ANALYSES 
Palaeostress analyses/inversions allow modelling of the stress tensor associated with a set 

of coeval and consistent kinematic indicators (e.g. slickenlines) measured on given group 

of fault surfaces. These techniques generally assume that the slip vector data recorded in 

the field is parallel to the ideal shear component of the resolved stress tensor (Wallace 

1951; Bott 1959). They are likely most accurate in cases where fault displacements are 

small, and where data are measured across a broad range of fault plane orientations 

(Angelier 1991).  

Palaeostress analysis was undertaken on slip vector data measured from 50 fault 

planes across multiple outcrops in the Canisp Shear Zone. Data were only included in the 

sample set if there was a clear indication of shear sense. Due to the sub-vertical nature of 
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the fault planes, the lineation data were recorded in the field as pitch/rake on the fault 

plane to improve accuracy. Individual palaeostress inversions were undertaken for 

individual outcrops where sufficient data were available. Results from Cathair Dhubh 

(n=27; Fig. 5.10a, b) and across the whole CSZ (n=44 ;Fig. 5.10 c, d); were obtained using 

the improved Right Dihedron method using WinTensor software (Delvaux & Sperner 2003) 

(Fig. 5.10 a, c). Other methods including PBT axes were analysed for quality control, and 

returned near identical results, but are not presented here as they provide no additional 

information. Slip data were rotated 24o clockwise, around an axis of 00-007, to correct for 

later tilting based on the strike and dip of the overlying Stoer sedimentary sequence (Fig. 

5.10b, d). This rotation has little effect on the orientation of the principal stress axes (Fig. 

5.10a-d) which indicate E-W compression and N-S extension. Stress axes were in line with 

Andersonian mechanics for strike-slip faulting and gave almost identical results to the 

stress inversion analysis carried out on the Assyntian structures at Loch Assynt (Holdsworth 

et al. 2020b, their figure 9). 
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A slip tendency analysis was also carried out for the Assyntian structures since they 

are almost exclusively reactivations of pre-existing ductile foliations and dyke margins 

(Morris et al. 1996; Lisle & Srivastava 2004; Dempsey et al. 2014). Normalised slip tendency 

analysis defines the propensity of a measured plane to slip under the resolved stress field 

and an imposed frictional coefficient (Morris et al. 1996; Lisle & Srivastava 2004; Dempsey 

et al. 2014). This analysis is presented as a ratio, where critically stressed faults have a value 

close to 1 and non-stressed faults have a value close to 0 (Fig. 5.10e). The results of this 

analysis show that ESE-WNW orientated planes have slip tendencies closer to 1 whilst NE-

SW orientated planes have a slip tendency of 0; this corresponds well with the orientations 

of the NW-SE sinistral shear faults (Fig. 5.10f). Dilation tendency analysis, which defines the 

propensity of a measured plane to dilate under the resolved stress field and imposed fluid 

pressure, does not resolve any oriented fault sets in the Assyntian that are highly-

susceptible to dilatant deformation for the imposed regional stresses (Fig. 5.10f). Given 

that the field evidence and cross-cutting relationships demonstrate that the foliation-

parallel and -perpendicular faults and fractures formed coevally, the negative-results of the 

dilation tendency analysis indicates that the dilational cavities must have formed under the 

action of a local stress field – likely generated by movement along the foliation-parallel 

sinistral shear faults. This kinematic behaviour whereby fault movement can generate local 

Fig.  5.10) Summary of inverted palaeostress from slickenline data. a) Lower hemisphere stereographic 
projection showing the results of unrotated right dihedron palaeostress inversion from key Cahair Dhubh 
outcrop, with primary stress axes and orientations highlighted. b) Lower hemisphere stereographic projection 
showing the data from plot (a) – back rotated to correct for subsequent tilting. c) Lower hemisphere 
stereographic projection of complete unrotated right dihedron palaeostress inversion results from all 
Assyntian outcrops. d) Lower hemisphere stereographic projection showing data from plot (c) – back rotated 
to correct for subsequent tilting. e) Mohr plot representing normalized slip tendency and accompanying 
stereographic projection showing critically stressed E-W structures. f) Left: stereographic projection showing 
the critically stressed faults in relation to the calculated normalized tendency Right: lower hemisphere 
stereographic projection of contoured poles to observed tensile fault planes. Note the difference between the 
two stereoplots suggesting the observed ladder fractures were not directly generated by far-field tectonic 
stresses. 
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stress fields, causing a stress transfer to a second fault set is well described in the literature 

(Gomberg et al. 1998; Stein 1999; Kilb et al. 2000; Freed 2005; Dempsey et al. 2014). 

 

5.6 FRACTURE TOPOLOGY 
Fracture topology is a network characterisation technique that simplifies a 2D fault or 

fracture network into discrete branches and nodes (Sanderson & Nixon 2015). The ratios 

between different types of nodes (I-Y or Y-X), and branches can be used to determine the 

relative connectivity and spatial characteristics of the studied fracture network. In 

particular NB/NL ratios – the ratio of the number of fractures branches (fault trace between 

two nodes) versus the number of fault lengths (total faults between two tips or sampling 

boundaries) is used as a proxy for connectivity of a given fault network (Sanderson & Nixon 

2015).  

In this study fracture topology was calculated manually using orthorectified 

planimetrically correct fracture trace 2D maps, generated from 3D virtual outcrop models 

of key localities (Fig. 5.1a, 5.11). The 3D models are built using structure-from-motion 

photogrammetry using photos taken from a UAV in Agisoft’s Photoscan software. The 

generated models from two key localities shown in Fig 5.11 have resolutions of 100002 

pixels with an effective viewing resolution of a few mm. Sample areas were selected at 

varying scales showing NB/NL ratios >2.0 in all results, with a consistent dominance of “Y” 

nodes over “I” or “X” (Fig. 5.11, Table 5.1). This indicates that the fracture and fault systems 

here are well connected at all scales. Given the extreme intensity of faults and fractures 

(100s per m), and the high viewing resolution of the generated imagery, it is not feasible to 

interpret every fault trace within the sample windows, therefore images were interpreted 
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at fixed magnifications (100% and 200% of sample window) to ensure a consistent 

interpretative procedure. The results of the topological analyses are summarised in Figure 

5.11 and Table 5.1. 

 

 

Fig.  5.11) Summary of fault topology from virtual outcrop models, after Sanderson and Nixon (2015). a) Sample 
windows and topology superimposed onto a planimetrically correct orthorectified outcrop model of Alltan Na Bradhan. 
Right, topological results plotted onto a ternary diagram (Sanderson & Nixon 2015) b) Sample windows and topology 
superimposed superimposed onto a planimetrically correct orthorectified outcrop model of Cathair Dhubh. c) Sum of 
node and branch classifications. d) Maximum magnification of model in (b) showing the resolution of the model and 
extreme density of fractures preventing complete interpretation. 
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Though a useful tool, topological analysis simplifies faults and fractures to discrete 

2D planes and therefore assumes uniform flow characteristics for all structures. e.g. 

uniform fracture apertures and fills. Given the variation in void architecture and fills 

observed between the fault sets in the field, there is likely a strong anisotropy in the fluid 

permeability properties of this network not revealed by topological analyses. For example 

the foliation perpendicular faults, with their low aspect ratio shapes and propping breccias 

represent fluid conduits, whereas the foliation parallel faults are sealed by frictional melts. 

 

Table  5.1) Table summarizing the results of topological analysis from the Cathair Dhubh (CD) and Alltan na 
Bradhan (AnB). Cl – connections per line, Cb – connections per branch. 
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5.7 DISCUSSION 

5.7.1 THE RELATIVE AGES OF THE FOLIATION-PARALLEL AND -NORMAL FRACTURE SETS 
The outcrops at Achmelvich-Clachtoll have previously been described by Beacom et al. 

(1999, 2001). Like the present study these authors attribute the sinistral foliation-and-dyke-

parallel faulting to Assyntian or “Late-Laxfordian” deformation. However unlike the present 

study, Beacom et al. suggested that the breccia-filled ‘ladder fractures’ within the CSZ were 

formed in the near-surface during transtensional faulting synchronous with deposition of 

the overlying Stoer Group. We disagree with this interpretation for three main reasons. 

1. Foliation-normal fractures are observed to be both cross-cut by, and cross-cut the 

foliation-parallel faults. This relationship was noted by Beacom et al. (1999) who 

suggested that some foliation parallel faults were reactivated as transfer faults 

during Stoer rifting. Careful re-examination of all the outcrops suggests, however, 

that the mutual cross-cutting relationships are too ubiquitous to be interpreted in 

this way and that they can only form through episodic deformation within a 

regionally consistent tectonic stress field.  

2. Frictional melts and veins which originate within the foliation-parallel faults are 

seen at multiple localities (e.g NC 05348 25759, NC 05760 25540, NC 04190 26591) 

to be injected into dilatant foliation-normal fractures. This can only occur if the 

latter are present and open(ing) during melt-generating slip events along the 

foliation-parallel faults. This observation was not made by Beacom et al. (1999) who 

correlated the foliation-normal fractures with sediment filled fractures seen close 

to the base of the Stoer Group at Clachtoll. We have been unable to find any 

sedimentary material in regions located more than a few metres from the Stoer 

Group, with the exception of a single breccia fill at NC 05342 24946. Here small 3-
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4cm wide dilatant fracture is filled with a pale grey-tan sediment and breccia (Fig. 

5.6b). This ESE-WNW fracture abuts a larger NNE-SSW oriented fault, seen clearly 

in satellite imagery cutting the headland south of Achmelvich Bay. This sediment 

filled fracture is interpreted to be a later near-surface fracture related to Stoer 

Group deposition as the infilling sediment lacks haematite staining and is oriented 

perpendicular to the Assyntian breccia-filled faults.  

3. The pervasive fracture- and microfracture-hosted iron-staining of the gneisses 

surrounding both the foliation-normal and-parallel faults suggests that the slip on 

both sets of faults was closely associated with the flux of Fe-rich fluids. This staining 

was also recognised by Beacom et al. (1999), but was attributed to the effects of 

younger near-surface fluid flow associated with rifting and deposition of the Stoer 

Group sediments. Close inspection of the fractured basement that immediately 

underlies the basal Stoer Group at Clachtoll and Stoer (e.g. NC 04101 26680, 

Stewart 1993; Stewart et al. 2000)  has shown an absence of any equivalent 

hematite staining that might be associated with sediment deposition. We therefore 

conclude that the hematite staining associated with the fractures sets is a deeper 

crustal hydrothermal phenomenon. 

 

5.7.2 THE SIGNIFICANCE OF THE LOCH ASSYNT ULTRAMYLONITES 
The localized preservation of sinistral ultramylonites along the NW-SE Scourie dyke margins 

close the shores of Loch Assynt (Fig 5.5d, e, g; Holdsworth et al. 2020c) is atypical of the 

Assyntian deformation structures preserved further west around Achmelvich-Clachtoll. 

These ultramylonites also carry locally later arrays of sinistral brittle shears and associated 

pseudotachylytes (Fig 5.5c,f), more consistent with other Assyntian structures. One 



 Chapter 5 

 234 

plausible explanation for the occurrence of a viscous fault rock at this location may be that 

regions of the Lewsian Gneiss Complex further to the east have undergone differential 

exhumation exposing deeper deformation fabrics at the present-day surface. The most 

plausible explanation for this exhumation is that it was related to regional west-side-down 

tilting (24o anticlockwise looking north, around an axis of 00-007) that can be inferred from 

the present-day dip of the overlying Stoer Gp sediments. This tilting and differential 

exhumation of the Lewisian basement was likely associated with rift-related displacements 

along the NNE-SSW basin-bounding Coigach Fault (Figure 5.1d; Stewart, 1993) and must 

have pre-dated deposition of the overlying subhorizontal Torridan Group ca 1.04 Ga. Whilst 

a necessarily tentative hypothesis, it can be tested directly by looking for further evidence 

that Assyntian structures preserved in regions of basement closer to the Moine Thrust Zone 

are more widely associated with ultramylonites. 

5.7.3 REACTIVATION CONTROLS AND VOID FORMATION DURING SEISMOGENIC SLIP 
The Assyntian structures of the Achmelvich-Clachtoll-Loch Assynt areas show widespread 

evidence for reactivation, with brittle deformation and frictional melting related to 

seismogenic slip preferentially localized along prominent pre-existing mechanical 

anisotropies in the basement rocks of the Lewisian Gneiss Complex. In the case of the CSZ, 

the Assyntian structures are strongly localized into the region most intensely deformed by 

ductile Laxfordian deformation. The rocks here are notably finer grained and are highly 

enriched in strongly aligned, relatively weak phyllosilicates such as biotite, muscovite and 

chlorite. Given that our slip tendency analysis shows that the steeply dipping, ESE-WNW 

oriented foliation in the CSZ was favourably oriented for slip, it is therefore not surprising 

that the Assyntian deformation preferentially localized in this region. 
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A similar explanation can be made for the more localized development of Assyntian 

structures along the steeply dipping NW-SE margins of the Scourie dykes outwith of the 

CSZ. The intrusion of regional dyke swarms into igneous and metamorphic basement is 

widely recognised worldwide (e.g. Mackenzie dyke swarm, Canada, Hou et al. 2010). Such 

regionally developed features are likely to form a significant mechanical anisotropy and 

would therefore be expected to influence the subsequent deformation history. This is 

particularly true of mafic dyke swarms that originate from the mantle as the vertically 

oriented tensile fractures likely cut much, if not all, of the lithosphere, including the main 

load-bearing regions such as the mid-crust.  

The close association between slip surfaces generating friction melts (the foliation-

parallel faults) and the dilational foliation-normal faults/fractures in the CSZ leads us to 

propose the following evolutionary model.  Assyntian deformation during E-W 

compression and N-S extension localized into the mechanically weakest part of the pre-

existing shear zone due to the high phyllosilicate contents and relatively favourable 

orientation of the foliation here for sinistral strike-slip. It is suggested that seismogenic slip 

along the foliation-parallel faults triggered the rapid co-seismic elastic dilation of the tensile 

foliation-normal fractures, with rapid implosion and collapse of the immediate wall rocks 

to form localized infills of crackle to chaotic breccia. Subsequent co-seismic elastic rebound 

led to a partial closure of these fault-cavities, but these were propped partially open by the 

infilling clasts of collapsed wall rock. Given the apparent coeval nature of the Assyntian 

fracture network and the presence of large volumes of frictional melts, it is thought that 

the opening and closing of the dilatant fracture cavities is likely controlled by seismogenic 

movement along the larger foliation-parallel faults. Because  movement along the foliation-

parallel faults occurred and fracture spacing is so small (1-20cm), long thin slabs of host 
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rock likely became detached from each other. It is suggested that these slabs were pulled 

apart normal to the seismogenically active faults, generating the foliation-normal fractures 

observed. These detached blocks may have moved in the same direction, but potentially at 

varying rates as slip was accommodated along different parts of the foliation-parallel 

seismogenic faults. This would cause the blocks to repeatedly move apart from and collide 

with one another, rapidly opening and closing the foliation-normal fracture cavities, in 

some cases on multiple occasions (Fig. 5.12). This model is conceptually similar to shunting 

the carriages of a train, with each of the carriages represented by adjacent fault blocks, 

bound by the different types of fractures (Fig. 5.12). Thus, if one carriage were to be 

shunted, it would move away from one adjacent carriage, and collide with the next down 

the line, closing and opening the gaps between them. During opening, the cavity would be 

under a relative negative hydrostatic pressure and would draw in any fluid, further 

fragments of wall rock or frictional melt. When a cavity collapsed, larger clasts would be 

held in place, propping open the cavity, whilst fluids or melt would be driven out, circulating 

fluid (and perhaps melt) throughout the adjacent fracture network (Fig. 5.12). The 

movement of these blocks is driven, we suggest, by seismic slip given that a greater 

proportion of frictional melt is observed along the foliation-parallel faults near to tensile 

fractures, compared to those that are not associated with foliation-normal fractures. One 

possible reason for this is that during a seismic event, frictional melt is generated along the 

weak foliation-parallel faults, which lubricates the slip surface and facilitates the block 

shunting process.  
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 Sibson (1975), describes erratic injection veins in foliated Lewisian gneisses of the 

Outer Hebrides, which originate from planar fault veins or slip surfaces. The injection veins 

described by Sibson (1975) are preserved in a wide variety of shapes and architectures and 

include sigmoidal and curving lenses, blebs, networks, and pertinently to this study – 

pseudotachylyte welded breccia in seismically generated pull-aparts. Sibson (1975) 

describes examples of such breccias bounded by ladder fractures, formed by the 

interaction of pairs of slipping surface; these seismically generated pull-aparts host collapse 

breccias completely welded by injected pseudotachylyte melts. These features are similar 

to the breccia fills described in the present paper, but differ in two ways: firstly Sibson 

described melts injecting into dilation jogs within a single linked fault from a single seismic 

event, and as such there is no subsequent collapse of the described structure. Secondly the 

Fig.  5.12) Conceptual model of “block shunting” mechanism showing the kinematics of faulting in the 
Assyntian. 
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melt generation described by Sibson (1975) does not show any evidence for fluid presence, 

i.e. they were “dry”, and the pull aparts were rapidly filled by frictional melt which welded 

the fault surfaces with no mineralisation and no long-lived cavity network developed. Using 

natural examples, numerical modelling and rock deformation experiments, Di Toro et al. 

(2006) and Nielsen et al. (2008) show how frictional melts generated along slip surfaces can 

act as a lubricant facilitating the continued slip of the melt-generating surface through slip-

weakening processes, despite their transient nature. Swanson (1989) describes a process 

of “sidewall rip-out” whereby localised transient variations in frictional resistance and 

therefore slipping velocity along a strike-slip fault trace causes the accumulation of stresses 

around “statically locked” segments of a sliding fault, which if sufficient, can generate 

dilational tears (rip-outs) and secondary slip surfaces in the fault wall. In the examples 

described by Swanson (1989), the slipping surfaces generated frictional melts – which were 

then drawn into the rip-outs coseismically under sub-lithostatic pressures. This mechanism 

seems to resemble the way in which frictional melts produced in the foliation-parallel faults 

at Achmelvich are drawn into the opening foliation-perpendicular fractures. Swanson 

(1989) proposed that the generation of frictional melts facilitated the development of rip-

outs as they lubricated the faults enabling a rapid slip-rate, which is also a plausible 

explanation that could be applied to the strike-slip faulting and preferentially oriented 

reactivation we observe at Achmelvich 

5.8 IMPLICATIONS: 
It is widely believed that substantially dilatant fracture cavities cannot exist below 1-2 km 

depth due to the inability of rocks to support the existence of open spaces at such high 

confining pressures. Our study demonstrates, however, that there is geological evidence to 
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suggest that significant dilational cavities can form as co-seismic, transient features at 

depths as great as 10-15 km. Furthermore whilst they likely collapse almost 

instantaneously, they are preserved as partially open features due to being naturally 

propped open by entrained wall rock clasts. These remaining voids then provide potential 

pathways for the migration of hydrothermal fluids which likely explains their wide 

association with a range of mineral fills at Achmelvich. The fact that some still preserve 

open vuggy cavities may suggest that some of the pore spaces were never filled. 

More tentatively we suggest that the proposed kinematic model presents a credible 

mechanism for the occurrence of seismogenic pumping at much greater depths than has 

previously been recognised. Whilst the boundary conditions here are quite specific, it is not 

unreasonable to suggest that other basement terranes that see seismogenic reactivation 

of inherited fabrics might experience similar processes and may also see equivalent fluid 

migration processes. Recently Holdsworth et al. (2019) have suggested that the migration 

of hydrothermal minerals and oil in the fractured basement reservoirs of the Rona Ridge 

was driven by a somewhat similar seismic pumping process. 

5.9 CONCLUSIONS 
In the present paper we have described the geological characteristics and development of 

fault voids formed close to the base of the seismogenic zone, from exhumed examples of 

fault void formation and filling from the Lewisian Complex of the NW Highlands. These fault 

void networks formed during regional Mesoproterozoic (ca 1.55 Ga) strike-slip faulting and 

are characterised by the sinistral reactivation of earlier NW-SE trending ductile shear zone 

fabrics (Laxfordian, c. 1.75Ga) and pre-existing intrusive margins of (c. 2.4Ga) mafic dykes. 

We have demonstrated that even at depths likely close to 15km, faulting processes 
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synchronous with frictional melting events during earthquakes lead to cycles of mm to dm-

scale cavity formation, dilation and collapse. Preserved fault cavities are occupied by 

chaotic wall rock breccias, local hydrothermal minerals, and injected frictional melts. Fault 

cavities are preferentially developed and preserved where steeply dipping to sub-vertical 

pre-existing planar fabrics or igneous contacts are reactivated. In the present case: during 

strike-slip movements, whereby tensile ladder fractures (which connect preferentially 

aligned foliation parallel slip surfaces) dilate and collapse during coseismic deformation 

through a process of block shunting. This style of deformation leads to the creation of sub-

vertical fracture meshes forming a series of cross-cutting dilational cavities filled with 

chaotic breccias, which act as natural props holding cavities open and preserving them as 

potential fluid flow conduits over long geological time periods.  
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Chapter 6: 
 

Discussion, conclusions and future 
research 
“The material in hand remains silent if no questions are asked.” Reinout Willem van 

Bemmelen 

Supplementary information: Relevant publish materials in Appendix A-III, A-V, A-VI 

6.1 DISCUSSION 

6.1.1 FAULT VOID FORMATION AND FILLING WITH DEPTH 
Throughout the present study, we have examined natural examples of basement-hosted fault 

voids, formed at a range of depths throughout the brittle upper crust (Table 6.1). We have seen 

that the fault void shapes and architectures and their fills vary with depth, as do the controls and 

mechanisms of their origin. Fig. 6.1 schematically summarises the diagnostic structures and 

processes which typify the fault void networks at three defined depth zones: shallow (0-2km), 

intermediate (2-8km), and deep (8-15km). Through the description and comparison of different 

field analogues (Table 6.1), we can begin to describe the general features of each defined depth 

zone, i.e. the structures and processes we have observed across multiple field areas. Below is a 

description of these zones and the diagnostic fault void characteristics. 

Table 6.1: Table summarising the primary variables between the analogue study areas 
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6.1.1.1 Shallow Zone 

The shallow fault-voids, such as those studied at Tor Bay and Calabria, typically 

comprise fissure systems in crystalline or carbonate basement below regional erosional 

unconformities (Walker et al. 2011; Hardman et al. 2020; Holdsworth et al. 2020; McCaffrey 

et al. 2020; and references therein). These fissure systems form a complex arrangement of 

voluminous and interconnected dilatant fault cavities comprising tabular and irregular shaped 

cavities. Most fissures are sub-vertical, but low angle and shallowly dipping fault cavities often 

form, branching from and linking the vertical structures. These fissure networks are 

frequently filled or partially-filled with younger well-sorted porous sedimentary material and 

clasts of wall rock breccia which prop open the fissure cavities. The infilling sediment is 

commonly repeatedly sorted and redistributed by episodes of fluid circulation, homogenising 

grain size distribution and removing fines. Where fluid circulation has not affected the infilling 

sediment, sedimentary structures such as bedding, flame structures, and geopetal piles of 

sediments are commonly preserved. Due to the high preservation potential afforded by the 

basement host rocks – the material within fissures often represents strata lost to erosion in 

the overlying rock record – here termed ‘missing stratigraphy’ – and may include fossiliferous 

and volcanic material. The infilling breccia clasts typically comprise either angular collapse 

breccias such as jigsaw types derived from the nearby wall rocks or well-round boulders/clasts 

which originate from the palaeosurface and been reworked by surface processes. 

Contemporaneous attritional breccias or cataclastic material have not been observed 

Figure 6.1: Concluding figure comparing and summarising the structures and characteristics of fault 
voids and their fills with depth. Left: schematic diagram with log base 2 scaling depth, showing typical 
fault voids architectures and fills. Rotation of displacement vectors with depth shown in pale red 
arrows, transitioning from dilatant offsets at the surface to shear offsets at depth. Middle: study areas 
covered in the present thesis and the depth ranges they represent (black bars). Right: typical features, 
process, and controls, and their depth extents. Blue = fluids, orange = fault void fill fabrics, yellow = fill 
structures, red = kinematics and architectures 
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associated with near-surface fault and fissure systems. These fissure systems have also been 

shown to host extensive vuggy syntaxial cavity-lining mineralisation veins, such as sparry 

calcites, in addition to complex cement textures such as cockade mineralisation, but non-

mineralised examples have also been observed. Near-surface fissure systems have shown 

strong associations with fluids (see below), and these likely include meteoric, marine, and 

potentially hydrothermal/epithermal fluids.  

Palaeostress and chronological analyses of shallow zone fissures have repeatedly 

shown that there is a clear and strong association with the formation of fissure systems and 

wider tectonic events: Tor Bay – opening of the Portland-Wight Basin; Calabria – 

transtensional rifting of the Catanzaro Graben, etc. The collected structural data from fissure 

systems studied have shown that, whilst orientations of fissure bodies may be sparsely 

distributed, the kinematic data/displacement vectors are strongly oriented. We surmise that 

these data distributions are controlled by the conditions at the palaeosurface, where there 

are minimal/nil burial pressures, a free-surface, and likely mechanically heterogeneous 

basement as a result of previously exhumation related deformation fabrics. Results from 

Calabria have shown that reactivation of inherited structures, such as veins of older faults, 

strongly controls the orientations of fissures. Where the fissures have been reactivated 

themselves and collapsed/closed – infilling sediments prop open the cavities, which can 

deform to form fracture parallel compaction foliations/bands within the entrained material. 

The defined depth of this zone is derived from the inferred maximum depths of 

dilatant fissures studied in the present research at Tor Bay (Chapter 2, Hardman et al. (2020)), 

Calabria (Chapter 3, Siddoway et al. (2019)), Rona Ridge (Holdsworth et al. 2019; 2020).  
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6.1.1.2 Intermediate Zone 

The intermediate zone fault-voids, such as those studied at Adamello, feature many 

of the same textures and architectures observed at the near-surface and deep fault voids, and 

therefore can be considered as a hybrid or transitional zone. Here faults and fractures 

frequently bifurcate and branch, but feature more tabular fracture bodies, with more 

consistent orientation directions. The intermediate zone fault architectures feature hybrid 

kinematics with localised zones of shear dilation and contraction, which act to generate and 

redistribute fault rocks throughout the void network such as fluidised cataclasites or breccias. 

In the intermediate zone, fault voids are filled by a variety of attritional cataclastic materials 

such as attritional breccias and fault gouges, as well as dilatant fills such as collapse breccias, 

but not passively-deposited sediments. These fills maybe subsequently reactivated and 

overprinted by fault rocks generated by later slip events. Mineralisation and fluid transport 

are strong controls on the formation and filling of intermediate zone fault voids as fluids have 

been shown to transfer stresses between fault sets and apply local stresses, distribute fault 

material through injections of fluidised slurries, and precipitate veins and cements (Dempsey 

et al. 2014). In the intermediate zone, meteoric or marine fluids can enter fault voids from 

above, or hydrothermal fluids can percolate the fault networks laterally or from below 

(Mittempergher et al. 2014). This mixing or overprinting of fluid types can generate complex 

mineral assemblages and make depth estimations difficult. The intermediate zone is defined 

as a hybrid zone, linking the shallow and deep zone, and the depths are derived from the 

maximum depth of the shallow zone, and the minimum depth of the deep zone.  

Palaeostress analyses of intermediate zone fault voids systems have shown that whilst 

wider regional tectonic stresses initiate deformation, variations in local stress fields and stress 

transfer can cause complex fault orientations and kinematic relationships (Stein 1999; Freed 
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2005; Dempsey et al. 2014). In general, the orientations of intermediate fault sets are more 

densely distributed, and more well-ordered than in the shallow zone suggesting that with 

depth faults become more well-ordered into the preferred orientations relative to regional 

and local stress fields. The role of fluids has been shown to have a significant impact on the 

structural evolution of the intermediate zone fault voids as they can a) transfer stresses 

between fault sets, and b) precipitate minerals which can weaken fault zones, causing 

intensive cyclical fault reactivations and seismic clustering (Dempsey et al. 2014). The 

intermediate fault zones show intense reactivation fabrics, suggesting that they record 

numerous slip events along single fault planes, even in the absence of significant damage 

zones.  

6.1.1.3 Deep Zone 

The deep zone fault-voids, such as those studied at Clachtoll and Calabria, feature 

high-strain zones comprised of multiple slip event and fault fabrics, as opposed to the more 

discrete fracture bodies observed at the shallow or intermediate zone. At depth, slip surfaces 

are highly planar, with minimal bifurcations of trace complexities and few irregular 

geometries. However between slip surfaces, localised zones of dilation can generate fault 

linkages and dilatant fractures which can form complex shapes. The deep zone fault-voids are 

filled by cataclastic shears and gouges, in addition to frictional melts, collapse and attritional 

fault breccias, and hydrothermal mineralisation. Greenschist, or prehnite-pumpellyite, facies 

metamorphism, commonly is associated with the brittle fabrics of deep zone fault-voids. 

These fabrics are as a result commonly stained green from epidote or chlorite mineralisation, 

or red from haematite mineralisation. The staining of fault fabrics is a useful indicator for 

permeability of the fault rocks at depth as the staining is the result of fluid alteration and 

precipitation of minerals during or after deformation. Deep zone void fabrics are dominated 
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shear structures such as attritional breccias, frictional melts, and cataclasites etc. which are 

typically hosted between the slip-surfaces they formed in, but are also injected into 

neighbouring cavities. The depth range of the deep zone is derived from observed and 

inferred depths where the strain is dominated by shear deformation with no significant 

dilatancy within the main faults. This typically occurs around the 6-8km where pre-greenschist 

facies fabrics develop and earthquakes begin to nucleate (Sibson 1977; Fagereng & Toy 2011).  

The structural data from deep zone fault voids show densely distributed orientation 

directions, which is reflective of the strong control of regional tectonic stresses (Anderson 

1905). Where deep zone fault voids reactivate inherited structures such as gneissic foliation 

planes, these generate local stress perturbations that can form complex fault and kinematic 

geometries. The collected kinematic data and palaeostress inversion analysis can present 

sparse and complex fault vector data, which can be difficult to resolve. This may be the result 

of the high burial pressures and therefore a strong control of friction on the slip vectors along 

fault planes (Byerlee 1978). Where deep zone fault voids have been reactivated, this can lead 

to compaction of the infilling material. This compaction isn’t restricted to the deep zone, 

however here can lead to brecciation of infills or granulation seams within infilling granular 

materials. 

The maximum depth of the deep zone is the base of the seismogenic zone, at the point 

where seismic brittle discontinuous deformation likely transitions to aseismic continuous 

creep (Sibson 1994; Fagereng & Toy 2011). 
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6.1.1.4 Similarities between depth domains 

Whilst there are a number of significant differences which help define the depth 

zones/domains described above, it is worth outlining the similarities which do not change 

with depth and what controls these have. There are four key factors/controls on the 

development of fault-void fills networks which may alter with depth, but are always present: 

 The first similarity is the continued reactivation of inherited fabrics observed despite 

the depth. All fault void fills present have been shown to reactivate inherited weaknesses 

within the basement fabric formed through previous phases of deformation.  

 The second similarity is the presence of fluids in the fault void networks. Whilst the 

origin, chemistry, and temperature of the fluids is seen to change with depth, all the studied 

outcrops show strong evidence for fluid flux through the fault void networks, e.g. mineral 

precipitations, chemical dissolution/alteration, sediment grading, cockade textures etc. 

 The third similarity is that all void-forming deformation events are related to/ 

associated with wider tectonic events. The tectonic stresses are typically responsible for the 

initiation and evolution of the deformation fabrics observed, with complications derived from 

local stress conditions generated through pore fluid pressures, mechanically anisotropic 

fabrics, and fault zone architectures. 

 The final similarity is the presence of open connected voids/cavities. Whilst the size 

and architectures of voids change with depth, we have observed open cavities at a variety of 

scales in every field area studied. It appears that despite the potentially high burial pressures, 

fault generated open cavities can form at any depth within the brittle upper crust (< 12-15km) 

and potentially remain open over geological time. 
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6.1.1.5 Connectivity with depth 

The network characteristics of studied fault voids have all shown to be highly interconnected 

arrays. Whilst the analogue dataset is currently comparably small (n=4), these fault and 

fracture systems represent a range of different depths and modes of formation, and therefore 

provide a useful initial insight into fault void interconnectivity in the crust. Connectivity is 

assessed here using the fracture topology technique of (Sanderson & Nixon 2015), which is 

currently one of the most useful characterisation techniques available. However, given that 

the fault void networks are intrinsically three dimensional and the fracture topology models 

faults as 1D lineaments on a 2D plane, we may be missing significant anisotropies and 

geological relationships. The volumetrics collected from fissure systems show that despite 

having similarly structured fracture networks in term of branches and nodes – the volumes 

that fissures comprise (e.g. 31% of rock volume – Tor Bay) highly differ with depth. This will 

significantly impact the fluid flow pathways and, as a result of the cubic flow law 

(( 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦 (𝑇) =  
𝑓𝑙𝑢𝑖𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝜌).𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑠𝑛𝑡 (𝑔)

12.𝑓𝑙𝑢𝑖𝑑 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦(µ)
𝐴𝑝𝑒𝑟𝑡𝑢𝑟𝑒(𝑎)3 ), ultimately affect the 

connectivity, capacity, and transmissivity of the fissure system.   

6.1.2 FISSURING 
Through the study of near-surface fault-void networks in the present research, it has become 

apparent that fissures and fissure-fills are an understudied natural phenomenon that can hold 

essential information on basin history and significantly impact fluid flow in otherwise 

impermeable basement units such as igneous rocks, metamorphic basement and well 

cemented sedimentary units including limestones. In the below section, we describe the 

fissuring phenomenon and its impacts. 
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6.1.2.1 Prevalence of fissures, worldwide 

Whilst the terminology of fissure-fills is broad and poorly defined, they have been formally 

recognised in one form or another since the early 1800s with synonymous terms including: 

clastic dyke, sandstone intrusion, sandstone dyke, seismite, injectite, neptunian dyke, 

sedimentary insertion, sheeted clastic dyke, synsedimentary infills, hydraulic injection dyke, 

tempestite etc (Richter 1966; Jolly et al. 1998; Wall & Jenkyns 2004; Siddoway et al. 2019 

etc.). Although examples of fissures in basement terrains are less-well described in the 

literature, recent renewed research interest due to developments in the petroleum industry 

has meant that more and more filled fissure networks are being discovered worldwide. These 

basement fissure networks are typically found below regional unconformities and on the 

peripheries of sedimentary basins.  They seem to be particularly common on the uplifted 

onshore flanks of offshore basins, e.g. NW Scotland, Calabria, Tor Bay (see also Wilson et al. 

2011; Dichiarante et al. 2016, 2020).  

6.1.2.2 The preservation of missing stratigraphy and the nature of fissure-filling sediment 

During field studies and investigations of near-surface fissure systems, a key research aim was 

always to determine the origin of the sediment entrained in the fissure cavities. This was 

invariably found to be a difficult question to answer due to the preservation potential and 

depositional setting of the fissure cavities. Sediments deposited in the fissures are not subject 

to the same processes as the basin-floor sediments – and therefore their expression in the 

rock record is different – despite being the same age and source material. Here we discuss 

the controls on fissure sedimentology, and their geological impacts.  

 Sediment entering a fissure from the palaeosurface can undergo a preferential sorting 

not otherwise imposed on the surface sediments. Sedimentary grains are transported by a 
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matrix fluid, e.g. air or water, and the motion and suspension of the grains in this fluid is 

controlled by the energy or flux of the fluid and the size of the individual grain particle. In the 

case of a fissure-system – sedimentary grains will be more likely to enter the fault-cavity from 

the surface if they are creeping/saltating on the basin floor than if they are held in suspension. 

This results in fissure systems tending to host a coarser more homogenised sandstone 

compared to the equivalent unit at the surface – despite having an identical source, energy, 

age, etc. This homogenisation and coarsening of fissure-fills have been observed both in sub-

marine (Calabria) and sub-aerial (Tor Bay) environments.  

 Once the sediments have entered the fissure system, the fluid behaviour within the 

fault network is different from at the surface. Here pulsing phase of (usually vertical) fluid 

flow further sorts and homogenises the grainsize distributions by elutriating fine materials 

either to the surface, or into adjacent irregular or sub-horizontal cavities. This episodic fluid 

flux is generated either seismically or aseismically by fault volume changes within the fault 

cavity network, and therefore does not generally affect basin-floor sedimentary units. 

Sedimentary material can be ejected from fissure systems to the surface forming mud and 

sand volcanoes (e.g. Cuffaro et al. 2019; Hardman et al. 2020), however due to the various 

unconformities which typify top basement stratigraphy: these are frequently eroded away.  

Prior to cementation in the cavity, the sediments in the fissures are subject to different 

diagenetic processes from the equivalent units at the surface. The sediment grains in the 

fissure are frequently observed to be seemingly less-compacted compared to their overlying 

equivalent cover units. This is because the basement host rocks provide a mechanical buffer 

against gravitational overburden – shielding the fissure-infilling grains from dewatering and 
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pore-space volume reduction. This buffering of compaction may also be why cockade textures 

are frequently observed within fault void fills. 

Finally, the sediment that becomes trapped in fissure networks is shielded from 

unconformity-related processes such as erosion and reworking. Fissures therefore commonly 

contain geological material that has otherwise been removed from the rock record. This 

material includes whole sedimentary strata, fossils, and/or volcanic material. If datable, this 

material provides an approximate age of exhumation for the basement. Where the fissure-

fills represent “missing stratigraphy” i.e. sediment and material that has not been preserved 

at the palaeosurface due to erosive unconformities, the fills provide an often-overlooked data 

source for stratigraphic reconstructions and basin history modelling.  

  

6.1.2.3 Outcrop analogues and offshore basins 

In the present study, we have described examples of fissuring from Calabria and Tor Bay, but 

have also identified evidence for fissuring at five other localities across the British Isles and 

Italy. These studied examples are typically found at coastal outcrops, on the margins of large 

sedimentary basins, associated with large basin-bounding fault systems, and below regional 

unconformities. The spatial distribution of fissure systems along these outcrops are poorly 

constrained, as they appear to only be limited by the availability of outcropping basement. 

Because of these associations with large basins and their faults, and the lack of any other 

apparent constraint of the spatial distribution of fissure systems, we can make inferences 

regarding their occurrence.  

 Fissures form in crystalline and carbonate rocks when they are exhumed, extended, 

and exposed to near surface sedimentary systems. This typically occurs when basement is 
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uplifted and faulted to form a sedimentary sink or basin, and sediment migrating to local 

depocentres falls into and becomes entrapped in the fissure cavities, propping open and 

preserving the network below the regional non-conformity. The fissure systems appear more 

concentrated around the larger basin defining faults, which occur at basin margins. During 

the present field studies we have only observed onshore fissure systems at the margins of 

larger basins (e.g. Portland-Wight basin, Catanzaro basin, Portland-Wight basin etc.), however 

cores recovered  from the offshore Rona Ridge, in the West Shetland basin, show evidence 

for identical fissuring and sedimentary filling structures up to 1km below the palaeosurface in 

an intrabasinal high (Holdsworth et al. 2020). This suggests that fissuring is not restricted to 

basin margins, but can occur throughout the basement below regional nonconformities 

wherever there is sufficient deformation i.e. around fault blocks. The implications of this 

lateral continuity of fissuring are that there likely exists a systematic network of cavities 

throughout sub-basinal basement and that these cavities can act as conduits for fluids both 

in the short term – actively pumping hydrocarbons and hydrothermal fluids etc, and in the 

long term – providing buoyancy driven migration pathways and reservoirs through deep time.  

 The fault and fracture systems identified and studied in the present thesis represent 

analogues for fracture basement reservoirs such as the Catalina Schists (USA), Arabian Shield 

(Yemen), and Tertiary Granites (Vietnam). These reservoirs have long been the target for 

hydrocarbon exploration and production, but renewed interested in these fracture-controlled 

petroleum reservoirs (Type 1 reservoir – (Nelson 2001)) as well as interest from the 

geothermal, carbon sequestration, and radioactive waste management industries, has 

highlighted the diversity of basement reservoir structures and properties and the need for 

more analogue studies (Narayan et al. 2018).  
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6.1.3 SEISMICITY, FLUID FLOW, AND THE ROLE OF FAULT VOID FILLS 

6.1.3.1 Fluid drivers and seismicity 

All field areas studied have indicated that a relationship between fluid flux, fault void fills, and 

seismicity likely exists, both during and after fault void formation. In Tor Bay, the sorting and 

mineralisation of fills shows evidence for cyclical upward fluid fluxing events. In Calabria, 

calcite and micrite cements and injected sediment slurries suggest episodic high energy fluid 

flux of an otherwise low-energy marine solution. In Adamello, metasomatic alterations, 

zeolite precipitation, gouge injection and Coloumb stress modelling suggests that cyclical 

seismic fluid loading and migration of meteoric (and earlier hydrothermal) fluids occurs. 

These fluids studied, like the fault-void networks, represent a diverse variety of chemistries, 

temperatures, and flow velocities, although they are all (at least periodically) likely to be 

actively driven by the coseismic (or aseismic) collapse and dilation of connected fault voids. 

 There are a number of geological models that describe the relationship between 

seismicity and fluid flow, largely based on the work of Richard Sibson (Sibson et al. 1975; 

Sibson 1981b, a, 1990, 1994; Muir-Wood & King 1993; Bense et al. 2013). These models can 

be grouped into valve models – where fluids drive faulting, and pump models – where faulting 

drives fluids (Sibson 1981b). The first model describes the observed behaviour of cyclical 

changes in fluid pressure and iterative migration of fluids along fault zones, and is commonly 

referred to as fault-valving behaviour (Sibson 1990; Zhu et al. 2020). In a fault-valve model, 

fluid overpressure develops during interseismic periods (due to sealing and healing of fault 

volumes forming impermeable barriers), and is then released during a hydraulically triggered 

seismic slip event, when new permeability pathways are generated (Sibson 1990; Zhu et al. 

2020). In the fault-valve model, slip events migrate fluids, which then build fluid pressures 

again within the fault zone, reducing the normal stresses and causing successive slip events, 
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and is commonly used to describe slow-slip, aseismic creep, interseismic fault unlocking, and 

seismic swarming (Zhu et al. 2020; and references therein). The suction-pump model is similar 

to the fault-valve model as it features co-seismic migration of fluids. However in the suction-

pump model there is no interseismic increase in fluid pressure. Instead the fluid migration is 

caused by coseismic underpressure within the fault zone, whereby fault motion generates 

accommodation space for fluids and draws them in via suction (Hartman et al. 2016; Zhu et 

al. 2020). The alternative seismic-pumping (or dilatancy/fluid-diffusion) model is a more 

complex model that describes the relationship between the seismic cycle and fluid flow as a 

function of the strength-state of the fault system, i.e. load-strengthening vs load weakening 

faults (Sibson et al. 1975; Muir-Wood & King 1993). In a load-weakening setting before an 

earthquake, rising tectonic shear stresses causes dilatancy in the rocks surrounding a fault 

zone, forming extensional cracks and reducing fluid pressure. This pressure drop not only 

slowly draws in fluids from the surrounding crust, but increases the effective normal stresses 

and the frictional resistance of the fault plane (Sibson et al. 1975). Immediately following an 

earthquake the mean stresses increase, and the fluid-filled cracks relax and contract causing 

a rapid expulsion of fluids through and up the fault (Sibson 1993). This load-weakening model 

can be summarised as a long interseismic fluid ingress, with a short coseismic expulsion (Muir-

Wood & King 1993). In a load-strengthening setting, prior to an earthquake the increasing 

tectonic mean stresses causes a closure of cracks and the gradual expulsion of fluids (Muir-

Wood & King 1993; Sibson 1993). During an earthquake the mean stresses drop, and the 

cracks elastically rebound and open energetically drawing in fluids from the surrounding crust 

(Sibson et al. 1975). The load-strengthening models can be regarded as the inverse of the 

load-weakening model, with slow interseismic fluid expulsion and rapid coseismic fluid 

suction. All models described here simplify natural processes and structures to highlight a 
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process or mechanism which explains the observed natural association of fluids with 

seismicity, and as a result of these simplifications, they have been the subject of criticism and 

debate (Muir-Wood & King 1993). When we examine brittle geological structures not as 2D 

planes, but as 3D cavities (from micron to decametre scale), the processes by which fluids 

move through faults during the seismic cycle becomes easier to envisage. In all of the field 

areas studied, fluids were actively driven through the fault network by the collapse and 

dilation of fault cavities. These volume changes within the fault cavities generate and 

propagate significant differential pressure waves, which can expel and potentially siphon 

fluids and their suspensions throughout a connected network. Furthermore local changes in 

the pore-fluid pressures within these active fault voids networks can cause hydraulic failure 

of the wall rock generating injections. Injections form where the fluid pressure either exceeds 

the critical cohesive strength of wall rock, or reduces normal stress required for dilatant 

fractures open.  

 There are a number of implications for modelling active fluid migration through faults 

as a product of volumetric changes in the fault void network. 

1) Volumetric changes in fault network architectures may or may not be driven by 

seismicity. Whilst seismic events will undoubtedly cause significant volume changes in 

fault cavity networks – particularly at depth, in environments such as the near-surface 

- other processes such as gravitational collapse of cavities can drive fluid migration. 

2) Fluid velocity is not directly proportional to magnitude of earthquake. In a volume-

driven model, fluid velocity is proportional to the magnitude of volume change within 

the cavity network. 
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3) Fluid migration can occur far away from or directly along seismically active fault zones. 

In areas such as Tor Bay and Calabria, we have observed extensive networks of fault 

cavities formed as a result of tectonic stresses but some distance away from major 

faults (<5km). These fault cavities show evidence for vertical fluid flux events that 

occur coevally with- and are therefore plausibly linked with- seismogenesis during 

rifting. In contrast at Achmelvich, we observed coeval seismic frictional melting and 

localised fluid pumping within the same fault zone. 

4) Coseismic fluid migration is unlikely to be unidirectional. Given the observed 

complexities within fault void networks throughout the brittle upper crust, a single 

predictable uniform migration direction along a fault is highly unlikely. Complex fault 

void architectures and kinematics such as dilation and contractional jogs, reidal 

shears, low-angle linkages, proppants, ladder fractures, bifurcations etc. will cause a 

variety of localised fluid pressure changes causing fluids to migrate (at least on a 

localised scale) unpredictably.  

In addition to the active migration of fluids described above, fluids are also circulated 

through fault voids through passive processes such a gravity, buoyancy, and diffusion. These 

processes are more prevalent in a shallow near-surface setting, where we observe dewatering 

flame structures and geopetal pyramids within fissure entrained sediments.  

6.1.3.2 Long-term fluid transport and storage 

In addition to the short-term fluids that percolate fault and fracture systems during and 

immediately following their formation, the fault void fills studied show significant potential 

for long-term fluid transport and storage (Trice 2014; Belaidi et al. 2016; Holdsworth et al. 

2020). At Achmelvich, cm scale cavities are found between iron stained clasts of basement 

which prop-open dilatant ladder fractures, these formed 1.55Ga at depths between 11 and 
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15km deep and are still open today. In the near surface analogues of Tor Bay and Calabria, 

extensive sediment and breccia filled networks of fissures are propped open and connected 

by their fills and mineralisation. Within the fissure systems a number of observed processes 

and structures maintain and enhance the long-term fluid transport and storage properties. 

Sediment has been shown to have been elutriated prior to final emplacement – preferentially 

preventing fine material held in suspension at the surface from entering the fissures. If finer 

silt and clay grade material are present within the fissures – pulsatory upwelling fluids can 

elutriate this material into adjacent terminal fractures and out to the surface when fluid 

transport energies are reduced. This elutriation keeps the connected fissures and branches 

permeable and inhibits fluid flow into the poorly connected or terminating fracture volumes. 

In thin section, sedimentary material collected from fissures is shown to be uncompacted, 

maintaining exceptional porosities up to 35-40%. In addition to the porosity, the connectivity 

of fissure systems has been shown to be improved by the development of branching 

injections and linking ladder fractures and low-angle or bedding-parallel fractures.  

 Whilst mineralisation has been observed to prop open fracture cavities, they can also 

reduce porosity and permeability through the occlusion of pore space and vuggy cavities (Cox 

& Munroe 2016).  

6.2  CONCLUSIONS 

1. Networks of interconnected and isolated fault cavities have been identified in a range of 

different host-rock materials, formed throughout the brittle upper crust. These fault voids 

are commonly filled by breccia, sedimentary and fossiliferous material, injected melts, and 

mineralisation; and preserve a valuable and under-utilised source of geological 

information related to the structural  and geological evolution of a region. 
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2. These fault voids and their fills are subdivided into three categories based on their depth 

of formation – shallow (0-2km), intermediate (2-8km), and deep (8-15km). These 

categories exhibit distinct structural, morphological, and compositional differences which 

distinguish them apart. These are: 

a. The shallow fault-voids, such as those studied at Tor Bay and Calabria, typically 

comprise: 

• Regionally extensive fissure systems, which are complex arrangements of 

voluminous and interconnected dilatant fault cavities which form tabular 

and irregular shaped cavities located immediately below regional 

unconformities. 

• Most fissures are sub-vertical, however low angle and shallowly dipping or 

bedding-parallel fault cavities often form linking the vertical structures.  

• These fissure networks are hosted in mechanically competent units such 

as crystalline and carbonate basement and are filled or partially-filled with 

well-sorted porous younger sedimentary material and clasts of wall rock 

breccia which prop open the fissure cavities.  

• Sedimentary structures such as bedding, flame structures, and geopetal 

piles of sediments are commonly preserved except where destroyed by 

subsequent fluid flux.  

• Fissures often host strata, fossiliferous, and volcanic material lost to 

unconformities in the overlying rock record, reflecting their high 

preservation potential.  

• The infilling breccia clasts typically comprise either angular collapse 

breccias such as jig-saw types derived from the wall rocks or well-rounded 
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boulders/clasts which originate from the palaeosurface and been 

reworked by surface processes.  

• Near-surface fault and fissure systems may also host extensive veining and 

mineralisation. These comprise vuggy syntaxial cavity-lining mineralisation 

veins, such as sparry calcites, in addition to complex cement textures such 

as cockade mineralisation.  

• Near surface fault and fissure systems may present sparsely distributed 

orientation directions, but tend to show uniform kinematic data such as 

displacement vectors, as a result of the low confining pressures but 

formation under a uniform regional stress field – strongly associated with 

tectonic events such as rifting. 

• The distributions and orientations of near surface fault and fissure systems 

are strongly controlled by the inherited fabrics, as they are shown to 

frequently reactivate structures such as veins, basement foliations, 

bedding planes, etc. 

b. The intermediate zone fault-voids, such as those studies at Adamello can be 

considered as a hybrid or transitional zone and typically comprise:  

• Heavily bifurcating and branching fault and fracture networks of more 

tabular fracture bodies, with more consistent orientation directions 

compared to the shallow zone.  

• The intermediate zone fault architectures commonly feature hybrid 

kinematics with localised zones of shear dilation and contraction, which act 

to generate and redistribute fault rocks such as breccias and cataclasites 

throughout the void network.  
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• Fault voids may be filled by a variety of attritional cataclastic materials such 

as attritional breccias and fault gouges, as well as dilatant fills such as 

collapse breccias. These fault fabrics are typically foliated parallel to the 

fracture orientation, indicative of shear and/or fluid injection processes. 

Fracture parallel foliations can also form as a result of (tectonic) 

compaction following emplacement, however these were less common 

within the studied examples. 

• These fault void fills are frequently reactivated and overprinted by fault 

rocks generated by subsequent slip events.  

• Mineralisation and vein networks are common, and can show either cavity 

filling or crack-seal textures, even in close proximity.  

• Due to the mixing of meteoric/marine and hydrothermal fluids, mineral 

assemblages are often petrologically complex and diverse. 

• Intermediate zone fault systems show increased alignment and more 

densely packed distributions of orientation directions than the shallow 

zone. However the kinematic data can be more complex due to the 

controls of fluid on the transfer of stresses and weakening of fault planes 

through chemical interaction and mineral precipitations, generating local 

stress fields and more diverse slip vectors. 

• Intermediate fault systems show intensive reactivations along single slip 

surfaces as a result of zeolite facies mineral dissolutions and precipitations 

weakening fault surfaces. 

c. The deep zone fault-voids, such as those studies at Clachtoll and Calabria 

comprise: 
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•  Shear zones which consist of multiple slip events and fault fabrics, as 

opposed to the more discrete fracture bodies observed at the shallow or 

intermediate zone.  

• At depth slip surfaces and strain zones are highly planar, with minimal 

bifurcations of trace complexities and fewer irregular geometries. Between 

slip surfaces however, localised zones of dilation can generate fault 

linkages and dilatant fractures which can form complex shapes.  

• The deep zone fault-voids are filled by cataclastic shears and gouges, in 

addition to frictional melts, fault breccias, and hydrothermal 

mineralisation, and alteration. The fault fabrics typically form under 

greenschist, or prehnite-pumpellyite facies conditions and as a result are 

commonly stained green from epidote or chlorite mineralisation, or red 

from haematite mineralisation.  

• Deep zone void fabrics are dominated shear structures such as attritional 

breccias or cataclasites etc. which are typically autochthonously hosted 

between the slip-surfaces they formed in, but can also injected into 

neighbouring cavities.  

• Deep zone fault networks show densely distributed fault orientation 

directions, as a result of the large control regional tectonic stresses has on 

the orientation and alignment of faults. However unlike under near-surface 

conditions, the kinematic data can be more sparsely distributed, as local 

changes in the stress field caused by structural inheritance or variations in 

frictional resistance can alter the slip vector for a fault surface. 
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3. Despite the substantial differences outline above, there are a number of key 

structures/processes which are present within all studied fault void fill networks despite 

depth, these include: 

a. The reactivation of inherited fabrics and structures 

b. The association with regional tectonic events 

c. The association with fluid migration 

d. The generation and preservation of cavities 

4. Fault void formation and filling is shown to be strongly associated with fluid migration, 

and regional tectonics/seismicity.  

a. All field areas studied showed evidence for fluid flow, these fluids transported and 

reworked infilling sedimentary material (Calabria, Tor Bay), precipitated 

widespread mineralisation (Tor Bay, Adamello, Achmelvich), and mechanically 

loaded orthogonal fault sets (Adamello). Fluid migration through fault void cavity 

networks has been shown to be driven by gravity, and likely through the 

(seismogenic) dilation and collapse of fault voids. These volume changes of fluid 

hosting cavities can generate substantial pressures, particularly during larger 

seismic events, driving pumping and injection of fluids into the surrounding host 

rock, even in the near-surface. 

b. In all four of the field areas highlighted in the present thesis: fault void formation 

and filling is associated with wider tectonic events. Tor Bay – early opening of the 

Portland-Wight Basin, Calabria – Miocene transtensional rifting along the 

Catanzaro fault/graben, Adamello – Miocene alpine uplift and exhumation, 

Achmelvich – Assyntian sinistral shearing. These tectonic events provided the 

regional stresses required to open and sustain cavities in the sub-surface, before 
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they can be effectively filled and propped open. In addition to initialising cavity 

development, subsequent reactivations and ongoing tectonic deformation is 

frequently observed through the iterative opening of dilatant fault cavities, 

injections of fluidised material/slurries, and generation of frictional melts. 

Furthermore ongoing tectonic deformation during cavity development has shown 

to actively and seismically pump hydrothermal and meteoric fluids through 

connected fault systems, and in the case of shallow deformation may potentially 

cause the ejection of fluids at the surface. 

c. During fault void formation and filling, the cavity networks preserve their porosity 

and permeability through a number of key geological processes. In the near-

surface fissure systems are filled with poorly-compacted, well-sorted, and 

extensively-distributed sediment that has lost clay fractions due to elutriation, and 

props open cavities. Collapse and jigsaw breccias and reworked basement material 

can also prop open cavities, preserving porosity throughout the brittle crust. These 

geological processes improve the reservoir properties of fault and fracture 

systems.  

5. Fault void networks form a voluminous and highly interconnected network of void spaces 

in otherwise impermeable basement, and with the correct system conditions would form 

an excellent reservoir for hydrocarbons, geothermal, or hydrothermal fluids. Given the 

potential economic significance of fault void fills, there is a requirement for us to develop 

our understanding and improve our analytical methods to secure our energy future.  

 



 Chapter 6 
 

269 
 

6.3  FUTURE RESEARCH 

6.3.1 FURTHER FIELD STUDIES 
Whilst this study comprises extensive field studies, logistical restrictions such as financing and 

time have limited the range of field sites that can be visited and studied, and whilst we have 

gained significant new insight into fault void fills, there are still geological relationships and 

mechanisms to be further studied. By broadening the field sites studied we could continue to 

advance the study of fault void fills. Field areas that have been identified as useful to study 

include: 

• Colorado Front Range, USA – sandstone injectites have been identified in 

Mesoproterozoic crystalline rocks. These sandstone fills are reported to have been 

injected into the crystalline basement under high energy (Siddoway & Gehrels 2014). 

• Salton Sea detachments, USA – Fault bound cavities have been identified, formed 

through low angle faulting and flexural slip along fold limbs, similar to saddle-reef style 

cavity developments (Day 1996). 

• Owens Valley, USA – Intrabasinal fissuring within basin cover sequences (Pakiser et 

al. 1964). 

• Afar Rift, Ethiopia – Modern example of fissuring at the surface (Field et al. 2013). 

• Thingvellir Rift, Iceland – Modern example of fissuring at the surface (Gudmundsson 

1987) 

• Seaham, UK – Gravity driven collapse and formation of pipe structures in Permian 

limestones related to off-shore underlying salt tectonics  (Daniels et al. 2020). 
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6.3.2 ISOTOPIC ANALYSES AND FLUID INCLUSION STUDIES OF FAULT VOID 

MINERALISATION 
During the present study, we have determined relative timings for the deformation and filling 

of rocks through the presence of cross-cutting relationships, stratigraphic extent, 

superposition and other logical inferences. We have also identified a general fluid flow history 

for sampled fault voids from petrological and mineralogical evidence. Future studies into fault 

void fills could employ isotopic analysis to answer and provide more conclusive evidence for 

the timings and origins of fluids. Useful techniques include: 

1) U/Pb dating techniques of fault void calcites – in particular around Tor Bay, to further 

narrow down the timings of various phases of deformation and filling, and how they 

relate to the different styles of calcites (Meinhold et al. 2020).  

2) U/Pb dating of zircons, monazites, and rutiles from Calabria would further develop our 

understanding of the pluton history and role of reactivation during deformation 

(Bracciali 2019). 

3) Rb/Sr dating of deformed biotite mica from Calabria and Copanello would further 

develop and time the onset of deformation during different tectonic events (Zack & 

Hogmalm 2016). 

4) Clumped Oxygen isotope analysis on mineral hosted fluid inclusions could be 

employed to further understand the sources of mineralising fluids (Cruset et al. 2020). 

5) Fluid inclusions composition and analysis could also be used to determine fluid 

densities, temperatures, and pressures during mineralisation constraining 

palaeodepth estimations for the tectonic events and evolution of veins (Frezzotti et 

al. 2012).  
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Collectively isotopic and fluid inclusion analyses of fault void mineralisation could 

substantially reduce errors and address uncertainties surrounding our field observations and 

even provide new insights into fluid flow histories, depth, style, and preservation of fault voids 

through time. 

6.3.3 NUMERICAL MODELLING 
Through the present research, several kinematic mechanisms for the opening and filling of 

fault voids have been described from outcrop and sample studies, for example the block 

shunting model of the Canisp shear zone, the cyclical stress transfer and loading of Adamello, 

and the transtensional rifting of Calabria. These geological models represent complex stress 

and strain scenarios, and whilst they fit the available field data as the simplest solutions, 

numerical modelling could provide more information on the boundary conditions and forces 

required to produce these structures (Beer & Poulsen 1994; Xing et al. 2007).  

 A number of numerical modelling methods are available to mechanically model fault 

systems, these include models such as boundary element models/methods or (BEM), which 

are often employed to simulate geological timescale deformation events as they allow for 

complex fault geometries even in three-dimensions (Beer & Poulsen 1994). In boundary 

element modelling, only surfaces are discretized allowing for more efficient computation of 

complex geometries – in this case only fault planes would be modelled, and the 

computational focus of the model would be on the interactions of these discretized surfaces. 

Other volume-discretisation methods such as finite element, finite different or finite volume 

methods resolve and model the interactions of subdivided elements or cells within a volume 

to describe deformation (Xing et al. 2007). Each modelling technique has a number of 

advantages and disadvantages, which must be taken into account when attempting to 
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describe natural and physical processes. A key draw back on the BEM models is the lack of 

modelling of the 3D void-spaces – something which we have repeatedly identified as a 

significant throughout the present research, whereas the finite methods can resolve volumes 

effectively but have significant analytical limitations due to the complexity of the models and 

assumptions required to compute natural phenomena. Whilst all models have their 

drawbacks, when used in combination with observed geological relationships, advances in 

current understanding can be made, particularly through the experimentation and 

adjustment of different variables to achieve a desired result, identifying boundary conditions 

and sensitivity of computational variables. 

6.3.4 RECOVERED DRILLCORE STUDIES 
At present this study is limited to field observations and analyses conducted from surface 

samples. Whilst core material has been examined by the authors (e.g. Holdsworth et al. 2019, 

2020), a more extensive study would yield new insights and confirm field observations 

regarding the sub-surface geology. By linking structures observed in recovered cores with 

structures from outcrop, we could identify how the structure and distribution of fault void 

fills are preserved in the sub-surface. This would provide geological context to future core and 

wireline logging interpretations. Like the present approach to field studies, drillcore research 

on fault void fills would require a broad range of materials to be collected, sampled and 

interpreted to fully understand the controls on fault void formation and filling. Specifically, it 

would be useful to study cores collected from a range of different depths, from different 

tectonic settings, and from different basement host rocks, to compare them to their surface 

analogues. By developing a broad dataset, a catalogue of fault void fills could be developed, 
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which would be highly useful for comparing structures and mechanisms across different 

settings, and provide geological interpretations for the observed structures.  
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ABSTRACT
Rockfalls are relatively little described from the ancient geological record, likely due to 

their poor preservation potential. At Clachtoll, northwest Scotland, a megaclast (100 m × 60 m 
× 15 m) of Neoarchean Lewisian gneiss with an estimated mass of 243 kt is associated with 
basal breccias of the Mesoproterozoic Stoer Group. Foliation in the megablock is misoriented 
by ∼90° about a subvertical axis relative to that in the underlying basement gneisses, and it 
is cut by fracture networks filled with Stoer Group red sandstone. Bedded clastic fissure fills 
on top of the megablock preserve way-up criteria consistent with passive deposition during 
burial. Sediment-filled fractures on the lateral flanks and base show characteristics consistent 
with forceful injection. Using numerical calculations, we propose that rift-related seismic 
shaking caused the megablock to fall no more than 15 m onto unconsolidated wet sediment. 
On impact, overpressure and liquefaction of the water-laden sands below the basement block 
were sufficient to cause hydrofracturing and upward sediment slurry injection. In addition, 
asymmetrically distributed structures record internal deformation of the megablock as it 
slowed and came to rest. The megablock is unrelated to the younger Stac Fada impact event, 
and represents one of the oldest known terrestrial rockfall features on Earth.

INTRODUCTION
Terrestrial rockfalls are features formed at 

Earth’s surface due to gravity-driven downslope 
movement of material (e.g., Terzaghi, 1950; Var-
nes, 1978). Given their association with ero-
sional processes and poor preservation poten-
tial, it is unsurprising that they are relatively 
undescribed from the geological record. Where 
recognized, large ancient examples of “mega-
clasts” or “megablocks” of relatively intact bed-
rock >10 m diameter (Bruno and Ruban, 2017) 
are mostly associated with marine subduction-
accretionary settings (olistostromes; Festa et al., 
2016). Examples from onshore and/or near-
shore terrestrial settings are relatively uncom-
mon, though some are notably famous (e.g., the 
“Fallen Stack” of Devonian sandstone in shore-
line Jurassic deposits, Moray Firth Basin, Scot-
land; Pickering, 1984). In this paper, we describe 
a megaclast of Lewisian gneiss—the Clachtoll 
megablock (CM)—that was found associated 
with marginal alluvial-lacustrine clastic depos-

its from the basal part of the Neoproterozoic 
Stoer Group in northwest Scotland (Fig. 1A). A 
diverse set of geological structures is preserved 
recording the fall of the block onto water-laden 
unconsolidated sediment, its internal deforma-
tion, and incipient fragmentation. The findings 
have implications for the recognition of local-
ized catastrophic events in the ancient geologi-
cal record.

GEOLOGICAL SETTING
The Stoer Group is a red, alluvial-fluvial-

lacustrine sequence laid down in a continental 
rift basin (e.g., Stewart, 2002; Kinnaird et al., 
2007). The oldest part of the succession, the 
Clachtoll Formation, has a basal breccia-con-
glomerate that infills an irregular land surface 
with paleohills (>150 m high) and steep-sided 
gullies eroded into the underlying Lewisian 
gneiss (Fig.  1B; Stewart, 2002). Following 
deposition, the strata acquired a regional dip of 
∼15°–20° to the west, possibly due to displace-

ments along the north-south–striking Coigach 
fault (Fig. 1A; Stewart, 1993). The Mesopro-
terozoic age of the Stoer Group is based on 
Ar-Ar ages of authigenic potassium feldspars in 
hydrothermal veins within the Stac Fada Mem-
ber (1177 ± 5 Ma; Parnell et al., 2011), which 
lies ∼300 m stratigraphically up section from 
the Clachtoll Formation base (Stewart, 1993).

The Neoarchean Lewisian basement rocks 
are interbanded, medium-grained, amphibolite-
facies, acid, intermediate, and mafic orthog-
neisses, with a steeply dipping ESE-WNW 
foliation related to development of the Paleo-
proterozoic (ca. 2400–1650 Ma) Canisp shear 
zone (CSZ; Fig. 1A; see Appendix I in the Sup-
plemental Material1; Attfield, 1987). Local foli-
ated ultrabasic intrusions described as picrite by 
Tarney (1973) are also present (Fig. 1B). Gneiss 
clasts in the clast-supported Clachtoll Formation 
basal conglomerate-breccia are subrounded to 
subangular and up to 2 m across, surrounded by 
a medium- to coarse-grained sandstone matrix.

GEOLOGY OF THE CLACHTOLL 
MEGABLOCK

The Lewisian gneiss constituting the CM 
forms an elongate hill up to 18 m high (Figs. 1B 
and 1C). In a gully on its southeast flank, the 
megablock overlies 1–2 m of basal breccia-con-
glomerate of the Clachtoll Formation, which sits 
unconformably on Lewisian basement (Fig. 2A). 
The CM is lithologically identical to the gneisses 
in the underlying autochthonous basement, but 
it differs in two important ways: (1) The steeply 
dipping foliation strikes NNE-SSW and lies at 
90° to the foliation in the underlying Lewisian 
gneiss and CSZ (Figs. 1B and 2A); and (2) it 
is cut by large numbers of millimeter- to deci-
meter-wide fractures filled with mostly fine- to 

1Supplemental Material. Appendices: additional maps and sections (I); field photographs (II); solid-collision equations (III); calculation results (IV); and Brazilian 
Test data (V). Please visit https://doi .org/10.1130/XXXXX to access the supplemental material, and contact editing@geosociety.org with any questions.
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medium-grained red sandstone (Figs. 1B and 
2–4). The sedimentary fills have been inter-
preted previously as near-surface fissure fills and 
injections formed during rifting (Beacom et al., 
1999). The age of the sandstone fills has been 
constrained independently by paleomagnetic 
analysis (Dulin et al., 2005), which indicated a 
Stoer Group–age magnetization.

Our detailed mapping shows that the CM 
has an elliptical shape in plan view, measuring 
100 m × 60 m, with its long axis oriented NNE-
SSW parallel to the internal basement foliation 
(Fig. 1B). Its vertical dimension (thickness) is 
estimated at ∼15 m from existing exposures, 
suggesting a tabular shape in three dimensions 
(Fig. 1C) and a total volume of ∼90,000 m3. 

Stratum contours constructed on the inferred 
outcrop trace of the basal surface of the block 
suggest that it presently dips 25°SW at its south-
ern end, decreasing to 10° at the northern end 
(see Appendix I).

A few sediment-filled fractures lie paral-
lel to the preexisting foliation in the gneisses 
(e.g.,  Fig.  2B); the majority crosscut the 

A B D

C

FE

Figure 1. (A) Location map. CSZ—Canisp shear zone. (B) Geological map of the Clachtoll megablock (CM) in northwest Scotland, showing 
locations of sediment-filled fractures (after Killingback, 2019). CF—Clachtoll fault; Qtz—quartz. (C) Northwest-southeast and northeast-
southwest cross sections through CM; locations are shown in B. F—fault. (D) Lower-hemisphere stereoplot showing misorientation of poles 
to megablock foliation (solid) relative to regional basement foliation (open). (E) Poles to sediment-filled fractures in the CM (i) at present day 
and (ii) with postdepositional tilt of Stoer Group removed. (F) Stereoplot of (i) present-day poles to bedding in local Stoer Group sequence 
(solid) and in group A passive fills (open). Latter set is distributed along partial girdle with gently WNW-plunging beta axis. (ii) Geological 
sketch to explain curviplanar form of bedding laminations in group A fissure fills.
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 preexisting foliation, with steep dips and a 
dominantly northwest-southeast trend (Fig. 1E, 
i). This trend is not fundamentally altered by 
removing the postdepositional tilt of the Stoer 
Group (Fig. 1E, ii). Offsets of host-rock lay-
ers preserve apparent extension-mode open-
ing directions that are dominantly, though not 
exclusively, subparallel to the long axis of the 
CM; these are especially prevalent toward the 
northern end of the block (Figs. 1B and 4A). 
All sandstone fills have sharp contacts with the 
host gneisses, and three morphologies are rec-
ognized, here termed groups A, B, and C, which 
show distinct distributions in the CM (Fig. 1B). 
Group A is composed of irregular fractures 
filled by bedded, fine to coarse sands, display-
ing sedimentary structures including lamina-
tion and clast imbrication (Figs. 2B and 2C). 
These fills are only found on the upper part of 
the CM. Group B is made up of mostly planar, 
fine- to medium-grained, sand-filled fractures 
frequently containing matrix-supported clasts 
of host gneiss (Figs. 3A–3C). Group C con-
sists of irregular zones of intensely fragmented 
gneiss containing planar to curviplanar clastic 
fills, forming complex networks with variably 
sized and oriented pockets of clastic material 

not clearly confined to individual fractures 
(Fig. 3D). Groups B and C are restricted to the 
lateral and lower contacts of the CM (see Appen-
dix II), with the third group being particularly 
widespread close to the base of the block. The 
sandstone filling both groups is similar to the 
matrix of the basal conglomerate, but it is finer 
grained and lacks sedimentary laminations.

A small, 45°ENE-dipping fault is exposed on 
the southeast side of the CM, with an apparent 
left-lateral offset of ∼3 m: the “Clachtoll fault” 
of Beacom et al. (1999). The hanging wall is 
formed by a group C sandstone breccia that 
appears to have been crudely folded into a SSW-
verging antiform prior to lithification (Fig. 4B). 
Removal of the westerly postdepositional dip of 
the Stoer Group reduces the original dip of the 
Clachtoll fault to <30°, suggesting that it formed 
as a relatively low-angle, top-to-the-southwest 
thrust.

DISCUSSION
We propose that two different mechanisms 

were responsible for the formation and filling of 
the dilational fractures in the Lewisian gneisses 
of the CM (Fig. 4C). Group A fills formed by 
material falling, or being washed into open fis-

sures close to the surface (e.g., Montenat et al., 
1991). Bedding in these fills shows orienta-
tions that are similar to the regional bedding 
in the nearby Stoer Group, albeit with a super-
imposed concave-up, catenary form (Figs. 1F; 
see Woodcock et al., 2014). Our observations 
further show that these fissure fills are restricted 
to the upper part of the CM and are locally con-
tinuous with thin veneers of bedded Clachtoll 
Formation sediment deposited on top of the 
basement block (Fig. 1B). Rarer examples of 
centimeter-scale, passively filled fractures are 
also found in gneisses immediately below the 
basal Stoer Group unconformity in areas away 
from the CM (e.g., UK National Grid Reference 
NC 0402 2700).

Groups B and C fills are only found in the 
CM. They are interpreted to be wet sediment 
injections (or injectites; Hurst et al., 2011; Sid-
doway et al., 2019), based on their homogeneous 
texture, lack of laminations, and the widespread 
development of tapered fracture geometries and 
jigsaw breccias. Beacom et al. (1999) argued 
that the group A infills formed earlier and were 
locally remobilized and injected shortly after 
deposition due to active deformation associ-
ated with movement along the Clachtoll fault 
(Fig. 4B). This is now considered unlikely given 
the mapped contact relationships of the CM, the 
misoriented nature of the basement gneiss folia-
tion within it, and the clear spatial association 
between the lateral margins and basal contact of 
this block and the development of the group B 
and C injectites (e.g., Figs. 1B, 2, and 3). Fur-
thermore, the observed continuity of the group 
A fissure fills with sediments that unconform-
ably overlie the megablock suggests that they 
filled during burial of the megablock following 
emplacement; i.e., they are later relative to syn-
emplacement groups B and C fills.

Given the newly discovered contact relation-
ships, we propose that early in the deposition 
of the Clachtoll Formation, the CM collapsed 
from a local topographic high onto recently 
deposited breccia-conglomerate below. Soft-
sediment deformation features consistent with 
seismic shaking are widespread in basal parts of 
the Stoer Group sedimentary sequence (Stewart, 
1993, 2002), making it possible that the fall of 
the CM was triggered by an earthquake related 
to the nearby Coigach fault (Fig. 1A). Alterna-
tively, it may have occurred due to freeze-thaw 
processes if the earliest period of Stoer Group 
deposition was influenced by glaciation, as sug-
gested by Davison and Hambrey (1996). Since 
the CM demonstrably formed during early depo-
sition of the Clachtoll Formation, it is clearly 
unrelated to the Stac Fada impactite event (e.g., 
Simms, 2015; Amor et al., 2019), which lies 
300 m higher in the stratigraphic succession.

The vertical impact of the CM caused local-
ized overpressure and injection of the fluid-laden 
sandstone matrix into fractures at the base and 
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Figure 2. Contact relationships and group A sediment-filled fracture morphologies from the 
Clachtoll megablock (CM), northwest Scotland. (A) Lewisian megablock overlying basal breccia, 
which unconformably overlies Lewisian basement gneisses with northwest-southeast foliation 
(red arrow). View looking north, southeast side of the CM. (B,C) Foliation-parallel (B) and 
irregular crosscutting (C) group A fills with gently west-dipping bedding laminations consistent 
with passive filling from above; upper surface of the CM. (D) Close-up of area in red box in C.
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flanks of the overlying basement block (Fig. 4C, 
i). This form of soft-sediment deformation pro-
cess has not previously been documented or 
included in existing classification schemes (e.g., 
see van Loon, 2009). The presence of northwest-
southeast–striking sandstone injectites (exten-
sion) in the northern (i.e., rear) end of the block, 
and the development of contractional folding 
and the Clachtoll fault—which likely formed as 
a thrust—at the southern end (front) of the CM 
suggest that impact was additionally associated 
with a southwest-directed horizontal displace-
ment and internal deformation (Fig. 4C, ii). The 
lack of any clearly defined basal detachment or 
deformation zone in the conglomerate below the 
CM suggests that any such translation was likely 
no more than a few meters. The CM was then 
buried by further sedimentation, which passively 
infilled the group A fractures in upper surfaces 
of the block, which in turn likely opened during 
impact (Fig. 4C, iii). The similarity in the orienta-
tions of the bedding laminations in these fractures 
and those of the overlying Clachtoll Formation 
(Fig. 1F) demonstrates that the formation of the 
CM and misorientation of its foliation occurred 
very early in the depositional history of the Stoer 
Group. That misorientation of the basement folia-
tion in the CM requires a vertical axis rotation of 
∼90°, pivoting the block during collapse. How-
ever, while the model accounts for the distribution 
of the different types of sandstone fills around the 
margins of the CM, is the impact and overpres-
sure mechanism proposed mechanically feasible?

To explore this issue, we assumed a simpli-
fied vertical fall scenario to consider the pres-
sure surge generated upon impact, and the fall 
distance, h, required to induce hydrofracturing 
in the gneiss block. In the underlying medium 
(poorly consolidated, fluid-saturated breccia-
conglomerate), impact-generated compressional 
waves would result in a dynamic transient over-
pressure P in the fluid (water); in the overlying 
block, corresponding vertical (σzz) and hori-
zontal stress (σxx, σyy) would be generated by 
the matching boundary deflection. We derived 
an original solution for the pressure and stress 
surge generated upon impact for two types of 
media with different properties (see Appendix 
III). These are given by:

 P v zz= =2 1ζ σ , (1)

and
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mean of the elastic impedances of the block and 
the underlying material; l and m are the Lamé 
and shear elastic moduli, respectively; Vp is the 
compressional wave velocity in the gneiss block; 
and r and K are the density and incompress-
ibility of the water saturating the conglomer-
ate, respectively. Field observations suggest 
that injectites form due to tensile fracturing, 
which would occur when the pressure surge P 

exceeds or equals the cumulated value of the 
tensile strength T and the transient horizontal 
compressive stress sxx generated on impact, i.e., 
P = T + σxx. This equates to:
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Finally, the free-fall equation v ghi= 2 , where 
g is gravity, allows determination of the height 
h from vi.

To derive values of height and impact veloc-
ity with the above formulae, we used the param-
eters given in Appendix IV, Table IV.1 (in the 
Supplemental Material). A range of values 
compatible with Lewisian gneiss and fluid-
laden sediment was considered for λ, µ, Vp, ρ, 
and K. Brazilian tests on samples of Lewisian 
gneiss from the block (Appendix V) suggest a 
range of tensile strengths, i.e., 6 < T < 12 MPa. 
An impact velocity of 7 < vi < 14.8 m/s, cor-
responding to a fall height range of 2.5 < h < 
11.2 m, would therefore be sufficient to cause 
tensile fracture. Given that the basal Clachtoll 
Formation is locally associated with a paleoto-
pography of at least 150 m (Stewart, 2002), a 
fall of <15 m from a cliff-like escarpment seems 
geologically plausible. It is not currently possi-
ble to further determine the detailed kinematics 
of emplacement, although the relatively intact 
nature of the misoriented basement and modest 
calculated fall heights seem to rule out a large-
scale toppling process for a megablock of such 
large dimensions.

CONCLUSIONS
Geological observations and numerical cal-

culations suggest that early in the depositional 
history of the Stoer Group, an ∼90,000 m3, 243 
kt block of basement gneiss fell onto unconsoli-
dated wet sediment. Impact following a vertical 
decent of <15 m would be sufficient to overpres-
sure and liquify the rapidly compacted, water-
laden sand matrix in the basal breccia conglom-
erates, leading to hydrofracturing and upward 
sediment slurry injection into the immediately 
overlying fractured basement block. On impact, 
the block also deformed internally due to a sub-
ordinate component of southwest-directed hori-
zontal translation. It was then passively buried 
by continued sedimentation. Our findings show 
that terrestrial rockfall megablocks—features 
that are widely recognized on both Earth and 
other planets in the present day (see Ruban 
et al., 2019, 2020)—also exist in the ancient 
geological record at least as far back as the 
Mesoproterozoic.
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Figure 3. (A–C) Typical group B sandstone fills interpreted to represent injectites from (A) 
southeast and (B,C) west flanks of the Clachtoll megablock (CM; northwest Scotland). In 
B and C interpreted images, note the upward narrowing of fracture fills. (D) Typical group C 
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Abstract: Fissure-fill networks are a widely recognized, but relatively little described, near-surface phenomenon (<1–2 km)
hosted in carbonate and crystalline basement rocks below regional unconformities. Faults and fractures in otherwise tight
Devonian carbonate basement rocks of the Tor Bay region, Devon, SW England are associated with the development of
millimetre- to decametre-wide fissures containing red-coloured early Permian sedimentary material, vuggy calcite
mineralization and wall rock collapse breccia. These features preserve evidence about the style and history of fault
deformation and reactivation in near-surface settings and on fluid-related processes, such as elutriation and/or mineralization.
Field observations, palaeostress analysis and fracture topology analyses show that the rift-related faults and fractures created a
network of long-lived open cavities during the development of the Portland–Wight Basin in the early Permian. Once formed,
they were subjected to episodic, probably seismically induced, fluid fluxing events and local karstification. The large, well-
connected networks of naturally propped fractures were (and possibly still are) important fluid migration pathways within
otherwise low-permeability host rocks. These structures are probably equivalent to those observed in many other rift-related,
near-surface tectonic settings and suggest that the Tor Bay outcrops can be used as a global analogue for sub-unconformity open
fissure systems hosted in low-permeability basement rocks.
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Cavern systems are widely developed across a range of scales in
carbonate sequences worldwide and are known to be sustained as
open features to depths >2 km due to the cohesion and relatively
high tensile strength of most lithified limestones (e.g. Smart et al.
1988; van Gent et al. 2010). Many modern examples are associated
with younger sedimentary fills and low-temperature carbonate
mineralization. These features are known to strongly control present
day fluid flow pathways and processes and, more generally, the
hydraulic behaviour of carbonates in the near subsurface (e.g. Popov
et al. 2009).

Ancient and modern carbonate cavity systems are commonly
referred to as karst features and their formation mechanisms are
typically attributed substantially to dissolution processes. However,
very similar features are also recognized in other strong host rocks
fractured in near-surface environments (<1–2 km depth), such as
basalts (e.g. Angelier and Mechler 1977; Schlische and Ackermann
1995; Walker et al. 2011) and crystalline basement rocks (e.g.
Beacom et al. 1999; Siddoway and Gehrels 2014; Holdsworth et al.
2019). Solution processes are relatively minor or absent in most of
these cases. Theoretical considerations and analogue modelling
studies show that the relatively high strength of carbonate and
crystalline rocks will tend to favour the formation of subvertical
dilational fissures in the near-surface during episodes of rift-related
normal or strike-slip faulting (Fig. 1a–c; e.g. Sibson 1996; Ferrill
and Morris 2003; van Gent et al. 2010; von Hagke et al. 2019). We
should therefore expect such features to be widely preserved in
ancient settings where fractured carbonates (or crystalline basement
rocks) form a basement that was exposed at the palaeosurface below
regional erosional unconformities during the early stages of rifting
prior to burial. Given the frequent global development of
hydrocarbon and geothermal reservoirs in fractured carbonates

located close to regional erosional unconformities in the subsurface
(Yang et al. 2014; Narayan et al. 2018), these fault-related fissure
systems are likely to be of potential economic significance.

Massively dilated, ancient examples of carbonate-hosted fault
zones are already known – for example, the folded Tertiary
carbonates in the UAE and Oman (van Gent et al. 2010), where they
are filled with carbonate veins, fractured wall rocks and laminated
sediment fills. Similar normal fault fissure fills – thought to be
Triassic to early Jurassic in age based on fossil evidence – are
widely recognized in the fractured Carboniferous limestone
basement that underlies the regional post-Variscan unconformity
in the Bristol Channel Basin (e.g. Wall and Jenkyns 2004; Wright
et al. 2009; Woodcock et al. 2014, their fig. 13).

We describe here in detail the nature and significance of fissure
systems filled with sedimentary material, breccia and calcite-
dominated mineral deposits hosted in fractured Devonian lime-
stones cropping out on the western onshore flanks of the offshore
Portland–Wight Basin in Tor Bay, SW England (Fig. 2). We
examine the diverse architecture of these fissure fills and their
associations with rift-related normal faults, the nature and
mechanisms of filling and discuss the significance of our findings
for fluid flow and fluid reservoir development in the subsurface.

Geological setting

Regional context and stratigraphy

Tor Bay in SW England lies within the English Riviera UNESCO
Global Geopark, stretching 9 km from Hope’s Nose [SX 94741
63546] southwards to Berry Head [SX 94563 56538] (Fig. 2).
A structurally complex basement sequence of Devonian limestones
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and calcareous mudstones was deformed during the Variscan
Orogeny (Coward and McClay 1983). It includes, from oldest to
youngest: the Early Devonian Meadfoot Group; the Mid
Devonian Nordon Formation; the Brixham (or Torbay) Limestone
Formation; and the Late Devonian Saltern Cove Formation (Strange
2001). Devonian basaltic tuffs and intrusive dolerites occur at
Saltern Cove, Black Head and Oddicombe Beach (Fig. 2) (Ussher
1903).

A little deformed and shallowly dipping (<10o) cover sequence of
red, early Permian sandstones and breccias outcrops mainly within
the central part of the Tor Bay coast (Fig. 2) (George Anniss and
Smith 1927; Shannon 1928; Strange 2001). These rocks belong to
the Torbay Breccia Formation, part of the Exeter Group (Ussher
1903; Henson 1971). They form a well-bedded sedimentary
succession, starting with alluvial conglomerates and depositional
breccias at the base, before sharply transitioning to younger cross-
bedded and well-sorted aeolian sandstones. The basement and cover
are separated by a regional-scale, post-Variscan erosive angular
unconformity known locally as the Goodrington Unconformity,
best exposed at [SX 89539 58742].

Extensive outcrops of Permo-Triassic and Jurassic sandstones
occur along the South Devon–Dorset coastline to the east of Tor
Bay, which also form key potential reservoir rocks in the offshore
Southwest Approaches petroleum system (Shail and Leveridge
2009 and references cited therein). Although separated by the
NW–SE-trending Stickleback–Lustleigh fault zone, the Tor Bay
area lies on the western flanks of the offshore Portland–Wight
Basin (Fig. 2; Harvey et al. 1994; Underhill and Stoneley 1998).
The form of the Tor Bay coastline and the margins of the offshore
basin are significantly controlled by regional-scale, subvertical
fault zones.

Pleistocene karst systems are widely developed in the Devonian
limestones onshore (e.g. Kent’s Cavern; Ussher 1903; Lundberg
and McFarlane 2007), together with interglacial raised beach
sediments (Strange 2001; Leveridge and Hartley 2003).

Structural evolution

During the Variscan Orogeny, northwards-directed contractional
deformation led to the development of northwards-verging minor
folds, cleavages and thrust faults in the Devonian basement
sequences (e.g. Coward and McClay 1983). Following uplift,
exhumation and regional erosion, the exposed limestone basement
around Tor Bay experienced one or more phases of extensional
tectonics, subsidence and sedimentation, leading to the formation of
large, steeply dipping to subvertical NNE–SSW and east–west to
ENE–WSW faults and the regional-scale Goodrington
Unconformity (Harvey et al. 1994; Shail and Wilkinson 1994)
(Fig. 2). Permian extension here is thought to be related to the post-
orogenic collapse of the uplifted Variscan orogenic belt (Harvey
et al. 1994; Ruffell and Shelton 2000). Some large basin-bounding
faults are seen onshore (e.g. at Crystal and Saltern coves), while
others are inferred to lie just offshore, with smaller fracture arrays
occurring in aligned swarms and corridors throughout Tor Bay
(Fig. 2). The open fissures associated with both fracture sets are
known to be filled with zoned calcites, complex breccias and
significant volumes of red sedimentary material (e.g. Richter 1966).

Following a period of tectonic quiescence in the Triassic, active
rifting resumed during the Jurassic. This extension was centred
offshore to the east of Tor Bay, generating large sedimentary
depocentres off the Dorset coast in the Portland–Wight Basin
(Underhill and Stoneley 1998). Unequivocal evidence for this phase
of extension is not observed within the study area because there are
no exposed Jurassic rocks onshore, but it is clearly seen offshore in
seismic reflection profiles (e.g. Underhill and Stoneley 1998).

A later Cenozoic disconformity occurs in the Eocene–Oligocene
strata of southern Britain and reflects a further period of regional
uplift. At around this time, several kilometres of sinistral strike-slip
motion are thought to have occurred along the regional NW–SE
Sticklepath–Lustleigh Fault Zone (Fig. 2; Holloway and Chadwick
1986). This NW–SE fault zone presently separates the onshore Tor

Fig. 1. (a) Hypothetical Mohr circles illustrating the translation from tensile failure at the surface to normal faulting (shear fracture) at depth (after van Gent
et al. 2010). (b) Cross-section view of fractures generated in an analogue model (van Gent et al. 2010) illustrating fault cavity architectures for different
depth zones. (c) Aerial photograph of Thingvellir Rift, Iceland showing large tensile fissures developed in basalts at the surface related to the development
of a normal fault at depth. Photograph used with permission from Yann Arthus-Bertrand, part of the Earth from Above collection (www.
yannarthusbertrand2.org; Arthus-Bertrand 2004, 2020).
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Bay area from the offshore Portland–Wight Basin located further to
the east (Fig. 2).

Field and laboratory methods

Fracture systems and their fills were studied at 14 localities around
Tor Bay (Fig. 2), where they are well exposed in the Devonian
carbonate basement located close to the Goodrington Unconformity
in coastal cliffs, wave-cut platforms and quarries (Fig. 2). Structural
geometries were recorded through the collection of orientation data,
with brittle fault kinematics measured from the offsets of markers in
the host rocks, the local preservation of slickenline lineations and the
preservation of asymmetrical shear criteria, such as en echelon veins
and slickenline steps (Petit 1987). The relative ages of fractures and
their associated fills were ascertained in the field from observations of
cross-cutting relationships. In exceptionally well-exposed cliff
sections and rock platforms, observations and interpretations were
also made using low-level areal images collected by a drone.
Representative samples of oriented hand specimens were collected
frommineral and sediment fills of fractures andwere used to study the
microstructure and relative age relationships of mineralization and
cementation using transmitted light optical microscopy.

As many of the fracture systems studied included faults with
slickenline lineations, we used palaeostress inversion techniques to

determine an approximation of the stress conditions responsible for
their formation. This was carried out using WinTensor software
(Delvaux and Sperner 2003), which uses both the PBT axes method
and the improved right dihedron method of Angelier and Mechler
(1977) and Delvaux et al. (1995). These techniques have a
consistent assumption that the slip vector data recorded in the
field are parallel to the ideal shear component of the resolved stress
tensor (Wallace 1951; Bott 1959). They are most appropriate where
the host rock is mechanically isotropic, fault displacements are
small and where data are measured across a broad range of fault
plane orientations (Angelier 1991).

To quantify the fracture connectivity and volume of sediment fills
in the Devonian basement, a drone-based orthorectified virtual
outcrop model was created for one very well-exposed rock platform
at Shoalstone Beach (Fig. 2) with an effective viewing resolution of
1–2 cm. This was then interpreted manually and ground-truthed
during subsequent fieldwork to generate a fracture trace map. This
map was used to quantify fracture attributes, both manually and
using the FracPaQ MatLab extension (Healy et al. 2017). The
relative connectivity of the fracture network was determined using
fracture topology (for details, see Sanderson and Nixon 2015), a
characterization technique that simplifies a 2D fault or fracture
network into discrete branches and nodes. The ratios between
different types of nodes (I–Y or Y–X) and branches can be used to

Fig. 2. Left-hand panel: simplified location map of Tor Bay with the key locations and study areas shown by red boxes. Right-hand panel: simplified
coastal onshore–offshore geological map of the main lithological and stratigraphic units and structures in Tor Bay. Adapted from British Geological Survey
(2004), Harvey et al. (1994) and data provided with permission by EDINA Digimap (OS VectorMap® Local [TIFF geospatial data], OS Terrain 5 [ASC &
SHAPE geospatial data] scale 1:10000, tiles sx85ne, sx85se, sx86ne, sx86se, sx95ne, sx95nw, sx95sw, sx96ne, sx96nw, sx96se, sx96sw, updated 27 June
2018, Ordnance Survey (GB), using EDINA Digimap Ordnance Survey Service, https://digimap.edina.ac.uk) (DiGRock250k [SHAPE geospatial data],
scale 1:250000, tiles GB, updated 31 December 2013, BGS, using: EDINA Geology Digimap Service, https://digimap.edina.ac.uk) (DiGMapGB-50
[SHAPE geospatial data], scale 1:50000, tiles ew339,ew350, updated 30 November 2016, BGS, using EDINA Geology Digimap Service, https://digimap.
edina.ac.uk).
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Fig. 3. Field photographs and location map of large faults at Crystal Cove (for location, see Fig. 2). (a) Maps showing key location names (left) and basic
geology (right); for key, see Figure 2. (b) View of large fault surface separating Brixham Limestone Formation (BxL) and Torbay Breccia Formation (TBf)
with a ‘wall’ of geopetal clastic sediment infill and calcite mineralization (Ca). Locations of Figure 3c, e are also shown [SX 89702 58039]. (c) Cross-
section view of the large fault in part (b) showing a c. 40 m wide V-shaped fault aperture filled with red sandstone–breccia and complex calcite
mineralization [SX 89541 57918]. (d) Slickenlines seen on the fault wall at the contact between the fault sediment infill and the limestone host rock along
the major fault in part (c) [SX 89541 57918]. (e) Geopetal sediment accumulation in a conical shaped pile within a calcite mineralized fault plane, location
shown in part (b) [SX 89590 57996]. (f ) Plan view of fault cavity infill with successive syntaxial calcite mineralization and sediment infilling giving a
strata-like banded appearance reflective of repeated opening history [SX 89619 58614]. (g) Stereographic projection of contoured poles to shear fracture
planes, mean cyclographic shear plane, slickenline lineations and tensile fracture planes.
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determine the relative connectivity and spatial characteristics of the
network. In addition, areal and volumetric calculations of the
amounts of fracture fill were undertaken using the Image Processing
toolbox of MatLab (see Supplementary Material).

Post-Variscan fracture architectures and geological
associations

Brittle fractures are well-preserved, cross-cutting Devonian base-
ment rocks and the lowermost parts (<5 m above basement) of
Permian cover sequences around Tor Bay. These structures are
characteristically highly dilational in character and consist of three
distinct void-like forms described in the following sections.

Subvertical forms

Steeply dipping to subvertical structures are the dominant form
around Tor Bay. Two categories occur: large normal faults with
apertures of up to 40 m; and 10–100 m wide fracture corridors made
up of fractures that individually have apertures of <1 m. Note that,
throughout this paper, we use the term aperture to refer to thewidth of
a fracture, including any fill – that is, the kinematic aperture of Ortega
et al. (2006). Large normal faults at Crystal Cove [SX 89656 58057],
a 400 m coastal section on the north side of Broadsands Beach,
exposes a linked array of three major, subvertical NNE–SSW faults
with apertures up to 40 m wide (Fig. 3a–c). Red clastic sedimentary
material intercalated with extensive vuggy calcite mineralization fills
the fault fissures (Fig. 3c, e, f ). A series of discrete slip surfaces with
calcite slickenfibres (e.g. Fig. 3d) are recognized separating panels of
sediment infill, brecciated basement wall rocks and dilatant calcite
mineral fills (Fig. 3b–f). The slickenfibres display normal dextral
shear senses, with rakes varying from 63o to 90o, along planes that

strike from 003o to 043o and dip from 68o to 86o E (Fig. 3g). These
sediment fills are distinctly zoned, with each widening (increasing
in aperture) towards the overlying palaeosurface unconformity in a
V-shape (e.g. Fig. 3c). These features probably formed as filled
fissure cavities, each zone representing an individual dilatant opening
event of the fissure. The cavity widens with each movement, creating
new spaces that were infilled by sediment and/or by minerals
precipitated from circulating hydrothermal or meteoric fluids. The
repeated overprinting of slickenfibres and zoned fills suggests
multiple reactivation events, with synchronous shear and tensile
fracturing behaviour close to the palaeosurface represented by the
immediately adjacent base-Permian unconformity.

About 200 m north of Crystal Cove, a small inlet called Shell Cove
(Fig. 3a) [SX 89643 58217] preserves the unconformable contact
between the Devonian limestone basement and the Permian clast-
supported breccia and interbedded sandstone cover. The lowermost
layers of this cover sequence are interpreted as flash-flood deposits
and contain clasts of the underlying limestone basement (Thomas
1909; Henson 1971). Subvertical NNE–SSW-trending sandstone
and breccia-filled fractures are seen to cut both the limestone
basement and the lowest 2–3 m of the overlying breccia. These rocks
are then disconformably overlain by cross-bedded, finely laminated
sandstone. It is difficult to demonstrate conclusively that the
sedimentary material filling the fracture cavity is continuous with
these Permian sandstones, but the lithologies are identical in
composition, grain size and rounding. We therefore suggest that
the cross-bedded sandstone either forms the sediment source or
immediately post-dates the sediment fills in the underlying fractures
and that both were deposited under similar environmental conditions.

East–west major faults are best observed at Oddicombe Beach
[SX 92645 66127] and Saltern Cove [SX 89543 58377] (Figs 2 and 4).
In the latter locality, a large east–west-trending fault system is

Fig. 4. Virtual outcrop model and field photographs from Saltern Cove (for location, see Fig. 2). Model and photographs show faulted Brixham Limestone
Formation (BxL) and Saltern Cove Formation mudstones (SCf), infilled by Volcaniclastic material (Vc) and bedded sediment of the Torbay Breccia
Formation (TBf). (a) Annotated 3D virtual outcrop model. Inset shows the stereographic projection of data from the reverse/thrust fault and slickenlines, the
dilatant fault and the bedding of the overlying limestone and a bedding-parallel fold axis [SX 89488 58535]. (b) Local geological map with main outcrops
labelled; for key, see Figure 2. (c) Section view of bedded sediment overlying the fallen limestone block. Location shown in part (a). (d) Zoned
volcaniclastic tephra within the tensile normal fault; orange material is fine-grained tuff, with suspended volcanic clasts. (e) Breccia material infilling the
normal tensile fault with clasts of brecciated orange volcaniclastic material set in a red sandstone matrix. (f ) Cross-section view of limestone-hosted vuggy
calcite-lined cavities in the hanging wall of the thrust fault.
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observed in the cliffs with an aperture of 14 m, dipping steeply north
(Fig. 4a, b). It cross-cuts a small, south-dipping Variscan thrust that
emplaces the Brixham Limestone Formation over rocks of the
younger Saltern Cove Formation. The limestone hanging wall of the
thrust fault has undergone dissolution at the intersection between
the thrust and normal fault. Calcite-bearing vugs (c. 2–15 cm) have

developed here (Fig. 4f ), some of which have been filled geopetally
by well-bedded red sandstone. A large limestone clast lies
suspended in a matrix of zoned, sub-horizontally bedded red
sandstones (Fig. 4a, c), suggesting that the emplacement of the
block was contemporaneous with the infilling by red sediments; it
appears to have fallen downwards into the cavity from the hanging

Fig. 5. Field photographs, maps and structural data from Berry Head (for location, see Fig. 2). Field photographs show Brixham Limestone Formation
(BxL), faulted and filled by calcite mineralisation (Ca), and Torbay Breccia Formation sandstones (TBf). (a) Digitized field sketch map showing locations
and orientations of the sediment-filled fractures on headland (black lines) with inset (left) oblique view of Berry Head from Google Earth, with locations
labelled. The yellow box is the location of Berry Head Quay. Second inset (right) is a stereonet showing poles to fracture planes and mean cyclographic
plane (red) demonstrating the general ENE–WSW strike and SE dip. Base map 5 m digital elevation model (scale shown) generated from Ordnance Survey
data provided with permission by Edina Digimap (OS Terrain 5 [XYZ geospatial data], scale 1:10000, tiles sx95nw, updated 3 December 2019, Ordnance
Survey (GB), using EDINA Digimap Ordnance Survey Service, https://digimap.edina.ac.uk). (b) Plan view of jigsaw breccia in fracture cavity [SX 94418
56714]. (c) View of quarry face showing red sandstone infilling and calcite vein development and cross-cutting relationships within vertical fracture cavities
in limestone [SX 94296 56619]. (d) Section view of sub-horizontal smaller fracture cavities and ‘linked-flats’ infilled with red sandstone, West Berry Head
Quarry [SX 94156 56566]. (e) Bedded red sandstone within a small irregular shaped cavity bound by syntaxial sparry calcite growth [SX 94418 56714].
(f ) Large sandstone-filled subvertical dilatant cavity (right) and bifurcated smaller cavity (left) at Berry Head Quay [SX 94418 56714].
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wall of the pre-existing thrust. The infilled cavity also contains
entrained volcanic material (Fig. 4d, e).

Dilatant fault and fracture corridors

Sub-parallel corridors tens to hundreds of metres wide are best
exposed in plan view at Shoalstone Beach and in cross-section at

Berry Head Quarry (Fig. 2; Richter 1966; Wall and Jenkyns 2004;
Woodcock et al. 2014). Other important, though less well-
developed, examples occur at Hope’s Nose. These fractures
typically have apertures of 5–15 cm, but have been observed as
narrow as a few millimetres and as wide as 4.5 m.

At Berry Head Quarry [SX 94293 56615] (Fig. 5a), the excavated
Mid Devonian limestone walls are up to 60 m high, with a single

Fig. 6. Orthorectified outcrop images and trace maps, data and field photographs from Shoalstone Beach (for location, see Fig. 2). Field photographs show
Brixham Limestone Formation (BxL), faulted and filled by Torbay Breccia Formation sandstones (TBf). (a) Virtual outcrop model in which smallest
structures resolvable are 1.5–2.5 cm. (b) Interpreted fracture trace map. Sediment-filled fractures in orange, unfilled fractures in black. (c) Sediment-filled
fracture volume map interpreted from within well-exposed selected area shown. Note the irregularity of apertures and traces. A summary of fracture volume
estimates is also given; for more information, see Appendix A (Supplementary Material). (d) Fracture topology plot of fracture node types showing
connectivity (Sanderson and Nixon 2015). Manual and automated (Healy et al. 2017) analyses show that both the unfilled and filled fractures are well
connected. (e) Rose diagrams of fracture segment strike angles generated using the FracPaQ MatLab toolbox, with the average strike in red, showing that
sediment-filled fractures are strongly orientated in ENE–WSW and north–south orientations. (f ) Section view of well-bedded sandstone fracture fill and
calcite veining from east of Shoalstone Beach [SX 93834 56770]. (g) View of single fracture c. 4.5 m in aperture filled with a uniform, homogenous
unbedded red sandstone [SX 93696 56789]. (h) Interconnected fracture network filled with homogenous red sandstone with no calcite veins lining the wall
rock contacts [SX 93775 56780].
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shelf exposure of cliff section 0.9 km long. Twenty-six subvertical
sediment-filled fractures trending either NNE–SSW or ENE–WSW
are seen here cutting homogenous massive limestones. No filled
fissure tip is observed, with fractures extending vertically over many
tens of metres with little systematic change in aperture. Despite
having seemingly constant apertures over vertical distances of up to
60 m, the walls of the fracture cavities are locally irregular, with
many large angular asperities and entrained blocks of brecciated
wall rocks (Fig. 5b, d). These features, together with the lack of any
noticeable lateral offset of bedding in the surrounding limestones,
indicates that these are predominantly tensile (mode I) opening
fractures. At the western end of the quarry, a number of moderately
dipping (c. 40°) sediment-filled cavities are also exposed linking
into vertical fractures (low-angle linkages in Fig. 5d).

At the seafront quay, c. 150 m north of the main quarry, five
bifurcating and linked sediment-filled fractures occur with
apertures up to 40 cm (Fig. 5a – yellow box, e, f ). By tracing
these fractures along-strike to the equivalent set seen in the quarry
walls, we can infer that these fractures are at least 500 m long and
show little evidence of narrowing or tipping out laterally,
indicating a still larger fracture trace length. A minority of the
exposed margins of these fractures appear to have been smoothed.
These are interpreted as possible local karst weathering features
(Dubois et al. 2014). This suggests that these cavities were open
close to the surface and were permeable to fluids prior to infilling.
Note, however, that the evidence for dissolution is generally
limited and that the vast majority of exposed fracture walls feature
angular to sub-angular asperities, which can be matched exactly to
the opposing fault walls, along with textures such as jigsaw
brecciation, which would not be preserved if dissolution had
widely affected the fracture surfaces.

A large 700 m long wave-cut platform occurs at Shoalstone
Beach, NE of Brixham harbour [SX 93608 56816] (Figs 2 and 6;
Richter 1966). Here, an exceptional 2D plan view of sediment-filled

fracture networks is exposed cutting Mid Devonian limestones
(Fig. 6a–h). As in previous locations, shear offsets of bedding are
minimal and the fractures are almost entirely dilational mode I
features. Previous researchers have noted that the subvertical
fissures occur here in two sets (Richter 1966). An older, paler
coloured ENE–WSW set is cross-cut by younger, darker north–
south set (Fig. 6f–h). These relative age relationships are typical of
the Tor Bay region as a whole and, given the exceptional exposure,
this locality can be regarded as the type locality for these sediment-
filled fractures.

At Hope’s Nose, Mid Devonian reef limestones are cut by
irregular sediment- and calcite-filled faults and rare sulfide
mineralized fault breccias (Fig. 7a, b). Several faults show a
stratigraphic control, where the mode of failure changes within
different host units (e.g. Fig. 7c, d). For example, where thicker
bedded, more competent limestones are offset, the fault is dilatant
(mode I) with a wide aperture (up to 65 cm) filled with sediment.
Traced upwards into the directly overlying finer bedded limestones
and tuffs, the fault shallows in dip by 20o and becomes a narrower
shear fracture (modes II/III) (Fig. 7c). This section of the fault
contains breccia and slickenlines, which indicates a normal shear
sense (Fig. 7e). In some cases, blind faults are observed to have
generated open forced folds directly above the propagating fault tip
(Fig. 7d). The fracture sets at Hope’s Nose show cross-cutting
relationships opposite to those seen in the rest of Tor Bay – that is,
sets of (unfilled) north–south fractures here are cut by (sediment-
and breccia-filled) east–west faults. These east–west structures show
brecciation of mineral fills, suggesting that there was later local fault
reactivation here, which may help to explain the difference in
percolating fluid chemistries at Hope’s Nose described by Shepard
et al. (2005). Once again, a minority of fractures at Hope’s Nose
show smoothing of the cavity walls and apparent locally widened
apertures (e.g. Fig. 7a), suggesting some minor karstification prior
to sediment infilling.

Fig. 7. Field photographs and structural data from Hope’s Nose, showing Meadfoot Group deposits (Mdt), fractured and filled by Torbay Breccia Formation
sandstones (TBf), calcite mineralisation (Ca), and Saltern Cove Formation mudstones (Scf). (a) Section view of red sandstone-filled, lozenge-shaped
subvertical fracture cavities showing minor dissolution of the limestone host rock and early karstification prior to the deposition of the infill [SX 94932
63666]. (b) Multiphase mineralized breccia. Clasts include limestone, mudstone and earlier brecciated calcite, cemented by secondary calcite and darker ore
minerals (arrowed). (c) Section view of ‘fracture stratigraphy’ showing dilatant fracturing in thickly bedded limestones below and shallower dipping narrow
shear fracture in thinly bedded mudstones above [SX 94942 63705]. (d) Section view of forced fold in finer bedded units. (e) Stereonet showing poles to
fracture planes and slickenline lineations from Hope’s Nose, with mean plane and vector data shown in red [SX 94952 63634].
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Fig. 8. Field photographs of fissure fills
from key outcrops around Fishcombe Point
and Fishcombe Cove. Field photographs
show Brixham Limestone Formation (BxL),
faulted and filled by calcite mineralisation
(Ca), and Torbay Breccia Formation
sandstones (TBf). (a) Local geological map
and (b) stereonet showing poles to
sediment-filled fracture planes for Elberry
and Fishcombe, demonstrating east–west
and north–south trends as seen in the mean
cyclographic planes (north–south in red,
east–west in blue); the dark red dashed line
corresponds to the large fault at Fishcombe
Cove. For key to geological map, see
Figure 2. (c) Section view of subvertical
sediment-filled fault cavity at Fishcombe
Point (white lines) and two sets of
intersecting sub-horizontal fault cavities
(highlighted in yellow). Host rocks are
folded Devonian limestones and interstitial
mudstones of the Brixham Limestone
Formation. Locations of parts (d–f ) are also
shown [SX 91825 57062]. (d) Section view
of horizontal fracture cavities showing the
relationships between calcite mineralization,
minor limestone dissolution and sediment
infilling. (e) Sand-volcano structures at the
intersection of vertical and horizontal
fractures. Note the conical shape and central
vent and apparent fingering of sediment
downslope. (f ) Section view of horizontal
cavity partially filled with red siltstone–
sandstone, with the tips of scalar
scalenohedral calcite crystals poking
through the top surface. (g) Section view of
large red sandstone-filled cavity with calcite
lining at Fishcombe Cove. Location of part
(h) is shown by the black box [SX 91979
56929]. (h) Close up of red sandstone-filled
fracture cavity in part (g), bound by thick
calcite veins. Sediment is bedded showing
geopetally inclined and horizontal beds in
addition to a single well-developed flame
structure, all highlighted in yellow. (i) View
of cross-cutting red sandstone-filled
fractures at Fishcombe Cove, younger
north–south set picked out in white, older
east–west set highlighted in yellow [SX
91976 56949].
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Sub-horizontal forms

Where present, sub-horizontal fracture cavities are usually asso-
ciated with large vertical faults and fractures. They have previously
been referred to as Liassic veins and sedimentary sills (Smith 1952;
Richter 1966; Peterson 1967). At Fishcombe Point [SX 91843
57053] (Fig. 8a–d), two small horizontal, partially sediment-filled
cavities occur in Mid Devonian limestone with exceptionally well-
developed fractal scalenohedral calcite crystals, which line the
cavity walls (Fig. 8c–f ). These horizontal cavities link into a large
(3–17 cm wide, >10 m long) vertical sediment-filled fracture,
progressively thinning away from it until they eventually pinch
out (Fig. 8c). The horizontal cavities are partially filled by a red
homogenous sediment continuous with the sediment fills in
the vertical fractures, although it is much finer grained (20–50
v. 250–1000 µm) (Fig. 8d–f ). These horizontal cavities are sub-
parallel to the pre-existing bedding in the limestone basement
(Fig. 8c) and feature locally smoothed cavity walls, indicating that
some minor dissolution has occurred during cavity creation (Dubois
et al. 2014).

Irregular cavity forms

Cavernous carbonate-hosted voids are subordinate features compared
with the other forms of fill and are morphologically diverse. At
Fishcombe Cove [SX 91979 56942] (Fig. 2), the coastal exposures
host a densely packed network of steeply dipping, sediment-filled
fractures trending NNE–SSW and east–west (Fig. 8b, i), which show
the same cross-cutting relationships as seen at Shoalstone Beach. Less
than 10 m east along the coast, a near spherical fracture cavity up to
2 m in diameter occurs and is filled with homogenous, unbedded
Permian sandstone. At Fishcombe Point, a series of small 20 cmwide
sediment-filled fractures are connected to a number of irregular
lozenge-shaped, low aspect ratio (cave-like) cavities (1.7 × 0.5 m)
lined with calcite (c. 10 cm thick) and filled with bedded Permian
sandstone (Fig. 8g, h).

Infills: nature and processes

The intimately associated sediment and calcite fills found associated
with faults and fractures in the Tor Bay area must have formed close

Fig. 9. Field photographs of types of calcite mineralization found in fracture cavities around Tor Bay. (a) Simple scalenohedral (dog-tooth spar) calcite,
Crystal Cove [SX 89615 58018]. (b) Complex scalar scalenohedral calcites growing in a sub-horizontal fracture cavity, Fishcombe Point [SX 91828 57061].
(c) Rhombohedral (nail-head spar) sparry calcite, Crystal Cove [SX 89615 58018]. (d) Euhedral cubic calcites, Crystal Cove [SX 89586 57977].
(e) Splaying ‘plumose’ calcites later partially filled with sandstone in a loose boulder found near Broadsands Beach [SX 89615 58018]. (f ) Colour zonation
in individual calcite crystals showing variations in hematite content, Crystal Cove [SX 89586 57977]. (g) Travertine mineralization, Hope’s Nose quarry
[SX 94924 63660].
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to the surface based on their proximity to the regional unconformity
and the close lithological similarity of the sediment fills to the
immediately overlying basal Permian strata.

Mineral fills

Fracture walls are typically lined by sparry calcite fills, which vary
significantly in size and morphology from millimetre-thick blocky
to metre-thick coarse crystalline spars (Figs 5e, 8d, f and 9a–g).
Where sediment fills are present, the veins are normally a few
centimetres thick and typically occupy <10–15% of the fracture
volume. The calcites are mostly milky white, but dark grey fills are
locally developed containing impurities such as carbon or fine iron
oxide. Thick sparry calcite veins are consistently syntaxial and grow
inwards from the cavity walls (Fig. 9a–f ). The associated sediment
fills are commonly cross-cut by smaller, younger calcite veins
(e.g. Fig. 10b) and new fissure cavities may be present in the
infilling sandstone, which are also lined by crystalline calcite (e.g.
Fig. 3c, f ).

A variety of crystalline calcite forms are observed (Fig. 9),
including: scalenohedral (dog-tooth spar) (Fig. 9a); a delicate fractal
scalenohedral variety (Fig. 9b); rhombohedral (nail-head spar)
(Fig. 9c); fine-grained and sheeted (Fig. 9g); dendritic (Fig. 9e);
millimetre- to centimetre-scale stalactites and blocky calcite
(Fig. 9d). Fibrous forms are largely absent, except as slickenfibres
developed on larger fault surfaces (e.g. Fig. 3d).

Syntaxial cavity-filling textures are best displayed by the
scalenohedral and rhombohedral forms (Figs 4f, 8d, f–h, 9a–f and
10b). Both types are known to form in near-surface environments
(e.g. García Carmona et al. 2003; Milodowski et al. 2018) and the
lack of mixed calcite morphologies in single fractures suggests that
the fluid compositions, water depth and/or temperature may have
fluctuated during fissure filling.

Small amounts (<1 cm thick) of fine and sheeted calcite –
interpreted to be travertine and flowstone – are seen lining cavity
walls in a minority of locations (e.g. Hope’s Nose, Fishcombe
Point) (Fig. 9g). These features suggest that a limited degree of
karstification may have affected some of the open fractures, which
also show evidence for minor dissolution (smoothing) along the
cavity walls. These karstified fractures can be distinguished from the
effects of later Cenozoic–Recent weathering because they are
partially covered by Permian sandstone infills.

Calcite textures are consistently growth-zoned, with large
scalenohedral calcites commonly showing orange bands parallel
to the crystal faces (e.g. Fig. 9f). Colour zonations like this are
thought to be controlled by small fluctuations in fluid conditions/
chemistry (Paquette et al. 1993; Guoyi et al. 1995; Milodowski
et al. 2018). The bright orange stained zones/bands within the
calcite crystals probably formed as a result of the enrichment of iron
oxides in the mineralizing fluids, which were then precipitated as
thin hematite coatings and trapped as iron-rich fluid inclusions
(Milodowski et al. 2018). More generally, the syntaxial calcites
show a marked coarsening-inwards texture (Figs 9a–f and 10b).
Multiple sequences of calcite growth from a single wall rock
interface are locally developed, with up to three or four bands of
coarsening-inwards calcite within a single vein (e.g. Fig. 10b). This
is probably due to the repeated pulsing of fluids through the open
fracture systems, each generating a renewed phase of mineralization.

Sedimentary fills

Most fills in subvertical faults and fractures are consolidated red
sandstones consisting of well-rounded, medium to coarse grains
(100–200 µm) of quartz coated in a thin layer of hematite (Fig. 10a–
e; Richter 1966). The grains are exceptionally well sorted and most
of the sands are homogeneous, structureless and massive (Fig. 10d,

Fig. 10. Thin section photomicrographs of sediment infills. (a) Plane-polarized light (PPL) image of sub-rounded red sandstone grains in contact with a
calcite vein. Quartz sand grains are coated by a thin rim of hematite. The calcite vein grows in optical continuity with the sandstone cement. (b) Thin
section chip from a fracture fill at Shoalstone Beach showing the multiphase calcite vein–sediment infilling relationships. (c) PPL image of red sandstone
infilling gap between two scalenohedral calcite crystals. Note the lack of compaction and high porosity (blue stain). (d) PPL image of heavily cemented red
sandstone infilling a fracture cavity and showing the paucity of contact points between grains. (e) PPL image of fine-grained red silt from sub-horizontal
cavity, consisting of material probably elutriated from a nearby vertical sandstone-filled fracture. (f ) PPL image of cockade-style quartz mineralization of
individual grains with intergranular porosity (blue). Rounded quartz grains with a thin hematite coating are enclosed by quartz cement growing in optical
continuity with the clastic grains. (g) Cross-polarization image of part (f ) highlighting the optical continuity of the cockade-style quartz cement surrounding
each quartz grain, which are separated by a thin hematite coating.
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e). Bedding, where present, is defined by small variations in grain
size and/or by thin laminations of fine silt (Figs 3e, 4c, 5e, 6f and
8h). A proportion of the original porosity in the sediment fills is
occluded by mineral cement, but open porosities of up to 10% are
common (e.g. Fig. 10c) and locally reach 35%.

In most of the Tor Bay area, fills in the older east–west set of
fissures are calcite-cemented, with a great deal of associated calcite
veining, whereas the fills in the younger north–south set also feature
regions of quartz cement in addition to lesser amounts of calcite
(Richter 1966). It is not certain whether this reflects a change in the
depositional conditions, but in every other respect the fissures are
identical. Where calcite cements are present in the sediments, they
grow in optical continuity with large calcite crystals in adjacent
mineral fills (Fig. 10a). Where quartz cements are present in the
sediment fills of north–south fractures, they are seen to grow in
optical continuity with the clastic quartz grains they enclose
(Fig. 10f, g), which can be recognized by a thin coating of hematite.
Collectively, all of these features suggest that fissure-hosted
sedimentation, cementation and calcite mineralization were all
contemporaneous.

Further evidence for this contemporaneity comes from the
preservation of striking pyramidal piles of sandstone–siltstone
within large vertical fault fills and fractures (Fig. 3e). At Crystal
Cove, hundreds of these red sediment pyramids can be seen in cross-
section within a large calcite-lined north–south fault cavity. They
vary in size from millimetres to tens of centimetres across and, in

many places, preserve shallowly dipping bedding laminations in the
centre of the pyramid, progressively steepening towards the margins
(Fig. 3e). Similar features have been described by Woodcock et al.
(2014) and are thought to represent geopetal accumulations of
sediment that have been washed into open, partially mineralized
fault cavities and piled up on any asperities or fallen clasts of wall
rock that were present.

Chaotic breccia fills up to several metres wide are found in many
sediment-filled fissures around Tor Bay. The most common type
consists of irregularly oriented, angular clasts of wall rock limestone
that show no evidence of attrition or rounding (e.g. Figs 4a, c, 7b
and 11c). These are thought to have formed by collapse of the wall
rock into open fissures (Woodcock et al. 2014). Locally, jigsaw-
type breccias are developed where clast fragments are seen to be
only slightly displaced from their original position (e.g. Fig. 5b). In
all cases, the breccia clasts are held in a uniform matrix of red
sandstone, suggesting that brecciation occurs coevally with
sediment infilling.

A few more exotic fills are found locally in some larger fracture
systems. At Saltern Cove, an irregular zone of breccia fill includes
clasts of tephra with associated copper and lead mineralization,
enclosed in a matrix of fine-grained red sandstone (Fig. 4d, e).
Clasts are of orange-coloured tuff and copper-rich clasts of volcanic
ejecta. The sandstone matrix here preserves bedding laminations
that wrap around the volcaniclastic clasts, suggesting that they were
already lithified before being incorporated into an open cavity along

Fig. 11. Fissure-fill elutriation and emplacement sorting processes. Field photographs show Brixham Limestone Formation (BxL), faulted and filled by
calcite mineralisation (Ca), Torbay Breccia Formation sandstones (TBf), and clasts of undifferentiated Devonian mudstones (Dm). (a) Illustration of near-
surface fault architectures and the sorting of unconsolidated infills by fluid flow. (i) Emplacement sorting process where fine material is held in suspension
by a fluid and is unable to enter the fracture system, while coarser material rolling around on the palaeosurface is able to fall in. (ii) Elutriation of finer
sediment by fluid percolating vertically through the fracture-hosted unconsolidated sediment. Coarser material is held in, or falls out of, suspension, whereas
fine material is winnowed out. This fine material is then either deposited where the fluid velocity drops in horizontal or dead-end fractures, or is expelled at
the palaeosurface. (b) Section view of subvertical to sub-horizontal filled fracture linkage showing fining of the fill in the horizontal fracture away from the
vertical cavity. Taken at Fishcombe Cove [SX 92021 56996]. (c) Plan view of subvertical fracture in part (b) showing cockade-style calcite mineralization
around angular clasts of Devonian mudstone and Brixham Limestone (BxL). The host rock is Brixham Limestone, suggesting the upwards migration of
older Devonian mudstone clasts in the cavity. Note the near-uniform clast size and lack of fines despite the proximity to the fine red sedimentary material
shown in part (b). BxL, Brixham Limestone; Dm, Devonian mudstone.
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with the unlithified sand. This volcanic material may have
originated from the Late Devonian interstitial basaltic tuffs within
the Saltern Cove Formation, reworked at the surface and emplaced
into the cavity (Smith 1952). The vertical and horizontal zonation of
the sediment infilling the large normal fault cavity here further
suggests that this fault-related fissure was repeatedly and cyclically
reactivated, dilating and filling iteratively over time.

At Fishcombe Point and SE of Fishcombe Cove, the sedimentary
fills in sub-horizontal fractures are finer grained (20–50 µm) than the
adjacent vertical fracture fills and show normal grading consistent
with deposition from a fluid suspension. This may indicate that these
open fractures were regions of lower energy fluid flow, where finer
sedimentary material elutriated from the adjacent, faster flowing
vertical fracture cavities was deposited (Cox and Munroe 2016). The
local development of sand volcanoes close to the intersections of
vertical and horizontal cavities (e.g. Fig. 8e) also points to fluid
fluxing and elutriation. Along the slopes of the sand volcanoes,
interfingering sedimentary structures with slight variations in grain
size reveal different depositional events, showing that these probably
formed iteratively over many repeated fluid flux events (Fig. 8e).

A large lozenge-shaped sediment fill with an aperture of a few
tens of centimetres occurs along the eastern side of Fishcombe Cove
(Fig. 8g–i). The fracture is lined by sparry calcite and the infilling
sediment hosts an array of sedimentary structures, including cross-
bedding and dewatering structures (Fig. 8h). Unusually, the earliest
sediment fills here were concentrated along the sides of the cavity in
very steep beds, most probably caught against the walls because the

majority of the sediment fell deeper into the fault cavity. Once the
steep beds met and blocked the fissure, shallowly dipping beds were
deposited on top. These beds preserve dewatering and flame
structures consistent with periodic fluid fluxing events (Fig. 8h).

Discussion

Our observations indicate that the fracture-hosted cavities in the
Devonian limestone basement are fault-related fissures formed at, or
within no more than a few hundred metres of, the surface. These
cavities have been pervasively infilled by Permian red sediment,
with broadly contemporaneous calcite (and minor quartz) mineral-
ization. The near-surface interpretation is predicated on the close
spatial association between the occurrence of the red sediment fills
and the presence of the regional (early Permian) unconformity. The
clastic material either fell, or was washed, into a network of long-
lived open, subterranean cavities and was then variably reworked
and redistributed by periodic upwards-directed fluid fluxes
(Fig. 11). The intimate association between the sediment fills and
the calcite-dominated mineral fills suggests that these fluid fluxes
are plausibly related to active rifting in the early development of the
Portland–Wight Basin.

Karstification v. tectonic fissure formation

Karstification has a significant role in the development of cavity
systems in shallow basement carbonates worldwide (Hauselmann

Fig. 12. Palaeostress analysis of slip
vectors (slickenlines) from major fault
planes using WinTensor (Delvaux et al.
1995; Angelier and Mechler 1997).
Results tabulated in upper panel and
illustrated in stereonet projections in the
lower panel.
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et al. 1999). In the Tor Bay area, large Quaternary cave systems are
known within the carbonate basement, such as Kent’s Cavern
(Lundberg and McFarlane 2007). However, most of the fracture
cavities directly associated with Permian sediment and mineral fills
in fissured limestone show very angular cavity walls and asperities,
with little or no evidence of aperture widening and dissolution (see
also the examples discussed by Woodcock et al. 2014). The
preservation of faults with shear offsets and slickenlines is further
evidence of tectonic faulting at the time of open fissure formation.
Fifty slickenside lineation measurements and relative displacement
senses were subjected to a stress inversion analysis. (Fig. 12). The
results suggest that both east–west and north–south structures
formed under an extensional radial stress system (vertical s1) with a
NNW–SSE primary extensional axis (s3) and an ENE–WSW
secondary extensional axis (s2) (Fig. 12). Collectively, these
observations suggest that the majority of fissure fills here are of
tectonic origin and the extensional stress system shows that they are
most likely related to the early stages of Permian rifting and basin
formation rather than Variscan contractional deformation. Analogue
models of dilatant normal fault systems in carbonates have shown
how vertical tensile fissures formed in the near-surface link at depth
to inclined hybrid and shear fractures with dilational jogs at
intermediate levels (Fig. 1a, b; van Gent et al. 2010). Importantly,
the NNW–SSE extension direction derived here is consistent with
the direction of Permian rifting inferred from onshore and offshore
geological studies in SW England (see Shail and Leveridge 2009
and references cited therein).

Mineral filling mechanisms

Mineral zonation and cockade textures (Frenzel and Woodcock
2014 and references cited therein) are widely recognized on micro-
to meso-scales, with the best examples preserved at Crystal Cove,
Petit Tor Point and Shoalstone Beach. Here, the mineralized fracture
cavity fills have individual clasts that are completely surrounded by,
and therefore appear to float in, multiple concentric layers of cement
(Figs 7b, 10e and 13a). Elongate scalenohedral or rhombohedral
calcites surround clasts ranging from single quartz sand grains to
large clasts of Devonian wall rock (Figs 10e and 13b). The paucity
of contact points between the clasts suggests that the clasts are free
to move away from one another. Fractured cockades (e.g. Fig. 13b)
are locally preserved, but the more widespread development of
uniform overgrowths within and between clasts requires that the
mineral cements grew evenly on all sides of each clast at the same
rate. Although some of the concentric overgrowths may be the result
of a cut effect during sampling, their prevalence across multiple
samples and the paucity of contact points between clasts shows that
the majority are true cockades. This suggests that they grew either in
suspension and/or by repeated accretion and rotation of clasts in an
upwards-flowing supersaturated fluid (Fig. 13a, b; Frenzel and
Woodcock 2014; Cox and Munroe 2016). More generally, the
preservation of such textures indicates that the fracture cavities
remained open for significant periods and were subject to episodic
fluid fluxes with significant flow velocities. The open nature of the
fissures is consistent with filling by red sediment derived from
above and the ubiquity of this relationship suggests that complete
sealing of mineralized fissures rarely occurred (see discussion in
Frenzel and Woodcock 2014).

Crack-seal textures and fibrous calcite fills are preserved widely
in dilational calcite veins in the Devonian basement rocks, where
they also have a distinct yellow coloration compared with the
younger milky white fissure-fill calcites. These older features are
widely interpreted to indicate the cyclic build-up of fluid pressures
leading to repeated episodes of hydraulic fracturing and mineral
precipitation (e.g. Ramsay 1980; Cox and Etheridge 1989). The
absence of such features in the later mineralized mode I fractures of

inferred Permian age is consistent with the fissures remaining open
or partially open as a result of their near-surface location, meaning
that significant build-ups of fluid pressure, which might lead to

Fig. 13. Examples and models of multiphase breccia formation. Field
photographs show fissures fills within the Brixham Limestone Formation
(BxL) containing calcite mineralisation (Ca), bedded Torbay Breccia
Formation sandstones (TBf), and clasts of undifferentiated Devonian
mudstones (Dm). (a) Fault breccia from Petit Tor Point displaying
cockade-style mineralization with clasts of angular limestone separated by
calcite mineralization. This is different from other cockade-style fabrics in
Tor Bay because the thickness of calcite veining varies [SX 92649 66144].
(b) Section view of fault infill from Crystal Cove showing fractured
cockade-style brecciation, mineralization and geopetal sediment infilling
around clasts of suspended older wall rock [SX 89541 57918]. (c) Panelled
illustration of formation of fault infill seen in part (b) from repeated fault
movement, fluid flux events and passive sedimentary infilling.
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hydraulic fracturing (i.e. fault valve behaviour; Sibson 1990; Cox
and Munroe 2016), did not occur.

Red sediment filling mechanisms

Sediment-filled fractures are commonly referred to as either
neptunian dykes or injectites (Richter 1966; Martill and Hudson
1989; Siddoway and Gehrels 2014; Siddoway et al. 2019).
Sediment that has been driven into a fracture cutting a low-
permeability host rock in the subsurface is commonly referred to as
an injectite (Hurst et al. 2011 and references cited therein). Injectites
are generated where overpressure develops in a poorly consolidated
uncemented sandstone, leading to hydraulic fracturing in an
adjacent (usually) overlying lithology, but they have also been
recognized in crystalline basement lithologies beneath unconfor-
mities (Siddoway and Gehrels 2014; Holdsworth et al. 2020;
Siddoway et al. 2019). A lack of internal sedimentary structures is a
characteristic feature of injectite sediment slurries (Walton and
O’Sullivan 1950; Peterson 1967; Walker et al. 2013).

There is little evidence for the injection of sediment in the Tor
Bay area. Although it is not ubiquitous, horizontal bedding is locally
observed within many cavity fills (Figs 3e, 4c, 5e, 6f, 8h and 13b)
and the large euhedral, scalenohedral form of the calcite crystals that
line the fracture cavities shows that the voids were open before
sediment infilling (Figs 5e, 8c–h and 9e). Laminated sediment fills
are also associated with a variety of geopetal structures that
consistently young upwards and show that sediment progressively
filled pre-existing open voids (Figs 3e, 4c, 5e, 6f, 8c–h and 13b).
The frequent lack of bedding laminations in many Tor Bay
examples may be due to the periodic and repeated upwards
percolation of fluids through the sediment-filled fracture systems
during and immediately following deposition, but prior to
lithification (Fig. 11). This fluid flux could have been sufficient to
destroy any sedimentary structures and cause a large-scale sorting/
local homogenization effect by elutriating the sediments and

removing fines. Close to some of the larger basin-bounding
faults, there is evidence of multiple fault movements at the same
time as hydrothermal mineralization and sediment deposition. It is
certainly conceivable that the repeated opening and closing of fault
and fracture cavities in cohesive limestone basement close to the
surface would lead to local changes in fluid pressure. Hence it may
be that finer silty fractions were forced into open fractures following
elutriation (Fig. 11a–c). The result is a mass of sediment that has
pervasively invaded any available and connected void space in the
limestones below the regional base-Permian unconformity.

Given the evidence for the flux of fluids through the sediment-
filled fractures, it seems likely that some sediment was ejected from
the fracture system and effused at the surface, but has since been
removed due to the erosive nature of the base-Permian unconform-
ity. This would probably appear in the rock record as sand
volcanoes, similar to those seen within some horizontal fault
cavities (e.g. Fig. 8e). Sand volcanoes are well reported in the rock
record (Gill and Kuenen 1957; Rowe 2013), but are more
commonly associated with liquefaction processes during seismic
shaking, rather than co-seismic fluid flux. Large magnitude
earthquakes – such as in Christchurch, New Zealand (2011),
Niigata, Japan (1964) and the New Madrid Seismic Zone, USA
(1812) – have been shown to produce sand volcanoes at the surface
as a result of co-seismic liquefaction processes. However, despite
the lack of onshore examples, large offshore submarine mud
volcanoes – such as the Bortoluzzi volcano, offshore Calabria,
Italy – often sit above major active fault zones and are formed
through similar processes (Cuffaro et al. 2019).

What drove fluid flow?

Although it is clear that the limestone-hosted fractures formed close
to the surface and were open for long time periods, there is also
evidence for cyclical, upward fluid fluxing events. Given the
tectonic origin of the fissure systems and the clear association with

Fig. 14. Schematic synoptic illustration of a typical near-surface, mineral- and sediment-filled fault and fissure system and processes hosted in carbonate
basement based on observations in the Tor Bay area.

Sub-unconformity fissures in fractured carbonates

 by guest on August 20, 2020http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


active Permian rifting, it is likely that the migration of these fluids
could be driven by co-seismic slip along larger basin-bounding
faults at depth (Sibson et al. 1975; Sibson 1981, 1994; Muir-Wood
and King 1993). Semi-regular slip events along large faults will lead
to changes in the shape and volume of fault voids, driving fluids out
and drawing fluids in throughout the connected void network, and
suspending or rolling clasts around and precipitating minerals (Figs
13c and 14). Because the architecture of the observed fault voids are
often irregular, curvilinear and bifurcated, the opportunity to
develop dilational jogs and props is widespread. As the faults
accumulate slip, these jogs will open and close, creating and
reducing fracture volumes and causing changes in pressure, leading
to the mobilization of fluids and suspended sediment throughout the
connected cavity network. It is not known whether the fluids
involved here were meteoric or hydrothermal – or a mixture of
both – and fluid inclusion and stable isotope analyses are required to
determine the origins of the host fluids. Either way, a tectonic
mechanism related to seismogenesis during rifting seems a
plausible driving mechanism.

Implications for long-term fluid transport and storage

As the marginal parts of many rift basins overlie regional erosional
unconformities, there is every reason to extrapolate that similar
sediment and mineral-filled fissure systems may form anywhere
where the basement is strong and cohesive (e.g. massive carbonates,
crystalline basement and basalts). Examples of such fills from the
geological record have been described in all these rock types (e.g.
Angelier and Mechler 1977; Schlische and Ackermann 1995;
Beacom et al. 1999; Walker et al. 2011; Siddoway and Gehrels
2014; Siddoway et al. 2019). Good modern examples are seen
associated with the Dabbahu Fissure (Affar rift, Ethiopia) (Rowland
et al. 2007) and theMid-Atlantic Ridge (Iceland) (Kettermann et al.
2019). These modern examples also feature fissures filled with
surface detritus (sediment/lava/scree) and are formed along tectonic
boundaries (Rowland et al. 2007; Kettermann et al. 2016, 2019).
Similar structures to those studied here, such as zoned calcite
mineralization, are also reported in modern fissure systems (De
Filippis et al. 2012).

As the basement subsides and is buried, the sediment and mineral
fills prop open the highly interconnected network of cavities,
potentially maintaining the large apertures and connection pathways
(Holdsworth et al. 2019, 2020). If the sediment within the cavities is
largely free of clay due to the effects of elutriation and is well sorted
and distributed throughout the fracture network, then it has the
potential to preserve a high porosity and permeability, provided that
the pore space does not become completely occluded by mineral
cement. Although a detailed porosity analysis of the Tor Bay
fissures has not been carried out in the present study, optical
estimates from thin sections suggest local porosities of 10–35%,
which is significantly higher than in the surrounding Devonian
limestones. This illustrates that these fracture fills are potentially
important sites for the subsurface storage of fluids in hydrocarbon
basins, geothermal reservoirs or aquifers.

The drone-based orthorectified virtual outcrop model (Fig. 6a)
and fracture trace map (Fig. 6b) from Shoalstone Beach illustrate in
plan view the very high interconnectivity of the sediment- and
mineral-filled basement fissure systems formed in near-surface
settings (Fig. 6a–d, g, h). A fracture topology plot (Fig. 6c;
Sanderson and Nixon 2015) shows the connectivity of both the
unfilled and sediment-filled fracture networks at Shoalstone Beach,
with >1.8 connections per fracture branch (>1 is the threshold for a
connected network). All the sampled fracture networks show a
dominance of Y-nodes over X- or I-nodes, although the unfilled
network has more I-nodes despite the higher number of fractures
present. An areal calculation showed that, in fracture corridors such

as this, the percentage area of potentially highly permeable
sandstone fill locally reaches up to 69%. Further details of the
virtual outcrop modelling and analysis, including an attempt to
estimate the total volumes of fracture fill, is given in Appendix A.

In the light of these findings, it is important to note that the basal
Permian–Triassic unconformities in the southern part of the UK are
widely known to be associated with clastic and mineral infills (e.g.
Woodcock et al. 2014, see their fig. 13). For example, in
Pembrokeshire, Carboniferous limestones are cut by large sediment-
and mineral-filled faults and fractures formed during the opening of
the Bristol Channel Basin. The late Triassic sediment fills here
feature cockade textures and geopetal accumulations, whereas the
limestones show only minor karstic dissolution and extensive
brecciation (Wright et al. 2009; Woodcock et al. 2014). Arrays of
red Triassic to early Jurassic sediment-filled fractures and faults also
cut Carboniferous limestones in the Mendips (Williams 1986; Wall
and Jenkyns 2004).

Collectively, our observations may explain why the basal Permo-
Triassic unconformity and underlying fractured basement are
thought to form a significant aquifer and potential geothermal
reservoir in the southern British Isles. The unconformity is thought
to provide an ingress point for fluids to generate substantial recent
karst networks, potentially enabling deep-heat geothermal prospects
(Narayan et al. 2018 and references cited therein). Faults and
fractures with porous fissure fills will probably enhance the
penetration of karstifying fluids, augmenting the potential for
basement Devonian–Carboniferous limestones to be a significant
geothermal reservoir. Fracture attribute and connectivity informa-
tion collected in field sites, such as the Shoalstone Beach outcrop,
could be important in helping to build better predictive fractured
reservoir models.

Reactivation and timing relative to other regional events

Apart from the larger basin-bounding fault zones, such as those of
Crystal and Saltern coves, there is relatively little evidence for
reactivation of the fractures and associated fissure fills. An
exception occurs at Hope’s Nose. Mineralized fault breccias here
are developed inMid Devonian limestones (Russell 1929; Scrivener
et al. 1994). These fault breccias trend broadly east–west (090–
123o), cross-cutting a set of unfilled north–south fractures. The
presence of re-brecciated calcite breccia here (Fig. 7b) shows that
the east–west faults and fracture corridors have been reactivated.
Dendritic native gold, palladium and hematite mineralization within
the re-brecciated fractures is associated with localized acidic fluid
alteration of calcite (Russell 1929; Scrivener et al. 1994). This
chemically diverse, cross-course mineralization has been dated at
236 Ma ± 3 Ma (mid- to late Triassic) using Rb–Sr dating of quartz
by Scrivener et al. (1994). These researchers suggested that the
fluids were basinal brines originating from the Permo-Triassic New
Red Sandstone and Aylesbeare mudstones. It is also plausible that
they are a distal manifestation of the rifting responsible for the
formation of fissures in the region of the Bristol Channel Basin to
the NW (Woodcock et al. 2014 and references cited therein).
Collectively, these observations illustrate that the initiation of the
Portland–Wight Basin (Permian) was significantly earlier than the
onset of rifting to form the Bristol Channel Basin (Triassic–Jurassic)
in SW England.

Conclusions

The geological material found within fracture-hosted cavities in
basement rocks below regional unconformities preserves a valuable
and under-utilized source of information about early basin histories.
The fissure-fill systems formed in the fractured Devonian lime-
stones of the Tor Bay area (Fig. 14) are thought to have formed
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during early Permian NNW–SSE rifting linked to early stages in the
opening of the offshore Portland–Wight Basin. Cyclical and
iterative precipitation of mainly calcite from circulating, possibly
upwelling, fluids occurred close to the surface (<1 km depth) in the
fissures, plausibly related to repeated seismogenic faulting during
rifting. At the same time, clastic sediments and wall rock fragments
fell into, or were washed into, the open fault-related fissures from
above (Figs 11 and 14). Once incorporated, the sedimentary
material in the fissures was commonly repeatedly remobilized,
sorted and redistributed by further episodes of fluid circulation
throughout the near-surface fissure network. These fractures were
effectively propped open by their sediment and mineral fills and
also by the inherent irregularity of the cavity walls, preserving their
interconnectivity and potential permeability (Fig. 14). This may
explain why the basal Permian–Triassic unconformities of southern
England, which are known to be widely associated with filled
fissures of this kind, are associated with the development of
significant regional geothermal reservoirs and aquifers. This is also
likely to be the case globally in sub-unconformity settings of this
kind.
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Abstract: Upfaulted ridges of Neoarchean crystalline basement rocks formed in the Faeroe-Shetland basin as a consequence of
Mesozoic rift processes and are an active target for oil exploration. We carried out a comprehensive fault and fracture attribute
study on the extensive exposures of geologically equivalent crystalline basement rocks onshore in NW Scotland (Lewisian
Gneiss Complex) as an analogue for the offshore oil and gas reservoirs of the uplifted Rona Ridge basement high. Our analysis
shows a power-law distribution for fracture sizes (aperture and length), with random to clustered spacing and high connectivity
indices. Regional variations between the Scottish mainland and the Outer Hebrides are recognized that compare directly with
variations observed along the Rona Ridge in the Faeroe-Shetland basin. Here we develop a model for the scaling properties of
the fracture systems in which variations in the aperture attributes are a function of the depth of erosion beneath the top basement
unconformity. More generally, the combination of size, spatial and connectivity attributes we found in these basement highs
demonstrates that they can form highly effective, well-plumbed reservoir systems in their own right.

Supplementary material: Additional methods and results are available at: https://doi.org/10.6084/m9.figshare.c.5017139

Thematic collection: This article is part of the The Geology of Fractured Reservoirs collection available at: https://www.
lyellcollection.org/cc/the-geology-of-fractured-reservoirs

Received 23 August 2019; revised 21 May 2020; accepted 10 June 2020

The metamorphic basement rocks of the Lewisian Gneiss Complex
may once have seemed an unlikely target for hydrocarbons, but a
series of recent discoveries means that they are now a focus for
exploration activity in the Faeroe-Shetland basin (Fig. 1). The
delineation of the Clair and Lancaster fields, and associated prospects,
confirms that there are significant oil accumulations in Neoarchean
basement lithologies of similar age to the onshore Lewisian Gneiss
Complex in NW Scotland. These crystalline basement ridges were
uplifted and exposed at surface during Mesozoic rifting before being
buried again during the Cenozoic Atlantic margin opening (Stoker
et al. 2018). Given that permeability in basement reservoirs is
predominantly fracture-controlled (e.g. Achtziger-Zupancǐč et al.
2017) and given the general uncertainty associated with fractured
reservoirs systems (Nelson 1985), a renewed interest in studying
analogue basement-hosted fracture systems is unsurprising.

Well-exposed outcrops of the Lewisian Gneiss Complex occur in
the mainland of NW Scotland and in the Outer Hebrides, the latter
being an elongate uplifted crustal block with similar dimensions to
the Rona Ridge offshore, where significant hydrocarbon discoveries
have been made (Fig. 1).

Although rare, producing basement reservoirs in a range of fractured
igneous and metamorphic host rocks are known from 27 countries
worldwide (Gutmanis 2009, Gutmanis et al. 2015). They form by
conventional means with migration from a mature basinal source rock
into a fractured reservoir trap and are contained by a low permeability
top seal. Oil accumulation in the crystalline basement of the Clair
Field has long been known (e.g. Coney et al. 1993), but recent
discoveries in other parts of the Rona Ridge, where basement has been
specifically targeted, include the Lancaster Field, and the Lincoln,
Halifax and Whirlwind prospects (Slightam 2012; Trice 2014).

The Lewisian Gneiss Complex of NW Scotland has, over its
c. 3.2 Ga history, formed part of an active accretionary margin, a
collisional foreland, a rifted margin (at least twice) and most
recently a passive margin, and therefore retains a record of several
generations of both ductile and brittle deformation, metamorphism
and fluid-flow events. This complex history has produced a highly
heterogeneous array of lithologies, metamorphic grades and
structural styles (e.g. Park 1970).

Here, we present an analysis of fracture attribute datasets collected
from brittle structures exposed across the onshore Lewisian Complex.
The comprehensive nature of the data compilation (some 100
individual datasets) enables us to identify correlations between the
mainland Lewisian and the Clair basement, and the Hebrides
exposures with the Lancaster Field. We then propose a simple model
that accounts for the first-order differences in fracture attributes and
their scaling that is linked to recent work on the geological nature and
development of the fracture systems and their infills (Holdsworth
et al. 2019, 2020a; Trice et al. 2019). This work has led to a new
understanding of the significance of fissuring processes in enhancing
the capability of uplifted rift blocks of fractured crystalline basement
to host significant accumulations of hydrocarbons and also provides a
general model for explaining fluid flow in other uplifted basement
lithologies in similar settings below regional unconformities.

Geological setting

Location and regional structure

The Precambrian rocks of the Lewisian Gneiss Complex of NW
Scotland form a fragment of the continental basement of Laurentia
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that was isolated from North America by the opening of the North
Atlantic (Bridgwater et al. 1973). The rocks comprise trondjemitic,
tonalitic and granodioritic orthogneisses, with subordinate units of
metabasic-ultrabasic and granitic composition, together with local
units of metasedimentary rock. The complex then underwent a long
history of major, crustal-scale geological events during the Archean
and Paleoproterozoic (see Wheeler et al. 2010 and references therein)
and is divided into a number of tectonic regions or ‘terranes’ that are
separated by mainly steeply dipping shear zones or faults.

Two different tectonic views exist concerning the early
geological evolution of the Lewisian Gneiss Complex. The first,
based on the classic geological mapping by Sutton and Watson
(1951), suggests that much of the basement gneiss is a single piece
of continental crust that shares a common early history. This model
was rooted in the recognition of two fundamentally separate groups
of tectonothermal events, one predating and one post-dating the
intrusion of a regional swarm of NW–SE-trending mafic to
ultramafic dykes known as the Scourie Dyke swarm (Sutton and
Watson 1951). Areas where evidence for these early events is not
preserved were thought to have undergone intense overprinting and
reworking during later Paleoproterozoic events (‘Laxfordian’).
A more recent alternative hypothesis, proposed by Friend and
Kinny (2001) and Kinny et al. (2005), is founded in zircon
geochronology and suggests that each terrane has different Archean
age spectra. They view the Lewisian as a collage of lithologically
and geochronologically distinct tectonic units or terranes bounded
by regional shear zones that were assembled progressively during a
series of Precambrian amalgamation episodes.

Neoarchean orthogneisses of broadly similar composition and
age extend north of the Scottish mainland at least as far as the
northernmost tip of Shetland (Holdsworth et al. 2018; Kinny et al.
2019). Equivalent units underlie much of the Faroe-Shetland basin
and the c. 200 km Rona Ridge, as shown by analyses of basement-
penetrating offshore cores (Fig. 1; see Ritchie et al. 2011). These
basement rocks have protoliths and early amphibolite facies
tectonothermal events of broadly the same age as those of the
Lewisian gneisses (c. 2.8–2.7 Ga), but lack the Paleoproterozoic
(Laxfordian) overprinting events (Holdsworth et al. 2018). These

rocks are directly comparable to those of the North Atlantic Craton
in Eastern Greenland and Canada, while the reworked rocks of the
Lewisian Gneiss Complex in NW Scotland and the Hebrides are
thought to be southeasterly equivalents of the Nagssugtoqidian
gneisses of Eastern Greenland (Mason and Brewer 2004;
Holdsworth et al. 2018).

Early metamorphic assemblages and structures, together with the
Scourie dykes, are heterogeneously overprinted by Laxfordian
reworking in parts of the Lewisian Gneiss Complex. These older
features are only clearly preserved in certain areas of the mainland
complex, most notably the ‘Central Region’ or Assynt Terrane
(Fig. 2). The main phases of the Laxfordian deformation and
metamorphism predominate in the Rhiconich and Gruinard terranes
that lie to the north and south of the Assynt Terrane respectively
(Fig. 2). The NW–SE strike-slip-dominated shear zones that form the
terrane boundaries on the Scottish mainland – and another 1 km-
wide structure in the centre of the Assynt Terrane known as the
Canisp Shear Zone (Fig. 2) – are thought to have formed and perhaps
initially juxtaposed the three terranes during an early (Inverian) event
c. 2.4 Ga (Park et al. 2002). All were then reactivated during episodic
Laxfordian shearing (c. 1.9–1.66 Ga), often with alternating shear
senses (Park et al. 2002). The predominantly amphibolite facies
granodioritic orthogneisses of the Outer Hebrides preserve a
superficially similar relative chronology of structures and meta-
morphic assemblages as on the mainland.

Faulting and fracturing history

Currently exposed levels of the Lewisian Gneiss Complex passed
through the brittle-ductile transition at some point after c. 1.66 Ga
and were close to the surface by c. 1.2 Ga, the depositional age of the
unconformably overlying, unmetamorphosed Stoer Group on the
Scottish mainland (Beacom et al. 2001; Holdsworth et al. 2020b).
Unsurprisingly for rocks that preserve a record of brittle
deformation processes that occurred across a range of crustal
depths, the Lewisian displays a wide range of micro- to regional-
scale brittle fractures. A broad spectrum of types is developed that
are difficult to strictly separate using an arbitrary classification
scheme (Pless 2012; Franklin 2013). These include the following:

Joints are predominantlyMode 1-type tensile fractures based on a
general lack of observed offsets of pre-existing features such as
compositional banding. They are typically closed and only become
open due to the effects of weathering – either in the geological
past or present day – or due to later tectonic processes (such as
fissuring – see below). They occur on a variety of scales but, like
many Mode 1 fractures developed in crystalline basement rocks
worldwide (e.g. Wang et al. 2019), are commonly of large lateral
extent both horizontally and vertically (Fig. 3a).

Veins are dominantly millimetre- to metre-scale tensile or hybrid
fractures filled with a variety of hydrothermal minerals including
(commonly) quartz, epidote, carbonates (calcite, siderite), chlorite,
K-feldspar (adularia), iron oxides and (less commonly) base metal
sulphides, prehnite and a variety of zeolites (Fig. 3b). The majority
are entirely occluded by their mineral fills, but in some cases, partial
fills and vuggy textures are preserved. Like many basement terrains,
veins completely filled with dark, aphanitic pseudotachylyte (friction
melts) are well developed locally and are typically associated with
fault zones formed relatively early in the brittle deformation history
(e.g. Imber et al. 2001; Holdsworth et al. 2020b).

Fissures are millimetre- to decametre-scale dilational (predom-
inantly Mode 1) fractures filled or partially filled with often
complex, composite fills formed at a range of crustal depths. Many
formed close to the surface in the geological past and are spatially
associated with regional unconformities at the base of the
Torridonian or Mesozoic cover sequences (e.g. Beacom et al.
1999; Jonk et al. 2004). Fills here includewall rock collapse breccia,

Fig. 1. Map of the NW UK continental shelf showing location of fields,
prospects, top basement depth map offshore and onshore crystalline
basement exposures.
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hydrothermal minerals and fine-grained sediment, sometimes with a
laminated structure and cement consistent with having been
deposited by flowing water in subterranean open cavity systems
(Fig. 3c and d). Deeper fissure fills include magma, i.e. Paleozoic to
Cenozoic dykes, and wall rock collapse breccias mixed with friction
melt and hydrothermal minerals (Fig. 3c and e).

Shear fractures range from simple ‘clean break’ brittle faults with
sub-millimetre-scale offsets through to large complex fault zones
with kilometre-scale offsets. Fault rocks typically begin to appear
once displacement exceedsmore than a fewmillimetres, and include
early formed pseudotachylytes and cataclasites, breccias and
gouges; all with associated hydrothermal mineral assemblages
similar to those seen in associated vein systems. Fault rocks formed
earlier in the brittle deformation history are generally cohesive and
highly indurated while those formed later and nearer to the surface
are typically incohesive and easily weathered. Polished fault
surfaces with slickenlines or hydrothermal mineral slickenfibres –
particularly of quartz, epidote, chlorite or carbonate – are widely
preserved (Fig. 3f). Large-scale fault zones – such as the Seaforth
Fault in Lewis (Fig. 2; Franklin 2013) are typified by the
development of well-defined cores with foliated gouges (Fig. 3g)
and broad, chaotically fractured damage zones (e.g. Pless et al.
2015). Some – but not all – show evidence of reactivation
(e.g. Imber et al. 2001; Holdsworth et al. 2020b).

A long history of fracturing is recognized on the Scottish
mainland with at least three main fault/fracture sets preserved in the
foreland region west of the Caledonian Moine Thrust Zone (Fig. 2).

Each is associated with different fault geometries, kinematics and
fault rock assemblages. These are (from earliest to latest):

(1) NW–SE ‘Assyntian’ or ‘Late Laxfordian’ sinistral fault
arrays (Holdsworth et al. 2020b) which are most abundant as
reactivation events in pre-existing NW–SE Laxfordian shear zones
(e.g. Canisp Shear Zone, Fig. 2) and along the margins of
pre-existing Scourie Dykes (Beacom et al. 2001; Pless 2012).
These structures are associated with the development of cohesive
cataclasites and pseudotachylytes. Their Mesoproterozoic
(c. 1.55 Ga) age is constrained by Re–Os dating of associated
copper sulphide mineralization in the Assynt Terrane (Holdsworth
et al. 2020b) and they demonstrably predate deposition of the
unconformably overlying Stoer Group c. 1.2 Ga. A generally north–
NE-trending set of complex polymodal fracture arrays was thought
by Beacom et al. (1999, 2001) to be associated with the Stoer Group
age rifting, but more recent fieldwork and thin section analysis
(Hardman 2019) have shown that these fractures are synchronous
with the NW–SE structures. The NE–SW structures are commonly
associated with dilation and collapse brecciation, pseudotachylyte
injection and epidote mineralization that predates Stoer Group
deposition (Holdsworth et al. 2020b).

(2) Post-Torridonan (c. 1.04 Ga) faults, including isolated
thrusts and strike-slip faults related to the Paleozoic Moine Thrust
Zone; many of the NW–SE Late Laxfordian faults also show
evidence of reactivation close to the thrust belt (Krabbendam and
Leslie 2010; Pless 2012). Most are clean breaks or are associated

Fig. 2. Lineament interpretation for well-exposed parts of the mainland and Hebrides basement of NW Scotland. Outcrop fracture sample sites are labelled
and shown in blue (Hebrides), light green (mainland – Rhiconich Terrane) and dark green (Assynt Terrane). Summary rose diagrams of fracture orientations
for the mainland and Hebrides. Inset map shows Clair Field (outline of Clair first development phase in black line) with lineaments from Pless (2012).
Underlying onshore geology from BGS 1:625,000 geology map. Main units include Neoarchaean with/without Paleoproterozoic (Laxfordian) overprint: A
= intermediate to granitic gneiss (Lewisian), Paleoproterozoic: Z = felsic intrusive rocks, Zm =Mafic intrusive rocks, Zs = metasedimentary rocks, M =
Moine metasediments, Mesoproterozoic: S = Stoer Gp, Neoproterozoic: T = Torridonian, CO = Cambro-Ordovician sedimentary rocks, OS = Ordovcian/
Silurian alkaline syenite, F = fault rocks (mylonites, cataclasites and pseudotachylytes), PT = Permo-Triassic sedimentary rocks. Major structures are labelled
– KLB F = Kinlochbervie Fault.
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with the development of well-cemented breccia and gouge.
Multiple sets of microfractures and fills of mainly Paleozoic age
may also be present (e.g. Laubach and Diaz-Tushmann 2009; Ellis
et al. 2012).

(3) Mesozoic age structures that are generally NE–SWand NW–
SE-trending dip-slip and strike-slip fracture sets that are widely
associated with incohesive gouges and carbonate mineralization
(Laubach and Marshak 1987). Many of the fissure structures are
thought to have formed during Mesozoic rifting events when the
basement was at or close to surface. These structures are likely more
widespread than has generally been assumed and they typically

show little evidence for reactivation except along major faults (e.g.
Coigach Fault; Roberts and Holdsworth 1999). Holford et al. (2010)
showed that NW Scotland has experienced multiple episodes of
Mesozoic and Cenozoic burial and exhumation associated with
passive margin formation, rifting processes and inversion.

The early brittle faulting history of the Outer Hebrides is dominated
by the development of the SE-dipping Outer Hebrides Fault Zone
(OHFZ) that initially developed as a mylonitic shear zone, possibly
of Laxfordian or Grenvillian age (Imber et al. 2001, 2002) (Fig. 2).
It then experienced a series of reactivation events from the

Fig. 3. Typical basement fracture types
and fills. (a) Closely spaced laterally and
vertically extensive jointing in granitic
gneiss Lewisian basement, Uyea, Shetland
(see Kinny et al. 2019). Note that later
Devonian-age dykes have exploited these
well-developed joint systems. (b)
Composite carbonate veins cutting mafic
gneisses, Traigh Dhail Mor, Isle of Lewis
(1.2 km SW of Dail Beag, see Fig. 2).
Note large open vug (V). (c) Cross-
sectional view of part of a c. 30 m-wide
fissure filled with chaotic millimetre- to
metre-sized angular clasts of basement,
and possible red sediment locally
cemented by carbonate. Age of fill
uncertain, but note that the contact with
the wall rock has been exploited by a
Cenozoic basalt dyke, suggesting that the
breccia is likely Mesozoic in age. Traigh
Dhail Mor, Isle of Lewis. (d) Close-up
view of crudely laminated nature of the
fill at Traigh Dhail Mhor suggesting an
element of water-lain deposition. (e)
Fissure filled with chaotic collapse breccia
where the matrix is cataclasite and
pseudotachylyte, Canisp Shear Zone,
Achmelvich. Note that in this case, the
development of the dilational cavity is
thought to be related to seismogenic slip
events along the well-developed foliation
in the wall rocks at depths >5 km (see
Hardman 2019 for details). (f ) Foliated
multicoloured gouges and breccias from
the core of the Seaforth Fault, a major N–
S Mesozoic normal fault with kilometre-
scale offsets that cuts the Isle of Lewis
(Fig. 2; see Franklin 2013 for details).
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Neoproterozoic to the Mesozoic, but direct geological or radioiso-
topic evidence for the age of movements is sparse. The likely
presence of Torridonian rocks within Minch Basin (Fig. 2) suggests
that the OHFZmay have been active as a normal fault c. 1.04 Ga, but
there is no clear record of this faulting yet recognized in outcrops.
Onshore, post-mylonite deformation along the OHFZ was initially
brittle and was associated with the development of pseudotachylyte-
bearing fault veins and thick, SE–east-dipping pseudotachylyte-
ultracataclasite crush zones all along the eastern margin of the
Hebridean island chain (e.g. Sibson 1977, Fig. 2). The brittle faults
and crush zones are overprinted by a network of macroscopically
ductile, greenschist facies phyllonitic shear zones that developed
due to the influx of hydrothermal fluids during top-to-the-NE
sinistral strike-slip shearing along the OHFZ (Butler et al. 1995;
Imber et al. 2001). These shear zones were themselves then
reactivated during late Caledonian brittle-ductile top-to-the-east
extensional deformation (Imber et al. 2001). The Permo-Triassic
Stornoway Formation (Steel and Wilson 1975) was deposited in
eastwardly prograding alluvial fans associated with normal fault
scarps developed in hanging wall of the OHFZ (Fig. 2). The
sedimentary sequence contains clasts of basement gneisses and
OHFZ-derived fault rocks, suggesting that the northern Outer
Hebrides was exhumed by the earliest Mesozoic era. The rocks of
both the Lewisian Gneiss Complex (including the OHFZ) and the
Stornoway Formation are cut by E–W, NW–SE and NE–SW
fractures, some of which – together with generally NNW-trending
Tertiary dykes, form prominent topographic lineaments (e.g. Loch
Seaforth) (Fig. 2) (Franklin 2013). Faulting events are widely
associated with the development of generally incohesive gouge,
breccia and fissure fills with local widths of at least 30 m, but
perhaps up to 100 m, together with extensive carbonate mineral-
ization. The Tertiary dykes mostly cross-cut the faults and fault
rocks which are assumed therefore to be of Mesozoic age, but some
fault sets show evidence of significant post-dyke reactivation during
the Cenozoic, notably a prominent set of east–west-trending
structures which are also characterized by a later phase of milky
carbonate mineralization (Franklin 2013).

Methodologies

Sampling of fault and fracture networks

The datasets reported in this study were mainly acquired using the 1D
linear scanline method (Priest and Hudson 1981; Baecher 1983;
McCaffrey and Johnston 1996; Ortega et al. 2006). This method
allows a relatively simple characterization, albeit with known biases,
of fracture sizes and intensities, and generally can be deployed at most
field localities. The data (observations along a sample line) are closely
analogous to logs from borehole or drill core taken from a prospect or
reservoir. To gain 2D (map) information on the spatial and topological
relationships within the fractured system, we also conducted 2D
window sampling (Odling 1992; Mauldon et al. 2001; Rohrbaugh
et al. 2002; Zeeb et al. 2013; Watkins et al. 2015; Sanderson and
Nixon 2015), enabling access to connectivity estimates for the fracture
array, which are a key input for modelling fluid flow.

For the linear scanlines, fracture orientations, lengths and apertures,
together with composition and texture of fracture infills and fracture
terminations on joints and other faults were recorded at measured
intervals along the sample line. The start and end point of each transect
was recorded using a hand-held GPS unit. Most of the fractures are
filled, or partially filled, with minerals (mainly quartz, epidote or
calcite) and, following Laubach (2003) and Ortega et al. (2006), the
apertures measured in this study are the opening displacement where
the scanline intersects the fracture including any fill, i.e. the ‘kinematic
aperture’. This is equivalent to the fracture thickness ofMcCaffrey and
Johnston (1996) and Massiot et al. (2015).

Fracture samples

The 1D datasets were collected in the field mainly from natural
exposures of the Lewisian Gneiss Complex (well exposed in coastal
settings), but also from road cuttings where natural fractures may be
easily distinguished from those created by blasting (for detailed
descriptions of the sample locations, see Pless 2012 and Franklin
2013). The locations of study sites across the mainland Scotland and
Hebrides are shown in Figure 2 with full details of individual
sample lines given in the supplementary tables. The initial studies
focused on size (aperture, length), spatial characterization (orien-
tation and spacing) and the topological characteristics of the fracture
systems. Our database contains more than 100 individual datasets
(48 aperture and 29 length samples and 27 topological estimates)
chosen because they capture the fracture systems that formed from
Proterozoic to Cenozoic times (see above). Details of the fracture
samples, including location, host lithology, number of fractures,
sample line length for 1D samples, area for 2D samples and types of
structure intersected are given in the Supplementary file (Tables S1
and S2). To extend the analysis to other scales, the above-mentioned
scanline methods were adapted and applied to aerial photographs
and optical data (BGS NextMap data) to quantify fracture lengths in
1D (see lineaments shown on Fig. 2). These datasets were collected
before we had fully appreciated the importance and extent of fissure
formation in the basement, particularly in the Hebrides, nonetheless
we think the study provides important baseline information.

Data from the Clair Field comprise fractures logged in wells 206/
7a-2 and 206/8-8 that were drilled by Elf into crystalline basement
gneisses of the Clair ridge (see Holdsworth et al. 2018; Fig. 2). Core
samples were examined at the Iron Mountain core storage facility,
Aberdeen, and a fracture analysis was conducted by Pless (2012)
and in this study. The basement core slab samples from 206/7a-2 are
in 10 m lengths at irregular intervals from measured depths of
2140 m to 2600 m (see Holdsworth et al. 2018 and S1).

At regional scales, a fracture interpretation of Clair 3D top
basement seismic attribute maps was performed (see Pless 2012 and
Fig. 2 inset). From this fracture map we were able to derive fracture
length distributions along 1D sample lines across the maps and in 2D
windows. An equivalent study of fracture lengths in 1D and 2D was
carried out on the onshore lineament maps from the mainland and
Hebrides (see Fig. 2). The lineament maps show density variations
related to the amount of younger cover rocks or Quaternary material
(Fig. 2) and so our length analyses were conducted on lines that cross,
or windows that sample, regions with high density and thin cover.We
carefully filtered the datasets to make sure that those with low
numbers (c. n < 40) were omitted. We also checked that the datasets
were collected and formatted in a comparable way as they have been
assembled from a number of studies.

For the topology study, photographs from outcrops in the Assynt
Terrane, Clair core 206/7a-2 supplemented by samples from the
205/21-1A from further along the Rona Ridge (Lancaster Field)
collected at BGS core store form the basis for picking of nodes and
branches. All node and branch picking was carried out manually to
ensure the correct network topology was recorded.

Data analysis

In this study we assessed the distribution of fracture size (aperture
and length) attributes, collected from the 1D sample lines as a
primary characterization of the brittle deformation within the
basement Lewisian Gneiss Complex. We collected fracture data
from drill core samples from the basement of the Clair Field for
comparative purposes. We only report the aperture data here as the
fracture lengths are heavily censored by the dimensions of the drill
core. However, we report regional-scale 2D length data from
onshore Lewisian terranes from the lineament dataset derived from
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the optical data that is equivalent in scale to the offshore seismic
attributes maps. This allows us to constrain further the upscaling of
fracture attribute and compare the offshore basement fracture
mapping to that performed on seismic attribute maps.

Fracture sizes

Fracture intensity plotted as cumulative distribution (population)
plots enables an assessment of the distribution, spatial and scaling
properties of the fracture population (i.e. the ratio of small to large
fractures for a given sample line length). Fracture attribute
distributions display three main types of statistical distribution
(Gillespie et al. 1993; Bonnet et al. 2001; Zeeb et al. 2013):
(1) exponential, random or Poisson distributions are characteristic of a
system with a randomized variable; (2) log-normal distributions are
generally produced by systems with a characteristic length scale, for
example layer-bound jointing (Narr 1991 and Olson 2007); and (3)
power-law distributions lack a characteristic length scale in the
fracture growth process (Zeeb et al. 2013) (see Supplementary file
S1). Although some fracture populations are better described by scale-
limited laws, such as log-normal or exponential distributions, it is
generally accepted that power-law distributions and fractal geometry
provide a widely applied descriptive tool for fracture system
characterization (e.g. Bonnet et al. 2001). Ideally, the best-fit
power-law distribution should be constrained over several orders of
magnitude (Walsh and Watterson 1993; McCaffrey and Johnston
1996). However, in practice this is typically very difficult to achieve at
a given scale due to sampling limitations. Fracture sampling issues
(e.g. censoring and truncation) are commonly encountered and can
result in an incomplete description of the full population. For instance,
when large fractures are incompletely sampled in a power-law
population, the resulting plot can resemble a log-normal distribution.
Following Ortega et al. (2006), Dichiarante et al. (2020) have shown
how a multi-scale approach can be used to better constrain the scaling
laws for fracture size attributes. As pointed out by Clauset et al.
(2009), use of the maximum likelihood estimator (MLE) is preferred
over a least square regression analyses (R2) for the fitting of power-
law distributions. In this study we used MLE scripts developed by
Rizzo et al. (2017) as used in the FracPaQ toolbox (Healy et al. 2017).
In addition, we followed the Dichiarante et al. (2020) modification in
which the MLE for power-law, exponential and log-normal fits are
calculated on systematically truncated and censored datasets to find
the optimum distribution parameters (see S1).

Fracture spatial organization

The spatial organization of fracture systems are a property of the
orientation and clustering of fractures in 1D sample lines. For many
years the Coefficient of Variation (Cv) – the standard deviation of all
spaces between adjacent fractures divided by the mean spacing
(Gillespie et al. 1993, 1999) – has been used as to describe
clustering. These authors showed that a Cv > 1 reflected a clustered
distribution and could be expected in non-layered rocks (like
basement). A random or Poisson distribution gives an exponential
(Cv = 1). Superimposition of power-law distributions can give a
‘Kolmogorov’ distribution (log-normal) (Cv < 1). Log-normal (and
normal distributions) are also produced by ‘saturation’models when
fractures are produced in well-bedded sequences (Bai et al. 2000).
The Cv values for 1D basement sample lines are reported in this
study; however, we note that that there are issues with the sensitivity
of this method and that the method does not take into account the
spatial arrangement of structures or the scale of clustering (Marrett
et al. 2018). The correlation analysis method subsequently
developed by Marrett et al. (2018) is now the preferred method
for analysing fracture spatial distributions and will be the subject of
further work on the datasets collected in this study.

Fracture topology

While the 1D scanline data provide information about fractures as
single entities and their distribution, 2D topology analyses consider
fractures as part of a network and provide access to fracture
connectivity assessment. The 2D analysis used here has been
carried out on fracture maps at regional-scale (metre-decametre)
DEM images and seismic attribute maps (see Fig. 2). At smaller
scales (centimetre-metre) we carried out topological analysis on
core samples and outcrops. We followed the methodology of
Sanderson and Nixon (2015) in defining nodes and branches.
‘Nodes’ are defined as the point where a fracture terminates (I-type),
abuts against/splays from another fracture (Y-type) or intersects
(cross-cuts) another fracture (X-type). ‘Branches’ are the portions of
a fracture confined between two nodes.

The number of nodes and branches for a given fracture network is
strictly related, meaning that by knowing one of the two elements
for the fracture network, it is possible to quantify all its components.
NI, NY and NX are defined as the number of I-, Y- and X-type
nodes and PI, PY and PX their relative proportions. Once the
number of nodes and/or branches making up a fracture array are
known, the connectivity can be visualized using a ternary plot of the
component proportions or can be quantified by calculating the
number of connections existing in the 2D map. In general, X-type
nodes provide four times and Y-type nodes three times more
connectivity than I-type nodes (Sanderson and Nixon 2015). An
array dominated by I-nodes is isolated, while arrays dominated by
Y- and X-type nodes are increasingly more connected.

Results

Fracture lineaments from the mainland (Assynt and Rhiconich)
terranes show strong NE–SW and WNW–ESE trends (Pless 2012;
Figure 2). In contrast in the Hebrides, the main lineament trend is
NNW–SSE with a subordinate ENE–WSW trend (Franklin 2013;
Figure 2). The lineament maps show density variations that
particularly reflect the amount of Quaternary cover; for example,
see southern and western Lewis compared with the northern region
(Fig. 2). At the regional scale, there is no qualitative variation in
density of lineaments in relation to major structures such as the
OHFZ, Canisp Shear Zone or the Seaforth Fault (Fig. 2). We also
see no systematic variation at this scale with the host lithological
units (Fig. 2). Pless (2012) have conducted an analysis of fracture
density maps which confirms the qualitative observations.

Aperture data

Figure 4 shows cumulative distribution plots for the aperture
distributions for localities in Lewisian Complex gneisses on the
mainland (20 sample lines), Hebrides (17 lines) and Clair basement
core (12 lines). Details of the individual samples and the distribution
fitting parameters are given in Table S1. For the mainland, there is
high degree of variability, but the data span more than three orders of
magnitude from 0.00005 m to 0.5 m (0.05–500 mm) in aperture
(Fig. 4a). We note that some constant values appear in the plots at
small sizes and are a rounding effect that occurs during the field
acquisition. We generally remove repeated values, as recommended
by Ortega et al. (2006), but the application of the Terzhagi true
thickness correction tends to smear out these clusters of sub-
millimetre values towards even smaller values. In terms of the fracture
intensity or spacing (y axes), the data show about an order of
magnitude spread from low strain (0.05 fractures of 10 mm size per
metre) to high strain (1 fracture per metre) (Fig. 4a). For the Hebrides,
data span nearly five orders of magnitude from about 0.05 mm to
1000 mm (Fig. 4b). Fracture intensity or spacing (y axes) vary by
about an order of magnitude from 0.1 fracture per metre to a higher
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strain of about 2 per metre for 10 mm aperture fractures. For the Clair
core datasets, aperture values range from 0.05 mm to 100 mm and the
intensity values are less variable than the onshore datasets ranging
from 0.5 to 1.2 per metre for 10 mm aperture fractures.

Aperture distribution data for all regions can be described by
power-law scaling or log-normal distributions with greater than
95% confidence calculated using the MLE method with a slight
preference for power-law distributions (Fig. 4 and Table S1). The
sample lines (Garrabost, Memorial Cairn, Pabail and Seisadar)
identified by Franklin (2013 and Supplementary file S1) are those
taken across Mesozoic structures and tend to be those that display
the highest absolute aperture values (Fig. 4).

The advantage of plotting many datasets together (Fig. 4) is that
general trends emerge above variations displayed by individual
samples (see Discussion below). One clear signal that emerges is that
the power-law exponent is lower for samples from the Hebrides than
for the mainland and the Clair basement. This can be seen
qualitatively in Figure 4. For the mainland and Clair data (Fig. 4a),
the values tend to lie along the grey-shaded reference area which has
boundaries with a slope =−1 on the plot except at the lower and
upper ranges where truncation and censoring effects are likely. For
the Hebrides, the datasets clearly plot along a shallower slope line
compared with the shaded reference area. To test this inference, we
performed a significance test of the difference between the MLE
power-law scaling exponents (individual slope with >95% confi-
dence fits) for the two regions. An average power-law exponent for
each region was calculated and the t test statistics confirm that the
mainland (average slope α = 1.23, SD = 0.49) and Hebrides (average
α = 0.74, SD = 0.26) conditions; t(37) = 4.15, P = 0.0002 are
different. These results show that the Hebrides and mainland
fractures show different scaling properties, and this implies that there
are fewer small aperture fractures in the Hebrides relative to the
largest fractures when compared with those seen in the mainland.

Length distributions

The fracture length distributions for faults and fractures from both
onshore and offshore regions are presented as cumulative distribution
plots of intensity v. length in Figure 5. Length data at smaller scales
from outcrops (c. 0.1–10 m) are plotted alongside line samples across
the top Clair basement (c. 0.5–50 km) (Fig. 5a). Details of individual
samples and distribution fitting are given in Table S2. Again, most of
the samples can be described by power-law or log-normal distribu-
tions with greater than 95% confidence with a slight preference for
log-normal distributions. A general scaling relationship (power-law)
from outcrop to regional scale is suggested (Fig. 5a).

The regional-scale 2D length data from both onshore lineament
mapping and offshore top basement seismic attribute map (Fig. 2
inset) are shown in Figure 5b with details of distribution fitting
given in Table S2. The data show good agreement between the
onshore Lewisian and the Clair fields (similar intensity values and
slopes) at fracture lengths 1–50 km (Fig. 5b). Below 0.5–1 km, the
distributions show truncation effects (inflection points on the
curves) that are dependent on the scale at which the fractures have
been mapped and the level of exposure (onshore this is c. 500 m and
offshore it is c. 1 km).

Spatial organization

The Cv values for the spaces between adjacent fractures for each
sample line are shown on Figure 6 plotted against the overall
fracture intensity for each of the sample line datasets assembled in
this study. Plotting in this way enables us to compare Cv values and
assess the spatial organization at different scales. The values show a
range of behaviours from more uniform spacing (<1) to more
clustered distributions (>1). There is a large amount of variation, but
two overall observations may be suggested: (1) regional-scale data
tend to be more uniform and outcrop data more clustered
(e.g. compare Clair regional and core Cv values); and (2) the
Hebrides data show a tendency for more clustered spacing
distributions compared with the mainland (Assynt and Rhiconich)
terranes. Franklin (2013) indicated that this effect is most
pronounced at the outcrop scale (Fig. 6) and is likely due to the
prominent influence of Mesozoic faulting in the Hebrides region.

Topology results

The topology analyses were carried out on a range of onshore and
offshore samples including drill core, outcrop images, seismic

Fig. 4. Fracture aperture intensity data for: (a) mainland Scotland;
(b) Hebrides; and (c) Clair basement. The grey polygon highlights the
same Fracture Intensity/Aperture space with a slope of −1 and is shown
for comparison in each plot. Orange bars show comparative fracture
intensity ranges for 10 mm aperture fractures as discussed in text. Data
from locations that sample Mesozoic structures on the Hebrides include
Garrabost, Memorial Cairn, Pabail, Seisadar and Tolstadh.
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attribute and regional datasets. Figure 7 shows a summary of the
topology values that have been obtained from Clair and other Rona
Ridge (Lancaster) core and the Assynt Terrane (see Table S3 for full
results). All basement samples show connected fracture networks
with CB values >>1 which is the threshold CB (connections per
branch) for a connected network. Most outcrop and core samples
show a predominance of Y node-dominated fracture networks
(Fig. 7).

Discussion

This study, which reports the largest attribute dataset ever assembled
for basement-hosted fractures, shows that the Scottish mainland
exposures broadly show similar scaling and connectivity properties
to the Clair basement and the greater Rona Ridge. Aperture scaling
from all three areas (Hebrides, mainland and Clair) can be described
by a power-law distribution when appropriate censoring and
truncation of individual datasets are taken into account (Fig. 3
and Table S1). A number of individual datasets, which tend to be
those with lower sample numbers, may be equally or slightly better
described by log-normal distributions. Fracture length datasets from

both onshore and offshore may be described by either power-law or
log-normal distributions. Length distributions are known to be
particularly prone to censoring and truncation (Odling et al. 1999).
However, Odling et al. (1999) and Dichiarante et al. (2020) have
shown that a multi-scale analysis can help to confirm that power-law
scaling is an appropriate choice to model the fracture length
distributions. In the present study, the basement fracture lengths
sampled in 1D show a scaling relationship across eight orders of
magnitude and the 2D sample windows show consistent and
comparable length distributions between onshore and offshore
datasets. Fractures onshore and offshore show similar spatial
characteristics as demonstrated by the Cv values. The fracture
topology analyses show similar levels of connectivity between
onshore and offshore basement terranes. We note that the fracture
networks at three scales (regional, outcrop and core) from kilometre
to centimetre scale appear to be strongly Y-node dominated, which
supports the conclusions that the networks are all well connected
(Sanderson and Nixon 2015). Y-node dominated connectivity
might be expected in relatively massive basement rocks which have
multiple fracturing events in which large apertures form. Later
formed fractures will tend to abut against the earlier fractures rather
than cross-cut, hence Y-node development is favoured over X-node.
The power-law fracture distributions are typical of massive
crystalline rocks (e.g. Genter et al. 1997; Gillespie et al. 1999;
Odling et al. 1999). The long history of brittle deformation and
reactivation of structures within the Lewisian gneisses produced
areas in which there are multiple fracture sets with power-law size
distributions and good connectivity but, as has been noted
previously, these attributes alone are not enough to make a viable
fractured reservoir (Nelson 1985).

Our characterization demonstrates that certainly the onshore
basement terranes provide a good first-order analogue for the
offshore Clair basement and greater Rona Ridge. Importantly,
however, our analysis has also shown that important differences do
exist between the areas, e.g. the Hebrides has different aperture
scaling to the mainland and Clair which we discuss in the following
sections as it potentially provides further insight into what produces
better reservoir potential in the basement gneisses. If it is accepted
that our MLE analysis indicates a general power-law behaviour for
the fracture aperture distributions, the large number of datasets
collated in this study enables the overall scaling properties of the
distributions to emerge. In most fracture studies there is generally
high variability in scaling and fracture intensity between individual
sample lines (e.g. see McCaffrey et al. 2003). In previous work, we
have shown for basement lithologies at the outcrop scale that fracture
distributions are affected by lithology and proximity to higher-order
structures. Beacom et al. (2001) showed that fracture densities and
clustering are higher in metasedimentary rocks compared with the
more common intermediate to acidic gneisses. Pless et al. (2015)
analysed a well-exposed basement outcrop in the Rhiconich Terrane
and found that fracture density is higher within a 220 m envelope
adjacent to the Kinlochbervie Fault (Fig. 2). The outcrop-scale
datasets reported in this study are all deliberately taken from
intermediate to felsic gneisses which minimizes significant variation
caused by lithology. This lithology also dominates in the offshore
basement (e.g. Holdsworth et al. 2018). The variation in fracture
intensity of about an order of magnitude in the outcrop data for the
mainland (Assynt and Rhiconich terranes) does include variation
due to proximity to major structures (Figs 3 and 4).

An increase in fracture intensity with proximity to major
structures explains the difference we see in the variability between
the onshore and the offshore datasets. We find that the Clair core
aperture dataset, of equivalent scale to the outcrop data, show
similar power-law scaling to mainland Scotland with exponents in
the range of 1–1.2. However, all of the Clair datasets plot in the
higher fracture intensity range and do not show the lower intensity

Fig. 5. Two measures of fracture length intensity scaling. (a) Fracture
lengths intersected in 1D samples plotted on a multi-scale diagram from
mainland outcrops and the Clair top-basement seismic attribute map.
(b) The intensity of fractures per unit area (m) is shown for 2D length data
from window samples taken across mainland, Hebrides and Clair seismic
attribute and topographic maps.
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patterns displayed by the mainland. Specifically, the Clair data
generally occupy the area defined by the grey box defined in
Figure 4 whereas only the higher fracture intensity samples from the
mainland do this – including those closer to major structures like the
Kinlochbervie Fault (Figs 2 and 4). The Clair fracture intensity data
have a much more limited spatial coverage compared with the
mainland fracture sample lines in that they come from a single
horizontal well that was drilled close to the top-basement interface;
the Clair Ridge Fault. Holdsworth et al. (2019) also reported that the
Clair core aperture distributions (the same datasets as plotted herein)
show a systematic variation with highest fracture intensity in cores
taken closest to the top basement interface. The above discussion
and the findings of Holdsworth et al. (2019) show that variations in
fracture intensity of about an order of magnitude in aperture
distributions might be expected due to proximity to major

structures. What this variation does not account for is the significant
variation in scaling (slope of the lines) between the Hebrides
aperture datasets and those of the mainland terranes and Clair. As
we have shown in this study, the fracture apertures collected from
the Hebrides, from both high- and low-intensity regions, show
significantly lower scaling exponents (in range 0.5–0.8) compared
with Clair or the mainland (1–1.2 (Fig. 4)). In simple terms, this
means that in any sample we take from the Hebrides, we see more
fractures with large aperture and relatively fewer with smaller
apertures. Given that the fracture length distributions appear similar
for all the datasets, we seek an explanation that can account for the
presence of relatively more larger-aperture structures in the
Hebrides. One explanation could be that the Hebrides has
experienced more Mesozoic faulting, but there is no evidence
from the data that the overall fracture intensities are higher here than

Fig. 6. Plot of Coefficient of variation
(Cv) v. Fracture Intensity for outcrop,
mesoscale (virtual model) and regional
(lineament maps) datasets from mainland
(Assynt and Rhiconich), Hebrides and
Clair.

Fig. 7. Fracture topology results from
Clair drill core samples, the greater Rona
Ridge, and the Assynt Terrane (outcrops
and regional lineament samples).
Examples of the three scales sampled are
shown: regional scale; outcrop scale; and
core scale.
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on the mainland or at Clair. Using geological observations, we
propose a simple conceptual model based on the development of
fissures in basement blocks in the near-surface during the Mesozoic
in order to account for the scaling differences we observe.

In recent related work, Holdsworth et al. (2019, 2020a) report
structures and textures from offshore fracture fills that reveal the
widespread development of steeply inclined to sub-vertical, rift-
related tensile fissures in the basement lithologies of the Rona
Ridge. They suggest that near-surface fissuring during rift-related
faulting, as seen in modern rift systems – such as those exposed in
Iceland (Kettermann et al. 2019) – allowed pervasive influx of
clastic sediment fills from above and hydrothermal mineral fills
from below. These partial sediment and vuggy mineral fills could
act as natural props holding open fracture systems enabling long-
term permeability pathways and facilitating hydrocarbon migration
(Holdsworth et al. 2019, 2020a). In the following section, we
explore whether this model might explain the different scaling
properties that we see in onshore–offshore NW Scotland.

Our model is based on the following assumptions: (1) the fracture
systems in the Lewisian basement and equivalents offshore are both
cumulative products of multiple episodes of brittle deformation that
produced shear, hybrid and tensile fractures – some of which display
evidence for reactivation; (2) the basement was exposed at surface
during its history for significant periods of time as indicated by the
preservation of the basal Torridonian (c. 1.2 Ga Stoer, c. 1.04 Ga
Torridan groups), Cambrian (c. 0.5 Ga) and Mesozoic (<0.3 Ga)
unconformities; and (3) the basement experienced at least one (most

likely several) phases of rifting while at surface that produced
significant fissure-type fracturing with sediment and mineral infills
(e.g. Beacom et al. 1999; Jonk et al. 2004; Holdsworth et al. 2019,
2020a). The model presented in Figure 8 shows a basement block
with cover sediments (representing older sequences such as the
Devonian–Carboniferous Clair Group, for example) that has been
deformed by brittle deformation related to rifting. We know that
many of the larger fractures onshore in the Hebrides (Franklin 2013)
and offshore (Holdsworth et al. 2019, 2020a) are sediment filled,
contain vuggy cavities in mineral fills, and show clear evidence for
past fluid flow (mineralization) and even present-day fluid transport.
These types of structures have been recorded in other settings where
high-strength crystalline (e.g. Montenat et al. 1991) or carbonate
rocks (e.g. Wright et al. 2009) are exposed at surface; sub-
unconformity fissure fills and related structures are also widely
recorded in active rift settings (e.g. Frenzel and Woodcock 2014;
Kettermann et al. 2016, 2019; Koehn et al. 2019).

Analogue modelling studies (e.g. van Gent et al. 2010; Holland
et al. 2011) demonstrate that fissure structures which form open
tensile fractures (with sediment infills) at surface, likely change
character with depth transitioning through hybrid (shear tensile
structures) to shear fractures at depth with a concomitant reduction
in consistent fracture aperture. This variation in fissure/fault
character with depth becomes important when considering the
erosional level of the basement terranes of Scotland and the Rona
Ridge at various times in their geological history (Fig. 8). We
hypothesize that near-surface, large aperture tensile fractures with a

Fig. 8. Conceptual model for fracture systems and their attributes developed in an uplifted basement block (see also Holdsworth et al. 2020a). Cartoon logs
A’-A’ and B-B’ correspond to two hypothetical, horizontally deviated wells drilled through the block at different structural levels or through their onshore
analogue equivalents exposed in outcrop.
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more distributed deformation (a lower aperture exponent <1 and Cv

<1) indicate a position near the top of a basement block. For
example, a sample from Well A-A’ in Figure 8, or an onshore
exposure located at an equivalent position. In contrast, where the
faults and fractures intersected have more of a shear component with
damage zones clustered around the larger fault structures (thus
aperture exponents >1 and Cv > 1), it indicates that erosion levels are
somewhat greater (Well B’-B’ in Fig. 8 or equivalent exposure). We
suggest that less-eroded fault blocks represent the Hebridean
basement terranes (and perhaps also the basement of Lancaster – see
Holdsworth et al. 2020a) whereas the Clair basement and the
mainland exposure represent more deeply eroded equivalents.

Further work is needed both on subsurface datasets and the
onshore analogues to better constrain the speculative model
proposed here. This study largely compiles datasets collected
prior to our new understanding of the key role of fissuring in
creating viable basement reservoirs. There is a need for new datasets
that focus on the fissure structures to test this hypothesis, but at the
moment it serves as a semi-quantitative predictor of the fracture
attributes and hence also their fluid storage capacities and flow
performance. Our model for the Rona Ridge, mainland and Clair
basement fracture systems suggests a possible depth-dependent
influence component on the basement fracture systems.While this is
primarily due to a downward change in fissure and fault
characteristics, it is the appreciation of the depth of erosion of the
uplifted fault blocks in each of the rift episodes that is key to
understanding the preserved fracture attributes and their influence
on reservoir behaviour. Other factors that need to be explored
include the effect on fracture attributes of the presence and thickness
of cover sequence present during rifting, but our model provides a
hypothesis that can be further tested. Fracture characterization of
reservoir analogues can help to reduce uncertainties in the
development of subsurface models that are created to determine
drilling locations and quantifying the likely economic returns in
terms of hydrocarbon production and resource in fractured basement
fields such as Lancaster and Clair. However, we agree with Nelson
(1985) when he said that ‘Finding fractures is not enough’. It is
finding where the right type of fractures are preserved, in this case
places where Mesozoic sub-unconformity fissures have formed and
are preserved, that is key to a good reservoir in the offshore
crystalline basement of NW Scotland.

Conclusions

One of the most extensive investigations of fault and fracture
attributes collected from brittle structures in the onshore and
offshore Lewisian Gneiss Complex rocks of NW Scotland shows
that fracture sizes display power-law scaling of aperture and length
attributes and are highly connected across a wide range of scales.
The results show that the onshore fracture systems may be used as a
good analogue for the basement reservoirs of the Rona Ridge and
likely other fractured basement reservoirs worldwide. The high
connectivity and size attribute scaling characteristics of the faults
and fractures that may form in uplifted, crystalline basement rift
blocks confirms that given the right geological history – notably the
development and preservation of near-surface, rift-related fissure
systems beneath unconformities – they may make good reservoir
targets in their own right.
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The nature and age of Mesoproterozoic strike-slip faulting based
on Re–Os geochronology of syntectonic copper mineralization,
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Abstract: In ancient basement regions such as the Lewisian Complex, NW Scotland, the ages of brittle deformation events are
commonly poorly constrained owing to a lack of datable fills. An array of NW–SE sinistral and antithetic east–west dextral
faults related to a regionally recognized episode of brittle shearing cut Neoarchean gneisses and c. 2.25 Ga quartz–pyrite veins
close to the trace of an unexposed, regional-scale NW–SE fault. Copper–iron mineralization occurs at an intersection between
an antithetic dextral fault and an older c. 2.25 Ga quartz vein. Optical microscopy, SEM and XRD analyses reveal an array of
intergrown, co-genetic copper–iron sulfides, hematite and barite. Complex millimetre-thick zoned alteration rims rich in
epidote occur at contacts between the sulfides and gneisses. Rhenium–osmium copper–iron sulfide geochronology yields an
age of c. 1.55 Ga for the hydrothermal mineralization event associated with faulting. Fault movements demonstrably overlap
with mineralization based on the asymmetric fibrous growth forms of these minerals within local dextral shears, which acted as
local channelways for mineralizing fluids during and after faulting. We tentatively propose that this regionally recognized
strike-slip faulting, previously termed the ‘Late Laxfordian’, should be referred to as the ‘Assyntian’ to distinguish it from
kinematically distinct Laxfordian events.
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The Neoarchean gneisses of the Lewisian Complex in NW Scotland
form a well-exposed and relatively accessible area of Laurentian
continental basement rocks that lie in the immediate foreland region
of the Paleozoic Caledonian Orogen (Wheeler et al. 2010).
The metamorphic gneisses preserve evidence for several tectonic
events, each formed under different P–T conditions (Park 2005;
MacDonald et al. 2015). The superimposition of multiple ductile
and brittle deformation events, in addition to several episodes of
metamorphism, mineralization, hydrothermal alteration and
igneous intrusion, have generated a complex deformational fabric.
The Lewisian Complex therefore represents a good opportunity to
study a wide array of geological processes that occur through deep
geological time.

Cross-cutting and overprinting relationships observed in the field
and thin section are traditionally used in basement complexes to
allow relative age relationships to be established on both regional
and local scales. Only radiometric ages, however, are able to give
information concerning the absolute ages of events. Despite the
emergence of an increasing number of geochronometers, the
relative scarcity of material suitable for reliable radiometric dating
remains a significant problem, particularly for the later brittle and
brittle–ductile phases of deformation. Because such events can form
over periods spanning many hundreds of million years, this means
that a large part of the geological history is poorly constrained. More
specifically, a lack of absolute age data has become somewhat
problematic in Scotland ever since Kinny et al. (2005) and Friend
and Kinny (2001) proposed that the Lewisian Complex may

comprise a number of lithologically and geochronologically distinct
tectonic units (fault or shear zone-bounded terranes) assembled
progressively during a series of Precambrian amalgamation
episodes perhaps spanning more than a billion years.

This paper describes a hitherto little-studied set of epidote
mineralized NW–SE sinistral and antithetic east–west dextral brittle
faults that cut the Neoarchean Lewisian gneisses, Paleoproterozoic
mafic dykes, and quartz–pyrite veins in part of the Assynt Terrane
close to the NW–SE-trending regional-scale Loch Assynt Fault
(Fig. 1a–c). Rhenium–osmium geochronology on associated
syntectonic copper–iron sulfide mineralization is used to provide
an absolute age for the brittle–ductile shearing deformation for the
first time. This permits tentative correlation with other regional
events in nearby regions of Baltica and Laurentia. In addition to
advances in our understanding of deformation in continental
cratons, the present paper also demonstrates the value of the
Re–Os technique for dating Proterozoic-age sulfide mineralization
events.

Regional setting

The Precambrian rocks of the Lewisian Complex, NW Scotland
form a fragment of the continental basement of Laurentia that lies to
thewest of themid-Silurian CaledonianMoine Thrust (Fig. 1a). The
rocks are largely unaffected by Caledonian deformation and have
experienced a number of much older crustal-scale geological events
during the Neoarchean and Paleoproterozoic. The Lewisian
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Complex is divided into a number of tectonic regions or terranes,
which are predominantly separated by steeply dipping shear zones
or faults (Fig. 1a; e.g. Park 2002, 2005).

The Assynt Terrane (Fig. 1b) forms the central part of the
Lewisian Complex in mainland NW Scotland. It comprises grey,
banded, tonalite–trondjemite–granodioritic (TTG) gneisses that are
locally highly heterogeneous lithologically, and also include
distinct units of mafic–ultramafic composition (e.g. Sheraton et al.
1973; Guice et al. 2018). The TTG gneisses are thought to be
derived from igneous plutons intruded at c. 3.03–2.96 Ga (high-
precision U–Pb and Sm–Nd geochronology; Hamilton et al. 1979;
Friend and Kinny 1995; Kinny and Friend 1997). These rocks
then underwent deformation and granulite-facies metamorphism
during the so-called Badcallian event(s), the timing of which is
incompletely resolved, with current age constraints suggesting
either a more widely favoured age of c. 2.76 Ga (e.g. Corfu et al.
1994; Zhu et al. 1997; MacDonald et al. 2015) and/or a younger age
of c. 2.49–2.48 Ga (e.g. Friend and Kinny 1995; Kinny and Friend
1997).

The central part of the Assynt Terrane is cut by the c. 1.5 km
wide, NW–SE-trending, steeply dipping dextral transpressional
Canisp Shear Zone (Attfield 1987; Fig. 1b). There are also many
other smaller steeply dipping, NW–SE- to WNW–ESE-trending
minor shear zones cutting the surrounding Badcallian gneisses
(Park and Tarney 1987) including the Stoer Shear Zone. Some of
these shear zones are thought to have developed initially during
Inverian deformation and amphibolite-facies retrogression, which
affected substantial parts of the Assynt Terrane (Attfield 1987).
The absolute age of this event is also somewhat unclear, with a
majority of studies considering it to be c. 2.4 Ga (e.g. Corfu et al.

1994; Love et al. 2004; Goodenough et al. 2013). The Badcallian
and Inverian structures are cross-cut by a regionally extensive set of
NW–SE-trending mafic and ultramafic intrusions referred to as the
Scourie Dyke Swarm (Fig. 1c). Individual intrusions range in
thickness from a few millimetres to several tens of metres and were
intruded as two suites of differing age: a dominant c. 2.42–2.38 Ga
set and a more minor group at c. 2.0 Ga (Rb–Sr whole-rock and
U–Pb geochronology; Chapman 1979; Heaman and Tarney 1989;
Davies and Heaman 2014). These dykes display evidence of
having been emplaced under amphibolite-facies pressures and
temperatures (i.e. in the middle crust), possibly immediately
following the Inverian event (O’Hara 1961; Tarney 1973;
Wheeler et al. 2010).

In the Assynt and Gruinard terranes (Fig. 1a), the dykes and older
structures in the host-rock gneisses are cross-cut by a regional set of
quartz–pyrite veins, emplacement of which has been dated using
Re–Os geochronology at c. 2.26 Ga (Vernon et al. 2014). These
veins, and the older structures, are all heterogeneously overprinted
by younger Laxfordian deformation with widespread retrogression
of the TTG gneisses under lower amphibolite- to upper greenschist-
facies metamorphic conditions (e.g. Sutton and Watson 1950;
Attfield 1987; Beacom et al. 2001). The regionally recognized
Laxfordian begins with a series of magmatic events c. 1.9–1.87 Ga,
at least some of which are related to island arc development,
followed by a protracted orogenic episode lasting from 1.79 to
1.66 Ga (see discussion by Goodenough et al. 2013). The effects of
Laxfordian reworking in the Assynt Terrane are highly localized,
being largely restricted to the 1 km wide centre of the Canisp Shear
Zone and other, narrower local shear zones, as well as along the
margins of the Scourie dykes. This contrasts with the Rhiconich and
Gruinard terranes, which lie respectively NE and SW of the Assynt
Terrane (Fig. 1a), where the Laxfordian event reached amphibolite
facies and was associated with more pervasive ductile shearing and
reworking (Droop et al. 1989). This led to the suggestion that the
Assynt Terrane represents a shallower depth crustal block during the
Laxfordian (e.g. Dickinson and Watson 1976; Coward and Park
1987).

In both the Assynt and Gruinard terranes, a younger set of
sinistral low greenschist-facies mylonitic shear zones, brittle faults
and localized folds is recognized developed subparallel to the pre-
existing high-strain fabrics in Laxfordian and Inverian shear zones,
and the margins of some Scourie dykes (Beacom et al. 2001). These
structures are informally referred to as the ‘Late Laxfordian’ and are
thought to include the initial development of the regional-scale
Loch Assynt Fault (Fig. 1b; see Krabbendam and Leslie 2010). The
precise age of the ‘late Laxfordian’ faulting is poorly constrained,
but in the Assynt Terrane these structures demonstrably predate
deposition of the unmetamorphosed and little deformed c. 1.2 Ga
Torridonian Stoer Group (Beacom et al. 2001). This suggests that
the currently exposed parts of the Lewisian Complex had been
exhumed to the surface by that time. Regionally, both the Stoer
Group and the Lewisian Complex are in turn unconformably
overlain by younger Torridonian sequences (Diabeg and Torridon
groups) thought to have been deposited no earlier than 1.04 Ga
(Park et al. 1994).

The present study focuses on a small region of copper sulfide
mineralization, which is found spatially associated with quartz veins
and faults cutting Lewisian gneisses on a small island linked to
the north shore of Loch Assynt when water levels are low
([NC21272497], Fig. 2a and b). The occurrence of copper
mineralization is rarely described in the Assynt Terrane and has
only been briefly referred to at localities near the Bay of Clachtoll
(Boyd and Crichton 1960) and at Loch an Eisg-brachaidh
(MacLeod, cited by Boyd and Crichton 1960). We were unable to
locate the occurrence of such mineralization at those locations
during the present study.

Fig. 1. (a) Regional location map with Lewisian Complex terranes in
mainland of NW Scotland. Box shows location of maps in (b) and (c).
(b) Simplified geological map of the Assynt Terrane with Inverian–
Laxfordian shear zones (in red) and trace of subvertical Loch Assynt
Fault. Box shows location of Figure 2a. (c) Simplified regional map
showing locations and NW–SE trend of Scourie dykes in the Assynt
Terrane.
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Field and laboratory methods

Fieldwork, sampling and petrography

Fieldwork studied faults and associated mineralization cutting
Lewisian gneisses and Scourie dykes exposed along or close to the
shores of Loch Assynt (Fig. 2a and b) where the water level, and
therefore ease of access to the outcrop, varies dependent on recent
rainfall patterns. The relative ages of country rock fabrics, igneous

intrusions, mineral veins and fault rocks were ascertained from
observed cross-cutting relationships. Structural geometries were
recorded through collection of orientation data; brittle fault
kinematics were determined based on offsets of markers in the
host rocks, local preservation of slickenline lineations and
preservation of asymmetric brittle shear criteria such as en
echelon veins and slickenline steps (Petit 1987). A representative
sample set of oriented hand specimens were collected from country

Fig. 2. (a) Simplified geological map of
the north shore of central Loch Assynt
(pink, Lewisian gneiss; green, Scourie
dykes; brown, Torridonian sandstones;
orange, Cambrian Basal Quartzite;
yellow, Cambrian Pipe Rock Quartzite;
heavy black lines are late normal faults).
Contours in metres. Box shows location
of (b). (b) EDINA Digimap areal image
of north shore showing location of
mineralization (Fig. 4a). (c) Equal area
lower hemisphere stereonets (i–vi) of
structural data from the Lewisian
Complex from the region shown in (a)
and (b).
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rocks, fault rocks and mineral veins and were used to study
microstructures and the timing of mineralization relative to
deformation. Both reflected and transmitted light optical
microscopy, and scanning electron microscopy (BSEM) were
used to study the composition and microstructural characteristics
of the copper and associated mineralization. Having identified and
removed appropriate material for dating, Re–Os geochronology was
used to determine the age of copper–iron sulfide mineralization,
and sulfur isotope composition to constrain the mineralizing
fluid origin.

Rhenium–osmium geochronology analytical methods

The copper mineralization comprises co-genetic intergrown copper
sulfides (55%, anilite and djurleite in roughly equal amounts),
copper–iron sulfides (40%, bornite) and minor supergene alteration
products (5%, malachite and covellite) (see below). Given the
intimate micron-scale intergrowth textures, a pure monomineralic
separate could not be achieved. A bulk copper sulfide mineral
separate (0.5 g) was therefore taken from an area with only minor
evidence of the supergene minerals covellite and malachite. Given
that our petrographic observations suggest that all the sulfide phases
are co-genetic, we suggest that an analysis of a single relatively
unaltered bulk sample of copper mineralization is justified. Optical
light microscope observation of the obtained 70–200 mesh fraction
mineral indicates that the separate was 90% copper–iron sulfides
with the remaining 10% comprising intergrown hematite > barite >
malachite > covellite. The Re–Os analysis was performed at the
Durham Geochemistry Centre in the Arthur Holmes and Source
Rock and Sulphide Geochemistry and Geochronology laboratories
using the protocols outlined by Selby et al. (2009) and Vernon et al.
(2014). Briefly, the sulfide mineral separate (0.4 g) together with a
known amount of mixed 190Os + 185Re tracer solution and a 1:2 mix
of inverse aqua regia (3 ml 11N HCl and 6 ml 15N HNO3) were
loaded and sealed into a Carius tube, and heated to 220°C for 48 h.
Osmium was purified from acidic solution using solvent (CHCl3)
and micro-distillation methods. From the Os extracted acidic
solution, Re was isolated using solvent extraction (NaOH–
acetone) and anion chromatography. The purified Re and Os
fractions were loaded onto Ni and Pt wire filaments respectively,
with the isotope compositions determined using a Triton
Thermo Scientific mass spectrometer. Rhenium isotopes were
measured statically using Faraday collectors, with the Os measured
in peak hopping mode using the secondary electron multiplier.
All data are blank corrected using a total procedural blank run
alongside the analysis (Re = 2.5 ± 1.1 pg and 0.10 ± 0.05 pg,
respectively), with an 187Os/188Os of 0.25 ± 0.05. The Re and Os
uncertainties presented in Table 1 are determined by the full
propagation of uncertainties from the mass spectrometer measure-
ments, blank abundances and isotopic compositions, spike calibra-
tions, and the results from analyses of Re and Os standards (running
averages; Restd = 0.59782 ± 0.0005; DROsS = 0.16083 ± 0.00005).
The Re standard data together with the accepted 185Re/187Re ratio
(0.59738; Gramlich et al. 1973) are used to correct for mass
fractionation.

Sulfur isotope analytical methods

Sulfur isotope analysis was performed on several milligrams of
sulfide using the analytical protocol of Robinson and Kusakabe
(1975). Isotope ratios were measured on a VG SIRA II dual inlet
mass spectrometer and the data are reported in the conventional
delta per mil notation relative to standard V-CDT (δ34S‰V-CDT).
Analytical precision at 1σ is ±0.2‰ for isotopically homogeneous
material; for standardization NBS 123 gives−17.1‰ and IAEA S-3
gives −32.1‰. T
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Field and cross-cutting relationships, Loch Assynt shore

Early basement features

Low-lying outcrops of Lewisian gneisses occur on the NE coast of
Loch Assynt and immediately SW of the A838 Inchnadamph–
Lochinver road (Fig. 2a and b; map reference [NC2125]). These
easily accessible exposures have been visited by generations of UK
geology students during university-run field trips and are widely
referred to in published field guides (e.g. Johnson and Parsons 1979;
Smith and Raine 2011). The amphibolite- to granulite-facies TTG
gneisses of the Assynt Terrane here show foliation and compos-
itional banding development (e.g. Fig. 3a) frommillimetre to tens of
metre scales (e.g. Sheraton et al. 1973). The foliation is best
developed in intermediate composition gneisses, where it is defined
by 0.5–5 cm thick layers of contrasting light (plagioclase and
quartz) and dark (pyroxene, hornblende and biotite) layers, with
individual layers rarely continuing laterally for more than a few
metres (Jensen 1984). Ultramafic units typically occur as lensoid
pods up to several tens of centimetres across, flattened in and
wrapped by the foliation. Representative samples from the
intermediate composition gneisses in the Loch Assynt area typically
contain 30% quartz, 20% plagioclase, 10% microcline, 10%
orthopyroxene and 30% heavily retrogressed clinopyroxene. The
mafic minerals are typically partially to wholly replaced by fine-
grained intergrown aggregates of hornblende, actinolite, epidote
and chlorite (Vernon et al. 2014). Foliations in the gneisses dip
moderately to the WNW (Fig. 2ci), with isolated, centimetre-scale
open to tight minor folds preserved locally. Mineral lineations
defined by aligned mafic minerals and elongate quartz–feldspar
aggregates plunge NW down the dip of the associated foliation and
subparallel to minor fold hinges (Fig. 2ci). Structures of this kind
and orientation are typical of c. 2.7–2.8 Ga Badcallian structures in
the Assynt Terrane (Sheraton et al. 1973), an inference confirmed

by the fact that they are all cross-cut by the Scourie dykes (see
below). There is no evidence in the area shown in Figure 2a for the
development of the NW–SE Inverian structures seen in other parts
of the Assynt Terrane.

The fabrics in the gneisses are cross-cut at high angles by two
steeply dipping to subvertical NW–SE dykes assigned to the c. 2.0–
2.4 Ga Scourie dyke suite (Fig. 2a; Johnson and Parsons 1979). A
c. 9 m thick fine- to medium-grained ultramafic dyke, which lies to
the SW, is exposed only in shoreline exposures at [NC21242504]. It
displays a chilled northern contact with the gneisses (the southern
contact is not seen) and has been described as a feldspathic picrite
(Johnson and Parsons 1979). The c. 45 m wide subparallel dyke
located a few metres to the north is much better exposed both along
the shoreline and inland, with discordant igneous contacts exposed
at a number of locations (e.g. Fig. 3b; [NC21052519, 21142519
and 21472503]). This dyke too displays a well-developed chilled
margin up to 0.5 m thick and, where least deformed, preserves relict
igneous textures. However, olivine, orthopyroxene and clinopyr-
oxene are largely replaced by blue–green hornblende, which occurs
in addition to calcic plagioclase and minor quartz and ore.

The dykes, and older foliations in the gneisses, are both cross-cut
by clusters of mainly NE–SW-trending subvertical quartz–pyrite
veins individually up to 0.5 m thick (Figs 2cii and 3c) and dated at
c. 2.25 Ga by Vernon et al. (2014) using Re–Os geochronometry.
Vein margins locally preserve evidence for syn-emplacement
sinistral shearing based on the local preservation of subhorizontal
quartz slickenlines, en echelon offshoot veins and dilational jogs
(Vernon et al. 2014).

Elsewhere in the Assynt Terrane, the quartz–pyrite veins and
dykes are consistently overprinted and reworked by lower
amphibolite- to upper greenschist-facies dextral shear fabrics
related to the Laxfordian event, including the development of the
central part of the Canisp Shear Zone (Fig. 1b; Attfield 1987). No

Fig. 3. Field outcrop relationships in Loch Assynt area. (a) Typical banded dioritic–granodioritic gneisses with WNW-dipping Badcallian foliation
[NC21102503]. (b) Plan view of NW–SE-trending northern contact of thick Scourie dyke (dark rock; bottom) cross-cutting foliation in Badcallian gneisses
(top). Noteworthy features are interfingering of dyke and gneiss (above and to the left of the compass clinometer) and local later brittle reactivation adjacent
to the original intrusive contact [NC25152518]. (c) Oblique view of undeformed NE–SW quartz–pyrite veins (c. 2.25 Ga) cross-cutting Badcallian foliation
in gneisses [NC21172508]. (d) Oblique view of quartz–pyrite veins offset by NW–SE subvertical sinistral fault; the pale green epidote mineralization to
right of whistle should be noted [NC21102517]. (e) Plan view of NW–SE-trending en echelon array of tensile quartz–epidote veins cutting gneisses
[NC21242504]. (f ) Plan view of conjugate sinistral and dextral en echelon quartz–epidote tension gashes; sinistral offset of older quartz–pyrite vein should
be noted [NC21242504].
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field evidence for such ductile dextral fabrics is preserved in the
Loch Assynt exposures and the c. 2.25 Ga quartz–pyrite veins here
are notably little deformed and show no significant grain-scale
deformation textures at temperatures greater than 300°C (Vernon
et al. 2014).

Brittle structures

All of the features described in the preceding section are cross-cut by
brittle faults, associated cataclastic fault rocks and, locally,
mineralization. These fall into two groups: one that predates and a
second that post-dates deposition of the Torridonian and Cambro-
Ordovician cover sequences. The dominant set in the earlier groupare
NW–SE-trending faults, which are mostly subvertical to steeply NE
dipping (Fig. 2ciii). These comprise either clean break faults lined
with narrow (<5 mm wide) seams of epidote-mineralized cataclasite
(Fig. 3d) or en echelon arrays of ESE–WNW-trending tensile veins
(<5 mmwide) filledwith fine epidote and quartz (Figs 2cv and 3e, f ).
Slickenline and quartz–epidote slickenfibre lineations on exposed
fault surfaces are moderately to shallowly dipping and associated
brittle shear criteria everywhere indicate sinistral senses of shear;
local offsets of up to 0.5 m are observed locally (e.g. Fig. 3d). These
structures are found in most exposures and lie subparallel to the
sinistral Loch Assynt Fault, which lies no more than a few hundred
metres to the SW (Fig. 1b; Krabbendam and Leslie 2010).

Another set of very much subordinate, subvertical to steeply
north-dipping fractures trend east–west (Fig. 2civ) and are associated
with the same quartz–epidote mineralization. Moderately plunging

slickenlines are locally preserved in exposed fault surfaces, with
offset markers and en echelon arrays of quartz–epidote-filled,
WNW–ESE tensile fractures (Fig. 2cv) indicating dextral senses of
shear. In a few localities, these structures occur in conjugate arrays
with NW–SE sinistral faults that share the same fills (Fig. 3f). They
are thus thought to be contemporaneous with, and antithetic to the
dominant NW–SE sinistral faults.

The later set of faults are high-angle normal faults with generally
dip-slip slickenline lineations (Fig. 2cvi) and local developments of
incohesive fault gouge and calcite mineralization (Pless 2012).
Map-scale faults are NE–SW and NW–SE trending with displace-
ments of up to several tens of metres based on offsets of cover
sequence boundaries (Fig. 2a). These normal faults are thought to be
Mesozoic based on the preservation of relatively incohesive gouges
consistent with formation close to the surface, the development of
associated calcite mineralization and their regional relationship to
outliers of Permian and younger strata elsewhere in NW Scotland
(Krabbendam and Leslie 2010; Wilson et al. 2010; Pless 2012).

A localized irregular region of copper mineralization measuring
c. 3 cm × 3.5 cm occurs on one of the small islands close to the
north shore of Loch Assynt [NC21272497]. Here bright green and
dark metallic grey minerals occur within a dilational jog located
close to intersection between an east–west fault (089/83N) and
slightly more NE-trending quartz vein belonging to the c. 2.25 Ga
set (Fig. 4a–c). En echelon sets of WNW–ESE tensile fractures
(118/68NNE) associated with the fault suggest a dextral sense of
shear consistent with the subordinate set of early pre-Torridonian
antithetic structures described above.

Fig. 4. (a) Drone-based plan view air photo of island where copper–iron mineralization occurs (yellow box) with arrows showing NE–SW quartz–pyrite
vein running across rock platform. (b) Plan view of outcrop at [NC21272497] showing NE–SW quartz–pyrite vein (blue) cross-cut by copper–iron
mineralization (yellow) and dextral faults (red). Location of thin section shown in (c) is also shown. (c) Low-power plane-polarized light (PPL) view of thin
section showing contact relationships between gneisses, quartz vein (QV), copper–iron mineralization and dextral faults.
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In addition to samples taken for geochemical and geochrono-
logical purposes, an oriented polished thin section was made
showing the local setting of the mineralization and how it cross-cuts
both the gneisses and the quartz vein seen in the field; it also
includes a marginal part of the dextral east–west fault (Fig. 4c). This
thin section was then studied using optical (transmitted and reflected
light) microscopy and an SEM, supplemented by an XRD analysis
of a crushed subsample of the mineralization from the same
specimen.

Petrography and mineralogy

Host rock and quartz vein

The Lewisian wall rocks comprise medium- to coarse-grained
sericitized calcic plagioclase (80% of rock), biotite, chlorite and ore
(after hornblende?), epidote and minor quartz with a weak foliation
defined by compositional banding and alignment of mineral grains
(Fig. 4c). The quartz vein is very coarse grained (up to 15 mm
diameter grains) with local recrystallization and subgrain develop-
ment consistent with a weak low-temperature deformational
overprint (see Vernon et al. 2014, for descriptions of similar
textures in this region of Assynt). Brittle fractures and microcracks
are widespread, but there is little evidence for significant cataclasis
other than in shears close to the east–west dextral fault (see below).

Mineralized area

An XRD and thin section analysis of the mineralized material
reveals a complex array of copper sulfides (anilite and djurleite;
c. 40% intergrown in roughly equal amounts), copper iron sulfide

(bornite; c. 30%), iron oxide (hematite; c. 20%) and sulfate (barite;
c. 10%) (Fig. 5a). The last mineral is found only in the mineralized
area, most notably in its centre (Fig. 5b and c).

Reflected light optical microscopy of the main area of sulfide
mineralization, most of which is opaque in transmitted light, reveals
complex fine intergrowths of anilite, djurleite, bornite, barite and
hematite (Fig. 6a–c). Regions with hematite (some in discontinuous
veinlets) and barite present are commonly poor in intergrown
bornite (e.g. Fig. 6b) suggesting that all these minerals are co-
genetic. Supergene alteration of <10% of copper sulfides to
covellite and malachite is seen round many grain boundaries,
along cleavage planes and in locally developed cracks (Fig. 6c).
Contacts between the copper–iron mineralization and both the host
quartz vein and the barite are characterized by bornite-poor rims ±
hematite intergrowths (Fig. 6d). Sulfide–quartz boundaries are
sharp with local alteration to fibrous malachite (green), azurite
(blue) and chlorite. Sulfide–gneiss contacts are more complex.
Host-rock feldspars are altered to epidote, which is intergrown
with fine hematite, bornite and copper sulfide (Fig. 6e and f). The
mineralization develops rimmed textures that show cuspate–lobate
forms consistent with the operation of diffusion mechanisms during
mineral growth (Passchier and Trouw 2005).

Brittle–viscous shears

Zones of shearing are mostly located along the margins of the thin
section close to the east–west dextral fault seen in the field (Fig. 4c),
but poorly developed subparallel displacement zones occur as
anastomosing arrays elsewhere in the gneisses. Away from the
region of copper mineralization, the shears are associated with the

Fig. 5. (a) XRD data of copper–iron
mineralization sample from [NC21272497].
(b) Low-power and (c) higher power PPL thin
section images of typical barite–ore intergrowth
textures consistent with co-genetic mineral
growth.
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Fig. 6. Textural relationships consistent with cogenetic copper–iron–barite ore mineralization in thin section. (a) Reflected light image of fine intergrowths of anilite (pale yellow–green), djurleite (pale to medium blue), bornite
(pink), barite (grey) and hematite (yellow). It should be noted that areas with intergrown hematite generally lack intergrown bornite and vice versa. (b) Reflected light image of discontinuous veinlet of intergrown barite and
hematite with bornite-free rim of anilite–djurleite. (c) BSEM image of supergene alteration of copper sulfides to covellite and malachite. Dendritic growth forms and localization along microcracks and cleavage planes should
be noted. (d) Reflected light image of intergrown copper sulfides and bornite (bottom) adjacent to region of intergrown copper sulfides, hematite and barite, which forms a contact zone with larger region of barite (top). (e)
PPL transmitted and (f ) reflected light images of typical contact zone between copper–iron mineralization (bottom) and feldspathic Lewisian gneiss (top). The feldspar is altered to epidote and intergrown with fine hematite,
bornite and Cu sulfide. The alteration rims show cuspate–lobate forms consistent with the operation of diffusion mechanisms during mineral growth.
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deformation and new growth of iron oxides and chlorite, which
form asymmetric fibrous overgrowths consistent with the operation
of low-temperature diffusive mass-transfer mechanisms synchron-
ous with dextral shearing (Fig. 7a). The dextral shears also cut
through the copper mineralization and appear to smear it along
the fault planes when viewed with the naked eye (e.g. Fig. 4c). In
reflected light and SEM images, the shears are seen to be associated
with the new growth of fibrous copper sulfides (often partially
altered to malachite), chlorite, barite, hematite and epidote with an
asymmetric form consistent with the dextral shear sense (Fig. 7b and
c). This suggests that mineral growth and shearing overlap and are
associated with the operation of diffusive mass-transfer processes
along fluid-rich fault zones. Shears closest to the mesoscale dextral
fractures on the edge of the sample additionally host spectacular
zoned colloform intergrowths of malachite, libethenite (copper
phosphate) and brochantite (copper sulfate) (Fig. 7d), all formed by
presumably somewhat later low-temperature fluid flow along open
fractures. These late phases cross-cut and therefore locally post-date
the fibrous minerals seen in the shears, but are responsible for the
bright green and blue colours seen in outcrop.

In summary, the XRD, petrological and microstructural
observations suggest that the growth of the copper–iron sulfide
and associated mineralization at least overlaps in time with dextral
shearing along this east–west Late Laxfordian fault. This
syntectonic relationship is based primarily on the observed

growth of fibrous sulfides along dextral shears spatially associated
with a mesoscale fault seen in the field (Fig. 7b and c). The
widespread growth of epidote co-genetically with sulfide
mineralization (e.g. Fig. 6e–f ) also fits this interpretation, as
this mineral is very widely associated with so-called ‘Late
Laxfordian’ structures both locally (e.g. Fig. 3e–f ) and regionally
(Beacom et al. 2001). Thus it is argued that geochronological
dating of the sulfide mineralization also gives an age for the pre-
Torridonian brittle faulting event in this part of the Assynt
Terrane. It should be noted that we believe that the analysis of a
single bulk sample of copper mineralization is justified by the
textural observations, which show that all the sulfides are co-
genetic (e.g. Fig. 6a, b and d).

Rhenium–osmium geochronology

The analysed copper sulfide separate contains a total Re and Os
abundance of 10 ppb and 179 ppt, respectively (Table 1). The
elevated 187Re/188Os (3700) and 187Os/188Os (97) values indicate
that the bulk of the Os budget in the sample is radiogenic 187Os
(187Osr). To calculate a model Re–Os date the abundance of 187Osr

must be obtained. Given that we have only one sample owing to the
fact that copper mineralization is restricted to only a small area (3 cm
× 3.5 cm), the 187Osr can be determined only by using an assumed
initial 187Os/188Os composition, rather than a composition

Fig. 7. Fibrous mineral growth textures associated with brittle–ductile dextral microshears. (a) PPL transmitted light image of dextral asymmetric fibrous
overgrowths of green chlorite and black hematite on hematite porphyroclasts and along shear surfaces. (b) BSEM and (c) reflected light images of dextral
asymmetric fibrous growth of Cu sulfides (partly altered to malachite and sparse spots of bornite), epidote, chlorite, barite and hematite. The fibrous zone
cross-cuts a more massive region of intergrown copper–iron sulfides, hematite, barite and epidote. (d) BSEM image of zoned colloform intergrowths of
malachite, libethenite (copper phosphate) and brochantite (copper sulfate) cross-cutting fibrous copper sulfide and chlorite seen in dextral shear.
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determined from the regression of Re–Os data of several
contemporaneous samples (e.g. Vernon et al. 2014). Using a
moderately non-radiogenic 187Os/188Os value of 0.2 ± 0.1, 99.8% of
the 187Os is radiogenic (Table 1); coupled with the 187Re data, a
Re–Os model date of 1555.3 ± 17.1 Ma is obtained using the 187Re
decay constant of 1.666 × 10−11 a−1 (Smoliar et al. 1996). However,
given that fluid flow associated with the quartz veining and copper
mineralization is through c. 2.7 and 2.4 Ga crustal units of the
Assynt Terrane, the fluid 187Os/188Os value could have been
significantly more radiogenic, although sulfur isotope analysis
suggests that the sulfur associated with the copper mineralization
and 2.2 Ga pyrite is isotopically indistinguishable from primitive
mantle (this study; see below; Vernon et al. 2014). Although
exhibiting large uncertainties, the initial 187Os/188Os values for
2.2 Ga pyrite were shown to be 0.9 ± 9 and 3 ± 13 (Vernon et al.
2014). A more radiogenic initial 187Os/188Os results in the
percentage of the 187Os budget being slightly less radiogenic. For
an initial 187Os/188Os of 0.9, 99.1% of the 187Os is radiogenic, and
96.7% for an initial 187Os/188Os of three. Regardless of the value of
the initial 187Os/188Os, the majority of the 187Os budget (>96%) is
radiogenic. As a result, the Re–Os model dates are very similar
(1555.3 Ma (initial 187Os/188Os of 0.2) v. 1544.2 Ma (initial
187Os/188Os of 0.9) v. 1511 Ma (initial 187Os/188Os of three);
Table 1). We therefore consider the copper mineralization and by
inference the precipitation of the associated quartz vein(s) and
fracture formation to have occurred at c. 1.55 Ga (Fig. 8a).

Sulfur isotope analysis

In their analysis of the earlier suite of c. 2.25 Ga quartz–pyrite veins
in the Assynt Terrane, Vernon et al. (2014) obtained one rather
imprecise and significantly different age of c. 1.6 Ga from a pyrite
sample at the Waterworks locality in the Canisp Shear Zone near
Lochinver (Fig. 1b). The five sulfides showing 2.25 Ga ages had
δ34S (V-CDT) in the range 3.0–0.9‰ (averaging 1.7 ± 0.8‰, 1σ,
n = 5) whereas the sample from Waterworks giving the 1.6 Ga age
had δ34S of −2.2‰, leading Vernon et al. (2014) to speculate that it
could represent a younger mineralization event. This age lies well
within uncertainty of the Loch Assynt analysis obtained here for
which sulfide δ34S is 0.0‰. There are several points worthy of note
here. First, Lowry et al. (2005), in their compilation of sulfur isotope
data and mineralogy of ore deposits in northern Britain, noted
that data from Lewisianoid basement inliers interleaved with the
Moine Supergroup cover sequences suggest ‘a source of slightly
34S-enriched sulfur in the range −3‰ to +5‰’, consistent with the
vein data discussed above and an original mantle source for
the sulfur as concluded by Vernon et al. (2014). Second, the
observation in this study of probably co-genetic ore sulfides and
barite, and the accompanying stable isotope partitioning (perhaps
assuming isotopic as well as textural equilibrium) between reduced
and oxidized sulfur render further interpretation to the attribution of
a definitive fluid δ34S unwisewithout a much more detailed study of
the distribution of sulfur isotopes amongst coexisting mineral
phases (and an estimate of fluid pH and fO2).

Fig. 8. (a) Revised chronology of events
and relation to regional assembly of the
Lewisian Complex. (b–d) PPL
transmitted light images of
ultramylonite–pseudotachylyte and
epidote–quartz mineralization in highly
deformed gneisses along Scourie dyke
margin at [NC21042519]. Noteworthy
features are the widespread development
of sinistral shear criteria associated with
both ultramylonite and pseudotachylyte
(PT) development, and the fibrous form
of the epidote adjacent to some foliation-
parallel shears.
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Discussion

The age and regional extent of the ‘Late Laxfordian’ event

The so-called ‘Late Laxfordian’ event is widely recognized in the
Assynt Terrane and is associated with the development of steeply
dipping to subvertical, NW–SE sinistral fault zones, which
commonly, but not exclusively, reactivate similarly oriented
Scourie dyke margins and Inverian–Laxfordian shear zone
fabrics (Attfield 1987; Beacom et al. 2001; Wilson et al. 2011).
Epidote mineralized cataclasites and local developments of
pseudotachylyte are also associated with these structures
(Beacom 1999; Hardman 2019). The regional-scale Loch Assynt
Fault is thought to have initiated as one of these structures
(Krabbendam and Leslie 2010) and is thought, at least in part, to
reactivate the earlier Stoer Shear Zone seen at the NW end of Loch
Assynt (Fig. 1b). The fault can be traced 15 km northwestwards to
a coastal gully near Clashnessie [NC06783169]. Here it is
associated with the development of a highly cemented hematite-
stained breccia zone c. 10 m wide with subhorizontal slickenlines

on exposed slip surfaces and quartz–chlorite–epidote veins (Scott
2018). This fault does not cut, and therefore probably predates, the
basal unconformity of the c. 1200 Ma Stoer Group, which lies
along-strike and to the NW (Fig. 1b). In the region of Loch
Assynt, the southeastern end of the fault has clearly experienced
later reactivation as it offsets the foreland sedimentary sequences
(Torridon Group, Cambro-Ordovician marine sequences) by
1300 m sinistrally and 120 m vertically (SW-side-up) and also
continues up into the lower parts of the overlying Moine Thrust
Zone (see Krabbendam and Leslie 2010). A related fault with the
same trend and smaller amounts of apparently sinistral and/or SW-
side-up senses of offset is also seen displacing and locally folding
the basal Cambrian sequence north of the A837 Inchnadamph–
Lochinver road (Fig. 2a; folds seen 250 m NW of Lochan Feoir at
[NC226254]).

We have shown that the c. 1.55 Ga copper–iron sulfide
mineralization seen on the shore of Loch Assynt is related to
dextral east–west faulting that is antithetic to the more widespread
NW–SE sinistral faults seen in the area. We propose that these are

Fig. 9. (a) Stress inversion data for (i) sinistral faults; (ii) dextral faults; (iii) tensile fractures or veins; (iv) later (Mesozoic) normal faults. (b) Stress
inversion analysis for (i)–(iii) combined, with the Assynt Fault trend (red dashed line) shown together with a summary of mean planes, shear senses and
opening directions. (c) A 3D summary diagram of fracture orientations and kinematics; not to scale.
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typical ‘Late Laxfordian’ structures based on geometric and
kinematic similarity to other structures assigned to this group
elsewhere in the Assynt Terrane (Fig. 8a; e.g. Beacom 1999;
Beacom et al. 2001; Wilson et al. 2011) and the widespread
development of associated epidote mineralization along these
faults. Additional support for relating the brittle structures seen on
the north shore of Loch Assynt with regional brittle strike-slip
faults comes from the local preservation of low-temperature
ultramylonites and pseudotachylytes along the reactivated
NW–SE margins of the larger Scourie dyke in both gneiss
[NC2104525192] and dyke [NC2148925025] (e.g. Fig. 8b–d;
Scott 2018). The ultramylonites here are characterized by pervasive
sub-grain rotation recrystallization with sinistral S–C fabrics, minor
folds and sigma porphyroclasts of both plagioclase and epidote
(Fig. 8b). Quartz–epidote veins run subparallel and at high angles
to the foliation, with the former being frequently partially
mylonitized or fibrous in form, suggesting that mineralization
occurred prior to, during and after local crystal plasticity. Discrete
microscale faults also offset marker layers sinistrally, with
associated dextral antithetic faults, and both root upwards and
downwards into foliation-parallel detachments, some of which
follow the deformed quartz–epidote layers (Fig. 8b–d). These
detachment faults are lined by dark brown pseudotachylytes, which
locally show ‘paired generation zone’ (Grocott 1981) geometries
(Fig. 8d). Pseudotachylytes also form small (50 µm wide, ≤1 mm
long) en echelon injection veins once again consistent with sinistral
shear (e.g. Fig. 8b–d). These fault rock assemblages are typical of
‘Late Laxfordian’ faults in other regions (Shihe and Park 1993;
Beacom 1999; Beacom et al. 2001).

In the analysis by Vernon et al. (2014) of the c. 2.25 Ga quartz–
pyrite veins of the Assynt Terrane, one sample from theWaterworks
locality in the Canisp Shear Zone near Lochinver (Fig. 1b) yielded,
although imprecise (±1.3 Ga), a significantly different age of
c. 1.6 Ga (Vernon et al. 2014). The uncertainty in the presented Re–
Os model date of the sample is largely controlled by the uncertainty
in the initial 187Os/188Os used to calculate 187Osr obtained from the
regression of the Re–Os data (0.9 ± 9; Vernon et al. 2014). If a
nominal uncertainty of 0.1 in the initial 187Os/188Os is used, the
uncertainty in the Re–Osmodel date reduces significantly to 0.2 Ga.
Additionally, the Waterworks pyrite sample also exhibits a lower
sulfur isotope signature compared with the other c. 2.25 Ga pyrite
samples, which led Vernon et al. (2014) to speculate that it could
represent a younger mineralization event. Interestingly, the Re–Os
model age of the Waterworks pyrite sample is similar within
uncertainty to that of the copper mineralization of Loch Assynt
obtained here. Although there are only two samples, regression of
the 187Re/188Os v. 187Os/188Os data for the Waterworks sample and
the copper mineralization of this study yields a Re–Os date of 1538
± 34 Ma, with an initial 187Os/188Os of 1.3 ± 1.8. This potentially
suggests a more regional deformation–hydrothermal event across
the Assynt Terrane at c. 1.55 Ga (Fig. 8a).

Superficially similar NW–SE sinistral faults associated with so-
called ‘Late Crush Belts’ are also recognized in the Gairloch region,
which forms part of the Gruinard Terrane lying immediately to the
SW of the Assynt Terrane (Fig. 1a; Campbell et al. 2019). These
zones are associated with extensive developments of cataclasite and
pseudotachylyte and were assigned to the same suite of ‘Late
Laxfordian’ structures in the regional studies of Beacom (1999) and
Beacom et al. (2001).

Sherlock et al. (2008) used infrared laserprobe 40Ar/39Ar dating
to date pseudotachylyte and host-rock minerals at Gairloch.
Complex results were attributed to the presence of refractory host-
rock clasts and mineral fragments in the pseudotachylyte and, on
removing these complexities, Sherlock et al. proposed ages for the
friction melts of between 0.98 and 1.12 Ga (i.e. Grenvillian).
Interestingly, these researchers also obtained 40Ar/39Ar ages of

1.69–1.56 Ga from hornblende grains in the immediate host rocks
adjacent to pseudotachylyte-bearing crush zones, whereas biotites
yielded ages of 1.30–1.03 Ga, suggestive of a later tectonic event
that did not exceed the closure temperature of Ar within the
amphiboles (c. 500°C). They attributed the older country rock ages
to Laxfordian regional metamorphism and cooling, but they also lie
close to the c. 1.55 Ga age obtained during the present study. Host-
rock mineral ages can also be related to local frictional melting
events (e.g. Kelley et al. 1994) and it is clear that the crush zones at
Gairloch show widespread local evidence for multiple movement
and melting episodes along individual slip zones (Shihe and Park
1993; Beacom 1999; Campbell et al. 2019). Hence, we tentatively
suggest that the older ages at Gairloch are related to frictional
heating during the initiation of the NW–SE crush belts in Gairloch
and that these structures were then reactivated during the Grenvillian
as proposed by Sherlock et al. (2008). Thus we suggest that the c.
1.55 Ga age obtained using Re–Os geochronology at Loch Assynt
plausibly gives an age for the regional initiation of ‘Late
Laxfordian’ structures across both the Assynt and Gairloch terranes
in NW Scotland.

The ‘Assyntian’ event: a proposal

The foregoing discussion highlights the likelihood that the c.
1.55 Ga shearing event is of regional extent through a large
proportion of the Lewisian Complex, as suggested by Beacom et al.
(2001). A palaeostress inversion was undertaken using inferred
opening directions from tensile veins and slip vectors taken from
measured shear fracture slickenline lineations using the right
dihedron method of Angelier and Mechler (1977) (Fig. 9ai–iii).
These yield broadly east–west horizontal compression and north–
south horizontal extension directions with principal stress axes
consistent with a strike-slip tectonic environment (σ2 vertical;
Fig. 9b). As bedding in the local c. 1040 Ma Torridon Group strata
that unconformably overlie the Assynt Lewisian basement is
subhorizontal, we see no reason to reorient the structural data or
analysis. An inversion analysis of the later cross-cutting normal
fault sets (Fig. 9aiv) yields a very different east–west extension and
a principal stress pattern consistent with normal faulting (σ1
vertical) of probably Mesozoic age (Pless 2012; see Roberts and
Holdsworth 1999).

The c. 1.55 Ga shearing event is kinematically distinct from the
preceding Laxfordian ductile deformation, which is associated with
dextral shear along regional and local NW–SE shear zones such as
the Canisp Shear Zone and Scourie dyke margins (Fig. 8a; Attfield
1987). In this regard, we believe that continued use of the term ‘Late
Laxfordian’ is misleading as it represents a kinematically distinct
and later deformation episode, albeit one much influenced by the
presence of pre-existing dyke contacts and shear zones. In terms of
regionally recognized events seen in nearby continental regions, the
c. 1.55 Ga age is broadly contemporaneous with the latter stages of
the Gothian orogeny in southern Scandinavia (Baltica), associated
with widespread crustal accretion and calc-alkaline volcanic rocks
(Gaál and Gorbatschev 1987; Starmer 1996). It also lies within
uncertainty of the close of the Labradorian Orogeny in Canada
(Laurentia; c. 1.71–1.62 Ga; Kamo et al. 1996; Rivers 1997),
meaning that it is possible that the c. 1.55 Ga event represents an
important missing link in Scotland between these two regional
episodes. In the light of this, we tentatively propose here that the
‘Late Laxfordian’ event should be referred to in future as the
‘Assyntian’ to (1) separate it from the earlier Laxfordian events and
(2) recognize its possible regional development. Clearly, much
further work is needed to further constrain the age, extent and
regional significance of this brittle episode throughout the Lewisian
Complex.
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Conclusions

A distinctive set of steeply dipping sinistral and dextral brittle–
viscous shears post-dating local Neoarchean Badcallian fabrics,
Paleoproterozoic Scourie dykes and quartz–pyrite veins are
recognized cutting Lewisian gneisses exposed on the northern
shore of Loch Assynt, a well-visited teaching locality in NW
Scotland. A dominant set of NW–SE sinistral faults are parallel to
the adjacent Loch Assynt Fault and reactivate dyke margins leading
to the local development of low-temperature ultramylonites and
pseudotachylytes, whereas an east–west dextral set are subordinate
and antithetic structures (Fig. 9c). Both fault sets are closely
associated with steeply dipping NW–SE tensile quartz–epidote-
filled tensile fractures or veins. The association of these fault rocks
with epidote–quartz–chlorite mineralization is typical of so-called
‘Late Laxfordian’ events in the Assynt Terrane and beyond. One of
the dextral east–west faults close to Loch Assynt is associated with
the co-genetic development of copper–iron sulfides, iron oxide,
epidote and barite. Texturally, the mineralization is, at least in part,
syntectonic based on the fibrous growth form of the sulfide and
oxide minerals grown along local dextral shears. A Re–Os age from
the copper–iron sulfides of c. 1.55 Ga probably dates the age of the
brittle shearing event in this terrane. Given its potential regional
extent we propose that this event should be referred to as the
‘Assyntian’ to distinguish it from earlier, kinematically distinct
Laxfordian events. The palaeocontinental significance of this strike-
slip deformation episode remains unproven, but it overlaps in age
with the closing stages of the Gothian and Labradorian orogenies in
Baltica and Laurentia, respectively, and may provide a structural
link between these two contemporaneous tectonic episodes located
either side of Scotland in the Mesoproterozoic (e.g. see Starmer
1996). The findings further illustrate the ability of the Re–Os
geochronometer to date Proterozoic sulfide deposits and associated
deformation events.
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The nature and age of basement host rocks and fissure fills in the
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Abstract: Hosting up to 3.3 billion barrels of oil in place, the upfaulted Precambrian crystalline rocks of the Lancaster field,
offshore west of Shetland, give key insights into how fractured hydrocarbon reservoirs can form in such old rocks. The
Neoarchean (c. 2700–2740 Ma) charnockitic basement is cut by deeply penetrating oil-, mineral- and sediment-filled fissure
systems seen in geophysical and production logs and thin sections of core. Mineral textures and fluid inclusion geothermometry
suggest that a low-temperature (<200°C) near-surface hydrothermal system is associated with these fissures. The fills help to
permanently prop open fissures in the basement, permitting the ingress of hydrocarbons into extensive well-connected oil-
saturated fracture networks. U–Pb dating of calcite mineral fills constrains the onset of mineralization and contemporaneous oil
charge to the mid-Cretaceous and later from Jurassic source rocks flanking the upfaulted ridge. Late Cretaceous subsidence and
deposition of mudstones sealed the ridge, and was followed by buoyancy-driven migration of oil into the pre-existing propped
fracture systems. These new observations provide an explanation for the preservation of intra-reservoir fractures (‘joints’) with
effective apertures of 2 m or more, thereby highlighting a new mechanism for generating and preserving fracture permeability
in sub-unconformity fractured basement reservoirs worldwide.
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More than 125 hydrocarbon fields with fractured basement reservoirs
have been recognized worldwide (e.g. P’an 1982; Koning 2003;
Cuong & Warren 2009; Gutmanis 2009; Trice 2014), but their
geology and the processes that lead to the accumulation of significant
volumes of hydrocarbons are poorly understood. In most basement
plays, oil is thought to migrate from an organic-rich mudstone source
rock into a trap formed from a palaeo-high, termed a ‘buried hill’
trap (Biddle & Wielchowsky 1994). The seal is typically provided
by a blanketing sequence of clay-rich mudstone and the reservoir
formed from naturally fractured crystalline basement rocks.

Given the very low matrix permeability of most basement rocks,
oil and other associated fluids are typically transported and stored
via well-connected, open fracture systems. The geological
characteristics and formation mechanisms of these fracture
systems are reservoir specific and are challenging to characterize
as the fracture network (or hydrodynamic fracture network
associated with fluid transportation) cannot be imaged directly
using seismic reflection data. Borehole images and core samples can
give insights into the fracture network, particularly when integrated
with dynamic data such as pressure transient analysis, interference
and production logging data.

Since 2009, the exploration and initial development of Lancaster,
the UK’s first wholly basement-hosted hydrocarbon field, has
involved the drilling of several wells, with extensive image logs,
drill stem testing and the collection of more than 80 sidewall cores,
in addition to the interpretation of 3D seismic reflection data. This
has facilitated a detailed investigation of the hydrocarbon-bearing
and other fracture systems within the basement. In this paper we
present a summary of themain findings that have arisen from a study
of these materials, with particular focus on the sidewall cores. Thin-
section observations and U–Pb zircon geochronology allow the
nature, absolute age and affinities of the Lancaster basement to be
established with a high degree of confidence. Microstructural
analysis and calcite U–Pb dating shed new light on the fault rock
and fracture filling history of the crystalline hosts and how this has
allowed the ingress and accumulation of large volumes of
hydrocarbons. The acquired geological information gives detailed
insights into the geological processes that contribute to the reservoir
potential of fractured basement. The findings are relevant to all
basement reservoirs where pre-existing fracture networks have been
exploited in sub-unconformity settings. More generally, these new
geological observations have wider implications for fractured
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reservoirs and subsurface fluid migration processes worldwide,
including in geothermal settings and basement aquifers.

Geological setting of the Lancaster field

The West of Shetland petroleum province (Fig. 1a) includes a
number of significant but serendipitous oil discoveries made in
wells drilled into basement along the Rona Ridge (e.g. 206/7a-2
(Clair); 205/21-1a (Lancaster); 208/27-2; Fig. 1a; Holdsworth et al.
2019). Some basement hosts, like those of the giant Clair field (6–
7 billion barrels stock tank oil in place), underlie more conventional
Devonian–Carboniferous sandstone reservoirs (Coney et al. 1993).
Others, like those of the Lancaster and associated fields in the SW
Rona Ridge, are hosted almost entirely within fractured basement
(Fig. 1b and c; Slightam 2012; Trice 2014; Belaidi et al. 2016; total
estimated oil in place >18 billion barrels).

Geochemical studies of oils from several fields along the Rona
Ridge suggest a Late Jurassic Kimmeridge Clay source rock
(Holmes et al. 1999; Finlay et al. 2011), thought to occur mainly on
the downfaulted western flank of the ridge in the Faroe–Shetland
Basin to the NW (Fig. 1b; Ritchie et al. 2011). Basin modelling and
radioisotopic dating of oils and mineral fills in associated fractures
suggest that oil maturation and associated hydrothermal mineral-
ization in the Rona Ridge in the central and northeastern part of the
Rona Ridge (Clair, Victory; Fig. 1a) occurred during a period of at
least 25 myr in the Late Cretaceous (c. 90–65 Ma; Finlay et al.

2011; Holdsworth et al. 2019). It has been proposed that the oil
progressively migrated from its Jurassic source via fracture systems
propped open by partial Cretaceous-aged mineral and sediment fills
up into the adjacent basement ridge and locally onward into cover
sequences such as the Clair Group (Holdsworth et al. 2019). An
alternative model might involve lateral and upward migration into
an overlying Cretaceous carrier bed that drapes over the top of the
Rona Ridge with downward filling into the fractured basement
below (e.g. Psyrillos et al. 2003).

The c. 200 km long and 15 km wide Rona Ridge comprises a
series of NE–SW-trending footwall blocks of Precambrian basement
bounded by large Mesozoic normal faults with kilometre-scale
offsets (Fig. 1a–c, Ritchie et al. 2011). Regional studies of basement
cores west of Shetland reveal variably deformed assemblages of
coarse-grained, upper amphibolite-facies granodioritic–dioritic plutons
and orthogneisses that have yielded a narrow range of Neoarchean
zircon ages (c. 2.83–2.73 Ga; Holdsworth et al. 2018). Broadly the
same age as the protolith gneisses of the Lewisian Complex in
Scotland, these rocks form part of the larger Faroe–Shetland Terrane
locatedwest of Shetland and can be correlated directlywith rocks of the
Rae Craton in Greenland and Canada (Kinny et al. 2019).

Regional 2D seismic reflection surveys and boreholes show that
the basement ridge is immediately overlain by a diverse but
volumetrically limited range of Late Paleozoic–Mesozoic cover
sequences, with many lateral thickness variations and local
unconformities (Fig. 1b and c; Ritchie et al. 2011; Stoker et al.

Fig. 1. (a) Simplified map showing location of Rona Ridge basement, oilfields and legacy wells referred to in this study. SCO, Scotland. The mapped
extent of the Clair field includes the Devonian part of the reservoir (Clair Group). Red box shows location of map in (c). (b) Simplified NW0150SE cross-
section through the Rona Ridge at Lancaster and the adjacent Faroe–Shetland Basin based on regional 2D seismic reflection profiles. (c) Interpreted NW–

SE-trending seismic reflection profile across the Rona Ridge at Lancaster. Data courtesy of PGS (after Slightam 2012).
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2018). This architecture reflects the long-term persistence of the
Rona Ridge as an emergent topographic high from Triassic to
Cretaceous times. Regional subsidence and burial occurred in the
Late Cretaceous, blanketing the ridge in deepmarine mudstones that
are thought to form the regional seal (Ritchie et al. 2011; Witt et al.
2011; Trice 2014). Most cores of the basement–cover unconformity
reveal little evidence of deep surface weathering of the exposed
crystalline rocks, unlike other basement plays such as the Utsira
High in the Norwegian North Sea (Riber et al. 2017; Trice et al.
2019). Thus, most of the basement-hosted oil in the Rona Ridge is
probably hosted in fractures (Holdsworth et al. 2019).

The Lancaster field

Exploration and appraisal

The Lancaster basement was first drilled in 1974 by Shell in well
205/21-1a to evaluate a Mesozoic clastic succession (Jurassic Rona
Sandstone) that onlapped the basement (Fig. 1c). Oil was recovered
to surface with core samples revealing oil associated with fractures
in both the Rona Sandstones and the underlying basement.

Subsequently five basement exploration–appraisal wells were
planned and drilled based on the interpretation of 3D seismic

reflection data and the identification of faults extending down into
the basement (Figs 1c and 2a). Each of the Lancaster wells has
undergone drill stem testing and the associated dynamic data
combined with interpretation of wireline or logging while drilling
(LWD) logs, core and sidewall cores have led to the current
understanding of the Lancaster reservoir (Fig. 3; see Slightam 2012;
Trice 2014; Belaidi et al. 2016; Bonter et al. 2018; Trice et al.
2019). The Lancaster field is currently under production
through two, 1 km long, horizontal wells, which are tied back to a
floating production, storage and offtake vessel. Initial production
achieved individual well flow rates of 16 500 bopd and an extremely
high productivity index of between 190 and 205 STB/d/psi. The
latter is consistent with an extensive oil column (estimated range of
597–678 m TVT) and a well-connected hydrodynamic fracture
network.

The geological history and reservoir characteristics of Lancaster
indicate that the trap is a ‘buried hill’ similar to other global
examples such as the Bach Ho Field in Vietnam (Cuong & Warren
2009; Trice et al. 2019). The current explorationmodel suggests that
the Lancaster field and the adjoining Halifax discovery are part of a
single hydrocarbon accumulation, with the trap sealed by overlying
and draping Cretaceous mud rocks and perhaps laterally by the
Westray Fault Zone and Brynhild Fault Zone (Fig. 2b).

Fig. 2. (a) Seismic fault map at top basement for the Lancaster field showing location of main legacy, exploration and appraisal wells. Faults denoted as
blue and grey lineaments are automatically picked from the uppermost 10 ms of the seismic volume utilizing coherency analysis (Antracking©) with
parameters constrained by manual seismic interpretation and well data. Antracking is a product of Schlumberger and forms part of the Petrel suite of
programs. TVDSS FWL, true vertical depth sub-sea free water level. (b) Three-dimensional oblique view looking SE of top basement surface showing
location of Lancaster field relative to adjacent discoveries and prospects in the SW Rona Ridge. The location of the NW–SE Westray and Brynhild fault
zones is also shown. (c) Lancaster joint classification scheme used by Belaidi et al. (2016). (d) Schmidt upper hemisphere polar plot (left) and rose diagram
(right) for joints identified from image logs in the basement wells 205/21a-7 (vertical 1397 ft (425.8 m) MD) and 205/21a-7Z (horizontal 3226 ft (983.3 m)
MD). It should be noted that the Wide Aperture Joints (light blue) show a preferential distribution similar to that of the NE–SW Regional Joints (green).

The Lancaster field fractured basement reservoir
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Fracture network characteristics from wireline or LWD,
image log data and cores

The Lancaster area has good 3D seismic data coverage of reasonable
quality allowing faults penetrating top basement to a depth of at least
150 m to be identified with confidence (Fig. 1c; Slightam 2012).
These have been mapped out across the top basement surface
(Fig. 2a) using automatic picking in the uppermost 10 ms of the
seismic volume utilizing coherency analysis, the parameters of
which were constrained based on manual interpretation of seismic
and well data.

All seismically mapped basement faults intersected by Lancaster
wells drilled to date have been demonstrably porous and permeable
(e.g. Belaidi et al. 2016; Bonter et al. 2018). The associated fracture
network appears to form a deeply penetrating and well-connected
fissure system (Slightam 2012; Trice 2014). Belaidi et al. (2016)
subdivided the network into scale-dependant fracture types referred
to as ‘microfractures’, ‘fractures’, ‘joints’ and ‘faults’ (Fig. 3); they
also identified ‘veins’, which were taken to be fractures completely
occluded by impermeable mineral fills. ‘Microfractures’ (and veins)
were identified and characterized from sidewall cores using
petrophysical measurements, 3D scanning techniques for porosity
and density, and preliminary thin-section analysis. The term
‘fracture’ was used to describe lineaments with observable trace
lengths longer than the sampling medium, be it thin section, core or
borehole diameter. Thin-section analysis of the cores indicates that
minimum effective microfracture and fracture apertures are 20 μm
(Belaidi et al. 2016). The majority of Lancaster cores are acquired
through the process of rotary sidewall coring, all of which exhibit
natural fractures. This observation is testament to the high fracture
frequency of the Lewisian basement as the sidewall cores were
targeted to minimize the presence of fractures so as to optimize core
recovery.

Fractures that cut an entire borehole and are identified from
borehole image logs are referred to as ‘joints’. These can be
subdivided into classes based on orientation and apparent aperture
width (Fig. 2c; Belaidi et al. 2016). Of these classes, ‘Regional
Joints’ show a distinct Mesozoic NE–SW trend parallel to the strike
of the Rona Ridge (Fig. 2d) and are more typically associated with
higher measured porosity (Bonter et al. 2018) and wider apparent
apertures. The ‘Wide Aperture Joints’ share a predominantly NE–
SW trend (Fig. 2d), exhibiting apparent apertures in excess of 2 cm
(Belaidi et al. 2016) meaning that they are particularly important
when evaluating the dynamic properties of the reservoir and its

long-term production potential. ‘Faults’ are identified from 3D
seismic data (Fig. 3; Slightam 2012; Belaidi et al. 2016) and are
associated with zones of fractured rock that have enhanced reservoir
properties compared with the background fractured basement. On
average, these zones are interpreted as being c. 40 m wide and have
been identified through the interpretation of drilling and wireline or
LWD logging data.

Basement reservoirs developed in crystalline rocks with igneous
plutonic protoliths like those in Lancaster (see below) tend to be
associated with the development of non-stratabound joint sets
(Koenders & Petford 2003). These tend to show depth-invariant
frequencies (intensities) that can extend to depths of a kilometre in
the crust (Seeburger & Zoback 1982). The Lancaster joints seen in
image logs exhibit constant intensity regardless of proximity to
faults, fault zones and top basement and also with depth (Trice et al.
2019). This is consistent with the presence of an early and pervasive
set of cooling joints, which were then exploited by subsequent
faulting and fissuring in a manner similar to that observed along
reactivated joint sets in the brittle-deformed parts of the Adamello
massif in the Italian Alps (Dempsey et al. 2014). Fault aperture
distributions measured on image logs fromwells 205/21a-4 and 205/
21a-4Z display a power-law relationship with a low scaling exponent
(alpha ∼ 0.6; Fig. 4a), indicating that there are more wider aperture
structures relative to narrow structures comparedwith typical fracture
aperture distributions (e.g. Bonnet et al. 2001). We propose that this
observation is consistent with the development of fissure-type
structures developed on the Rona Ridge (Trice et al. 2018, 2019;
Holdsworth et al. 2019; McCaffrey et al. in preparation).

The relationship of joints to faults is important as there is strong
evidence through topological analysis that a highly connected fault
network exists within the Lancaster reservoir. We followed the
method of Sanderson & Nixon (2015) by defining fracture nodes
and branches on Lancaster fault maps (Fig. 4b). The four topology
analyses performed show the nodal ratios plotted relative to other
studies on the Rona Ridge and onshore Lewisian reported by
McCaffrey et al. (in preparation) (Fig. 4b). The Lancaster analysis
shows highly connected fault topologies with connection per branch
(CB) values ≫1 (the threshold CB for a connected network). Most
outcrop and core samples from the onshore and offshore basement
show a predominance of Y node-dominated fracture networks
(Fig. 4b), also meaning high connectivity. The high connectivity of
the fault and joint networks in Lancaster is reflected by the
production data, which describe a well-connected fracture system
and associated high productivity index for the wells (RPS 2017).

Fig. 3. The scales and classification scheme of fractures used for the Lancaster basement by Belaidi et al. (2016) and Bonter et al. (2018) and the range of
data types used to image and understand these fractures.
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Sidewall core descriptions

Sidewall cores were preferentially taken from volumes of rock that
exhibit the least fracturing as detected from electrical image logs to
optimize core recovery. The location of sidewall cores in both depth
and azimuthal position in the borehole wall was confirmed post core
acquisition by the use of acoustic image logs, particularly transit time
images (Belaidi et al. 2016). Despite the applied sampling strategy, the
majority of acquired sidewall cores from Lancaster contain natural
fractures, some of which are associated with mobile oil.

The present paper focuses on cores taken from wells 205/21a-4Z,
205/21a-7 and 205/21-1A (Fig. 2a); all cores cited in this paper are
referred to using measured depths (MD). The basement rocks are
unconformably overlain by a range of thin (5–35 m thick)
carbonate-cemented sandstones of different ages: Jurassic Rona
Sst in 205/21-1A, Lower Cretaceous Victory Formation in 205/21a-
7 and Upper Cretaceous Commodore Formation in 205/21a-4Z. In
all cases, these local cover sequences are in turn overlain by thick
sequences of younger Cretaceous shales and thin carbonates.

In the legacy core from 205/21-1A, top basement is at 4439 ft
(1353 m), with tonalitic basement cored 15 m down to 4488 ft
(1368 m). Top basement is at 4033 ft (1229.3 m) in 205/21a-4Z
with 21 sidewall cores collected over an interval of just less than
50 m from depths of 4605–5065 ft (1404–1544 m). These are
predominantly tonalitic in composition, with a thick composite
sheet of mafic dolerite recognized between 4926.5 and 5011 ft
(1502–1527 m). Slightam (2012) has reported a K–Ar age of c.
2300 Ma from this unit. In Well 205/21a-7, top basement is located
at 4512 ft (1375.5 m), with 64 sidewall cores sampling predomin-
antly tonalitic rocks over a 450 m long interval from depths of
4541–5919 ft (1384–1804.5) m.

The following sections summarize the main lithologies and
textures of the basement host rocks seen in legacy cores held by the
BGS at Keyworth (205/21-1A) or in the Hurricane sidewall cores
(205/21a-4Z, 205/21a-7), followed by a description of the fault
rocks and fracture fills. All thin sections are impregnated to reveal
porosity (blue) and stained to reveal calcite (pink) and K-feldspar
(yellow). Samples from the three wells are for the most part very
similar and so are described together, although any important
differences are highlighted. In 205/21a-7, several sidewall cores
were collected in the uppermost 15 m of basement close to the top

basement unconformity. These reveal a thin (c. 15 m thick) zone of
more weathered basement material compared with the relatively
fresh metamorphic rock that makes up much of the remaining wells.
The Rona Sandstone–basement contact is preserved in 205/21-1A
with little sign of weathering, although a coarse basal conglomer-
ate–breccia unit c. 5 m thick contains numerous sub-angular to
rounded blocks of tonalitic basement. No sidewall samples were
collected close to the unconformity in 205/21a-4Z, so it is unknown
if a weathered zone is present here. Deep weathering below the top
basement unconformity is generally not seen along the Rona Ridge
(Holdsworth et al. 2019), although extensive alteration is seen along
deeply penetrating fissures that connect to the palaeosurface.

Host rocks

The overwhelming majority of basement rocks are pale grey–green
coarse-grained metatonalites (Fig. 5a and b) composed of
plagioclase, quartz, orthopyroxene (hypersthene) ± hornblende,
clinopyroxene (augite), secondary biotite, K-feldspar and acces-
sories (apatite, titanite, ore, zircon). The rocks are generally very
weakly foliated, with only poorly developed local compositional
layering on centimetre scales. Finite strains are low, but primary
igneous textures (such as poikilitic textures, compositional zoning
and intergrowths) are not preserved in thin section. Instead, the
widespread development of tapered twinning in plagioclase and
seriate–interlobate to amoeboid textures for plagioclase–quartz
grain boundaries (Fig. 5c) point to the operation of grain boundary
migration recrystallization under at least amphibolite-facies meta-
morphic conditions (Passchier & Trouw 2005). The ubiquitous
development of orthopyroxene assemblages is, however, consistent
with granulite-facies metamorphism, meaning that these rocks are
charnockites (Frost & Frost 2008). This is significant for the later
development of Lancaster as basement rocks of this type and
composition are known to be mechanically strong and highly
resistant to weathering, even in tropical environments (e.g. Gunnell
& Louchet 2000).

The large mafic sheet in 205/21a-4Z comprises a 13 m thick unit
of medium-grained dolerite with phenocrysts of augite and olivine
set in a finer matrix of augite, olivine, brown hornblende, biotite and
ore (Fe oxide, pyrite) (Fig. 5d). Both plagioclase and Fe-dolomite
are present as interstitial phases. The olivine and Fe oxide are

Fig. 4. Fracture attribute data for the Lancaster field. (a) Fracture intensity (cumulative number normalized per metre) v. aperture for wells 205/21a-4
(green) and 205/21a-4Z (red). Data derived from measurements made using well image logs. (b) Ternary diagram plot of node types. I-type is where a
fracture terminates against another; Y-type is where a fracture abuts against or splays from another; X-type is where fractures intersect one another. Contours
are of CB (connections per branch), with 1.0 being the threshold for connectivity. Images of the fault maps used for the study are shown to the right (details
of how these were derived have been given by Slightam 2012).
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texturally early, being widely enclosed by augite. Olivine is locally
altered to serpentinite, and together with augite is widely rimmed by
brown–green hornblende and later tremolitic alteration rims. Both
plagioclase and Fe-dolomite contain radiating needles of apatite and
sheaves of zoisite–clinozoisite. Magmatic and solid-state deform-
ation fabrics are entirely absent in the dolerites, although they are cut
by fractures (see below).

Early brittle deformation and associated retrogression

Heterogeneously developed sets of microcracks are seen in most
sidewall cores of the charnockitic basement, together with shear
fractures, cataclasites and pseudotachylytes. All are cross-cut and
locally reactivated by the later fractures, veins and fissure fills
described in the following section.

The microcrack arrays and shear fractures occur typically in
subparallel sets or less commonly as conjugate sets. The cracks are
variously filled with hematite, limonite, sericite, fine epidote or

quartz (e.g. Fig. 5e), with the last growing in optical continuity with
host quartz grains forming healed crack arrays. Partial or complete
alteration of mafic minerals, especially hypersthene to fine-grained
aggregates of uralite, talc, carbonate, epidote, biotite, chlorite and
hematite, is widespread (Fig. 5e and f), as is the patchy alteration of
plagioclase to sericite. More extensive seams of cataclasite up to
5 mm thick are widespread with quartz–chlorite cements (Fig. 5e).
Thin, continuous anastomosing and coalescing veins of brown–
green altered pseudotachylyte up to 1 mm thick are found in several
samples from 205/21a-7 and are consistently associated with zones
of slightly earlier cataclasis (Fig. 5e and g). These locally display
tapering injection veins, rounding of wall rock clasts and complex
flow banding, with marginal haloes of clay or cryptocrystalline
silica or quartz. Incipient breccias and sidewall rip-outs are locally
developed. Offset grains and secondary Riedel shear arrays are
widely associated with shear fractures, cataclasites and pseudota-
chylytes and are always kinematically consistent with one another,
suggesting that these features are at least locally the same age. In a

Fig. 5. Composition, textures and early
deformation of the Lancaster basement. (a)
View of typical grey metatonalite showing weak
foliation and conjugate microfractures. (b)
Plane-polarized light (PPL) thin-section view of
little altered metatonalite showing plagioclase
(Pl), quartz (Q), orthopyroxene (opx;
hypersthene), hornblende (Hb), clinopyroxene
(cpx; augite) with accessory apatite (A) and ore
(black). (c) Cross-polars thin-section view of
typical tapered twinning and minor
recrystallization in plagioclase and seriate–
interlobate to amoeboid textures for plagioclase–
quartz grain boundaries. (d) PPL view of
dolerite showing small rounded, partially altered
olivines (O) poikilitically enclosed by large
clinopyroxene (cpx; augite) grains with rims of
green–brown amphibole. Interstitial form of
plagioclase (P), with radiating needles of
apatite–clinozoisite and blue-stained dolomite
(D), should be noted. (e) Grey chlorite–quartz
cemented cataclasite seam (cat) cutting fractures
and partially altered metatonalite overlain by
composite brown–green altered pseudotachylyte
(PT), which is itself locally re-brecciated during
multiple shearing events. (f ) Finer grained
dolerite cross-cut by altered pseudotachylyte
(PT) vein with rounded wall rock clasts; it
should be noted that this is cross-cut by later
green clay-filled microvein. (g) Low-power PPL
view of brown pseudotachylyte vein with
rounded wall rock clasts cutting fractured
metatonalite; cross-cutting sinuous vein of
fibrous calcite (CV) should be noted. Images are
from the following well cores: 205/21-1A (a),
205/21a-7 (b, c, e, g) and 205/21a-4Z (d, f ).

R. E. Holdsworth et al.

 by guest on May 20, 2020http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


few cases, however, pseudotachylytes are brecciated by later
cataclasis (e.g. Fig. 5e) suggesting multiple slip events.
Cataclastic shear fractures, some of which are associated with talc
mineralization, and possible veins of altered pseudotachylyte also
cut the dolerite sheet in 205/21a-4Z (Fig. 5f).

Thin (<1 mm thick) sinuous and anastomosing veins of chlorite
+ quartz ± epidote, albite, zeolite and rare calcite are sparingly
present in all three wells cross-cutting all of the above features. They
appear to represent a distinct and younger phase of mineralization
that predates the predominant younger set of mineral and
hydrocarbon-bearing fracture fills.

Later hydrocarbon-bearing mineralized fissure fills and
fractures

These features cross-cut or reactivate all earlier features described
above. Tensile or hybrid fracture modes dominate, with only small-
offset shear fractures (<2 mm displacement) developed locally. The
fractures are variously filled with a diverse range of mineral
cements, with no consistent order of mineralization or deposition
seen even within individual samples. Larger fissures additionally
contain fine- to very coarse-grained clastic sediment fills, somewith
depositional laminae.

The most heavily oil-stained features are fissure fills that range
in thickness from <1 mm to >0.5 m, all of which are characterized by
the presence of clastic material in addition to mineral fills (Fig. 6a–f).
Belaidi et al. (2016) have suggested that thesemay reachwidths of 2 m
or more. Grouped fractures of this kind could result in amalgamated
apertures extending up to several tens of metres. Numerous small
(<1 cm wide) and several large (>0.4 m wide) fissures and associated
mineral veins are sampled in sidewall cores from 205/21a-4Z (e.g.
4771 ft (1363 m) and 4957 ft (1511 m) hosted in dolerite; 5035–45 ft
(1535–8 m)) and 205/21a-7 (e.g. 1989–90 m, 1475–80 m and 1550–
62 m). These are highly diverse in terms of both their mineral fills and
textures, but show a number of features in common.

Typically fissure fills are composite features that preserve
evidence of multiple phases of opening, mineralization and filling
(e.g. Fig. 6a–f ). They are characterized by the presence of numerous
angular to sub-angular brecciated clasts of both altered wall rock
and earlier mineral or sediment fills (Fig. 6b–d). Clasts are
chaotically distributed and show little evidence for abrasion. A
crude alignment of clasts and fills may occur parallel to the fissure
margins (Fig. 6c–e) and appears to be a result of compaction acting
across the fissures rather than shear.

Some fissure fills run subparallel to earlier zones of cataclasite
and pseudotachylyte (e.g. Fig. 6d), which may have therefore been

Fig. 6. Low-power thin-section views of fissure
fill development at different stages in 2 cm
diameter sidewall cores (see also Fig. 7a–h). (a)
Two narrow (<2 mm wide), subparallel fissure
fills (ff ) cutting otherwise intact, weakly foliated
metatonalite. (b) Fissure fill comprising mainly
highly fractured angular clasts of wall rock
forming a jigsaw-type breccia with calcite–clay–
K-feldspar–albite–pyrite cemented matrix filling
and fracture fills. (c) Clastic breccia fill (sample
stained only on LH side) with K-feldspar altered
wall-rock clasts set in a red–brown clay-rich
matrix locally cemented by carbonate (pink);
crude foliation defined by vertical alignment of
clasts (red dashed line) and sinuous cross-cutting
calcite microvein (CV) should be noted. (d)
Fissure margin showing early subparallel pale
grey cataclasites (cat) with associated brown
pseudotachylytes (PT) in wall rock cross-cut by
later oil-stained carbonate–clay cemented breccia
fill (ff ) with margin-parallel foliation (red dashed
line). (e) Oil-stained composite fissure fill
including clast-supported K-feldspar altered
breccia (B), porous breccias rich in calcite clasts
(C), fine sediment fill (S), composite quartz–
calcite–green clay vein (V) and radial fibrous
calcite cemented breccia (FC). Crude vertical
foliation in later subparallel to composite vein
should be noted. (f ) Dolerite cross-cut by
complex mineralized fissure fill with at least four
different fill sets, all of which are oil-stained: (i)
rounded altered clasts of dolerite and calcite with
vuggy quartz–chalcedony fills partially occluded
later Fe-calcite fill (Oc = geopetal feature?); (ii)
cockade-style quartz and calcite cements with
rounded clasts of altered dolerite and early calcite
again occluded at one end by later calcite fill
(OC) as in zone (i); (iii) fibrous calcite vein with
intergrown subordinate silica (quartzine–
chalcedony); (iv) like zone (ii), with altered
dolerite and calcite clasts with oil-stained patches
of colloform chalcedony. Zones (i) and (iv) may
be part of the same fill and oldest. Images are
from the following well cores: 205/21a-7 (a, d, e)
and 205/21a-4Z (b, c, f ).
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reactivated by tensile fracture opening. In other cases these features
are cross-cut by fissures at a variety of angles. Some fills are little
more than zones of jigsaw-brecciated wall rocks (Fig. 6b) whereas
others contain a diverse range of materials that are very different
from the immediate wall rocks (e.g. Fig. 6e). Crudely laminated and
graded sediments are present locally in some larger fills (Fig. 7a).
Fissure or fracture margins and wall rock clasts are commonly lined
by fine clay formed immediately prior to partial to near-complete
infilling by a diverse range of mineral cements including calcite, Fe-
calcite, clays (green smectites and brown illite), K-feldspar, pyrite,
iron oxides, quartz and micro- or crypto-crystalline silica (including
chalcedony) (Fig. 7a–h). These are commonly intergrown with
colloidal textured clays where crystallization has occurred syn-
chronously with calcite or quartz or silica (Fig. 7c).

Wall rocks, fills and wall rock clasts are typically cut by
numerous arrays of microcracks and shear fractures with vuggy
composite mineral fills that are sometimes the same as or different
from those that cement the adjacent fissure fills (e.g. Fig. 7b). Many
fissure fills also include locally later composite veins up to 2 cm

thick that run subparallel to the fissure margins (Fig. 6d and e). The
mineral fills in these veins are commonly diverse and in some cases
carry ‘exotic’ mineral cements such as clinozoisite or zeolite.

Vuggy mineral textures are particularly associated with quartz
and K-feldspar veins or cements (Fig. 7a, b, d and e) and vugs may
either be preserved as open pores or be occluded by locally later fills
such as calcite, clay or oil. Some of the larger fissure fills are
characterized by visible porosity values in excess of 10% (e.g.
Fig. 7a, d and e). Thewidespread preservation of cockade style, rind
and concentric mineralization textures (e.g. Fig. 7c, f and g)
suggests an epithermal style of hydrothermal mineralization in long-
lived, partially open near-surface fractures. Fibrous mineral fills are
subordinate features and seem most widespread when clays are also
present. A characteristic feature is that wall rock grain compositions
locally control fracture fill mineralization via overgrowth develop-
ment, particularly for quartz, feldspar and clays (Fig. 7e).
Hydrocarbon (bitumen) is associated widely with both mineral
and sediment fills occurring as fluid inclusions in minerals (calcite,
clay, quartz–silica), pores, vugs and fractures.

Fig. 7. Fissure fills and associated hydrothermal mineral fills from Lancaster stained thin sections (all views PPL). (a) Lower part shows highly porous
carbonate (pink stain) clast breccia overlain by younger laminated oil-stained sediment with possibly graded bedding (from fill shown in Fig. 6e). Younging
direction shown by inverted Y. (b) Calcite–clay–K-feldspar (yellow stain)–albite–pyrite cemented fissure fill with clay-lined walls cut by margin-parallel
vuggy quartz–K-feldspar filled fracture (at top) (from fill shown in Fig. 6b). (c) Colloform oil-stained chalcedony intergrown with dark colloform clays
(from fill set (iii) shown in Fig. 6f). (d) Vuggy quartz (overgrowing host quartz)–cryptocrystalline silica (overgrowing feldspar) fill cutting earlier
cataclasite seam (cat) and calcite-cemented breccia fill (CB). (e) Vuggy quartz–K-feldspar fracture cross-cutting earlier K-feldspar-altered breccia fill.
Almost complete healing of microfracture in host quartz grain with mineral and oil inclusions should be noted. The rounded appearance of the calcites in
the fracture fill has been taken by Belaidi et al. (2016) as evidence for dissolution processes prior to ingress of oil. (f ) Quartz–silica cemented breccia with
clasts of altered dolerite (dark) and multiply zoned calcite showing cockade-style textures (from fill shown in Fig. 6f). (g) Stacked ‘bacon-rind’-like
overgrowths of Fe-calcite (bluish stain) and chalcedony–clay on clasts and walls in fissure fill. (h) Colloform ‘moss’ texture of yellow-stained K-feldspar
(with each grain <5 μm across) surrounded by albite overgrowing areas of antiperthite and healed microfracture in host feldspar grain (from fill shown in
Fig. 6b). Images are from the following well cores: 205/21a-7 (a, e, g) and 205/21a-4Z (b–d, f, h).
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Wall rocks adjacent to fissures and included wall rock clasts show
widespread evidence of fluid-related replacement with feldspars
altered to sericite and K-feldspar, and mafic minerals altered to
clays. In all of 205/21a-4Z and the upper parts of 205/21a-7 close to
the weathered zone and within larger fissures at greater depth, K-
feldspars show a characteristic fine colloidal or moss-like growth
form (Fig. 7h) both in host feldspar grains, where they grow over
primary regions of antiperthite, and in fractures, where they are
enclosed in secondary albite that grows in optical continuity with
wall rock or clast plagioclase. Although quartz mineralization is
widespread, some fissure fills and composite veins also carry
extensive regions of cryptocrystalline silica or banded chalcedony,
both of which may be intergrown with other minerals including
colloidal clay and fine disseminated calcite (Fig. 7c and g).

Oil-bearing fissure networks dominated by sediment and vuggy
calcite fills are widely developed in both the basement and well-
cemented Jurassic Rona Sandstone cover rocks in well 205/21-1A
(Fig. 8a–c). Filled fractures with fine depositional laminations are
preserved locally and consistently young up the core (Fig. 8c).
Basement-rooted fractures are also inferred to cut the Victory
Formation sandstones in 205/21a-7 as significant mud losses were
encountered in this unit during drilling of 205/21a-6, 205/21a-7 and
205/21a-7Z (C. Slightam. pers. comm., 2019). Similar subterranean
cavity fills are seen in basement fractures elsewhere along the Rona
Ridge (Holdsworth et al. 2019).

The identification of fissures, and their associated fills, provides a
geological mechanism to account for the generation and preserva-
tion of the ‘Wide Aperture Joints’ identified from the image logs
and production logging tools (e.g. Fig. 9a and b). These features are
demonstrably associated with oil production and are therefore
interpreted as representing examples of (buried) permeable fissures.

The weathered basement of 205/21a-7

The uppermost 10–15 m of the basement immediately below the
erosional unconformity with the Lower Cretaceous Victory
Formation has a greenish hue in hand specimen. In thin section, it
shows pervasive clay-filled microfracturing and near-total alteration
of mafic minerals to clay (Fig. 10a and b). Significant porosity (up to
10%) is seen in fracture fills and altered or fractured primary
minerals, with millimetre to centimetre thick sediment and mineral-
filled fissure development widespread; open fractures <5 μm wide
are also preserved (Fig. 10a). Oil stains and local bitumen fills are
common. The mineral fills of calcite, clays (brown illites, green
smectites), K-feldspar, zeolite, pyrite, Fe oxides and, less
commonly, silica (quartz, cryptocrystalline silica) are identical to
those seen associated with the main phase of hydrocarbon-bearing
fractures in the deeper basement. The preservation in the weathered
zone of cockade and vuggy mineral textures confirms this
similarity, implying that the processes of fracturing, fissure
formation, hydrothermal mineralization, fluid-related alteration of
fills and weathering all occurred broadly contemporaneously in
fractures located at or connected to the near surface. The preserved
geological relationships suggest that this occurred at some time after
the deposition of the Jurassic Rona Sandstone (as seen in 205/21-
1A) and that it at least began prior to deposition of the Upper
Cretaceous Victory Formation (as seen in 205/21a-4Z).

U–Pb zircon dating of host basement rocks

Three core samples of weakly deformed charnockitic tonalites from
205/21a-7 (at 1389.8, 1543.0 and 1697.4 m) were submitted for
zircon U–Pb isotopic analysis, to provide constraints on the age of
the basement rocks in the area. Analytical methods are discussed in
Supplementary material Table I, and the U–Pb isotopic composi-
tions and ages are given in Supplementary material Table II.

Zircon habits in all three samples range from equant to elongate
prismatic with indistinct oscillatory magmatic zoning (Fig. 11ai–ci).
They are mostly dark under CL (high-U), with some grains having
bright (low-U) rims, whereas a small number are entirely bright
under CL. OnWetherill concordia diagrams (Fig. 11aii), the zircons
in the 1389.8 m sample display a discordant trend with an upper
intercept age of 2743 ± 10 Mawith an MSWD of 0.55. A concordia
age of 2743 ± 6 Ma, virtually identical to the upper intercept age,
can be determined on the basis of zircons with 99–101%
concordance (Fig. 11aii). In the 1543.0 m sample, the majority of
zircons plot on or close to the concordia line. The group of 22
zircons with 99–101% concordance, excluding three older,
potentially inherited, grains yield a concordia age of 2736 ± 7 Ma
with an MSWD of 0.4 (Fig. 11bii). In the 1679.4 m sample,
virtually all zircons plot on or close to the concordia line with only
one older grain interpreted as inherited (Fig. 11cii). The 31 zircons
with 99–101% concordance, excluding the inherited grain, yield a
concordia age of 2731 ± 6 Ma with an MSWD of 0.76 (Fig. 11cii).

In the 1679.4 m sample, there is a distinct difference in age
between the darker-luminescing cores and the bright rims
(Fig. 11ci). This gives rise to a bimodal distribution on a probability
density plot (Fig. 11ciii), with a main peak in the 2730–2760 Ma

Fig. 8. Sediment-filled fractures from legacy well 205/21-1A. (a)
Laminated sediment and carbonate mineral fills in fractured or fissured
metatonalitic basement; (b) oil-stained sediment–sparry calcite fill in
fracture (top) cutting paler well-cemented Rona Sandstone cover sequence
breccia; (c) PPL view thin-section montage of laminated sediment with
grading giving way up, filling triangular fissure in carbonate-cemented
low-porosity Rona Sandstone.The total horizontal distance across the
bottom of 8c is 20 mm.
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range and a subsidiary peak between 2700 and 2710 Ma. In the
other two samples, the ages of cores and rims are within error of
each other and virtually all the zircons form a single peak on the
probability density plot (Fig. 11aiii and biii). However, both
samples contain isolated younger zircons yielding ages around c.
2700 Ma. In the 1543.0 m sample, a slightly older group of zircons
between 2770 and 2790 Ma may be xenocrystic, as may a single
older zircon in the 1697.4 m sample.

Collectively, the three samples yield very similar concordia
ages in the range 2743–2731 Ma, all of which overlap within error;
this is interpreted as the primary crystallization age of the zircons.
The subsidiary group of younger ages (c. 2700–2710 Ma) obtained

from rims in the 1679.4 m sample and isolated zircons from the
other two samples are interpreted to represent a younger
metamorphic or anatexis event at this time, whereas the small
group of older zircons in the age range c. 2770–2790 Ma are
interpreted to be xenocrystic.

U–Pb dating of calcite vein fill

Geochemical analysis of five calcite fracture fills was undertaken at
the University of Hull using in situ laser ablation inductively
coupled mass spectrometry (LA-ICP-MS), as described in
Supplementary material Table III. One calcite fill sample, A57

Fig. 9. Log data from (a) 205/21a-4Z and (b) 205/21a-7 across intervals of fractured basement (FB) and interpreted fault zones (FZ). Locations of ‘Wide
Aperture Joints’ estimated at 45 and 4 cm are indicated.

Fig. 10. Weathered basement from Lancaster well 205/21a-7. (a) Low-power PPL view of 2 cm diameter core with porous, vuggy fissure fills partially filled
with calcite and sediment, with extensive clay-lined microfracturing of host basement rock. (b) Close-up PPL view showing almost complete alteration of
mafic minerals to dark clays identical to those filling the microfractures; the fracturing is noted mainly by the feldspars and largely bypasses the quartz
grains. Both images from the weathered section in 205/21a-7.
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(1744 m, well 205/21a-7; Fig. 12a), was found to contain
appreciable amounts of uranium and was thus suitable for U–Pb
dating (Fig. 12b). The fracture fill comprises a single monomi-
neralic calcite vein <4 mm thick, which is itself cross-cut and offset
by a narrow <1 mm polymineralic vein (iron oxide, clay and minor
uranium-poor calcite). A total of 348 spots were analysed from
the sample, yielding a calcite U–Pb date of 108.73 ± 0.83Ma,
MSWD = 1.7 (Fig. 12c).

Discussion

Affiliation and significance of the Lancaster basement

The c. 2743–2731 Ma U–Pb zircon ages from the three basement
well samples dated fall in the centre of the range of Neoarchean ages
(2700–2829 Ma) obtained by Chambers et al. (2005) and
Holdsworth et al. (2018) from basement orthogneisses found in
20 borehole cores covering a wide offshore region north of Scotland
and west of Shetland. More recently, Kinny et al. (2019) have
obtained an almost identical set of ages (2746–2726 Ma) onshore
from seven samples of Uyea granitic gneisses and associated
metagabbros in northernmost mainland of Shetland. Like all of
these rocks, the Lancaster basement also lacks any geochrono-
logical or metamorphic evidence for younger Proterozoic reworking
as seen in the Lewisian Complex of mainland Scotland and the
Hebrides (e.g. Inverian and Laxfordian events). This confirms that
the Lancaster basement belongs to the Neoarchean rocks of the
Faroe–Shetland Terrane, which can be correlated with the similar
age Central Greenland–Rae Craton on the NW side of the North
Atlantic (Holdsworth et al. 2018; Kinny et al. 2019).

Previous researchers were unable to identify any definitive
evidence for anything other than amphibolite-facies regional
metamorphism in the rather sparse set of Faroe–Shetland Terrane
basement samples and so it was suggested that the Neoarchean ages
obtained dated primary crystallization of the igneous protoliths.
Younger zircon rims formed c. 2700–2710 Ma in both areas were
thought to possibly date the age of deformation and amphibolite-
facies regional metamorphism (Kinny et al. 2019). It is significant
that similar aged rims are also recognized in the Lancaster samples
(Fig. 11). However, the charnockitic composition of the Lancaster
basement rocks is consistent with granulite-facies metamorphism
(e.g. Frost & Frost 2008). Given the relatively undeformed nature of
the orthopyroxene-bearing tonalites, it is suggested that the c. 2743–
2731 Ma U–Pb dates from Lancaster give the age of pluton
emplacement under granulite-facies P–T conditions. The extent and
significance of this granulite-facies event in the wider Faroe–
Shetland Terrane is uncertain and requires further research. The ages
obtained for this event are also very similar to those obtained for
early high-grade metamorphic episodes in the Gruinard and Assynt
terranes of the Lewisian Complex in mainland Scotland (Love et al.
2004; Crowley et al. 2015).

If the K–Ar age of c. 2308 Ma for the dolerite in 205/21a-4Z
reported by Slightam (2012) is accepted, it seems likely that this
intrusion represents a Scourie dyke, part of a c. 2400–2000 Ma
regional swarm of NW–SE-trending intrusions seen cutting the
gneisses of the Lewisian Complex of the Scottish mainland and
Hebrides (Sutton & Watson 1951; Davies & Heaman 2014). The
absence of Proterozoic Inverian and Laxfordian overprinting in the
Lancaster basement, and more generally in the Faroe–Shetland
Terrane, would explain the absence of a later metamorphic overprint
in the sampled dolerites from this well. The intrusion is therefore of
some regional significance as it represents the first potential
example of a Scourie dyke identified cutting rocks of the Faroe–
Shetland Terrane. More fundamentally, if its age can be proven
using a more robust geochronological technique such as U–Pb
zircon or baddeleyite, it will be the only UK example of a Scourie

dyke that preserves a little modified primary igneous mineralogy
and textures.

The age and significance of the early cataclasite–pseudotachylyte
zones in the Lancaster basement is unknown, although the close
association of these two fault rock types and lack of consistent
overprinting relationships suggest that they are broadly contempor-
aneous. Similar fault rock associations are very widely recognized
in the Lewisian Complex of both the Scottish mainland and the
Outer Hebrides (e.g. Sibson 1977; Beacom et al. 2001; Imber et al.
2001; Park 2005). A wide range of ages has been obtained using
mainly infrared laserprobe 40Ar/39Ar dating, ranging from c. 1900 to
430 Ma (Kelley et al. 1994; Sherlock et al. 2009). It should be noted
that cataclasite and altered pseudotachylytes are also seen cutting
the possible Scourie dyke dolerites in 205/21a-4Z.

Nature and ages of later mineralized fractures and fissure
fills

The mineralogy and textures seen in the hydrocarbon-bearing
fractures and fissure fills of the Lancaster field are very similar to
those recognized all along the fractured basement of the Rona Ridge
(Holdsworth et al. 2019). The zoned mineral fills, cockade textures
and vuggy character are typical of low-temperature, near-surface
hydrothermal systems, and suggest that fractures were able to
remain open to the repeated upward flow of fluids for protracted
periods of time (e.g. Frenzel & Woodcock 2014). The preservation
of breccia, sandstone and siltstone fills to depths of many hundreds
of metres also points to the existence of open fissures connected to
the surface, with material introduced downwards into what are
effectively cave systems by either gravity or flowing surface waters
(e.g. Holland et al. 2011; Walker et al. 2011). The sidewall core
samples from Lancaster therefore confirm the existence of fissures,
which were first proposed based on the analysis of well image logs
from the Lancaster field (e.g. Trice 2014; Belaidi et al. 2016).

The calcite U–Pb date of c. 108 Ma obtained from a relatively
early calcite vein cutting basement metatonalites in 205/21a-7
suggests a latest Early Cretaceous (Aptian) age of mineralization in
Lancaster. Although a little older, it is broadly consistent with Late
Cretaceous calcite U–Pb ages obtained in similar mineralized
fracture–fissure systems from along-strike and to the NE in the Clair
field (89 ± 4 Ma) and close to the Victory field (71.9 ± 2.6 Ma)
(Fig. 1a; Holdsworth et al. 2019). If the broad equivalence is
accepted, this extends the period of fissuring, mineralization,
sediment filling and active rifting to over 35 myr. This longevity
seems consistent with the known persistence of the Rona Ridge as
an uplifted feature that lay close to sea level throughout Jurassic to
Late Cretaceous times (Ritchie et al. 2011; Stoker et al. 2018). It is
perfectly possible that more than one episode of rifting, fissure
formation and/or mineralization occurred during this period and it
may be significant that the dated vein from 205/21a-7 is cross-cut by
younger calcite-bearing fractures, which could not be dated.
However, local mineralization sequences in Lancaster are seen to
vary within and between wells, and also in other well cores along the
Rona Ridge (see Holdsworth et al. 2019), and a clear and consistent
sequence of events is yet to emerge. It is possible that active rifting,
hydrothermal mineralization and fissure formation were episodic
over a protracted time period reflecting the long-term tectonic
instability in this region prior to North Atlantic break-up.

A range of temperature estimates have been obtained from fluid
inclusion analyses from quartz and calcite in 205/21-1A, 205/21a-
4Z and 205/21a-7. Holdsworth et al. (2019) reported homogeniza-
tion temperatures observed in seven inclusions from calcite in 205/
21-1A (4435 m) of 88–133°C (mean 115°C), whereas low
homogenization temperatures (up to 90°C) were determined for
calcite, quartz and K-feldspar, bearing both aqueous and oil
inclusions, in 205/21a-4z (Kirk Petrophysics 2011). Temperatures

The Lancaster field fractured basement reservoir

 by guest on May 20, 2020http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


of c. 142°C and 179.3°C were recorded for quartz and calcite
respectively infilling a fracture from 1559.3 m in 205/21a-7 (ALS
2019a), whereas analyses from 1474.2 m yielded homogenization
temperatures of between 185 and 192°C (mean 189°C) for nine
inclusions hosted by quartz, and between 190 and 202°C (mean
197°C) for 17 inclusions hosted by calcite (ALS 2019b). Five
inclusions in quartz and seven inclusions from calcite in 206/7a-2 in
the Clair basement (2599.5 m) yielded temperatures between 214
and 218°C (mean 217°C) and 138–146°C (mean 142°C),
respectively (Holdsworth et al. 2019). Collectively, the results are
consistent with the development of fractures and mineralization at
shallow depths perhaps associated with successive pulsing of hot
and cold fluids with no consistent simple pattern on a regional scale.

Implications for development of the hydrocarbon reservoir

The thin-section analysis of the sidewall cores supports the validity
of subdividing the fracture network into different types based on
aperture to describe the hydrodynamic fracture network at Lancaster

(Belaidi et al. 2016; Bonter et al. 2018). Thin-section observations
in sidewall cores with lower fracture intensities suggest that the
minimum effective microfracture–fracture apertures are in the
region of 20 μm (Fig. 13). This minimum fracture width implies
that the hydrodynamic fracture network at Lancaster will produce
either oil or water and no mixed fluid transition zone will be present
as irreducible water is associated with fracture widths of the order of
<10 μm (Aguilera 1999).

The ‘Wide Aperture Joints’ identified in borehole image logs are
significant as these exhibit apparent apertures in excess of 2 cm and
may individually reach width of up to 2 m (Belaidi et al. 2016). We
propose that these can be correlated with the breccia-, sediment- and
mineral-filled fissures seen during the present study, many of which
show significant porosities (5–10% from optical estimates in thin
section, e.g. Figs 6e, 7a, d, e and 10a, b; Kirk Petrophysics 2011;
ALS 2019b). These features have the capability to form a highly
effective natural drainage network that will have extremely high
permeability and potentially a high recovery factor afforded by the
network connectivity (e.g. Fig. 4b). Interestingly, such aperture

Fig. 11. U–Pb zircon geochronology from metatonalite samples at (a) 1389.9 m, (b) 1543.0 m and (c) 1697.4 m all from the 205/21a-7 well. (i)
Representative CL images of zircons with 30 µm wide spot ages; (ii) U–Pb isotopic compositions of zircons displayed on Wetherill concordia diagrams,
together with best estimates for zircon crystallization ages; all data-point error ellipses are 2σ; (iii) probability density plots of zircon ages from each of the
samples.
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magnitudes are also characteristic of karst drainage systems seen in
fractured carbonates (Esteban 1989; Trice 2005; Ford & Williams
2007) and an understanding of their genesis will be critical to
evaluating the dynamic properties of the reservoir and its long-term
production potential. It is important to emphasize that many faults
identified from 3D seismic data (Slightam 2012) are associated with
regions that have enhanced reservoir properties such as increased
porosity, increased drilling gas response, increased drilling rate and
increased electrical conductivity. The latter three are taken to
indicate increased reservoir permeability (see Belaidi et al. 2016,
especially their fig. 8). These Fault Zones are on average 40 m wide
and form 47% of the Lancaster gross rock volume; the remaining
background fractured basement is referred to as Fractured Basement
(e.g. Fig. 9). ‘Wide Aperture Fractures’ are noted at the interfaces of
Fault Zones and Fractured Basement facies (e.g. Fig. 9a) and also
within Fault Zones (Fig. 9b), but they are also found less commonly
in regions of Fractured Basement. Consequently, Fault Zones within
the upper kilometre of the reservoir are considered to preferentially,

but not exclusively, develop fissures and the associated sediment
and hydrothermal mineral fills.

Figure 14 presents a simplified 3D conceptual model for the
geology of the fractured basement reservoir in the Lancaster field.
This uplifted block of crystalline rock may be representative of
many sub-unconformity ‘buried hill’ traps associated with Type 1
fractured basement reservoir plays worldwide (Fig. 14a; Biddle &
Wielchowsky 1994). Geological observations in actively rifting
regions such as Iceland and analogue modelling studies (e.g. van
Gent et al. 2010; von Hagke et al. 2019) have shown that highly
dilated and interconnected fissure systems can form in mechanically
strong basement rocks, such as charnockite, granite and basalt,
during active extensional faulting as stresses become tensile in the
uppermost crust. Thus subvertical open fissures in the upper few
hundred metres closest to the surface pass down at greater depths
into normal fault shear fractures dipping at c. 60° at depth (Fig. 14b).
Following the proposals of Holdsworth et al. (2019; Fig. 14a), it is
suggested that these open fissure systems hosted the closely

Fig. 12. (a) Hand sample and cross-polars thin-section view of sample A57 recovered from well 205/21a-7 at a depth of 1744 m containing a calcite vein
that is crosscut by a thin hematite–calcite–clay-bearing fracture. (b) Isotopic maps of the calcite vein showing the concentrations of 238U, 235U, 206Pb, 207Pb
and 208Pb. (c) Tera–Wasserburg plot showing 238U/206Pb v. 207Pb/206Pb for calcite in sample A57. Age uncertainties are quoted in 2σ. MSWD, mean square
of weighted deviation.
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associated partial infilling of the fissures by wall rock collapse,
sediment ingress (from above) and hydrothermal mineralization
(from below). The widespread preservation of vuggy textures and
primary porosity, and the ubiquity of zoned, cockade-style textures,
is indicative of fissure systems that remained open or partially open
over long time periods (Fig. 14b and c; e.g. see Lander & Laubach
2015). This very probably occurred because the partial fissure fills
acted (and probably still act) as natural props holding open the
fractures in the otherwise strong, low porosity–permeability
basement wall rocks (Fig. 14b and c). This would allow the highly
interconnected network of fissure fills to act as effective fluid storage
space whilst also being able to act as long-lived fluid transport
channels with preferential properties for fluid flow (Fig. 14a).

The lack of deep surficial weathering of the basement, as seen in
other basement reservoirs such as the Utsira High (Riber et al.
2015), is consistent with the ferromagnesium mineral-poor,
charnockitic composition of the metatonalites, which may have
made them particularly resistant to subaerial weathering processes
during the Mesozoic. Very low modern weathering rates are
associated with many charnockite terrains, even in tropical
environments (e.g. Gunnell & Louchet 2000). Most of the
secondary alteration in these metamorphic rocks is seen to be
associated with the development of the fissure systems and their
associated focusing of fluid flow, both from the surface (washing in
sediment) and from below (precipitation hydrothermal minerals).
Thus much of the reservoir storage capacity lies in the fracture
network (Fig. 14a), not in an upper zone of saprolite.

The injected slurries originating from sediment-filled fissure
cavities and local preservation of oil-stained silica gels along
basement-hosted shear fractures reported by Holdsworth et al.
(2019) from the Clair Ridge have not yet been observed in the
Lancaster well samples. Thus the link proposed by these researchers
between fissure formation and fluid migration related to active
seismicity cannot, as yet, be proven to have occurred here. However,
the sudden release of elastic strain during earthquakes could lead to
rapid contraction of fluid- and sediment-filled voids and account for
the commonly observed development of wall-parallel foliations in
many of the Lancaster fissure fills (e.g. Fig. 6d and e). Earthquake-
related shaking could also trigger partial collapse of open fissure
walls, leading to further partial infilling and fissure propping with
breccia.

Following its relatively rapid subsidence in the Late Cretaceous,
marine shales blanketed the basement ridge forming the main top
and lateral seal of the buried hill trap that forms the Lancaster
accumulation (Trice et al. 2019). It seems likely that once the
naturally propped fissure systems had formed, buoyancy-driven
upward migration of oil within the basement and up into local cover
sequences such as the Rona Sandstone and Victory Formation
below the regional shale seal was able to continue. There is very
little microstructural evidence for reactivation of oil-bearing
fractures in the cores, although some calcite veins and cemented
clastic fissure fills in the Lancaster field may preserve evidence for
late dissolution prior to infilling with oil, probably during the
Cenozoic (Belaidi et al. 2016).

Conclusions and implications

The fractured basement reservoir of the Lancaster field is of
considerable geological and economic significance. In its own right,
the Neoarchean basement represents some of the best preserved
charnockitic rocks in the Faroe–Shetland basement terrane and may
host the only known example of a Scourie dyke with pristine
igneous textures little affected by later deformation and regional
metamorphic overprinting.

The large number of sidewall cores collected during exploration
and appraisal of the field give detailed new insights into the
geological characteristics and development of hydrocarbon-bearing
fractures in what is globally a relatively unexplored play type. It
illustrates that the development of tensile fissures in rheologically
strong host rocks deformed near the surface during tectonic
extension presents an opportunity for the development of naturally
propped networks of deeply penetrating fissures that become
partially to wholly filled with wall rock breccia, sediment and
hydrothermal minerals. Following burial beneath a regional (or
local) erosional unconformity, these fracture systems then have the
potential to become sites for the accumulation and storage of
significant volumes of hydrocarbons or aqueous fluids in
geothermal fields/aquifers. Given that fissure formation in
consolidated rocks below regional unconformities is increasingly
being recognized in a variety of settings (e.g. Montenat et al. 1991;
Frenzel & Woodcock 2014; Woodcock et al. 2014; Trice et al.
2019), it is suggested that the potential economic significance of

Fig. 13. Interpreted ranges of effective fracture and joint apertures estimated from thin-section and borehole image logs corrected for fracture dip and
borehole attitude (modified from Belaidi et al. 2016). It should be noted that veins are 100% mineral-filled fractures and therefore do not contribute to
reservoir porosity or permeability. The range of estimated fracture apertures is consistent with extremely high fracture permeability and zero immobile water
saturation (Sw) (Aguilera 1999).
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these features in fractured reservoirs requires further investigation as
they represent natural drainage networks very similar to karst
systems in fractured carbonates. Natural propping processes may
also occur in a much wider range of fractured reservoirs than has
previously been anticipated.
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ABSTRACT
The geological processes that create fluid storage capacity and connectivity in global 

fractured basement reservoirs are poorly understood compared to conventional hydro-
carbon plays. Hosting potentially multibillion barrels of oil, the upfaulted Precambrian 
basement of the Rona Ridge, offshore west of Shetland, UK, gives key insights into how 
such reservoirs form. Oil presence is everywhere associated with sub-millimeter- to meter-
thickness mineralized fracture systems cutting both basement and local preseal cover se-
quences. Mineral textures and fluid inclusion geothermometry suggest a low-temperature 
(90–220 °C), near-surface hydrothermal system, as does the preservation of clastic sediments 
in the same fractures. These fills act as permanent props holding fractures open, forming 
long-term fissures in the basement that permit oil ingress and storage. Calcite-fill U-Pb 
dating constrains the onset of mineralization and contemporaneous oil charge to the Late 
Cretaceous. The additional preservation of oil-stained injected sediment slurries and silica 
gels along basement faults suggests that rift-related seismogenic faulting initiated lateral oil 
migration from Jurassic source rocks into the adjacent upfaulted ridge. Subsidence below 
sea level in the latest Cretaceous sealed the ridge with shales, and buoyancy-driven migra-
tion of oil into the preexisting propped fracture systems continued long after the cessation of 
rifting. These new observations provide an explanation for the viability of sub-unconformity 
fractured basement reservoirs worldwide, and have wider implications for subsurface fluid 
migration processes generally.

INTRODUCTION
Fractured basement hydrocarbon reservoirs 

are recognized worldwide, but they are rela-
tively poorly understood and underexploited 
(Trice, 2014). In such plays, oil migrates lat-
erally from an organic-rich source rock into a 
subsurface paleohigh of fractured crystalline 
basement, forming a so-called “buried hill” trap 
(Biddle and Wielchowsky, 1994). The seal is 
provided by a blanketing sequence of clay-rich 
mudstone.

Given the very low matrix permeability of 
most crystalline basement rocks, oil and other 

associated fluids are transported and stored via 
well-connected fracture systems. The geological 
characteristics of these fracture systems are not 
well understood because they are poorly imaged 
in seismic reflection data, and core samples are 
sparse. Critically, the processes involved in fluid 
transport and storage are also uncertain, although 
it is often assumed that migration into the base-
ment high is primarily a passive process driven 
by the relative buoyancy of hydrocarbons follow-
ing maturation at the source (e.g., Trice, 2014).

We used geological observations, U-Pb 
calcite geochronology, and fluid inclusion 

geothermometry to explore the nature, age, 
trapping temperatures, and significance of 
widespread fracture fills (minerals, clastic 
sediment) associated with oil observed in 
basement cores along the ~200-km-long Rona 
Ridge, west of Shetland, UK. We argue that 
these fracture fills act as permanent natural 
props, which allowed gradual charging of the 
basement ridge with oil once it was sealed by 
shales following regional subsidence. We show 
that seismicity related to rifting may have ini-
tiated migration of oil from nearby organic-
rich source rocks into the ridge. These findings 
have general implications for our understand-
ing of the fluid storage capacity and connec-
tivity of fracture systems developed below re-
gional rift-related unconformities worldwide, 
including those related to hydrocarbon plays, 
aquifers, and geothermal systems.

Regional Setting
Significant oil discoveries have been made 

in basement rocks of the Rona Ridge, west of 
Shetland (Fig. 1A). The basement high that 
under lies the giant Clair Field (6–7 billion bar-
rels stock tank oil in place) is associated with 
more conventional Devonian–Carboniferous 
sandstone reservoirs (Clair Group, Fig. 1B; 
Coney et al. 1993). Other assets, such as the 
Lancaster Field and associated discoveries in 
the southwest Rona Ridge, are hosted almost 
entirely within fractured basement (Trice, 2014; 
Belaidi et al., 2018; >18 billion barrels of oil 
initially in place).
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Geochemical studies of oils suggest a Late 
Jurassic Kimmeridge Clay source rock (Holmes 
et al., 1999; Finlay et al., 2011), thought to oc-
cur on the downfaulted flank of the ridge in the 
Faroe-Shetland Basin to the northwest (Ritchie 
et al., 2011). Basin modeling and radioisotopic 
dating of oils suggest that oil maturation in 
the region of Clair Field occurred at ca. 68 ± 
13 Ma (Late Cretaceous; Finlay et al., 2011). 
The oil then migrated via fracture systems from 
its Jurassic source into the adjacent basement 
ridge and cover sequences such as the Devo-
nian Clair Group.

The ~200-km-long, 15-km-wide Rona Ridge 
is composed of series of northeast-southwest–
trending footwall blocks of Precambrian base-
ment bounded by large Mesozoic normal faults 
with kilometer-scale offsets (Figs. 1A and 1B; 
Ritchie et al., 2011). Regional studies of base-
ment cores west of Shetland have revealed vari-
ably deformed upper-amphibolite-facies grano-
dioritic-dioritic plutons and orthogneisses that 
have yielded a narrow range of Neoarchean zir-
con ages (ca. 2.83–2.73 Ga; Holdsworth et al., 
2018). These are broadly the same age as the 
Lewisian Complex in Scotland, and they form 
part of the larger Faroe-Shetland terrane located 
west of Shetland.

The basement ridge is immediately overlain 
by late Paleozoic–Mesozoic cover sequences, 
with many lateral thickness variations and lo-
cal unconformities (Ritchie et al., 2011). This 
reflects the long-term persistence of the Rona 
Ridge as an emergent topographic high from Tri-
assic to Cretaceous time. Regional sub sidence 
and burial occurred in the Late Cretaceous, 
blanket ing the ridge in deep-marine mudstones 
and forming a regional seal.

GEOLOGY OF OIL-BEARING 
FRACTURE SYSTEMS

Where oil is present, the main host fractures 
form the youngest and dominant set of brittle 
structures seen in basement cores, overprinting 
a variety of earlier ductile and brittle structures 
(see Holdsworth et al., 2018). Interpretation of 
seismic reflection profiles, well data, and ori-
ented cores in Clair and Lancaster suggest a pre-
dominance of northeast-southwest fractures par-
allel to the trend of the ridge (Coney et al., 1993; 
Pless, 2012; Belaidi et al., 2018). The most con-
tinuous sample of these fractures comes from 
six 10-m-long core sections in the subhorizontal 
northwest-southeast 206/7a-2 well through the 
Clair Ridge (drilled by Elf U.K. Ltd. in 1991; 
Fig. 1B). In cores closest to the Ridge fault to 
the southeast, fracture intensities and kinematic 
apertures (thickness including fill; Ortega et al., 
2006) are nearly an order of magnitude higher 
than in cores furthest away from the fault (Figs. 
1B and 1C).

The oil-bearing fracture systems in both 
basement and well-cemented parts of the De-
vonian to Jurassic cover sequences all along 
the Rona Ridge show characteristic geological 
features (Fig. 2). Opening mode (tensile) frac-
tures filled with minerals and/or clastic material 
dominate (Fig. 2A), and while most are mil-
limeters to centimeters thick, examples up to 
several meters wide have been recognized (Fig. 
2B). Fine- to coarse-grained mineral fills com-
prise quartz/cryptocrystalline silica- adularia-
carbonate-pyrite veins and microbreccias rang-
ing from <1 mm to decimeters in thickness 
(Figs. 2A and 2D). Quartz or cryptocrystalline 
silica fills and cements are only widely seen in  
basement-hosted fractures. Cockade-style 

(fracture fills in which individual clasts are 
completely surrounded by concentric layers of 
cement) mineralization textures, textural/com-
positional zoning, and the presence of mineral-
lined vuggy (containing vugs, which are voids 
or large pores in a rock that are commonly lined 
with mineral precipitates) cavities up to many 
centimeters across are ubiquitous (Figs. 2A, 
2C, and 2D). The same fracture systems also 
host distinctive clastic infillings of three kinds: 
chaotic breccias dominated by local wall-rock 
clasts (Fig. 2B); fine laminated siltstone-sand-
stone fills with delicate way-up criteria (e.g., 
graded bedding; Fig. 2A); and fine irregular 
networks of homogeneous siltstone thought 
to represent injected slurries (Fig. 2C). Where 
way-up indi cators are preserved, they always 
young up toward the local top-basement un-
conformity surface. Clastic and mineral fills are 
texturally contemporaneous, with the former 
commonly partially cemented by calcite, quartz, 
or pyrite; geopetal structures are also preserved 
(Fig. 2A). Clastic fills are almost always heav-
ily oil-stained, while calcite and quartz mineral 
fills and cements carry widespread oil inclu-
sions; vuggy cavities are invariably occupied 
either by oil or oil-stained clastic material (Figs. 
2A–2D). These observations suggest that min-
eralization and sediment ingress overlapped 
with oil migration.

Larger faults are less commonly well-pre-
served, but in one case, an oil-stained 1–2 mm 
layer of cryptocrystalline silica occurs along a 
slip plane with fine slurry-filled injections ema-
nating out into the wall rocks (Figs. 2D–2G). 
This silica film is interpreted to be a natural gel 
generated during rapid seismogenic slip (see 
Kirkpatrick et al., 2013).

Figure 1. A: Simplified 
map showing location of 
Rona Ridge basement, oil 
fields, and wells referred 
to in this study (offshore 
Shetland, UK). SCO—
Scotland. Mapped extent 
of the Clair Field includes 
the Devonian part of the 
reservoir (Clair Group). 
B: Northwest-southeast 
seismic reflection profile 
through the Clair Field 
(line of section shown 
in A) showing location 
of basement ridge, Clair 
Group, and base-Cre-
taceous unconformity 
(BCU; after Holdsworth 
et al., 2018). Position of 
206/7a-2 well (drilled by 
Elf U.K. Ltd. in 1991) and 
associated cores shown 
in C are also shown. Note 
that the main Ridge fault here lies on the southeast side of the basement ridge; in other areas, such as Lancaster, equivalent structures lie 
on the northwest side (Trice, 2014); i.e., polarity of faulting changes along strike. C: Plot using approach of Ortega et al. (2006) showing how 
both fracture intensity (no. fractures/m) and kinematic aperture increase by almost an order of magnitude in the 206/7a-2 cores closer to Ridge 
fault. Slopes of distributions are consistently close to –1.
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The mineral fill textures are typical of low-
temperature, near-surface hydrothermal systems, 
and they suggest that fractures remained open 
for protracted periods of time (e.g., Wright et al., 
2009; Lander and Laubach, 2015). The ubiqui-
tous presence of breccia, sandstone, and siltstone 
fills also indicates that the fractures formed open 
fissure systems connected to the surface, with ma-
terial introduced downward by either gravity or 
flowing surface waters (e.g., Walker et al., 2011). 
The poorly cemented nature of these fills suggests 
that oil ingress began soon after fissure filling, 
ultimately flooding the fracture system and in-
hibiting further mineralization and cementation.

U-Pb GEOCHRONOLOGY AND FLUID 
INCLUSION STUDIES

Calcite U-Pb geochronology was conducted 
using in situ laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS; see 

the GSA Data Repository1 for analytical proto-
cols and data). Calcite from the Clair Field 
206/7a-2 well locally postdates early laminated 
sediment and hydrothermal quartz, and it formed 
synchronous with pyrite (Figs. 1 and 2A); this 
calcite yielded a date of 89 ± 4 Ma (Fig. 3A). 
Calcite in the 208/27-2 well near the Victory 
Field (drilled by British National Oil Corpora-
tion in 1982) formed synchronous with local 
pyrite and predates local sediment fill and quartz 
(Figs. 1 and 2D); this calcite yielded a date of 
71.9 ± 2.6 Ma (Fig. 3B).

Fluid inclusion assemblage studies were 
carried out on quartz and calcite fracture fills 
cutting basement, together with fracture-hosted 

calcite in Devonian cover rocks, to estimate the 
temperatures of mineral precipitation (see the 
Data Repository for details of samples, ana-
lytical methods, and data). Type 1 two-phase 
( liquid + vapor; L > V) aqueous inclusions domi-
nate, and temperature of homogenization (TH) 
salinity pairs define a distinct higher-tempera-
ture field (~215 °C) from quartz-hosted inclu-
sions and a lower-temperature field (~<150 °C) 
defined by calcite inclusions (Fig. 3C). Impor-
tantly, the quartz and calcite here are hosted 
in the same basement fracture (see Fig. 2A). 
In this case, quartz precipitation predated, but 
overlapped with that of calcite, suggesting that 
two pulses of hydrothermal fluid migration oc-
curred—one at higher temperature followed by 
one at lower temperature.

DISCUSSION
The Rona Ridge is representative of many 

sub-unconformity “buried hill” traps associated 
with fractured basement reservoirs (Biddle and 
Wielchowsky, 1994). The unaltered condition of 
the basement cores suggests that the Rona Ridge 
is little affected by deep subaerial weathering. 
However, analysis of seismic reflection data and 
cores from the Lancaster Field (Slightam, 2012; 
Belaidi et al., 2018) has revealed the presence 
of mineralized sediment–filled and breccia-filled 
fissures, several hundred meters deep, and up to 
several meters wide. These findings are consis-
tent with the sediment- and mineral-filled frac-
ture systems reported here all along the Rona 
Ridge at depths many hundreds of meters below 
local top basement.

Geological observations in active rifts (e.g., 
Iceland) and analogue modeling studies (e.g., 
van Gent et al., 2009) have shown that highly di-
lated, interconnected fissure systems can form in 
strong host rocks during extensional faulting as 
stresses become tensile in the uppermost crust. 
We suggest that the emergent Rona Ridge was 
affected by the contemporaneous and long-term 
development of near-surface (>0.5 km depth) 
open fissure systems that hosted hydrother-
mal mineralization from below and sediment 
ingress from above (Fig. 4A). The fluid inclu-
sion data point to successive pulsing of hot 
and cold fluids in the basement, precipitating 
quartz- and calcite-rich fills, respectively. In the 
vein analyzed from well 206/7a-2, local quartz 
predated calcite, but in veins from other cores 
(e.g., 208/27-2; Fig. 2D), local quartz postdated 
calcite. From this, it is reasonable to infer al-
ternating pulses of hot and cold fluid, with no 
consistent pattern on a regional scale.

Calcite U-Pb dating shows that the fissuring, 
mineralization, sediment filling, and initial in-
gress of oil occurred in the Late Cretaceous, pre-
sumably synchronous with active rifting (Figs. 
4A and 4B). This fits well with hydrocarbon 
migration timing suggested by regional basin 
modeling (e.g., Lamers and Carmichael, 1999), 
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Figure 2. Geological characteristics of oil-filled fracture systems, with depths and wells indi-
cated. A: Thin section of an oil-stained fracture partially filled by waterlain, laminated sandstone 
with fine-graded bedding and geopetal fill of quartz-calcite-pyrite; the large vug was originally 
filled with oil. B: Oil-stained meter-scale fissure fill in the Devonian Lower Clair Group with 
contorted bedding laminations and subrounded wall-rock clasts. C: Injected slurry of fine 
sediment with rounded clastic grains and bitumen clasts (inset), which can be traced back 
to larger sediment- and clast-filled cavity with oil stains. D: Large, previously oil-filled vug 
with lining of oil-stained calcite (brown) and later quartz (white), i.e., opposite relationship 
to that seen in A; note the oil stain in the surrounding basement gneiss. E–G: Oil-stained 
cryptocrystalline fill associated with the slip plane in brecciated basement gneisses from 
which fine slurry-like injections are seen to emanate. Yellow symbols in A and B are younging 
directions in fracture sediment fills. Locations of F and G are shown by the colored boxes 
in E and F, respectively.

1GSA Data Repository item 2019254, U-Pb geo-
chronology, fluid inclusion analyses, and data tables, 
is available online at http:// www .geosociety .org 
/datarepository /2019/, or on request from editing@ 
geosociety .org.
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Re-Os dating of Faroe-Shetland Basin oil (Fin-
lay et al., 2011), and Ar-Ar dating of adularia ce-
ments in the Victory Field (Fig. 3D; Mark et al., 
2005). The ~25–20 m.y. spread in ages suggests 
a protracted period of activity, which also seems 
consistent with the fluid inclusion data and the 
observation that local mineralization sequences 
vary within and between wells.

The widespread preservation of vuggy tex-
tures and primary porosity, and the ubiquity of 
zoned, cockade-style textures, are indicative of 
fissure–mineral fill systems that remained open 
or partially open over long time periods (e.g., 
see Lander and Laubach, 2015). The presence 
of injected slurries originating from sediment-
filled cavities (e.g., Fig. 2C) and the local pres-
ervation of fault-hosted, oil-stained silica gel 
along a basement-hosted shear fracture (Figs. 
2E–2G) suggest a link between fissure forma-
tion and fluid—and by inference oil—migration 
related to active seismicity (Figs. 4A and 4B). 
Major hydro logical changes are known to fol-
low modern earthquakes (e.g., Wang and Manga, 
2010). We infer a repeating cycle of interseis-
mic  dilatant fracturing and slow fluid ingress 
into strong basement host rocks (Fig. 4A; Muir-
Wood and King, 1993) that alternated with rapid 
contraction of fluid- and sediment-filled voids 

during earthquakes and the upward transport of 
fluid through the basement (Fig. 4B).

Marine shales blanketed the Rona Ridge 
following its relatively rapid subsidence in the 
Late Cretaceous (Fig. 4C). It seems likely that 
once the naturally propped fissure systems had 
formed, upward migration of oil within the 
basement and up into local Devonian to Juras-
sic cover sequences below the regional seal was 
able to continue. There is little microstructural 
evidence for reactivation of oil-bearing fractures 
in the cores, although some calcite veins and 
cemented clastic fissure fills in the Lancaster 
Field preserve possible evidence for late dissolu-
tion prior to infilling with oil, likely during the 
Cenozoic (Belaidi et al., 2018). Thus, it appears 
that although seismicity may have triggered the 
onset of oil migration from source into the frac-
tured basement ridge, later stages were likely 
buoyancy driven.

IMPLICATIONS AND CONCLUSIONS
Fissure formation and filling in consoli-

dated rocks below regional unconformities have 
been recognized in a variety of settings (e.g., 
 Montenat et al., 1991; Wright et al., 2009), but 
the potential economic significance remains 
largely unexplored. Our findings show that the 

development of tensile fissures in rheologically 
strong host rocks deformed close to the surface 
during tectonic extension presents an opportu-
nity for the development of naturally propped 
networks of deeply penetrating, partially filled 
fissures. Following burial beneath a regional (or 
local) unconformity, these fracture systems are 
then potential sites for the accumulation and 
storage of hydrocarbons, geothermal fluids, or 
aquifer development. There is also evidence that 
active rift-related seismicity initiated hydrocar-
bon migration into the basement reservoir. This 
highlights the intriguing possibility that fracture 
dilation processes related to basement-hosted 
earthquakes could trigger migration episodes 
in global hydrocarbon basins.
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Figure 4. A–C: Simplified 
geological cross-section 
model to explain the de-
velopment of Rona Ridge 
fractured basement play 
(not to scale), with distri-
bution of various cover 
sequences drawn for il-
lustrative purposes only. 
Fissure systems are hun-
dreds of meters deep and 
at least several meters 
wide. Left: Repeated cy-
cles of gradual opening 
of dilational fractures in 
basement during inter-
seismic loading alternate 
with coseismic elastic col-
lapse. This repeated cycle 
draws in fluids (hydro-
thermal, oil), leading to 
partial filling with mineral 
precipitates and/or depo-
sition of sediment from 
the surface, followed by 
fluids being driven out 
during earthquakes and 
sediment-slurry injection 
into wall rocks. In effect, 
the basement ridge acts 
as an active fluid pump 
during rifting. Note that 
fractures are permanently 
propped open by their 
partial fills of sediment, 
wall-rock clasts, and min-
erals, and this facilitates 
later, buoyancy-driven mi-
gration of oil as the reser-
voir is charged from below. L. Cret.—Late Cretaceous; E.—Early; Jur.—Jurassic; Dev.—Devo-
nian; Gp—Group; OWC—oil-water contact.

 L. Cret. Sandstone

Jur. Source

Interseismic

Rifting

Post-rifting L. Cret. Mudstone seal

Precambrian
 Crystalline Basement

Oil

Erosion?

Dev. Clair Gp
E. Cret.

Fissuring +

Co-seismic

Rapid Burial

OWC

Buoyancy driven
hydrocarbon migration

upwards

A

B

C

not to scale

Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/47/8/700/4793716/700.pdf
by guest
on 20 May 2020

http://www.gsapubs.org
http://www.geosociety.org
https://doi.org/10.1144/PGC8.20
https://doi.org/10.1144/PGC8.20
https://doi.10.1130/G31781.1
https://doi.org/10.1016/j.precamres.2018.12.004
https://doi.org/10.1016/j.precamres.2018.12.004
https://doi.org/10.1144/0051351
https://doi.org/10.1144/0051351
https://doi.org/10.1130/G34483.1
https://doi.org/10.1130/G34483.1
https://doi.org/10.1144/0050645
https://doi.org/10.1144/0050645
https://doi.org/10.1130/B31092.1
https://doi.org/10.1126/science.1116034
https://doi.org/10.1126/science.1116034
https://doi.org/10.1016/0040-1951(91)90261-P
https://doi.org/10.1016/0040-1951(91)90261-P
https://doi.org/10.1029/93JB02219
https://doi.org/10.1306/08250505059
https://doi.org/10.1306/08250505059
http://etheses.dur.ac.uk/3489/
http://etheses.dur.ac.uk/3489/
https://doi.org/10.1144/SP397.3
https://doi.org/10.1144/SP397.3
https://doi.org/10.1016/j.jsg.2009.05.006
https://doi.org/10.1016/j.jsg.2010.12.001
https://doi.org/10.1016/j.jsg.2010.12.001
https://doi.org/10.1017/S001675680999001X
https://doi.org/10.1017/S001675680999001X


 
 
 
 
 
 

Appendix A-VII 
 

Hardman, K., Holdsworth, R. E., Dempsey, E. D., McCaffrey, K. J. 

2019. Fault Void Fills: Reactivation, frictional melting, and coseismic 

void formation and collapse during ancient earthquakes. Geophysical 

Research Abstracts, 21, 1-1. 

355



EBSCOhost | 140484501 | Fault Void Fills: Reactivation, frictional melting, and coseismic void formation and collapse during ancient earthquakes.

https://web.b.ebscohost.com/...e%26profile%3dehost%26scope%3dsite%26authtype%3dcrawler%26jrnl%3d10297006%26AN%3d140484501[20/05/2020 11:34:31]

Fault Void Fills: Reactivation, frictional melting, and coseismic
void formation and collapse during ancient earthquakes.

Source:  Geophysical Research Abstracts . 2019, Vol. 21, p1-1. 1p.

Author(s):  Hardman, Kit; Holdsworth, Robert E; Dempsey, Edward D; McCaffrey, Kenneth J

Abstract:
Natural fault systems are typically complex, with networks of potentially inter-linked dilational cavities filled with a variety of geological
materials. These "fault void fills" are widely recognised in both subsurface cores, and surface exposures; and are thought to exert a
significant control on the potential for fluid migration pathways in the brittle upper crust. The geological characterisitics of these fills, such as
fill-type, longevity and connectivity, are likely to vary with depth, so by understanding the formation and filling processes at different
paleaeodepths we can begin to make predictions about the hydrodynamic properties of upper crustal fault zones, both in the present day
and back through geological time. Here we examine examples of dilational fault void formation and filling from the Lewisian Complex of the
NW Highlands which formed at the base of the seismogenic zone, between 10-15km. Contemporaneous interlinked systems of foliation-
parallel faults and cross-cutting 'ladder fractures' and fills are well exposed in part of the Canisp Shear Zone (CSZ) at Achmelvich. These
so-called 'Late-Laxfordian' brittle structures post-date ductile Proterozoic deformation, responsible for the formation of the NW-SE sub-
vertical shear zone (Inverian, Laxfordian, ca. 1.75-2.4 Ga) and pre-date deposition of the overlying Stoer Group ca 1.2Ga. In the CSZ, NW-
SE trending sinistral faults reactivate the ductile shear zone fabric, while the contemporaneous N-S dextral-normal ladder fractures cross
cut the foliation at high angles and are widely associated with dilatant zones of brecciation and mineralization (the fault voids). Friction
melts (pseudotachylites) are generated along the foliation-parallel fractures and locally injected into ladder fracture void spaces. These
fissues are albe to remain open due to propping by infilling breccia clasts and mineral fills. The insights gained at Achmelvich identified new
mechanisms for tectonic dilational void formation and filling, showing that even at depths close to 15km, fault networks can preserve cm-
scale cavities, enabling and actively driving fluid migration through the upper crust.
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T
he Lewisian Complex—a suite of 
Precambrian metamorphic rocks 
outcropping in the NW 
highlands and has long-held the 
interest of many in the geological 

community. So much so that you could be 
forgiven for thinking there is little more to 
learn from this region of the North West 
Highlands. But the truth is, as our 
understanding of sub-surface processes 
develops and our analytical tools and 
methods improve, we continue to uncover 
a wealth of knowledge hidden in those 
well-weathered outcrops.

The processes that occur during 
earthquake slip at different depths are still 
poorly known. So, in the hope of gaining 
new insights, I am investigating a variety 
of different rock outcrops to assess how 
fracture-hosted cavities, or fault voids, 
develop and evolve during deformation at 

a range of depths throughout the upper 
crust. The Canisp shear zone (CSZ), which 
is part of the Lewisian Complex, 
represents rocks that were deformed at 
depths above and below the brittle-ductile 
transition zone. So, I ventured to the 
Scottish Highlands to investigate the CSZ, 
which is exposed in Achmelvich Bay and 
Clachtoll. These rocks represent the oldest 
and deepest of all my study areas.

Specifically, I wanted to assess how fault 
voids develop, fill and collapse in 
crystalline basement that deformed at 
depth. Rocks in the CSZ have undergone a 
long and often intense deformation 
history that includes a phase of coeval 
seismogenic-fluid circulation, frictional 
melting, hydrothermal mineralisation and 
complex brecciation. Using detailed 
mapping, microstructural characterisation, 
kinematic analyses and fracture-attribute 

Image: Yerko Espinoza/shutterstock.com
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analyses, I wanted to develop a better 
understanding of the processes controlling 
fault-void evolution. 

I worked together with Bob 
Holdsworth, Eddie Dempsey, Ken 
McCaffrey and Tom Utley to use the latest 
photogrammetry techniques to develop 
terrain and perspective-corrected fracture 
and outcrop maps from aerial imagery. We 
collected these data using a newly-
acquired unmanned aerial vehicle (UAV) 
quad-copter. Despite the predictable 
problems flying a brand-new drone for the 
first time on the Sutherland coast in 
September, the resulting imagery and 
models are exceptional. The 
photogrammetric techniques enable us to 
develop ultra-high-resolution maps and 
3D virtual outcrop models, which, when 
combined with detailed field observations 
and field maps, allow easy collection of 

fracture attribute and topological data, 
and give an excellent view of the 
contemporaneous interlinked systems of 
faults, fractures and fills of the CSZ.

 
GEOLOGICAL HISTORY 
Wikipedia summarises the Lewisian 
Complex as “…a suite of Precambrian 
metamorphic rocks that outcrop in the 
northwestern part of Scotland, forming 
part of the Hebridean Terrane and the 
North Atlantic Craton. These rocks are of 
Archaean and Paleoproterozoic age, 
ranging from 3.0–1.7 Ga and form the 
basement on which the Torridonian and 
Moine Supergroup sediments were 
deposited”. Whilst undoubtedly an 
over-simplification, this is an excellent 
starting point to summarise 3 billion years 
of Earth history in a few hundred words.

The Precambrian geology of the 

Lewisian Complex in the North West 
Highlands has been debated in one form 
or another for over 100 years. There is no 
consensus on the absolute timings of the 
various deformational and metamorphic 
episodes recorded in these ancient rocks 
(Butler, Geol. Soc. London SP 2010), but 
here I present my interpretation of the 
geological and structural history of 
Achmelvich, based on my field 
observations and the published literature.

The earliest discernible geological 
events in the CSZ of the Lewisian 
Complex are shallowly-dipping foliations, 
small intrafolial folds and streaky textures, 
or schlieren, around ultramafic pods or 
boudins. These are best seen on the 
northern limb of the Lochinver monocline 
(see illustration Annotated aerial photo of 
the north side of Achmelvich Bay’) in the 
beautiful water-washed exposures either 

Annotated aerial 
photo of the north 
side of Achmelvich 
Bay. Taken with 
a DJI Mavic pro 
UAV. Annotations 
show the trace of 
the largest of the 
mapped fracture 
corridors in the 
Laxfordian brittle 
shear zone
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side of Achmelvich beach. These 
granulite metamorphic textures are 
products of the Badcallian orogeny, 
formed about 2.5 billion years ago 
(Park, Scottish J. Geol. 1970), at great 
depths under extremely high 
temperatures and pressures.

The next major event was the 
Inverian orogeny, which is post-dated 
by the emplacement of the many 
NW-SE trending Scourie metadolerite 

dykes 2.4 billion years ago. Thus, the 
orogeny occurred somewhere in the 
100-million-year window between 2.5 
and 2.4 billion years ago (Park, 
Scottish J. Geol. 1970). The Inverian 
here is expressed by the development 
of a strong sub-vertical foliation and 
steeply-plunging mineral lineation 
forming the 1.5 to 2-km-wide ductile 
CSZ immediately north of the 
Lochinver monocline. Characteristic 

features of the Inverian fabric are the 
development of tight minor folds and 
a regional NW-SE trending foliation. 
The Inverian orogeny is also 
responsible for the Lochinver 
monocline and regional amphibolite 
facies metamorphism (Attfield, Geol. 
Soc. London SP 1987). This is a 
lower-temperature and pressure 
metamorphism compared to the 
Badcallian event, suggesting a 
progressive regional uplift toward the 
brittle-ductile transition at about 15 
km depth.

Scourie dykes are spectacularly 
exposed in the southern and northern 
headlands of Achmelvich Bay. These 
dykes cross-cut the Badcallian 
gneissic foliation fabric, but are 
reactivated along the margins in 
brittle-ductile centimetre-scale shear 
zones related to the next orogenic 
phase, the Laxfordian.

The 1.4 to 1.7-billion-year-old 
Laxfordian event has at least two 
distinct phases of deformation that 
track events across the brittle-ductile 
transition and into the earthquake 
realm. An earlier greenschist-
amphibolite facies ductile fabric 
forms the centre of the CSZ, where it 
intensifies the pre-existing Inverian 
fabric in a zone 0.5 km wide. This is 
associated with a shallowly plunging 
mineral lineation, swarms of tight to 
isoclinal sheath folds and associated 
dextral shear criteria. A ‘late-
Laxfordian’ event involving 
widespread brittle reactivation of the 
shear zone foliation sees a reversal to 
sinistral shearing. In the CSZ, a series 
of interlinked high-intensity fracture 
corridors were formed. 2 main 
fracture sets are recognized: sinistral 
foliation-parallel faults and dextral-
extensional foliation-perpendicular 
faults. These coeval fractures are 
locally associated with significant 
volumes of frictional melt—
pseudotachylite—which is injected 
into neighbouring dilational voids 
that follow the foliation-
perpendicular fault set, often 
intermixed with well-developed fault 
breccias in zones up to 1 m wide and 
several metres long. The fractures are 
easily picked-out as they are stained a 
deep red colour by the percolation of 
iron-rich fluids. This Laxfordian 

Plan view of the 
Lewisian Gneiss. 
Well-developed 
schlieren 
textures were 
formed during 
the Badcallian 
orogeny. Lens cap 
for scale

Annotated map 
of Achmelvich 
Bay. Map shows 
the collected 
structural data, 
field photographs 
and mapped 
boundaries

Fault breccias 
and cataclasites. 
(right page) 
A-D, collection 
of epidote and 
quartz mineralised 
fault breccias 
and cataclasites 
from foliation 
perpendicular 
faults, formed 
during the 
late-Laxfordian 
tectonic episode
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transition from ductile-to-brittle 
deformation shows a continued 
shallowing/uplift history as the rocks 
cross the brittle-ductile transition at 
around 15 km.

The final phase of deformation 
comprises a series of tensile/dilational 
faults and fractures that opened close to 
the surface and were invaded by Stoer 
Group unlithified sediment. The best 
locality to observe this is in a small bay 
between A’Chlach Thuill and Rubha 
Leumair headlands. These fractures record 
the final arrival of the presently exposed 
Lewisian complex at the surface about 1.2 
billion years ago, the age of the Stoer 
Group, where the gneiss has lain ever 
since (except for a few shallow burials and 
exhumation events during the last billion 
years).

FIELD DAYS
Like many undergraduate experiences of 
the NW Highlands, my field excursion 
was met with biblical winds and sideways 
rain, which started and ended on my first 
and last days in the field. Intermittent 
breaks in wind and rain allowed for brief 
flights of the UAV to collect photos for the 
detailed digital maps, but most work 
continued regardless of weather, 
alternating between notebooks to allow 
time for the other to fully dry. During the 
heaviest downpour, fieldwork was 
“briefly” suspended to seek shelter and 
prevent the loss of collected work. This 
method of stop-start fieldwork was almost 
successful, apart from the third day, when 
I watched the central half of my 
meticulously drawn, detailed field map 
rip from my mapping board and 
gracefully fly away across the North 
Minch, evidently heading back to the 
home of the Lewisian Gneiss on the Isle of 
Lewis. The fieldwork was mostly solitary 
except for a sea-otter, which followed me 
at a distance between coastal outcrops, 
and would observe with apparent interest 
my attempts at recording structural 
measurements at some of the less-
accessible outcrops. 

Given some of the meteorological-
challenges, a return trip to the NW 
Highlands took place in the spring of 
2018, where I verified and tidied-up some 
of the field observations and collected 
further data. I was also able to tie in some 
“Late-Laxfordian” field observations 
made in Achmelvich, with outcrops in 

Clachnessie and along the Loch Assynt 
fault. These outcrops featured very similar 
epidote/quartz breccias, kinematics, and 
deformational styles. I’m still investigating 
the hypothesised “Late-Laxfordian” event 
and, over the next few years, these 
observations will be compared and 
contrasted to observations and data 
collected from equivalent studies of 
fracture networks with fault-void fills 
formed across a broad range of 
palaeodepths; ranging from the near 
surface (Brixham SW England, Rona 
Ridge West of Shetland UKCS, Calabria, 
Italy), to other deep crustal settings 
(Adamello massif in Italy) as part of my 
larger PhD research goals.

VOIDS, FILLS AND FLUIDS
My core aim is to assess the influence of 
reactivation of the ductile CSZ fabrics on 
faulting and fault void development.  
I want to test a hypothesis that the fault 
voids and fills formed due to the rapid 
opening and partial collapse of large 
dilatant voids during ancient earthquakes. 
What mechanisms could open and fill 
fault voids at large depths and great 
pressure, and what are the impacts for 
short- and long-term fluid flow through 
the crystalline basement-rock?

The sinistral foliation-parallel and 

dextral-extensional foliation-
perpendicular faults are thought to have 
formed simultaneously during repeated, 
and likely seismogenic, shear events 
under a regional ENE-WSW compressive 
stress. Despite being coeval, detailed 
observations show that the fault-sets are 
remarkably different. The foliation-
parallel faults show significant offsets of 
several metres, with locally large volumes 
of generated frictional melt and the 
development of small drag folds in the 
wall rocks. The foliation-perpendicular 
faults show less slip, but have a much 
larger damage zone and complex shapes. 
Conceivably this makes sense: if I were to 
shear a block of wood it would be far 
easier to fault it “with the grain” as 
opposed to “against the grain”, and the 
resultant damage to the wood would be 
different in either case. In addition, the 
smaller foliation-perpendicular faults 
commonly connect the foliation-parallel 
faults like the rungs on a wonky ladder. 
As they grow, the ladder fill collapses into 
a dilatant cavity to form a heavily 
iron-stained, clast-supported breccia. The 
chaotic assemblage of wall-rock clasts 
shows no uniform rotation direction and 
no evidence of attrition. This implies that 
the cavities opened enough to allow wall 
rock collapse, with free rotation and 
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Major fractures. A, Orthorectified aerial image of CSZ outcrop [58°10’33.3”N 5°18’17.1”W], 
with major fractures traced and manual structural measurements. B, Structural 
measurements isolated, with an equal area rose plot of fracture angles (equal area, 
n=1293), and ITX fracture connectivity plot (calculated using Dave Healey’s FracPaQ  
module for MATLAB)

Psuedotachylite. In thin section, cross section (complete
with “wing-crack injections”), and plane view (showing flow
lineation patterns of injected melt); fingers for scale
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displacement of the clasts, before the 
cavity partially collapsed, trapping the 
breccia clasts in place and propping open 
the fault cavity. 

We initially thought that such a 
sequence of events might be caused by 
high fluid pressure widening the fracture 
aperture, before fluid pressure dropped 
and the cavity closed. But we have since 
discarded this idea. Instead, our work 
shows that the opening and closing of 
fracture cavities was controlled by 
seismogenic movement along the larger 
foliation-parallel faults that host friction 
melts with complex flow-lineation 
patterns. It appears that as movement 
along the foliation-parallel faults occurred, 
blocks of the adjacent wall rocks moved in 
the same direction, but at different times/
speeds, causing them to move apart from 
and collide with one another, rapidly 
opening and closing the foliation-normal 
fracture cavities forming blocks. This 
model is conceptually similar to shunting 
the carriages of a train, with each of the 
carriages represented by adjacent fault 
blocks, bound by the different types of 
fractures. Thus, if one carriage were 
shunted, it would move away from one 
adjacent carriage, and collide with the next 
down the line, closing and opening the 

gaps between them. During opening, the 
cavity would be under a negative 
hydrostatic pressure and would draw in 
any fluid, bits of wall rock or frictional 
melt. When a cavity collapsed, larger clasts 
would be held in place, propping open the 
cavity, but anything mobile, such as fluid 
or any suspensions, would be driven out, 
circulating fluid (and perhaps melt) 
throughout the adjacent fracture network. 
The movement of these blocks is driven, 
we suggest, by seismic activity, and what 
we observe is a greater proportion of 
frictional melt along the foliation-parallel 
faults that surround these tensile fractures, 
compared to those that are not associated 
with foliation-normal ladder fractures. 
One possible reason for this is that during 
a seismic event, frictional melt is generated 
along the weak foliation-parallel faults, 
which lubricates the faults and facilitates 
the block shunting process.

The idea of seismically-driven fluids is 
not new. But, whilst we see many 
examples of fluids being expelled at the 
surface during earthquakes, the idea of 
seismic “pumping” at depth remains 
contentious (Sibson et al., J. Geol. Soc. 
London 1975; Muir-Wood & King, J. 
Geophys. Res. 1993; Matthäi, J. 
Geochemical Explor. 2003). The 

observations I made at the CSZ cannot 
settle the debate, but they can tell us that 
at this specific location we have coseismic 
percolation of iron-rich fluids through a 
deep-seated fault network in a crystalline 
basement rock, driven by the energetic 
formation and collapse of fracture cavities 
at significant depth (about 10 km or more). 
The fracture cavities here act as fluid 
pathways not just in the short term, but in 
the long term, providing a conduit for 
fluid to circulate through the deep 
basement over long geological timescales. 
This is counterintuitive because it is often 
thought that any faults or fractures in the 
deep crust will immediately close-up, 
offering only transient short-lived fluid 
flux. Yet, in Achmelvich, although the 
seismic activity is transient, we see 
evidence that fracture cavities never 
completely close-up, instead being held 
open by the infilling breccia material.  
This allows for the distribution of fluids 
across a large volume of rock deep in 
Earth’s crust.

The mineralogy we observe in thin 
section is surprisingly diverse, with 
complex secondary mineral interactions. 
These secondary minerals include: 
prehnite, chlorite, epidote, clinozoisite, 
pyrite, quartz and chalcedony. In addition 
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to veins, these secondary minerals 
frequently form both matrix and clast 
material in fault breccias, cataclasites and 
gouge (often with injection textures). The 
sections also show locally significant 
volumes of pseudotachylite, with lateral 
injections. Many are bubbly—consistent 
with rapid changes in pressure, perhaps 
associated with the seismic cycle and the 
proposed ‘block shunting’ process. The 
lack of universal cross-cutting 
relationships between the different 
secondary minerals and/or the 
psuedotachylite demonstrates the iterant, 
cyclical and broadly synchronous nature 
of these mineralisation episodes. 
Evidently during the Late-Laxfordian 
deformation there is a whole host of 
different fluid chemistries, local stress 
conditions and brecciated material 
migrating through these faults and 
fractures.

Statistical work was carried out in two 
fronts: analysis of the structural slip-data 
to generate a palaeostress field for the 
Late-Laxfordian-aged deformation, and 
topological and fracture attribute analysis 
of the ortho-rectified drone images of key 
outcrops. The palaeostress inversion was 
conducted using WinTensor (by  
D. Delvaux) and yielded a strike-slip 

compressive stress regime, with a major 
ENE-WSW compression and minor 
SSE-NNW extension. The ratio of 
principle stress differences was consistent 
across all Late-Laxfordian structures at 
around 0.30. The fracture topology and 
attribute analyses show that these fault 
networks are well-connected and 
orientated, with distinct fault sets 
separated by length.

THE UPSHOT
From this work, we can draw some 
significant conclusions that have real-
world applications. We describe a 
mechanism by which cm-scale cavities 
have been generated and held open in an 
otherwise impermeable crystalline rock at 
extreme depths in the upper crust. 
Elsewhere similar cavities may be filled 
with economic minerals or hydrocarbons 
that lie unconsidered as an exploration 
opportunity due to their high formation 
depths. Going forward, a better 
understanding of the internal-architecture 
of fault and fracture cavities throughout 
the upper-crust can guide us to better 
utilise these resources. ◆

▼

Conceptual sketch of the “train-carriage” model. A, Demonstrates opening and partial collapse of fault voids in N-S tensile fractures. 
Voids rapidly open and dilate, leading to fluid, melt and fault rock infill followed by collapse and partial void closure. Wall rock 
clasts and fills act as props leading to the development of potentially long-lived fluid migration pathways. B, C, Also shown are field 
photographs of tensile fractures filled with erratically rotated breccia clasts (phone and lens cap for scale)

Kit Hardman is a PhD student at Durham University; 
e-mail: kristian.hardman@durham.ac.uk 
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Tor Bay – volumetrics, virtual outcrop 
modelling, and image analysis 

VIRTUAL OUTCROP MODELLING AND FRACTURE VOLUMETRICS 

The orthorectified model shown in Figure 6a was generated using Agisoft’s Photoscan which 

implements structure from motion photogrammetry. In total 215 images were acquired via 

UAV and processed. Images were captured in scan lines at a variety of orientations and 

altitudes to enhance data capture from obscure angles. Once the 3D model was generated 

the 2D map-view data could be extracted to form an orthorectified image – a high resolution 

georeferenced image map. This map was then input into Adobe Illustrator where 4362 traces, 

14129 segments, and 18491 nodes of fractures were mapped using vector graphics. Once 

mapped the interpreted fracture traces and fault wall interfaces were exported as a 

georeferenced image and interpreted manually using sample windows and in bulk using the 

MatLab extension FracPaQ for QA/QC purposes.  

In addition to the 1D fracture traces mapped, sample areas were interpreted areally, 

distinguishing between the red fault-void sedimentary infills, and the blue/grey limestone 

host rock. In doing so a two-tone image was generated defining regions by colour as either 

“fracture fill - red” or “basement - blue”. The two-tone image was input into the image 

processing toolbox of MatLab, which calculated the total number of pixels and the number of 

red and blue pixels for the sample area. Whereby each pixel forms a cell of fixed area, with 

the same resolution as the original image. 

I = imread(uigetfile); 
  

redPixels = I(:,:,1) == 255 & I(:,:,2) == 0 & I(:,:,3) == 0; 



numRedPixels = sum(redPixels(:)); 

bluePixels = I(:,:,1) == 0 & I(:,:,2) == 0 & I(:,:,3) == 255; 

numBluePixels = sum(bluePixels(:)); 
  

B = numBluePixels; 

R = numRedPixels; 

A = B+R; 

 

Once the numbers of each pixel colour were determined; the ratio between them was 

calculated to give a percentage value for fracture fill. 

  

pB = (B/A)*100; 

pR = (R/A)*100; 

pA = pB + pR; 
  

TPC = ['Total Pixel Count = ',num2str(A)]; 

FFP = ['Fracture Fill Pixels = ',num2str(R)]; 

BP = ['Basement Pixels = ',num2str(B)]; 

PL = ['Percentage Basement = ',num2str(pB)]; 

PS = ['Percentage Fracture Fill = ',num2str(pR)]; 

ACC = ['Accuracy /100 = ',num2str(pA)]; 
  

disp(TPC) 

disp(FFP) 

disp(BP) 

disp(PL)  

disp(PS) 

disp(ACC) 

 

In addition to the analyses described in the present paper, if the area of each pixel can be 

determined these can be input to generate areas in m2. Which gives an accurate regional 

assessment of the area covered by fracture fill in 2D for the given sample area. 

  

prompt = {'Pixel Area /m^2'}; 

title = 'Scaling Input'; 

dims = [1 35]; 

definput = {'0.00005'}; 

PixelArea = inputdlg(prompt,title,dims,definput); 

  

Once 2D areas are calculated using this method, the analysis can be tentatively expanded 

into the third dimension as a thought experiment to estimate the potential fluid volumes 

the host rock could hold. Given the regional assessments of Tor Bay, particularly around 



Berry Head – it is highly likely that these filled fractures/fissures extend to at least 1km in 

depth. The sandstones filling these fissures are also highly porous ,well-sorted rounded 

grains making them ideal hydrocarbon reservoir rocks. If we assume a depth of around 1km 

to a fixed point, good reservoir properties (35-40% porosity, 50% water saturation), and an 

arbitrary formation volume factor (can be altered for analogue of any depth), we can assess 

what volume of hydrocarbons or any fluid the sample area could possibly hold per gross 

rock volume using the HCIIP or STOIIP equations. 

XA = str2double(PixelArea); 

GRA = XA*A; 

Gross = ['Gross Rock Area = ',num2str(GRA),'m^2']; 

disp(Gross) 
  

prompt = {'Height of Hydrocarbon Column /m', 'Average 

Porosity', 'Average Hydrocarbon Saturation', 'Formation Volume 

Factor'}; 

title = 'Input Parameters'; 

dims = [1 35]; 

definput = {'250', '0.37', '0.5', '1.5'}; 

Answers = inputdlg(prompt,title,dims,definput); 
  

h = str2double(Answers{1,1}); 

Por = str2double(Answers{2,1}); 

HCsat = str2double(Answers{3,1}); 

FVF = str2double(Answers{4,1}); 
  

GRV = GRA*h; 

NTG = (pR/100); 

NRV = GRV .* NTG; 

NPV = NRV .* Por; 

HCPV = NPV .* HCsat; 

HCIIP = HCPV / FVF; 

HCIIPb = (HCIIP * 6.289814)/100000; 
  

HCdisp = ['HCIIP = ', num2str(HCIIP),'m^3',]; 

HCdisp = [HCdisp newline 'HCIIP = ', 

num2str(HCIIPb),'MMbbls']; 

GRVdisp = ['Gross Rock Volume = ', num2str(GRV), 'm^3']; 
  

disp(GRVdisp) 

disp(HCdisp) 
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ID# Strike / ° Dip /° Quadrant Slip Sense Dip Direction Aperture /cm Plunge /° Azimuth /° Pitch/° Pitch direction Offset /cm Age of host Location Measured Body Notes

310 116 50 N 026 Permian Babbacombe Calcite fractures

311 156 50 W 246 Permian Babbacombe Calcite fractures

312 074 60 S 164 60 SE Permian Babbacombe Calcite fractures

309 115 90 205 Permian Babbacombe Sed. Fills and cockade

120 075 50 S 165 21 Devonian Berry Head sed. fill

121 072 80 S 162 10 Devonian Berry Head sed. fill

122 058 70 S 148 24 Devonian Berry Head sed. fill

123 085 62 S 175 5 Devonian Berry Head sed. fill

124 072 07 S 162 16 Devonian Berry Head sed. fill

125 091 70 S 181 40 Devonian Berry Head sed. fill

126 071 60 S 161 15 Devonian Berry Head sed. fill

127 070 90 160 80 Devonian Berry Head sed. fill

128 051 90 141 80 Devonian Berry Head sed. fill

129 080 80 S 170 10 Devonian Berry Head sed. fill

130 082 85 S 172 12 Devonian Berry Head sed. fill

131 024 90 114 Devonian Berry Head Quarry sed. fill

132 068 90 158 Devonian Berry Head Quarry sed. fill

133 009 90 099 Devonian Berry Head Quarry sed. fill

134 015 90 105 Devonian Berry Head Quarry sed. fill

135 040 62 S 130 Devonian Berry Head Quarry sed. fill DIPS APPROX

136 045 60 S 135 Devonian Berry Head Quarry sed. fill DIPS APPROX

137 037 80 S 127 Devonian Berry Head Quarry sed. fill DIPS APPROX

138 060 90 150 Devonian Berry Head Quarry sed. fill

139 054 60 S 144 Devonian Berry Head Quarry sed. fill DIPS APPROX

140 060 60 S 150 Devonian Berry Head Quarry sed. fill DIPS APPROX

141 064 80 S 154 Devonian Berry Head Quarry sed. fill DIPS APPROX

142 048 90 138 Devonian Berry Head Quarry sed. fill

143 055 60 S 145 Devonian Berry Head Quarry sed. fill DIPS APPROX

153 040 90 130 Devonian Berry Head Quarry sed. fill

164 045 90 135 Devonian Berry Head Quarry sed. fill

175 050 90 140 Devonian Berry Head Quarry sed. fill

176 083 90 173 Devonian Berry Head Quarry sed. fill

177 090 90 180 Devonian Berry Head Quarry sed. fill

178 007 90 097 Devonian Berry Head Quarry sed. fill

179 080 90 170 Devonian Berry Head Quarry sed. fill

245 015 73 E Nml. 105 77 N Dev/Perm Broad sands Latest shear planes on major faults

246 015 73 E Nml. 105 30 N Dev/Perm Broad sands Latest shear planes on major faults

14 150 80 NE 060 800(±400dz) Dev/Perm Broad sands Major Nml fault

15 170 85 W 260 800(±400dz) Dev/Perm Broad sands Major Nml fault

257 173 85 E Sin. Nml 083 Devonian Broad sands Major Nml fault

258 007 66 E Sin. Nml 097 90 Devonian Broad sands Major Nml fault

259 010 77 E Sin. Nml 100 70 N Devonian Broad sands Major Nml fault

260 007 73 E Sin. Nml 097 85 S Devonian Broad sands Major Nml fault

262 013 69 E Sin. Nml 103 85 N Devonian Broad sands Major Nml fault

263 011 60 E Sin. Nml 101 84 N Devonian Broad sands Major Nml fault

236 045 85 E Nml. 135 2000 72 N Dev/Perm Broad sands Major N-S Faults

237 003 84 E Nml. 093 2000 77 N Dev/Perm Broad sands Major N-S Faults

238 015 81 E Nml. 105 2000 76 N Dev/Perm Broad sands Major N-S Faults

239 003 64 E Nml. 093 2000 68 N Dev/Perm Broad sands Major N-S Faults

240 010 73 E Nml. 100 2000 90 Dev/Perm Broad sands Major N-S Faults

241 020 82 E Nml. 110 2000 75 N Dev/Perm Broad sands Major N-S Faults

242 043 74 SE Nml. 133 2000 85 NE Dev/Perm Broad sands Major N-S Faults

261 105 90 Tensile 195 Devonian Broad sands Sed. Fill

249 011 77 W Tensile 281 Devonian Broad sands Tensile fracture mesh

250 177 76 W Tensile 267 Devonian Broad sands Tensile fracture mesh

251 025 73 W Tensile 295 Devonian Broad sands Tensile fracture mesh

252 006 84 W Tensile 276 Devonian Broad sands Tensile fracture mesh

253 015 90 Tensile 105 Devonian Broad sands Tensile fracture mesh



254 011 87 W Tensile 281 Devonian Broad sands Tensile fracture mesh

255 011 62 W Tensile 281 Devonian Broad sands Tensile fracture mesh

256 007 80 W Tensile 277 Devonian Broad sands Tensile fracture mesh

243 039 90 Tensile 129 Dev/Perm Broad sands Ten. Ass. #236-242

244 031 71 SE Tensile 121 Dev/Perm Broad sands Ten. Ass. #236-243

247 140 38 SW Dex. Nml. 230 46 N 100 Devonian Broad sands

248 173 36 W Dex. Nml. 263 47 N 200 Devonian Broad sands

264 031 72 SE Sin. Nml 121 90 Devonian Broad sands Youngest move on #262

265 037 60 W Sin. Nml 307 60 W Devonian Broad sands Central zone of  #262

266 027 66 W Sin. Nml 297 66 W Devonian Broad sands Central zone of  #262

144 081 79 S 171 Devonian Churston Cove sed. fill

145 079 90 169 Devonian Churston Cove sed. fill

146 080 07 S 170 Devonian Churston Cove sed. fill

147 082 90 172 Devonian Churston Cove sed. fill

148 082 90 172 Devonian Churston Cove sed. fill

149 092 90 182 Devonian Churston Cove sed. fill

150 085 90 175 Devonian Churston Cove sed. fill

151 058 68 S 148 Devonian Churston Cove sed. fill

152 070 70 S 160 Devonian Churston Cove sed. fill

154 072 70 S 162 Devonian Churston Cove sed. fill

155 152 90 242 Devonian Churston Cove sed. fill

156 090 90 180 Devonian Churston Cove sed. fill

157 098 90 188 Devonian Churston Cove sed. fill

158 133 85 N 043 Devonian Churston Cove sed. fill

159 085 90 175 Devonian Churston Cove sed. fill

160 090 90 180 Devonian Churston Cove sed. fill

161 100 90 190 Devonian Churston Cove sed. fill

162 078 90 168 Devonian Churston Cove sed. fill

163 110 87 N 020 Devonian Churston Cove sed. fill

165 170 90 260 Devonian Churston Cove sed. fill

166 175 90 265 Devonian Churston Cove sed. fill

167 168 90 258 Devonian Churston Cove sed. fill

168 160 90 250 Devonian Churston Cove sed. fill

169 152 90 242 Devonian Churston Cove sed. fill

170 162 90 252 Devonian Churston Cove sed. fill

171 165 90 255 Devonian Churston Cove sed. fill

172 080 60 S 170 Devonian Churston Cove sed. fill

173 080 90 170 Devonian Churston Cove sed. fill

174 096 90 186 Devonian Churston Cove sed. fill

5 NE 12 030 Dev/Perm Churstone Cove Small harm. assym. folds

11 044 19 SE 134 Dev/Perm Churstone Point Bedding

13 NE 30 078 Dev/Perm Churstone Point Fold

10 090 80 S 180 Dev/Perm Churstone Point Sed. fill

12 110 90 200 Dev/Perm Churstone Point sed. fill (pos. bedding)

7 21 - 60 Dev/Perm Elberry Cove "V" shaped sed. Fill

9 NE 20 085 Dev/Perm Elberry Cove Larger Fold

3 002 48 E 092 8 12 Dev/Perm Elberry Cove Qz Veins / Nml Faults

4 002 48 E 092 3 2 Dev/Perm Elberry Cove Qz Veins / Nml Faults

8 NE 22 080 Dev/Perm Elberry Cove Tight folds

192 148 90 238 30 L. Devonian Elberry Cove N sed. fill

193 050 90 140 L. Devonian Elberry Cove S sed. fill

194 008 60 W 278 L. Devonian Elberry Cove S sed. fill

195 040 90 130 L. Devonian Elberry Cove S sed. fill

16 020 56 E 110 Dev/Perm Fishcombe Cove Major Nml fault

184 120 15 N 030 Devonian Fishcombe Point Bedding

181 172 90 262 Devonian Fishcombe Point Open Fracture / Joints

182 088 90 178 Devonian Fishcombe Point Open Fracture / Joints

180 188 90 278 18 Devonian Fishcombe Point sed. fill

183 092 90 182 Devonian Fishcombe Point sed. fill



185 030 90 120 8 Devonian Fishcombe Point sed. fill

186 015 90 105 20 Devonian Fishcombe Point sed. fill

187 092 90 182 9 Devonian Fishcombe Point sed. fill

188 032 90 122 20 Devonian Fishcombe Point sed. fill

189 037 90 127 Devonian Fishcombe Point sed. fill

190 168 90 258 Devonian Fishcombe Point sed. fill

191 061 90 151 80 Devonian Fishcombe Point sed. fill

283 103 78 S Tensile 193 Devonian Hopes Nose North Karstic Sed. Fill

284 107 74 S Tensile 197 Devonian Hopes Nose North Karstic Sed. Fill

285 109 88 N Tensile 019 Devonian Hopes Nose North Karstic Sed. Fill

286 100 90 Tensile 190 Devonian Hopes Nose North Karstic Sed. Fill

279 087 90 Tensile 177 Devonian Hopes Nose North Sed Fill

280 095 85 N Tensile 005 Devonian Hopes Nose North Sed Fill

281 149 90 Tensile 239 Devonian Hopes Nose North Sed Fill

282 081 90 Tensile 171 Devonian Hopes Nose North Sed Fill

270 020 86 E Nml. 110 90 Devonian Hopes Nose North

271 020 86 E Nml. 110 17 S Devonian Hopes Nose North

272 118 82 S Tensile 208 1 Devonian Hopes Nose North

273 039 62 SE Nml. 129 90 Devonian Hopes Nose North

274 039 62 SE Nml. 129 5 NE Devonian Hopes Nose North

275 110 85 S Tensile 200 5 Devonian Hopes Nose North

276 100 67 S Tensile 190 25 Devonian Hopes Nose North

277 103 85 S Tensile 193 2 Devonian Hopes Nose North

278 113 87 S Tensile 203 10 Devonian Hopes Nose North

291 109 73 S Tensile 199 Devonian Hopes Nose South Mech. Strat.

292 107 54 S Nml. 197 88 W Devonian Hopes Nose South Mech. Strat.

294 112 87 N Nml. 022 Devonian Hopes Nose South Mini Grabens

295 112 77 S Hybrid Nml./Ten. 202 Devonian Hopes Nose South Mini Grabens

296 090 73 S Nml. 180 Devonian Hopes Nose South Mini Grabens

297 117 76 S Sin. Nml 207 77 E Devonian Hopes Nose South Mini Grabens

298 103 82 S Sin. Nml 193 81 E Devonian Hopes Nose South Mini Grabens

299 113 86 S Tensile 203 Devonian Hopes Nose South Mini Grabens

300 123 79 N Nml. 033 70 W Devonian Hopes Nose South Mini Grabens

290 108 90 Tensile 198 Devonian Hopes Nose South Sed. Fill.

287 083 80 S Tensile 173 Devonian Hopes Nose South

288 118 80 S Tensile 208 Devonian Hopes Nose South

289 110 90 Tensile 200 Devonian Hopes Nose South

293 117 84 S Hybrid Nml./Ten. 207 78 E Devonian Hopes Nose South

301 032 58 SE 122 68 N Devonian Hopes Nose South

302 105 69 S Nml. 195 90 Devonian Hopes Nose South

303 113 84 N Nml. 023 Devonian Hopes Nose South

304 115 40 S 205 90 Devonian Hopes Nose South

305 032 63 SE Sin. Nml 122 58 N Devonian Hopes Nose South

306 033 57 SE Sin. Nml 123 52 N Devonian Hopes Nose South

307 038 47 SE Sin. Nml 128 65 N Devonian Hopes Nose South

308 011 34 E Sin. Nml 101 79 N Devonian Hopes Nose South

313 170 90 Nml. 260 350 Devonian Long Quarry North Major Nml Fault

314 162 35 W Nml. 252 Devonian Long Quarry North Major Nml Fault

315 152 90 Nml. 242 Devonian Long Quarry North Major Nml Fault

196 008 20 W Dex. Nml. 278 Permian Oyster cove Fractures in Permian Seds

197 009 46 W Dex. Nml. 279 35 125 Permian Oyster cove Fractures in Permian Seds

198 023 52 NW Dex. Nml. 293 81 NW Permian Oyster cove Fractures in Permian Seds

199 015 47 W Dex. Nml. 285 80 N 50 Permian Oyster cove Fractures in Permian Seds

200 083 87 N Tensile 353 Permian Oyster cove Fractures in Permian Seds Ass. #199

201 101 82 S Tensile 191 Permian Oyster cove Fractures in Permian Seds Ass. #199

202 090 87 N Tensile 000 Permian Oyster cove Fractures in Permian Seds Ass. #199

203 013 44 W Dex. Nml. 283 85 N 15 Permian Oyster cove Fractures in Permian Seds

204 041 88 SE Tensile 131 0.2 Permian Oyster cove Fractures in Permian Seds Ass. #203

205 047 90 Tensile 137 2 Permian Oyster cove Fractures in Permian Seds Ass. #203



206 011 50 W Nml. 281 88 N 20 Permian Oyster cove Fractures in Permian Seds Curviplanar group 057-311/50

207 050 53 W Nml. 320 88 SW Permian Oyster cove Fractures in Permian Seds Curviplanar group 057-311/50

208 029 59 NW Nml. 299 3 80 NE Permian Oyster cove Fractures in Permian Seds Sediment in dilational jog in fracture

209 179 54 W Nml. 269 87 N Permian Oyster cove Fractures in Permian Seds Curviplanar group 057-311/50

210 033 90 Tensile 123 1.5 Permian Oyster cove Fractures in Permian Seds Ass. #209

211 020 85 W Tensile 290 Permian Oyster cove Fractures in Permian Seds Ass. #209

212 027 47 WNW 297 90 Permian Oyster cove Fractures in Permian Seds Curviplanar group 057-311/50

213 137 74 NE Tensile 047 Permian Oyster cove Fractures in Permian Seds Pos. early T frac. Cut by shear faults

214 015 82 W Tensile 285 Permian Oyster cove Fractures in Permian Seds

215 027 43 W Dex. Nml. 297 87 N 5 Permian Oyster cove Fractures in Permian Seds

216 050 78 NW Tensile 320 2 Permian Oyster cove Fractures in Permian Seds Dilational jogs over shear

217 047 83 NW Tensile 317 2 Permian Oyster cove Fractures in Permian Seds Dilational jogs over shear

218 034 84 NW Tensile 304 2 Permian Oyster cove Fractures in Permian Seds Dilational jogs over shear

219 051 63 NW Tensile 321 2 Permian Oyster cove Fractures in Permian Seds Dilational jogs over shear

220 023 50 W Nml. 293 70 N Permian Oyster cove Fractures in Permian Seds Shear separating dilational jogs

221 045 90 Tensile 135 1 Permian Oyster cove Fractures in Permian Seds Dilational jogs under shear

222 175 50 W Dex. Nml. 265 67 N 2 Permian Oyster cove Fractures in Permian Seds En echelon

223 030 43 NW Dex. Nml. 300 80 N 10 Permian Oyster cove Fractures in Permian Seds

224 041 82 NW Tensile 311 2 Permian Oyster cove Fractures in Permian Seds In HW of #223

225 025 55 W Tensile 295 Permian Oyster cove Fractures in Permian Seds

6 060 30 E 150 Dev/Perm Oyster cove Unconformity

226 171 17 W Nml. 261 70 N 20 L. Devonian Oyster cove

227 005 40 W 275 70 N L. Devonian Oyster cove

326 010 55 W Sin. Nml 280 25 150 Permian Roundham Head Breccia and bedded sed fill

320 029 55 W Nml. 299 80 Permian Roundham Head Major Nml Fault

327 100 70 N Nml. 010 300 Permian Roundham Head Major Nml fault

328 008 50 W Nml. 278 Permian Roundham Head Major Nml fault

316 118 55 S Nml. 208 5 Permian Roundham Head No fill

317 074 62 S Tensile 164 5 Permian Roundham Head No fill

318 100 65 N Nml. 010 5 Permian Roundham Head No fill

319 022 85 W Nml. 292 4 Permian Roundham Head No fill

321 150 62 W Nml. 240 6 2 Permian Roundham Head No fill

322 155 72 E Nml. 065 1 3 Permian Roundham Head No fill

323 018 70 E Nml. 108 15 8 Permian Roundham Head No fill

324 112 78 W Tensile 202 2 Permian Roundham Head No fill

325 017 70 W Nml. 287 1 6 Permian Roundham Head No fill

1 130 45 NE 040 Dev/Perm Saltern Cove Bedding 

2 NE 45 040 Dev/Perm Saltern Cove bedding par. Folding

269 113 82 S 203 Devonian Saltern Cove Fallen Block under #267

267 053 19 SE Reverse 143 2 11 150 Devonian Saltern Cove Major E-W Fault

268 097 85 N Nml. 007 Devonian Saltern Cove Under #267

232 121 60 SW 211 Shell cove Fracture Mesh

233 017 83 E 107 Shell cove Fracture Mesh

234 090 90 180 Shell cove Fracture Mesh

228 010 85 E 100 Permian Shell cove Locally sed filled vuggy fractures

229 003 75 E 093 Permian Shell cove Locally sed filled vuggy fractures

230 171 62 E 081 Permian Shell cove Locally sed filled vuggy fractures

231 171 70 E 081 Permian Shell cove Locally sed filled vuggy fractures

235 048 90 138 32 W Shell cove

25 058 20 N 328 20 Devonian shoalstone Bedding

29 078 15 N 348 4 Devonian shoalstone Bedding

63 088 20 N 358 7 Devonian shoalstone Bedding

111 092 20 N 002 Devonian shoalstone Bedding

112 094 20 N 004 Devonian shoalstone Bedding

113 009 15 N 279 Devonian shoalstone Bedding

114 105 18 N 375 Devonian shoalstone Bedding

115 097 32 N 007 Devonian shoalstone Bedding

116 072 10 N 342 Devonian shoalstone Bedding

117 075 12 N 345 Devonian shoalstone Bedding



69 32 179 Devonian shoalstone Calcite Veins en echelon

83 170 90 260 Devonian shoalstone Calcite Veins

84 166 90 256 Devonian shoalstone Calcite Veins

85 174 90 264 Devonian shoalstone Calcite Veins

86 178 90 268 Devonian shoalstone Calcite Veins

87 180 90 270 Devonian shoalstone Calcite Veins

88 174 90 264 Devonian shoalstone Calcite Veins

89 176 90 266 Devonian shoalstone Calcite Veins

90 001 90 091 Devonian shoalstone Calcite Veins

104 168 85 E 078 Devonian shoalstone Calcite Veins

105 175 88 E 085 Devonian shoalstone Calcite Veins

106 180 82 E 090 Devonian shoalstone Calcite Veins

107 172 85 E 082 Devonian shoalstone Calcite Veins

108 168 86 E 078 Devonian shoalstone Calcite Veins

109 166 87 E 076 Devonian shoalstone Calcite Veins

110 003 84 E 093 Devonian shoalstone Calcite Veins

118 074 30 S 164 Devonian shoalstone Calcite Veins

119 005 70 W 275 Devonian shoalstone Calcite Veins

91 115 90 205 Devonian shoalstone Open Fracture / Joints

92 135 90 225 Devonian shoalstone Open Fracture / Joints

93 155 90 245 Devonian shoalstone Open Fracture / Joints

94 158 90 248 Devonian shoalstone Open Fracture / Joints

95 130 90 220 Devonian shoalstone Open Fracture / Joints

96 132 90 222 Devonian shoalstone Open Fracture / Joints

97 014 90 104 Devonian shoalstone Open Fracture / Joints

98 125 90 215 Devonian shoalstone Open Fracture / Joints

99 132 90 222 Devonian shoalstone Open Fracture / Joints

100 156 90 246 Devonian shoalstone Open Fracture / Joints

101 134 90 224 Devonian shoalstone Open Fracture / Joints

102 131 90 221 Devonian shoalstone Open Fracture / Joints

103 137 90 227 Devonian shoalstone Open Fracture / Joints

17 081 35 N 351 0-10 Devonian shoalstone sed. fill

18 078 80 S 168 15 Devonian shoalstone sed. fill

19 080 85 N 350 260 Devonian shoalstone sed. fill

20 089 85 N 359 120 Devonian shoalstone sed. fill

21 060 90 150 10 Devonian shoalstone sed. fill

22 172 90 262 10 Devonian shoalstone sed. fill

23 062 90 152 115 Devonian shoalstone sed. fill

24 064 55 N 334 Devonian shoalstone sed. fill

26 081 85 S 171 10 Devonian shoalstone sed. fill

27 158 90 248 4 Devonian shoalstone sed. fill

28 081 64 N 351 120 Devonian shoalstone sed. fill

30 152 90 242 10 Devonian shoalstone sed. fill

31 076 90 166 2 Devonian shoalstone sed. fill

32 075 90 165 6 Devonian shoalstone sed. fill

33 086 90 176 6 Devonian shoalstone sed. fill

34 112 90 202 5 Devonian shoalstone sed. fill

35 108 90 198 3 Devonian shoalstone sed. fill

36 068 90 158 10 Devonian shoalstone sed. fill

37 072 43 N 342 10 Devonian shoalstone sed. fill

38 065 72 S 155 40 Devonian shoalstone sed. fill

39 178 90 268 Devonian shoalstone sed. fill

40 083 60 N 353 8 Devonian shoalstone sed. fill

41 052 90 142 6 Devonian shoalstone sed. fill TRANSFORM

42 052 90 142 8 Devonian shoalstone sed. fill

43 080 90 170 50 Devonian shoalstone sed. fill

44 070 90 160 60 Devonian shoalstone sed. fill

45 080 90 170 60 Devonian shoalstone sed. fill

46 110 12 S 200 13 Devonian shoalstone sed. fill POS. BEDDING



47 078 90 168 450 Devonian shoalstone sed. fill

48 086 67 S 176 Devonian shoalstone sed. fill

49 089 90 179 110 Devonian shoalstone sed. fill

50 002 90 092 5 Devonian shoalstone sed. fill

51 178 90 268 12 Devonian shoalstone sed. fill

52 008 90 098 25 Devonian shoalstone sed. fill

53 174 90 264 20 Devonian shoalstone sed. fill

54 014 90 104 20 Devonian shoalstone sed. fill

55 010 90 100 20 Devonian shoalstone sed. fill

56 007 90 097 20 Devonian shoalstone sed. fill

57 074 90 164 65 Devonian shoalstone sed. fill

58 081 90 171 65 Devonian shoalstone sed. fill

59 066 90 156 65 Devonian shoalstone sed. fill

60 009 90 099 450 Devonian shoalstone sed. fill

61 088 88 N 358 50 Devonian shoalstone sed. fill

62 078 88 N 348 40 Devonian shoalstone sed. fill

64 080 90 170 6 Devonian shoalstone sed. fill

65 105 90 195 15 Devonian shoalstone sed. fill

66 097 32 N 007 100 Devonian shoalstone sed. fill

67 075 70 S 165 16 Devonian shoalstone sed. fill LINKS 5.5 & 5.3

68 075 70 S 165 12 Devonian shoalstone sed. fill LINKS 5.5 & 5.3

70 068 50 S 158 10 Devonian shoalstone sed. fill low angle thrust

71 081 63 S 171 10 Devonian shoalstone sed. fill

72 080 90 170 Devonian shoalstone sed. fill

73 080 60 N 350 Devonian shoalstone sed. fill

74 080 65 N 350 Devonian shoalstone sed. fill

75 070 70 N 340 Devonian shoalstone sed. fill

76 105 78 N 015 Devonian shoalstone sed. fill

77 080 60 S 170 Devonian shoalstone sed. fill

78 082 40 S 172 Devonian shoalstone sed. fill

79 072 10 S 162 Devonian shoalstone sed. fill POS. BEDDING

80 075 12 S 165 Devonian shoalstone sed. fill POS. BEDDING

81 068 80 S 158 Devonian shoalstone sed. fill

82 114 85 S 204 10 Devonian shoalstone sed. fill
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Calabria – Structural Data 
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Ref # Latitude /N Longitude /E Altitude /m <180 ° >180°
#463 Pietrogrande 1 CC&PT CC&PT 120 52 N 030
#464 Pietrogrande 2 CC&PT CC&PT 126 54 N 036
#465 Pietrogrande 3 CC&PT CC&PT 119 56 N 029 80 N Normal
#466 Pietrogrande 4 CC&PT CC&PT 135 36 NE 045
#467 Pietrogrande 5 CC&PT CC&PT 124 51 N 034
#468 Pietrogrande 6 CC&PT CC&PT 151 44 E 061
#469 Pietrogrande 7 CC&PT CC&PT 155 44 E 065
#470 Pietrogrande 8 CC&PT CC&PT 112 48 N 022
#471 Pietrogrande 9 CC&PT CC&PT 158 64 E 068
#472 Pietrogrande 10 CC&PT CC&PT 119 44 N 029
#473 Pietrogrande 11 CC&PT CC&PT 118 54 N 028
#474 Pietrogrande 12 CC&PT CC&PT 002 88 W 272
#475 Pietrogrande 13 CC&PT CC&PT 024 71 E 114
#476 Pietrogrande 14 CC&PT CC&PT 019 65 E 109
#477 Pietrogrande 15 CC&PT CC&PT 064 78 N 334
#478 Pietrogrande 16 CC&PT CC&PT 017 75 E 107
#479 Pietrogrande 17 CC&PT CC&PT 021 76 E 111 50 N
#480 Pietrogrande 18 CC&PT CC&PT 125 78 N 035
#481 Pietrogrande 19 CC&PT CC&PT 015 72 E 105
#482 Pietrogrande 20 CC&PT CC&PT 015 69 E 105
#483 Pietrogrande 21 CC&PT CC&PT 088 68 N 358
#484 Pietrogrande 22 CC&PT CC&PT 031 64 E 121
#485 Pietrogrande 23 CC&PT CC&PT 175 51 E 085 85 S
#486 Pietrogrande 24 CC&PT CC&PT 168 39 E 078
#487 Pietrogrande 25 CC&PT CC&PT 051 35 N 321
#488 Pietrogrande 26 CC&PT CC&PT 001 75 E 091
#489 Pietrogrande 27 CC&PT CC&PT 111 79 N 021
#490 Pietrogrande 28 CC&PT CC&PT 026 59 E 116
#491 Pietrogrande 29 CC&PT CC&PT 034 61 E 124
#492 Pietrogrande 30 CC&PT CC&PT 161 55 E 071
#493 Pietrogrande 31 CC&PT CC&PT 150 41 E 060
#494 Pietrogrande 32 CC&PT CC&PT 003 53 E 093
#495 Pietrogrande 33 CC&PT CC&PT 052 86 S 142
#496 Pietrogrande 34 CC&PT CC&PT 018 73 E 108 Strike Slip Dextral
#497 Pietrogrande 35 CC&PT CC&PT 019 68 E 109
#498 Pietrogrande 36 CC&PT CC&PT Fissure Fills 045 89 SE 135
#499 Pietrogrande 37 CC&PT CC&PT 178 72 E 088
#500 Pietrogrande 38 CC&PT CC&PT 041 39 E 131
#501 Pietrogrande 39 CC&PT CC&PT 049 62 S 139
#502 Pietrogrande 40 CC&PT CC&PT 089 55 S 179
#503 Pietrogrande 41 CC&PT CC&PT 018 55 W 288 80 N
#504 Pietrogrande 42 CC&PT CC&PT 155 62 E 065
#505 Pietrogrande 43 CC&PT CC&PT 178 38 E 088 85 N
#506 Pietrogrande 44 CC&PT CC&PT 170 44 E 080 55 S
#507 Pietrogrande 45 CC&PT CC&PT 011 61 E 101
#508 Pietrogrande 46 CC&PT CC&PT 135 72 NE 045
#509 Pietrogrande 47 CC&PT CC&PT 039 29 E 129 75 N
#510 Pietrogrande 48 CC&PT CC&PT 077 32 N 347
#511 Pietrogrande 49 CC&PT CC&PT 082 51 N 352
#512 Pietrogrande 50 CC&PT CC&PT 059 72 S 149 85 N
#513 Pietrogrande 51 CC&PT CC&PT 119 42 S 209
#514 Pietrogrande 52 CC&PT CC&PT 085 22 S 175
#515 Pietrogrande 53 CC&PT CC&PT 047 31 S 137
#516 Pietrogrande 54 CC&PT CC&PT 139 89 E 049 60 S
#517 Pietrogrande 55 CC&PT CC&PT 165 78 W 255 55 S
#518 Pietrogrande 56 CC&PT CC&PT 152 78 E 062 45 N
#519 Pietrogrande 57 CC&PT CC&PT 171 44 E 081 90
#520 Pietrogrande 58 CC&PT CC&PT 000 52 E 090 75 N
#521 Pietrogrande 59 CC&PT CC&PT 165 42 E 075
#522 Pietrogrande 60 CC&PT CC&PT 005 56 E 095
#523 Pietrogrande 61 CC&PT CC&PT 174 31 W 264
#524 Pietrogrande 62 CC&PT CC&PT 018 32 W 288
#525 Pietrogrande 63 CC&PT CC&PT 168 64 E 078
#526 Pietrogrande 64 CC&PT CC&PT 032 24 W 302
#527 Pietrogrande 65 CC&PT CC&PT 001 41 E 091
#528 Copanello south 1 CC&PT CC&PT 076 28 N 346
#529 Copanello south 2 CC&PT CC&PT 041 45 E 131
#530 Copanello south 3 CC&PT CC&PT 043 75 E 133
#531 Copanello south 4 CC&PT CC&PT 049 58 N 319 10 N
#532 Copanello south 5 CC&PT CC&PT Fissure Fill 059 44 S 149
#533 Copanello south 6 CC&PT CC&PT Fissure Fill 022 44 E 112 45 S
#534 Copanello south 7 CC&PT CC&PT Fissure Fill 017 48 W 287
#535 Copanello south 8 CC&PT CC&PT 056 18 N 326
#536 Copanello south 9 CC&PT CC&PT 028 81 E 118 65 N
#537 Copanello south 10 CC&PT CC&PT 036 25 W 306
#538 Copanello south 11 CC&PT CC&PT 021 59 E 111
#539 Copanello south 12 CC&PT CC&PT 003 49 E 093
#540 Copanello south 13 CC&PT CC&PT 022 74 E 112 85 N
#541 Copanello south 14 CC&PT CC&PT 022 31 W 292
#542 Copanello south 15 CC&PT CC&PT 054 46 S 144 65 N
#543 Copanello south 16 CC&PT CC&PT 042 55 E 132
#544 Copanello south 17 CC&PT CC&PT Fissure Fill 051 48 NW 321 50 N Dip Slip Reverse
#545 Copanello south 18 CC&PT CC&PT Fissure Fill 041 51 NW 311 Dip Slip Reverse
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#546 Copanello south 19 CC&PT CC&PT 011 51 E 101 75 N
#547 Copanello south 20 CC&PT CC&PT 008 49 E 098 75 N
#548 Copanello south 21 CC&PT CC&PT 020 31 E 110 15 N
#549 Copanello south 22 CC&PT CC&PT 049 24 S 139 50 N
#550 Copanello south 23 CC&PT CC&PT 109 69 N 019 50 N
#551 Copanello south 24 CC&PT CC&PT 178 65 W 268 65 N
#552 Copanello south 25 CC&PT CC&PT Fissure Fill 019 39 E 109 80 N
#553 Copanello south 26 CC&PT CC&PT Fissure Fill 059 67 S 149 50 N
#554 Copanello south 27 CC&PT CC&PT Fissure Fill 032 39 W 302
#555 Copanello south 28 CC&PT CC&PT 051 35 S 141 30 N
#556 Copanello south 29 CC&PT CC&PT 036 51 W 306
#557 Copanello south 30 CC&PT CC&PT 008 78 E 098
#558 Copanello south 31 CC&PT CC&PT 031 68 E 121
#559 Copanello south 32 CC&PT CC&PT 179 52 E 089 50 S
#560 Copanello south 33 CC&PT CC&PT Fissure Fill 086 64 N 356
#561 Copanello south 34 CC&PT CC&PT Fissure Fill 179 44 E 089 50 S
#562 Copanello south 35 CC&PT CC&PT Fissure Fill 012 66 E 102 Dip Slip Normal
#563 Copanello south 36 CC&PT CC&PT Fissure Fill 008 64 E 098 Dip Slip Normal
#564 Copanello south 37 CC&PT CC&PT Fissure Fill 013 61 E 103 Dip Slip Normal
#565 Copanello south 38 CC&PT CC&PT Fissure Fill 004 34 E 094 Dip Slip Normal
#566 Copanello south 39 CC&PT CC&PT 016 72 E 106 90
#567 Copanello south 40 CC&PT CC&PT 006 79 E 096
#568 Copanello south 41 CC&PT CC&PT 016 55 E 106 50 N
#569 Copanello south 42 CC&PT CC&PT 052 45 S 142 40 S
#570 Copanello south 43 CC&PT CC&PT 029 68 E 119
#571 Copanello south 44 CC&PT CC&PT Fissure Fill 000 48 E 090 75 S
#572 Copanello south 45 CC&PT CC&PT Fissure Fill 034 58 W 304
#573 Copanello south 46 CC&PT CC&PT Fissure Fill 031 59 W 301
#574 Copanello south 47 CC&PT CC&PT Fissure Fill 012 38 W 282
#575 Copanello south 48 CC&PT CC&PT Fissure Fill 044 59 NW 314 Dip Slip Normal
#576 Copanello south 49 CC&PT CC&PT 009 58 W 279
#577 Copanello south 50 CC&PT CC&PT 042 51 SE 132 85 N
#578 Copanello south 51 CC&PT CC&PT 139 36 SW 229
#579 Copanello south 52 CC&PT CC&PT 008 58 E 098 55 S
#580 Copanello south 53 CC&PT CC&PT 019 59 E 109 55 S
#581 Copanello south 54 CC&PT CC&PT 010 57 E 100 75 S
#582 Copanello south 55 CC&PT CC&PT 020 79 E 110
#583 Copanello south 56 CC&PT CC&PT Fissure Fill 014 61 W 284 45 N
#584 Copanello south 57 CC&PT CC&PT 018 82 E 108
#585 Copanello south 58 CC&PT CC&PT 076 64 N 346
#586 Copanello south 59 CC&PT CC&PT Fissure Fill 108 48 N 018 Dip Slip Normal
#587 Copanello south 60 CC&PT CC&PT Fissure Fill 112 41 N 022 Dip Slip Normal
#588 Copanello south 61 CC&PT CC&PT Fissure Fill 099 56 N 009 Dip Slip Normal
#589 Copanello south 62 CC&PT CC&PT Fissure Fill 092 51 N 002 Dip Slip Normal
#590 Copanello south 63 CC&PT CC&PT Fissure Fill 093 53 N 003 Dip Slip Normal
#591 Copanello south 64 CC&PT CC&PT 029 42 W 299
#592 Copanello south 65 CC&PT CC&PT 036 65 W 306 Dip Slip Normal
#593 Copanello south 66 CC&PT CC&PT 017 44 W 287 70 N
#594 Copanello south 67 CC&PT CC&PT 051 56 S 141 70 N
#595 Copanello south LS (CENTRE) 1 CC&PT CC&PT 044 24 NW 314 85 S
#596 Copanello south LS (CENTRE) 2 CC&PT CC&PT 179 61 W 269 65 N
#597 Copanello south LS (CENTRE) 3 CC&PT CC&PT 058 62 N 328
#598 Copanello south LS (CENTRE) 4 CC&PT CC&PT 089 08 N 359 Dip Slip Normal
#599 Copanello south LS (CENTRE) 5 CC&PT CC&PT 004 41 W 274
#600 Copanello south LS (CENTRE) 6 CC&PT CC&PT 135 81 NE 045 65 S
#601 Copanello south LS (CENTRE) 7 CC&PT CC&PT 006 51 E 096 55 N
#602 Copanello south LS (CENTRE) 8 CC&PT CC&PT 024 44 E 114 90
#603 Copanello south LS (CENTRE) 9 CC&PT CC&PT 009 64 E 099 Dip Slip Normal
#604 Copanello south LS (CENTRE) 10 CC&PT CC&PT 019 72 E 109
#605 Copanello south LS (CENTRE) 11 CC&PT CC&PT 068 32 N 338
#606 Copanello south LS (CENTRE) 12 CC&PT CC&PT 076 39 N 346
#607 Copanello south LS (CENTRE) 13 CC&PT CC&PT 071 46 N 341 60 S
#608 Copanello south LS (CENTRE) 14 CC&PT CC&PT 051 78 N 321 65 N
#609 Copanello south LS (CENTRE) 15 CC&PT CC&PT 006 68 W 276 85 N
#610 Copanello south LS (CENTRE) 16 CC&PT CC&PT 160 64 W 250 60 N
#611 Copanello south LS (CENTRE) 17 CC&PT CC&PT 158 76 W 248
#612 Copanello south LS (CENTRE) 18 CC&PT CC&PT 009 74 W 279
#613 Copanello south LS (CENTRE) 19 CC&PT CC&PT 003 48 W 273
#614 Copanello south LS (CENTRE) 20 CC&PT CC&PT 167 64 W 257
#615 Copanello south LS (CENTRE) 21 CC&PT CC&PT 155 83 W 245
#616 Copanello south LS (CENTRE) 22 CC&PT CC&PT 012 21 W 282
#617 Copanello south LS (CENTRE) 23 CC&PT CC&PT 016 46 W 286
#618 Copanello south LS (CENTRE) 24 CC&PT CC&PT 031 20 W 301
#619 Copanello south LS (CENTRE) 25 CC&PT CC&PT 021 52 W 291
#620 Copanello south LS (CENTRE) 26 CC&PT CC&PT 162 58 W 252 60 N
#621 Copanello south LS (CENTRE) 27 CC&PT CC&PT 148 79 W 238 40 N
#622 Copanello south LS (CENTRE) 28 CC&PT CC&PT Fissure Fill 088 72 S 178 15 N
#623 Copanello south LS (CENTRE) 29 CC&PT CC&PT 006 08 W 276 Dip Slip Normal
#624 Copanello south LS (CENTRE) 30 CC&PT CC&PT 131 58 NE 041 35 N
#625 Copanello south LS (CENTRE) 31 CC&PT CC&PT 002 64 E 092 55 N
#626 Copanello south LS (CENTRE) 32 CC&PT CC&PT Fissure Fill 090 52 N 360 40 N
#627 Copanello south LS (CENTRE) 33 CC&PT CC&PT 005 79 W 275
#628 Copanello south LS (CENTRE) 34 CC&PT CC&PT 006 72 W 276
#629 Copanello south LS (CENTRE) 35 CC&PT CC&PT 127 49 N 037
#630 Copanello south LS (CENTRE) 36 CC&PT CC&PT 111 45 N 021
#631 Copanello south LS (CENTRE) 37 CC&PT CC&PT 051 45 N 321



#632 Copanello south LS (CENTRE) 38 CC&PT CC&PT 113 55 N 023
#633 Copanello (North) 1 CC&PT CC&PT 008 58 W 278 58 263 Dip slip Normal
#634 Copanello (North) 2 CC&PT CC&PT 168 56 E 078 05 106 Dip slip Normal
#635 Copanello (North) 3 CC&PT CC&PT 022 82 E 112 62 021 60 NE
#636 Copanello (North) 4 CC&PT CC&PT 028 29 E 118 12 068 40 NE
#637 Copanello (North) 5 CC&PT CC&PT 011 64 W 281
#638 Copanello (North) 6 CC&PT CC&PT 014 51 W 284 43 303 85 NE
#639 Copanello (North) 7 CC&PT CC&PT Fissure Fill 067 82 N 337 68 279 75 NW Dip slip Normal
#640 Copanello (North) 8 CC&PT CC&PT 058 39 S 148 32 093 40 SE
#641 Copanello (North) 9 CC&PT CC&PT 028 66 W 298 66 253 Dip slip Normal
#642 Copanello (North) 10 CC&PT CC&PT 023 65 E 113 62 089 65 NE
#643 Copanello (North) 11 CC&PT CC&PT 074 46 S 164 34 111 35 NE
#644 Copanello (North) 12 CC&PT CC&PT 179 64 E 089 63 043
#645 Copanello (North) 13 CC&PT CC&PT 012 75 W 282 70 262
#646 Copanello (North) 14 CC&PT CC&PT Fissure Fill 001 52 E 091 46 111 65 S
#647 Copanello (North) 15 CC&PT CC&PT 006 71 E 096
#648 Copanello (North) 16 CC&PT CC&PT 024 89 E 114 Dip slip Normal
#649 Copanello (North) 17 CC&PT CC&PT 154 56 W 244 Dip slip Reverse
#650 Copanello (North) 18 CC&PT CC&PT 011 59 E 101 Dip slip Normal
#651 Copanello (North) 19 CC&PT CC&PT Fissure Fill 032 65 E 122
#652 Copanello (North) 20 CC&PT CC&PT 011 74 E 101
#653 Copanello (North) 21 CC&PT CC&PT 011 74 E 101 89 N
#654 Copanello (North) 22 CC&PT CC&PT 159 59 E 069 Dip slip Normal
#655 Copanello (North) 23 CC&PT CC&PT 166 71 E 076
#656 Copanello (North) 24 CC&PT CC&PT 177 59 E 087 Dip slip Normal
#657 Copanello (North) 25 CC&PT CC&PT 006 69 E 096 70 S
#658 Copanello (North) 26 CC&PT CC&PT 101 61 N 011 61 082
#659 Copanello (North) 27 CC&PT CC&PT 068 76 S 158 Strike slip Dextral
#660 Copanello (North) 28 CC&PT CC&PT Fissure Fill 083 82 S 173 Strike slip
#661 Copanello (North) 29 CC&PT CC&PT Fissure Fill 078 56 S 168 Strike slip
#662 Copanello (North) 30 CC&PT CC&PT Fissure Fill 076 76 N 346 Strike slip
#663 Copanello (North) 31 CC&PT CC&PT Fissure Fill 170 68 E 080
#664 Copanello (North) 32 CC&PT CC&PT 031 68 E 121 Normal
#665 Copanello (North) 33 CC&PT CC&PT 088 78 N 358 Strike slip Sinistral
#666 Copanello (North) 34 CC&PT CC&PT 052 53 N 322 46 281 65 S
#667 Copanello (North) 35 CC&PT CC&PT 166 61 E 076 75 S Normal
#668 Copanello (North) 36 CC&PT CC&PT 139 62 SW 229 80 N
#669 Copanello (North) 37 CC&PT CC&PT 160 32 E 070 Dip slip Reverse
#670 Copanello (North) 38 CC&PT CC&PT 154 69 E 064 Dip slip Normal
#671 Copanello (North) 39 CC&PT CC&PT 039 72 N 309 60 S
#672 Copanello (North) 40 CC&PT CC&PT 028 74 E 118 90
#673 Copanello (North) 41 CC&PT CC&PT 173 43 E 083 90 Dip slip Normal
#674 Copanello (North) 42 CC&PT CC&PT Fissure Fill 012 68 E 102 90
#675 Copanello (North) 43 CC&PT CC&PT 024 32 E 114 Dip slip Normal
#676 Copanello (North) 44 CC&PT CC&PT Fissure Fill 012 45 E 102 Dip slip Normal
#677 Copanello (North) 45 CC&PT CC&PT Fissure Fill 016 47 E 106 Dip slip Normal
#678 Copanello (North) 46 CC&PT CC&PT Fissure Fill 028 81 E 118 80 N
#679 Copanello (North) 47 CC&PT CC&PT 172 58 E 082 Dip slip Normal
#680 Copanello (North) 48 CC&PT CC&PT 056 74 N 326 Dip slip Reverse
#681 Copanello (North) 49 CC&PT CC&PT 159 41 E 069 55 N
#682 Copanello (North) 50 CC&PT CC&PT 134 64 NE 044 Dip slip Normal
#683 Copanello (North) 51 CC&PT CC&PT Fissure Fill 129 74 NE 039 Dip slip Normal
#684 Copanello (North) 52 CC&PT CC&PT Fissure Fill 049 67 SE 139 75 N
#685 Copanello (North) 53 CC&PT CC&PT Fissure Fill 043 64 SE 133
#686 Copanello (North) 54 CC&PT CC&PT 128 65 N 038 Dip slip Normal
#687 Copanello (North) 55 CC&PT CC&PT 016 68 E 106 60 N
#010 Copanello North #005 38.759835 16.571622 18.5 Bedding in above faultFissure Fill 012 04 E 102 5 CN_B
#012 Copanello North #005 38.759835 16.571622 18.5 Bedding in above faultFissure Fill 064 18 W 334 26 CN_A
#017 Copanello North #007 38.759876 16.571656 15.6 Bedding in above faultFissure Fill 120 30 W 210 20 CN_A,  CN_C
#019 Copanello North #008 38.759885 16.571695 16.6 Bedding in above faultFissure Fill 100 16 N 010 16 CN_B
#021 Copanello North #008 38.759885 16.571695 16.6 Bedding in above faultFissure Fill 020 38 E 110 73 CN_A
#034 Copanello North #011 38.759900 16.571761 8.2 Bedding in above faultFissure Fill Virgin 148 04 SW 238 67 CN_B
#039 Copanello North #014 38.759986 16.572032 3.8 Bedding in above faultFissure Fill Virgin 094 06 N 004 15 CN_B
#046 Copanello North #015 38.759521 16.571986 1.5 Bedding in above faultFissure Fill Virgin 090 30 S 180 110 CN_A
#048 Copanello North #016 38.759509 16.571976 2.5 Bedding in above faultFissure Fill 112 14 N 022 15 CN_B,  CN_C
#059 Copanello North #018 38.759490 16.571886 6.2 Bedding in above faultFissure Fill Virgin 080 32 S 170 10 CN_B
#061 Copanello North #018 38.759490 16.571886 6.2 Bedding in above faultFissure Fill Virgin 118 22 S 208 4 CN_B
#072 Copanello North #022 38.759546 16.571794 13.1 Bedding in above faultFissure Fill Virgin 117 20 S 207 170
#074 Copanello North #022 38.759546 16.571794 13.1 Bedding in above faultFissure Fill Virgin 054 40 E 144 170
#123 Copanello South 8 Bedding in above faultFissure Fill 158 32 NE 068 CS_A
#127 Copanello South 11 Bedding in above faultFissure Fill 052 10 NW 322 CS_A
#132 Copanello South 15 Bedding in above faultFissure Fill 098 08 N 008 CS_A
#139 Copanello South 21 Bedding in above faultFissure Fill 110 32 N 020
#140 Copanello South 21 Bedding in above faultFissure Fill 100 18 N 010
#141 Copanello South 21 Bedding in above faultFissure Fill 046 22 S 136
#161 Copanello Centre Bedding in above faultFissure Fill 042 04 N 312
#008 Copanello North #004 38.759838 16.571631 19.6 Bedding on clast in above faultFissure Fill 142 30 E 052 CN_A
#014 Copanello North #006 38.759861 16.571635 16.2 Bedding on clast in above faultFissure Fill 024 02 E 114 28 CN_A
#001 Copanello North #001 38.759899 16.571662 30.9 Fault Plane Fissure Fill CC shear fault 016 56 W 286 6.0 CN_A
#002 Copanello North #002 38.759848 16.571637 24.9 Fault Plane Fissure Fill Vein Margin 040 78 E 130 5.5 CN_B
#003 Copanello North #002 38.759848 16.571637 24.9 Fault Plane Fissure Fill Virgin 076 54 N 346 2 CN_B
#004 Copanello North #003 38.759839 16.571630 21.1 Fault Plane Fissure Fill Virgin 040 60 W 310 CN_B
#005 Copanello North #004 38.759838 16.571631 19.6 Fault Plane Fissure Fill Virgin 124 72 S 214 16 CN_B
#006 Copanello North #004 38.759838 16.571631 19.6 Fault Plane Fissure Fill Virgin 120 54 S 210 27 CN_B
#007 Copanello North #004 38.759838 16.571631 19.6 Fault Plane Fissure Fill Virgin 156 70 E 066 CN_A
#009 Copanello North #005 38.759835 16.571622 18.5 Fault Plane Fissure Fill Virgin 150 10 E 060 5 CN_B



#011 Copanello North #005 38.759835 16.571622 18.5 Fault Plane Fissure Fill Virgin 104 84 N 014 3 CN_B
#013 Copanello North #006 38.759861 16.571635 16.2 Fault Plane Fissure Fill Virgin 106 80 N 016 28 CN_A
#015 Copanello North #007 38.759876 16.571656 15.6 Fault Plane Fissure Fill Virgin 064 44 N 334 10 CN_A,  CN_C
#016 Copanello North #007 38.759876 16.571656 15.6 Fault Plane Fissure Fill Virgin 160 28 W 250 30 CN_A,  CN_C
#018 Copanello North #008 38.759885 16.571695 16.6 Fault Plane Fissure Fill Virgin 116 74 S 206 16 CN_B
#020 Copanello North #008 38.759885 16.571695 16.6 Fault Plane Fissure Fill Virgin 064 70 SE 154 73 CN_A
#022 Copanello North #009 38.759877 16.571729 14.3 Fault Plane Fissure Fill Virgin 044 50 S 134 39 CN_A
#023 Copanello North #009 38.759877 16.571729 14.3 Fault Plane Fissure Fill Virgin 150 88 E 060 8 CN_A
#024 Copanello North #010 38.759884 16.571767 9.6 Fault Plane Fissure Fill Virgin 056 78 W 326 14 CN_B
#025 Copanello North #010 38.759884 16.571767 9.6 Fault Plane Fissure Fill Virgin 058 60 N 328 49 CN_B
#026 Copanello North #010 38.759884 16.571767 9.6 Fault Plane Fissure Fill Virgin 120 56 W 210 20 CN_A
#027 Copanello North #010 38.759884 16.571767 9.6 Fault Plane Fissure Fill CC shear fault 046 32 E 136 7 CN_B
#028 Copanello North #010 38.759884 16.571767 9.6 Fault Plane Fissure Fill Virgin 048 40 S 138 2 CN_C
#029 Copanello North #010 38.759884 16.571767 9.6 Fault Plane Fissure Fill Virgin 138 52 NE 048 4 CN_C
#030 Copanello North #011 38.759900 16.571761 8.2 Fault Plane Fissure Fill CC shear fault 010 50 W 280 90 CN_A,  CN_B
#031 Copanello North #011 38.759900 16.571761 8.2 Fault Plane Fissure Fill Virgin 128 82 S 218 76 CN_A,  CN_B
#032 Copanello North #011 38.759900 16.571761 8.2 Fault Plane Fissure Fill CC shear fault 020 58 W 290 74 CN_A,  CN_B
#033 Copanello North #011 38.759900 16.571761 8.2 Fault Plane Fissure Fill Virgin 110 62 S 200 67 CN_B
#035 Copanello North #012 38.759957 16.572016 5.7 Fault Plane Fissure Fill Virgin 030 68 E 120 80 CN_A
#036 Copanello North #013 38.759988 16.572049 0.9 Fault Plane Fissure Fill Virgin 144 88 N 054 30 CN_B,  clasts of CN_C
#037 Copanello North #014 38.759986 16.572032 3.8 Fault Plane Fissure Fill Virgin 042 64 N 312 37 CN_B
#038 Copanello North #014 38.759986 16.572032 3.8 Fault Plane Fissure Fill Virgin 120 68 S 210 15 CN_B
#040 Copanello North #014 38.759986 16.572032 3.8 Fault Plane Fissure Fill CC shear fault 068 58 NW 338 2 CN_B
#041 Copanello North #014 38.759986 16.572032 3.8 Fault Plane Fissure Fill Virgin 082 60 S 172 20 CN_B
#042 Copanello North #014 38.759986 16.572032 3.8 Fault Plane Fissure Fill Virgin 104 88 N 014 30 CN_A
#043 Copanello North #015 38.759521 16.571986 1.5 Fault Plane Fissure Fill Virgin 100 74 S 190 50 CN_A
#044 Copanello North #015 38.759521 16.571986 1.5 Fault Plane Fissure Fill CC shear fault & veins 012 90 102 3 CN_B
#045 Copanello North #015 38.759521 16.571986 1.5 Fault Plane Fissure Fill Virgin 100 78 S 190 110 CN_A
#047 Copanello North #016 38.759509 16.571976 2.5 Fault Plane Fissure Fill Virgin 086 84 N 356 15 CN_B,  CN_C
#049 Copanello North #016 38.759509 16.571976 2.5 Fault Plane Fissure Fill Virgin 168 62 W 258 <1,  n=7 CN_C
#050 Copanello North #017 38.759502 16.571908 6.1 Fault Plane Fissure Fill Virgin 136 68 S 226 2 CN_B
#051 Copanello North #017 38.759502 16.571908 6.1 Fault Plane Fissure Fill Virgin 030 82 W 300 8 CN_B
#052 Copanello North #017 38.759502 16.571908 6.1 Fault Plane Fissure Fill Virgin 070 78 E 160 7 CN_B
#053 Copanello North #017 38.759502 16.571908 6.1 Fault Plane Fissure Fill Virgin 006 78 W 276 2 CN_B
#054 Copanello North #017 38.759502 16.571908 6.1 Fault Plane Fissure Fill Virgin 142 12 N 052 3 CN_B,  CN_C
#055 Copanello North #017 38.759502 16.571908 6.1 Fault Plane Fissure Fill Virgin 070 60 S 160 32 CN_A
#056 Copanello North #018 38.759490 16.571886 6.2 Fault Plane Fissure Fill Virgin 112 76 S 202 42 CN_B
#057 Copanello North #018 38.759490 16.571886 6.2 Fault Plane Fissure Fill Virgin 058 60 E 148 26 CN_B
#058 Copanello North #018 38.759490 16.571886 6.2 Fault Plane Fissure Fill Virgin 038 72 SE 128 10 CN_B
#060 Copanello North #018 38.759490 16.571886 6.2 Fault Plane Fissure Fill Virgin 016 88 W 286 4 CN_B
#062 Copanello North #018 38.759490 16.571886 6.2 Fault Plane Fissure Fill Virgin 114 70 S 204 10 CN_A,  CN_B
#067 Copanello North #020 38.759484 16.571751 9.6 Fault Plane Fissure Fill Virgin 052 66 N 322 24 CN_A,  CN_B
#068 Copanello North #020 38.759484 16.571751 9.6 Fault Plane Fissure Fill Virgin 058 80 SE 148 8 CN_B
#069 Copanello North #020 38.759484 16.571751 9.6 Fault Plane Fissure Fill CC Shear fault 146 24 S 236 8 CN_B
#070 Copanello North #021 38.759532 16.571706 12 Fault Plane Fissure Fill Virgin 150 88 N 060 30 CN_A
#071 Copanello North #022 38.759546 16.571794 13.1 Fault Plane Fissure Fill Virgin 058 60 E 148 170
#073 Copanello North #022 38.759546 16.571794 13.1 Fault Plane Fissure Fill Virgin 070 52 E 160 170
#075 Copanello North #022 38.759546 16.571794 13.1 Fault Plane Fissure Fill Virgin 138 44 SW 228 57
#076 Copanello North #022 38.759546 16.571794 13.1 Fault Plane Fissure Fill Virgin 168 90 258 21
#077 Copanello North #023 38.759554 16.571687 12.6 Fault Plane Fissure Fill Virgin 060 82 SE 150 127 CN_A
#078 Copanello North #024 38.759570 16.571685 9.7 Fault Plane Fissure Fill Centre of Vein 008 62 W 278 24 CN_A
#079 Copanello North #025 38.759638 16.571719 9 Fault Plane Fissure Fill Virgin 016 82 W 286 19 CN_A
#080 Copanello North #026 38.759660 16.571680 9.1 Fault Plane Fissure Fill Virgin 130 60 SW 220 6 CN_B
#081 Copanello North #026 38.759660 16.571680 9.1 Fault Plane Fissure Fill Virgin 140 60 SW 230 5 CN_B
#082 Copanello North #026 38.759660 16.571680 9.1 Fault Plane Fissure Fill Virgin 178 88 SW 268 18 CN_A
#083 Copanello North #027 38.759794 16.571735 8.2 Fault Plane Fissure Fill Virgin 126 86 S 216 216 CN_A
#084 Pietrogrande 1 Fault Plane Fissure Fill CC shear fault 001 64 E 091 DEX 7z P_A
#085 Pietrogrande 2 Fault Plane Fissure Fill CC shear fault 052 52 SE 142 2-8z P_B
#086 Pietrogrande 3 Fault Plane Fissure Fill CC shear fault 044 42 SE 134 4-5z P_B,  P_C
#087 Pietrogrande 4 Fault Plane Fissure Fill Virgin 078 80 S 168 TEN DEX 2 P_B,  P_C
#088 Pietrogrande 5 Fault Plane Fissure Fill Virgin 148 80 W 238 TEN 1 P_A
#089 Pietrogrande 6 Fault Plane Fissure Fill Virgin 014 60 E 104 TEN <1 P_C
#090 Pietrogrande 7 Fault Plane Fissure Fill Virgin 094 84 S 184 TEN 1 P_A,  P_D
#091 Pietrogrande 8 Fault Plane Fissure Fill Virgin 010 66 E 100 DEX <1 P_A
#092 Pietrogrande 9 Fault Plane Fissure Fill CC shear fault 026 58 E 116 DEX 4z P_B
#093 Pietrogrande 10 Fault Plane Fissure Fill CC shear fault & Vein 058 88 SE 148 011 191 opening DEX TEN 4 P_A,  P_D
#094 Pietrogrande 11 Fault Plane Fissure Fill Virgin 070 90 340 176 356 opening TEN 3 P_B, P_C
#095 Pietrogrande 12 Fault Plane Fissure Fill Virgin 084 82 S 174 170 350 opening TEN 4 P_B, P_C
#096 Pietrogrande 13 Fault Plane Fissure Fill Virgin 036 48 E 126 5-9z P_A,  P_D
#097 Pietrogrande 14 Fault Plane Fissure Fill Virgin 118 76 N 028 006 186 opening TEN 4 P_B
#098 Pietrogrande 15 Fault Plane Fissure Fill Virgin 040 42 SE 130 DEX 2z n=5 P_A
#099 Pietrogrande 16 Fault Plane Fissure Fill Virgin 092 80 S 182 TEN 2 P_B,  P_D
#100 Pietrogrande 17 Fault Plane Fissure Fill Virgin 092 62 S 182 036 216 opening TEN 8 P_A
#101 Pietrogrande 18 Fault Plane Fissure Fill Virgin 126 60 N 036 TEN 3 P_A,  P_D
#102 Pietrogrande 19 Fault Plane Fissure Fill CC shear fault 012 68 E 102 158 338 opening & shear DEX TEN 2 P_A,  P_D
#103 Pietrogrande 20 Fault Plane Fissure Fill Virgin 072 68 S 162 TEN 4 P_A,  P_D
#104 Pietrogrande 21 Fault Plane Fissure Fill CC shear fault 026 76 SE 116 1z P_A
#105 Pietrogrande 22 Fault Plane Fissure Fill Virgin 164 90 074 022 202 opening SIN TEN 4 P_B, P_C
#106 Pietrogrande 22 Fault Plane Fissure Fill Virgin 072 64 S 162 022 202 opening DEX TEN 4 P_B, P_C
#107 Pietrogrande 23 Fault Plane Fissure Fill Virgin 038 80 E 128 024 204 opening SIN TEN <1 P_A
#108 Pietrogrande 24 Fault Plane Fissure Fill Virgin 050 84 E 140 SIN TEN 1
#109 Pietrogrande 25 Fault Plane Fissure Fill Virgin 120 78 N 030 010 190 opening & shear TEN DEX 2
#110 Pietrogrande 26 Fault Plane Fissure Fill Virgin 036 54 W 306 012 192 opening & shear SIN 1
#111 Pietrogrande 27 Fault Plane Fissure Fill Virgin 064 60 N 334 TEN 2 P_B, P_C
#112 Pietrogrande 28 Fault Plane Fissure Fill Virgin 170 90 260 1 P_A
#113 Pietrogrande 29 Fault Plane Fissure Fill Vein Margin 026 58 E 116 006 186 opening DEX TEN 3 P_B, P_C



#114 Pietrogrande 30 Fault Plane Fissure Fill Virgin 072 89 W 342 TEN 2 P_B,  P_D
#115 Copanello South 1 Fault Plane Fissure Fill Virgin 082 66 N 352 TEN 3 CS_A
#116 Copanello South 2 Fault Plane Fissure Fill Virgin 064 68 N 334 TEN 15 CS_A
#117 Copanello South 3 Fault Plane Fissure Fill CC shear fault 122 70 NE 032 006 186 opening TEN SIN 7 CS_A
#118 Copanello South 4 Fault Plane Fissure Fill Virgin 158 64 E 068 010 190 opening TEN SIN 11 CS_A
#119 Copanello South 5 Fault Plane Fissure Fill CC shear fault 126 30 N 036 REV 6 CS_A
#120 Copanello South 6 Fault Plane Fissure Fill Virgin 120 60 E 030 168 348 opening TEN SIN 5 CS_A
#121 Copanello South 7 Fault Plane Fissure Fill Virgin 042 60 SE 132 016 196 opening TEN DEX 3 CS_A
#122 Copanello South 8 Fault Plane Fissure Fill Virgin 140 82 NE 050 SIN TEN 10 CS_A
#124 Copanello South 9 Fault Plane Fissure Fill Virgin 100 75 S 190 068 248 opening TEN DEX 3 CS_A
#125 Copanello South 10 Fault Plane Fissure Fill Virgin 110 50 N 020 000 180 opening SIN TEN 18 CS_A
#126 Copanello South 11 Fault Plane Fissure Fill Virgin 070 40 NW 340 TEN 14 CS_A
#128 Copanello South 12 Fault Plane Fissure Fill Virgin 072 72 SE 162 032 212 opening TEN DEX 22 CS_A
#129 Copanello South 13 Fault Plane Fissure Fill Virgin 092 70 N 002 TEN 45 CS_A
#130 Copanello South 14 Fault Plane Fissure Fill CC shear fault 082 76 N 352 002 182 opening TEN 46 CS_A
#131 Copanello South 15 Fault Plane Fissure Fill CC shear fault 090 52 N 000 174 354 opening TEN 9 CS_A
#133 Copanello South 16 Fault Plane Fissure Fill Virgin 006 54 W 276 170 350 shear REV DEX 4 CS_A
#134 Copanello South 17 Fault Plane Fissure Fill Virgin 022 80 W 292 178 358 opening TEN DEX 22 CS_A
#135 Copanello South 18 Fault Plane Fissure Fill CC shear fault 024 54 W 294 DEX TEN 14 CS_A
#136 Copanello South 19 Fault Plane Fissure Fill Virgin 094 90 184 004 184 opening TEN 3 CS_B
#137 Copanello South 20 Fault Plane Fissure Fill Virgin 130 56 E 040 1 CS_A
#142 Copanello Centre Fault Plane Fissure Fill Virgin 336 70 E 066 012 192 opening
#143 Copanello Centre Fault Plane Fissure Fill Virgin 342 70 E 072 010 190 opening
#144 Copanello Centre Fault Plane Fissure Fill Virgin 112 70 N 022 006 186 opening TEN SIN 10 CC_A
#145 Copanello Centre Fault Plane Fissure Fill Virgin 086 82 S 176 012 192 opening TEN SIN 35 CC_A,  CC_B,  CC_C
#146 Copanello Centre Fault Plane Fissure Fill CC shear fault 032 52 W 302 20 CC_A
#147 Copanello Centre Fault Plane Fissure Fill CC shear fault 058 38 N 328 3 CC_B
#148 Copanello Centre Fault Plane Fissure Fill CC shear fault 006 32 W 276 2 CC_B
#149 Copanello Centre Fault Plane Fissure Fill CC shear fault 010 52 W 280 1 CC_B
#150 Copanello Centre Fault Plane Fissure Fill Virgin 140 88 S 230 006 186 opening TEN 2 CC_B
#151 Copanello Centre Fault Plane Fissure Fill Virgin 142 50 S 232 030 210 opening TEN 3 CC_B
#152 Copanello Centre Fault Plane Fissure Fill Virgin 138 90 228 168 348 opening TEN 3 CC_B
#153 Copanello Centre Fault Plane Fissure Fill Virgin 158 58 S 248 020 200 opening TEN 4 CC_B
#154 Copanello Centre Fault Plane Fissure Fill Virgin 130 62 NE 040 174 354 opening SIN 13 CC_C
#155 Copanello Centre Fault Plane Fissure Fill Virgin 148 20 N 058 012 192 opening TEN SIN 6 CC_B,  CC_C
#156 Copanello Centre Fault Plane Fissure Fill CC shear fault 058 38 NE 328 4z CC_B
#157 Copanello Centre Fault Plane Fissure Fill Virgin 128 58 N 038 032 212 opening TEN SIN 4 CC_B
#158 Copanello Centre Fault Plane Fissure Fill Virgin 136 62 N 046 040 220 opening TEN SIN 3 CC_B
#159 Copanello Centre Fault Plane Fissure Fill Virgin 116 60 NE 026 040 220 opening TEN SIN 2 CC_B
#160 Copanello Centre Fault Plane Fissure Fill Virgin 042 80 W 312 036 216 opening 5 CC_B
#162 Copanello Centre Fault Plane Fissure Fill Virgin 098 64 N 008 020 200 opening TEN DEX 6 CC_B
#163 Copanello Centre Fault Plane Fissure Fill Vein Margin 170 54 W 260 NML 5 CC_B
#164 Copanello Centre Fault Plane Fissure Fill Virgin 128 58 N 038 018 198 opening SIN TEN 6 CC_C
#208 Pietrogrande Fault Plane Fissure Fill 019 33 E 109
#209 Pietrogrande Fault Plane Fissure Fill 113 08 N 023
#210 Pietrogrande Fault Plane Fissure Fill 044 19 SE 134
#211 Pietrogrande Fault Plane Fissure Fill 025 18 SE 115
#212 Pietrogrande Fault Plane Fissure Fill cc shear fault 018 39 E 108
#213 Pietrogrande Fault Plane Fissure Fill 031 30 SE 121
#214 Pietrogrande Fault Plane Fissure Fill 032 33 SE 122
#215 Pietrogrande Fault Plane Fissure Fill 031 33 SE 121
#216 Pietrogrande Fault Plane Fissure Fill cc shear fault 054 26 SE 144
#217 Pietrogrande Fault Plane Fissure Fill 047 31 SE 137
#218 Pietrogrande Fault Plane Fissure Fill 169 08 E 079
#219 Pietrogrande Fault Plane Fissure Fill 035 45 SE 125
#220 Pietrogrande Fault Plane Fissure Fill cc shear fault 047 43 SE 137
#221 Pietrogrande Fault Plane Fissure Fill cc shear fault 023 25 ESE 113
#222 Pietrogrande Fault Plane Fissure Fill 131 02 NE 041
#265 Copanello South Fault Plane Fissure Fill Both CC and Magmatic 055 61 SE 145
#266 Copanello South Fault Plane Fissure Fill CC shear fault 067 47 SE 157
#267 Copanello South Fault Plane Fissure Fill Both CC and Magmatic 015 66 W 285 >10cm
#268 Copanello South Fault Plane Fissure Fill CC shear fault 025 57 ESE 115
#269 Copanello South Fault Plane Fissure Fill CC shear fault 025 75 SE 115
#270 Copanello South Fault Plane Fissure Fill 007 56 E 097
#271 Copanello South Fault Plane Fissure Fill 014 70 E 104
#272 Copanello South Fault Plane Fissure Fill 009 78 E 099
#273 Copanello South Fault Plane Fissure Fill 025 64 ESE 115 >10cm
#274 Copanello South Fault Plane Fissure Fill CC shear fault 005 60 E 095
#275 Copanello South Fault Plane Fissure Fill Both CC and Magmatic 010 77 E 100
#276 Copanello South Fault Plane Fissure Fill 002 73 E 092
#277 Copanello South Fault Plane Fissure Fill 007 75 SE 097
#278 Copanello South Fault Plane Fissure Fill 007 71 E 097
#279 Copanello South Fault Plane Fissure Fill 047 47 SE 137 >10cm
#285 Copanello South - Valley Fault Plane Fissure Fill 094 90 184
#286 Copanello South - Valley Fault Plane Fissure Fill 121 65 SW 211
#287 Copanello South - Valley Fault Plane Fissure Fill 115 80 SSW 205
#288 Copanello South - Valley Fault Plane Fissure Fill 100 85 S 190
#321 Copanello North Fault Plane Fissure Fill 173 54 E 083
#322 Copanello North Fault Plane Fissure Fill 013 65 E 103
#323 Copanello North Fault Plane Fissure Fill 033 66 SE 123
#324 Copanello North Fault Plane Fissure Fill 037 59 SE 127
#325 Copanello North Fault Plane Fissure Fill CC shear fault 037 51 SE 127
#326 Copanello North Fault Plane Fissure Fill CC shear fault 001 61 SE 091
#327 Copanello North Fault Plane Fissure Fill 006 59 E 096
#390 Copanello North Fault Plane Fissure Fill cc shear fault 015 57 E 105
#391 Copanello North Fault Plane Fissure Fill cc shear fault 015 58 SE 105



#392 Copanello North Fault Plane Fissure Fill cc shear fault 023 71 SE 113
#393 Copanello North Fault Plane Fissure Fill 003 59 E 093
#394 Copanello North Fault Plane Fissure Fill 040 66 SE 130
#395 Copanello North Fault Plane Fissure Fill 173 52 E 083
#396 Copanello North Fault Plane Fissure Fill 007 67 E 097
#397 Copanello North Fault Plane Fissure Fill 017 58 E 107
#398 Copanello North Fault Plane Fissure Fill 026 74 ESE 116
#399 Copanello North Fault Plane Fissure Fill 008 77 E 098
#400 Copanello North Fault Plane Fissure Fill Both CC and FF 007 71 E 097
#401 Copanello North Fault Plane Fissure Fill 009 61 E 099
#402 Copanello North Fault Plane Fissure Fill Both CC and FF 010 73 E 100
#403 Copanello North Fault Plane Fissure Fill 009 58 E 099
#404 Copanello North Fault Plane Fissure Fill 017 62 E 107
#063 Copanello North #019 38.759490 16.571814 9.1 FW Fault Plane Fissure Fill CC shear fault & veins 040 62 W 310 102 CN_A,  CN_B,  CN_C
#064 Copanello North #019 38.759490 16.571814 9.1 FW Fault Plane Fissure Fill CC shear fault & veins 032 52 W 302 102 CN_A,  CN_B,  CN_C
#065 Copanello North #019 38.759490 16.571814 9.1 FW Fault Plane Fissure Fill CC shear fault & veins 022 68 W 292 210 CN_A,  CN_B,  CN_C
#066 Copanello North #019 38.759490 16.571814 9.1 HW Fault Plane Fissure Fill CC shear fault & veins 030 50 W 300 210 CN_A,  CN_B,  CN_C
#138 Copanello South 21 Major Fault Plane Fissure Fill Virgin 096 72 S 186 1000
#165 Copanello North Offset Fissure Fill 167 347 opening
#166 Copanello North Offset Fissure Fill 177 357 opening
#167 Copanello North Offset Fissure Fill 001 181 opening
#168 Copanello North Offset Fissure Fill 173 353 opening
#169 Copanello North Offset Fissure Fill 175 355 opening
#170 Copanello North Offset Fissure Fill 010 190 opening
#171 Copanello North Offset Fissure Fill 011 191 opening
#172 Copanello North Offset Fissure Fill 176 356 opening
#173 Copanello North Offset Fissure Fill 158 338 opening
#174 Copanello North Offset Fissure Fill 173 353 opening
#175 Copanello North Offset Fissure Fill 151 331 opening
#280 Copanello South Offset Fissure Fill 178 358 opening
#281 Copanello South Offset Fissure Fill 011 191 opening
#282 Copanello South Offset Fissure Fill 007 187 opening
#283 Copanello South Offset Fissure Fill 005 185 opening
#284 Copanello South Offset Fissure Fill 013 193 opening
#459 Copanello Centre Offset Fissure Fill 160 340 Opening
#460 Copanello Centre Offset Fissure Fill 003 183 Opening
#461 Copanello Centre Offset Fissure Fill 156 336 Opening
#462 Copanello Centre Offset Fissure Fill 003 183 Opening
#186 Copanello North Major Fault Plane Large Fault 040 70 NW 310
#227 Pietrogrande Magmatic Fabric Magmatic Fabric 15 175
#442 Copanello Centre Magmatic Fabric Magmatic Fabric 003 76 E 093
#443 Copanello Centre Magmatic Fabric Magmatic Fabric 012 66 E 102
#444 Copanello Centre Magmatic Fabric Magmatic Fabric 034 75 SE 124
#445 Copanello Centre Magmatic Fabric Magmatic Fabric 027 76 SE 117
#446 Copanello Centre Magmatic Fabric Magmatic Fabric 031 69 SE 121
#447 Copanello Centre Magmatic Fabric Magmatic Fabric 010 73 E 100
#448 Copanello Centre Magmatic Fabric Magmatic Fabric cc shear fault 012 69 E 102
#449 Copanello Centre Magmatic Fabric Magmatic Fabric 015 77 E 105
#450 Copanello Centre Magmatic Fabric Magmatic Fabric 025 68 SE 115
#451 Copanello Centre Magmatic Fabric Magmatic Fabric 043 69 SE 133
#452 Copanello Centre Magmatic Fabric Magmatic Fabric 013 75 E 103
#453 Copanello Centre Magmatic Fabric Magmatic Fabric 027 67 ESE 117
#454 Copanello Centre Magmatic Fabric Magmatic Fabric 050 59 SE 140
#455 Copanello Centre Magmatic Fabric Magmatic Fabric cc shear fault 025 70 E 115
#456 Copanello Centre Magmatic Fabric Magmatic Fabric 023 69 E 113
#457 Copanello Centre Magmatic Fabric Magmatic Fabric 047 63 SE 137
#458 Copanello Centre Magmatic Fabric Magmatic Fabric 036 66 SE 126
#223 Pietrogrande Magmatic Fabric Magmatic Fabric / Veins 023 45 SE 113
#224 Pietrogrande Magmatic Fabric Magmatic Fabric / Veins 049 35 SE 139
#225 Pietrogrande Magmatic Fabric Magmatic Fabric / Veins 080 23 SE 170
#226 Pietrogrande Magmatic Fabric Magmatic Fabric / Veins 081 26 SE 171
#183 Copanello North Fault Plane microbreccia def. bands 153 74 W 063
#184 Copanello North Fault Plane microbreccia def. bands 135 90 225
#176 Copanello North Fault Plane Microbreccia fault 170 36 E 080
#177 Copanello North Fault Plane Microbreccia fault 153 22 ENE 063
#178 Copanello North Fault Plane Microbreccia fault 137 24 NE 047
#179 Copanello North Fault Plane Microbreccia fault 155 37 ENE 065
#180 Copanello North Fault Plane Microbreccia fault 153 30 NE 063
#181 Copanello North Fault Plane Microbreccia fault 169 28 E 079
#182 Copanello North Fault Plane Microbreccia fault 161 26 ENE 071
#688 Copanello (North) 1 Fault Plane Microbreccia fault 069 72 N 339
#689 Copanello (North) 2 Fault Plane Microbreccia fault 092 68 N 002
#690 Copanello (North) 3 Fault Plane Microbreccia fault 100 64 N 010
#691 Copanello (North) 4 Fault Plane Microbreccia fault 123 64 N 033
#692 Copanello (North) 5 Fault Plane Microbreccia fault 092 78 N 002
#693 Copanello (North) 6 Fault Plane Microbreccia fault 103 89 S 193
#694 Copanello (North) 7 Fault Plane Microbreccia fault 115 74 N 025
#695 Copanello (North) 8 Fault Plane Microbreccia fault 084 83 N 354
#696 Copanello (North) 9 Fault Plane Microbreccia fault 084 65 N 354
#697 Copanello (North) 10 Fault Plane Microbreccia fault 108 89 N 018
#698 Copanello (North) 11 Fault Plane Microbreccia fault 061 73 N 331
#699 Copanello (North) 12 Fault Plane Microbreccia fault 072 82 N 342
#700 Copanello (North) 13 Fault Plane Microbreccia fault 111 67 N 021
#701 Copanello (North) 14 Fault Plane Microbreccia fault 071 71 N 341
#702 Copanello (North) 15 Fault Plane Microbreccia fault 005 83 W 275 Strike slip Sinistral
#703 Copanello (North) 16 Fault Plane Microbreccia fault 051 81 NW 321



#704 Copanello (North) 17 Fault Plane Microbreccia fault 119 87 S 209
#705 Copanello (North) 18 Fault Plane Microbreccia fault 072 05 N 342
#706 Copanello (North) 19 Fault Plane Microbreccia fault 055 84 S 145
#707 Copanello (North) 20 Fault Plane Microbreccia fault 069 81 S 159
#708 Copanello (North) 21 Fault Plane Microbreccia fault 096 72 N 006
#709 Copanello (North) 22 Fault Plane Microbreccia fault 074 73 N 344
#710 Copanello (North) 23 Fault Plane Microbreccia fault 091 72 N 001
#711 Copanello (North) 24 Fault Plane Microbreccia fault 090 73 N 360
#712 Copanello (North) 25 Fault Plane Microbreccia fault 087 72 N 357
#713 Copanello (North) 26 Fault Plane Microbreccia fault 065 62 N 335
#714 Copanello (North) 27 Fault Plane Microbreccia fault 152 78 E 062
#715 Copanello (North) 28 Fault Plane Microbreccia fault 141 81 E 051
#716 Copanello (North) 29 Fault Plane Microbreccia fault 080 83 S 170
#717 Copanello (North) 30 Fault Plane Microbreccia fault 041 65 SE 131
#718 Copanello (North) 31 Fault Plane Microbreccia fault 053 78 NW 323
#719 Copanello (North) 32 Fault Plane Microbreccia fault 051 83 SE 141
#720 Copanello (North) 33 Fault Plane Microbreccia fault 076 83 S 166
#721 Copanello (North) 34 Fault Plane Microbreccia fault 140 81 SW 230
#185 Copanello North Major Fault Plane Microbreccia fault 089 90 179
#289 Copanello North Aplite Veins Veins cc shear fault 080 50 N 350
#290 Copanello North Aplite Veins Veins 049 46 NW 319
#291 Copanello North Aplite Veins Veins 103 11 N 013
#292 Copanello North Aplite Veins Veins 032 43 NW 302
#293 Copanello North Aplite Veins Veins 033 41 NW 303
#294 Copanello North Aplite Veins Veins 031 87 SE 121
#295 Copanello North Aplite Veins Veins cc shear fault 023 66 W 293
#296 Copanello North Aplite Veins Veins 016 26 W 286
#297 Copanello North Aplite Veins Veins cc shear fault 013 50 W 283
#298 Copanello North Aplite Veins Veins 007 63 W 277
#299 Copanello North Aplite Veins Veins 027 70 W 297
#300 Copanello North Aplite Veins Veins 017 76 W 287
#301 Copanello North Aplite Veins Veins 000 19 W 270
#302 Copanello North Aplite Veins Veins 021 54 W 291
#303 Copanello North Aplite Veins Veins 018 25 W 288
#304 Copanello North Aplite Veins Veins 021 33 W 291
#305 Copanello North Aplite Veins Veins cc shear fault 003 67 E 093
#306 Copanello North Aplite Veins Veins cc shear fault 013 60 W 283
#328 Copanello North Aplite Veins Veins 018 39 W 288
#329 Copanello North Aplite Veins Veins 017 73 W 287
#330 Copanello North Aplite Veins Veins 025 26 W 295
#331 Copanello North Aplite Veins Veins 019 24 W 289
#332 Copanello North Aplite Veins Veins 007 31 W 277
#333 Copanello North Aplite Veins Veins cc shear fault 021 87 E 111
#334 Copanello North Aplite Veins Veins 016 81 W 286
#335 Copanello North Aplite Veins Veins cc shear fault 018 68 W 288 >10cm
#336 Copanello North Aplite Veins Veins 002 36 W 272
#337 Copanello North Aplite Veins Veins 082 36 S 172
#338 Copanello North Aplite Veins Veins 164 40 WSW 254
#339 Copanello North Aplite Veins Veins 005 44 W 275
#340 Copanello North Aplite Veins Veins cc shear fault 009 33 W 279
#341 Copanello North Aplite Veins Veins cc shear fault 000 90 090
#342 Copanello North Aplite Veins Veins 013 80 W 283
#343 Copanello North Aplite Veins Veins Both CC and FF 018 82 W 288
#344 Copanello North Aplite Veins Veins cc shear fault 011 76 W 281
#345 Copanello North Aplite Veins Veins cc shear fault 021 74 W 291
#346 Copanello North Aplite Veins Veins 017 57 W 287
#347 Copanello North Aplite Veins Veins 009 74 W 279
#348 Copanello North Aplite Veins Veins 005 70 W 275
#349 Copanello North Aplite Veins Veins 014 62 W 284
#350 Copanello North Aplite Veins Veins 017 61 W 287
#351 Copanello North Aplite Veins Veins cc shear fault 010 63 W 280
#352 Copanello North Aplite Veins Veins 013 73 W 283
#353 Copanello North Aplite Veins Veins 013 74 W 283
#354 Copanello North Aplite Veins Veins cc shear fault 013 66 W 283
#307 Copanello North Pegmatite veins Veins cc shear fault 003 72 W 273 >10cm
#308 Copanello North Pegmatite veins Veins cc shear fault 008 76 W 278 >10cm
#309 Copanello North Pegmatite veins Veins 168 62 W 258
#310 Copanello North Pegmatite veins Veins 033 56 NW 303 >10cm
#311 Copanello North Pegmatite veins Veins 019 48 W 289
#312 Copanello North Pegmatite veins Veins 008 74 E 098
#313 Copanello North Pegmatite veins Veins Both CC and FF 016 70 W 286
#314 Copanello North Pegmatite veins Veins 014 74 W 284 >10cm
#315 Copanello North Pegmatite veins Veins cc shear fault 015 76 W 285 >10cm
#316 Copanello North Pegmatite veins Veins 179 73 W 269
#317 Copanello North Pegmatite veins Veins 039 31 NW 309
#318 Copanello North Pegmatite veins Veins 023 54 WNW 293
#319 Copanello North Pegmatite veins Veins 010 64 W 280 >10cm
#320 Copanello North Pegmatite veins Veins 013 57 W 283
#355 Copanello North Pegmatite veins Veins 173 66 W 263 >10cm
#356 Copanello North Pegmatite veins Veins 006 50 W 276 >10cm
#357 Copanello North Pegmatite veins Veins 013 80 W 283 >10cm
#358 Copanello North Pegmatite veins Veins cc shear fault 173 82 W 263 >10cm
#359 Copanello North Pegmatite veins Veins 023 64 W 293 >10cm
#360 Copanello North Pegmatite veins Veins cc shear fault 001 63 W 271
#361 Copanello North Pegmatite veins Veins 010 73 W 280 >10cm
#362 Copanello North Pegmatite veins Veins 015 65 W 285 >10cm



#363 Copanello North Pegmatite veins Veins Both CC and FF 017 80 W 287
#364 Copanello North Pegmatite veins Veins 013 79 W 283
#365 Copanello North Pegmatite veins Veins cc shear fault 017 70 W 287
#366 Copanello North Pegmatite veins Veins 167 36 W 257
#367 Copanello North Pegmatite veins Veins cc shear fault 010 77 W 280 >10cm
#368 Copanello North Pegmatite veins Veins 027 82 W 297
#369 Copanello North Pegmatite veins Veins 000 55 W 270
#370 Copanello North Pegmatite veins Veins 019 64 W 289
#371 Copanello North Pegmatite veins Veins 023 84 W 293
#372 Copanello North Pegmatite veins Veins 173 90 263
#373 Copanello North Pegmatite veins Veins 023 90 113
#374 Copanello North Pegmatite veins Veins Fissure Fills 005 70 W 275 >10cm
#375 Copanello North Pegmatite veins Veins Both CC and FF 030 80 W 300 >10cm
#376 Copanello North Pegmatite veins Veins cc shear fault 017 81 W 287
#377 Copanello North Pegmatite veins Veins cc shear fault 010 71 W 280
#378 Copanello North Pegmatite veins Veins Both CC and FF 011 68 W 281 >10cm
#379 Copanello North Pegmatite veins Veins Fissure Fills 013 72 W 283 >10cm
#380 Copanello North Pegmatite veins Veins cc shear fault 014 90 104 >10cm
#381 Copanello North Pegmatite veins Veins 007 86 W 277
#382 Copanello North Pegmatite veins Veins 004 68 W 274
#383 Copanello North Pegmatite veins Veins cc shear fault 007 58 W 277
#384 Copanello North Pegmatite veins Veins 011 52 W 281
#385 Copanello North Pegmatite veins Veins 007 48 W 277
#386 Copanello North Pegmatite veins Veins Fissure Fills 023 73 W 293 >10cm
#387 Copanello North Pegmatite veins Veins cc shear fault 010 84 W 280
#388 Copanello North Pegmatite veins Veins cc shear fault 013 75 W 283 >10cm
#389 Copanello North Pegmatite veins Veins cc shear fault 015 58 W 285 >10cm
#405 Copanello North Pegmatite veins Veins 030 27 WNW 300
#406 Copanello North Pegmatite veins Veins cc shear fault 009 80 W 279 >10cm
#407 Copanello North Pegmatite veins Veins cc shear fault 003 75 W 273 >10cm
#408 Copanello North Pegmatite veins Veins 013 73 W 283 >10cm
#409 Copanello North Pegmatite veins Veins 003 74 W 273
#410 Copanello North Pegmatite veins Veins cc shear fault 005 78 W 275
#411 Copanello North Pegmatite veins Veins Both CC and FF 010 88 W 280 >10cm
#412 Copanello North Pegmatite veins Veins Both CC and FF 006 72 W 276 >10cm
#187 Pietrogrande Veins Veins Fissure Fills 051 90 141 >10cm
#188 Pietrogrande Veins Veins Fissure Fills 059 82 SE 149
#189 Pietrogrande Veins Veins Fissure Fills 021 43 SE 111
#190 Pietrogrande Veins Veins Fissure Fills 038 72 SE 128 >10cm
#191 Pietrogrande Veins Veins Fissure Fills 043 67 SE 133 >10cm
#192 Pietrogrande Veins Veins Fissure Fills 033 66 E 123
#193 Pietrogrande Veins Veins 039 07 SE 129
#194 Pietrogrande Veins Veins Fissure Fills 015 90 285
#195 Pietrogrande Veins Veins Fissure Fills 022 60 SE 112
#196 Pietrogrande Veins Veins Fissure Fills 040 85 SE 130
#197 Pietrogrande Veins Veins Fissure Fills 042 84 SE 132
#198 Pietrogrande Veins Veins 053 61 NW 323
#199 Pietrogrande Veins Veins 044 74 SE 134
#200 Pietrogrande Veins Veins 055 88 SE 145
#201 Pietrogrande Veins Veins Fissure Fills 023 73 SE 113
#202 Pietrogrande Veins Veins Fissure Fills 027 80 SE 117 >10cm
#203 Pietrogrande Veins Veins Fissure Fills 023 57 SE 113 >10cm
#204 Pietrogrande Veins Veins Fissure Fills 020 75 SE 110
#205 Pietrogrande Veins Veins 029 37 SE 119
#206 Pietrogrande Veins Veins Fissure Fills 043 83 SE 133 >10cm
#207 Pietrogrande Veins Veins Fissure Fills 009 64 E 099 >10cm
#228 Copanello South Veins Veins 015 52 W 285 >10cm
#229 Copanello South Veins Veins 007 80 E 097
#230 Copanello South Veins Veins cc shear fault 009 87 W 279 >10cm
#231 Copanello South Veins Veins 019 82 W 289 >10cm
#232 Copanello South Veins Veins 021 60 W 291 >10cm
#233 Copanello South Veins Veins Both CC and FF 013 56 W 283 >20cm
#234 Copanello South Veins Veins 011 90 101
#235 Copanello South Veins Veins 011 73 W 281 >10cm
#236 Copanello South Veins Veins 011 90 101 >10cm
#237 Copanello South Veins Veins 019 81 W 289 >20cm
#238 Copanello South Veins Veins cc shear fault 030 82 SE 120
#239 Copanello South Veins Veins 015 73 SE 105
#240 Copanello South Veins Veins 031 64 SE 121 >10cm
#241 Copanello South Veins Veins 015 76 W 285
#242 Copanello South Veins Veins cc shear fault 006 63 E 096 >10cm
#243 Copanello South Veins Veins cc shear fault 023 82 E 113
#244 Copanello South Veins Veins Both CC and FF 013 81 WNW 283
#245 Copanello South Veins Veins 137 53 SW 227
#246 Copanello South Veins Veins cc shear fault 014 48 W 284
#247 Copanello South Veins Veins cc shear fault 016 76 W 286
#248 Copanello South Veins Veins cc shear fault 013 60 W 283
#249 Copanello South Veins Veins 010 52 W 280
#250 Copanello South Veins Veins cc shear fault 027 54 SE 117 >10cm
#251 Copanello South Veins Veins cc shear fault 015 65 W 285
#252 Copanello South Veins Veins Both CC and FF 016 90 106
#253 Copanello South Veins Veins 009 72 W 279
#254 Copanello South Veins Veins 008 79 W 278
#255 Copanello South Veins Veins 001 59 W 271
#256 Copanello South Veins Veins cc shear fault 035 65 NW 305 >10cm
#257 Copanello South Veins Veins cc shear fault 018 66 W 288 >10cm



#258 Copanello South Veins Veins Both CC and FF 175 76 W 265 >10cm
#259 Copanello South Veins Veins cc shear fault 020 66 W 290
#260 Copanello South Veins Veins Both CC and FF 017 64 W 287 >10cm
#261 Copanello South Veins Veins Both CC and FF 021 46 W 291
#262 Copanello South Veins Veins 173 45 W 263 >10cm
#263 Copanello South Veins Veins cc shear fault 008 70 W 278 >10cm
#264 Copanello South Veins Veins cc shear fault 035 51 W 305
#413 Copanello Centre Veins Veins 017 90 107 >10cm
#414 Copanello Centre Veins Veins Fissure Fills 015 79 SE 105 >10cm
#415 Copanello Centre Veins Veins Fissure Fills 169 75 W 259
#416 Copanello Centre Veins Veins Both CC and FF 011 73 W 281 >10cm
#417 Copanello Centre Veins Veins Fissure Fills 161 80 W 251
#418 Copanello Centre Veins Veins 011 78 W 281
#419 Copanello Centre Veins Veins 178 66 W 268 >10cm
#420 Copanello Centre Veins Veins Fissure Fills 178 60 W 268
#421 Copanello Centre Veins Veins Both CC and FF 001 50 W 271
#422 Copanello Centre Veins Veins Both CC and FF 174 58 W 264
#423 Copanello Centre Veins Veins Fissure Fills 123 73 SW 213
#424 Copanello Centre Veins Veins 153 49 SW 243
#425 Copanello Centre Veins Veins cc shear fault 176 58 W 266 >10cm
#426 Copanello Centre Veins Veins 176 76 W 266
#427 Copanello Centre Veins Veins 013 66 W 283
#428 Copanello Centre Veins Veins 002 64 W 272
#429 Copanello Centre Veins Veins Fissure Fills 167 65 SW 257
#430 Copanello Centre Veins Veins 163 51 SW 253
#431 Copanello Centre Veins Veins Both CC and FF 153 60 SW 243
#432 Copanello Centre Veins Veins 173 43 W 263
#433 Copanello Centre Veins Veins 179 68 W 269
#434 Copanello Centre Veins Veins 012 73 W 282
#435 Copanello Centre Veins Veins 161 82 W 251
#436 Copanello Centre Veins Veins 174 81 W 264
#437 Copanello Centre Veins Veins cc shear fault 021 64 W 291 >10cm
#438 Copanello Centre Veins Veins cc shear fault 014 75 W 284
#439 Copanello Centre Veins Veins Fissure Fills 007 60 W 277 >10cm
#440 Copanello Centre Veins Veins cc shear fault 026 43 W 296
#441 Copanello Centre Veins Veins 013 61 W 283
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Appendix B-IV 
Achmelvich – Alltan Na Bradhan topology breakdown 
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Appendix B-V 
Achmelvich – Cathair Dubh topology breakdown 
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Appendix B-VI 
Achmelvich – Structural Data summary 
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Ref # Loc. Strike Dip Quadrant Dip direction Plunge Azimuth Azimuth Q. Pitch Pitch Direction Kinematics Body Fill Aperture /mm Confidence Notes

1 1.10 125 65 N 035 90 ss. nml. Fracture off #8 Qz 15 Med

2 1.10 145 22 SW 235 90 rev. Back Thrust? Gouge 30 Med

3 1.10 133 82 N 043 90 nml. Fracture off #8 Qz margin, Gouge, Breccia 100-40 Med

4 1.10 140 70 NE 050 ten. nml. Fracture off #8 Med

5 1.10 095 85 S 185 80 E ten. nml. Fracture off #8 Nil Med

6 1.10 091 18 N 001 Foliation - Gneiss Low

7 1.10 120 40 N 030 Foliation - Gneiss Low

8 1.10 021 85 W 291 02 N ? Primary Fault Qz 5 High

9 1.20 050 50 SE 140 Fracture (recent?) Nil Low

10 1.20 135 85 SW 225 Fracture (recent?) Nil Low

11 1.20 045 20 NW 315 Fracture (recent?) Nil Low

12 1.30 107 80 N 017 Ductile Shear Zone - Reactivated brittley Gouge + Qz High

13 1.40 120 60 SW 210 Foliation parallel fractures Med

14 1.40 135 85 SW 225 Foliation parallel fractures Med

15 1.40 120 70 SW 210 Foliation parallel fractures Breccia Med

16 1.50 122 82 SW 212 Foliation parallel fractures Med

17 1.50 022 35 W 292 Foliation perpendicular fractures Med

18 2.00 022 90 112 dex. Foliation perpendicular fractures 90 Med

19 2.00 046 78 NW 316 dex. Foliation perpendicular fractures 150 Med

20 2.00 042 80 NW 312 dex. Foliation perpendicular fractures 20 Med

21 2.00 040 85 NW 310 dex. Foliation perpendicular fractures 250 Med

22 2.00 042 66 NW 312 Foliation perpendicular fractures 40 Med

23 2.00 055 87 NW 325 Foliation perpendicular fractures 90 Med

24 2.00 045 80 NW 315 dex. Foliation perpendicular fractures 120 Med

25 2.00 055 88 NW 325 dex. Foliation perpendicular fractures 20 Med

26 2.00 030 60 SE 120 rev. Foliation perpendicular fractures 60 Med

27 2.00 052 85 NW 322 dex. Foliation perpendicular fractures 40 Med

28 2.00 018 90 108 Foliation perpendicular fractures 70 Med

29 2.00 030 70 NW 300 dex. Foliation perpendicular fractures Med

30 2.00 010 78 W 280 Foliation perpendicular fractures 60 Med

31 2.00 010 85 W 280 dex. Foliation perpendicular fractures 90 Med

32 2.00 014 72 W 284 48 S dex. nml. Foliation perpendicular fractures Med

33 2.00 029 60 W 299 dex. Foliation perpendicular fractures Med

34 2.00 028 70 W 298 40 S dex. nml. Foliation perpendicular fractures Med

35 2.00 016 74 W 286 dex. Foliation perpendicular fractures Med

36 2.00 024 80 W 294 44 S dex. nml. Foliation perpendicular fractures Med

37 2.00 022 82 W 292 Foliation perpendicular fractures Med

38 2.00 112 64 S 202 52 W sin. Foliation parallel fractures Med

39 2.00 090 79 S 180 60 W sin. Foliation parallel fractures Med

40 2.00 177 77 S 267 40 W sin. Foliation parallel fractures Med

41 2.00 130 78 S 220 70 170 N sin. Foliation parallel fractures Med

42 2.00 140 60 S 230 Foliation parallel fractures Med

43 2.00 122 58 S 212 Foliation parallel fractures Med

44 2.00 126 70 S 216 90 030 E sin. Foliation parallel fractures Med

45 2.00 146 82 S 236 30 W sin. Foliation parallel fractures Med

46 2.00 122 64 S 212 30 W sin. Foliation parallel fractures Med

47 2.00 116 60 S 206 22 W sin. Foliation parallel fractures Med

48 2.00 125 63 S 215 31 W sin. Foliation parallel fractures Med

49 4.01 125 65 N 035 Fractures 150 Med Outside SZ

50 4.01 145 22 SW 235 Fractures 30 Med Outside SZ

51 4.01 133 82 N 043 Fractures 10 Med Outside SZ

52 4.01 014 70 NE 284 Fractures Med Outside SZ

53 4.01 095 85 S 185 80 E Fractures Med Outside SZ

54 4.02 118 80 NE 028 Fractures Med Outside SZ

55 4.02 146 90 236 Fractures Med Outside SZ

56 4.02 120 75 NE 030 Fractures Med Outside SZ

57 4.02 128 72 NE 038 Fractures Med Outside SZ

58 4.02 125 78 NE 035 Fractures Med Outside SZ

59 4.02 125 72 NE 035 Fractures Med Outside SZ

60 4.02 130 85 NE 040 Fractures Med Outside SZ

61 4.02 126 80 NE 036 Fractures Med Outside SZ

62 4.02 125 78 NE 035 Fractures Med Outside SZ

63 4.02 110 70 NE 020 Fractures Med Outside SZ

64 4.02 118 88 NE 028 Fractures Med Outside SZ

65 4.02 060 62 NE 330 Fractures Med Outside SZ

66 4.02 055 28 NE 325 Fractures Med Outside SZ



67 4.02 051 40 NE 321 Fractures Med Outside SZ

68 4.02 048 66 SE 138 Fractures Med Outside SZ

69 4.02 040 88 NW 310 Fractures Med Outside SZ

70 4.02 068 58 SE 158 Fractures Med Outside SZ

71 4.02 050 65 SE 140 Fractures Med Outside SZ

72 4.02 055 60 SE 145 Fractures Med Outside SZ

73 4.02 062 65 SE 152 Fractures Med Outside SZ

74 4.02 065 50 SE 155 Fractures Med Outside SZ

75 4.02 059 58 SE 149 Fractures Med Outside SZ

76 4.02 054 52 SE 144 Fractures Med Outside SZ

77 4.02 044 36 NW 314 Fractures Med Outside SZ

78 4.02 055 56 NW 325 Fractures Med Outside SZ

79 4.02 045 40 NW 315 Foliation - Gneiss Med Outside SZ

80 4.03 068 40 SE 158 sin. nml. Fractures Med Inverian SZ

81 4.03 052 40 SE 142 sin. nml. Fractures Med Inverian SZ

82 4.03 038 32 SE 128 sin. nml. Fractures Med Inverian SZ

83 4.03 055 38 SE 145 sin. nml. Fractures Med Inverian SZ

84 4.03 055 32 SE 145 sin. nml. Fractures Med Inverian SZ

85 4.03 035 28 SE 125 sin. nml. Fractures Med Inverian SZ

86 4.03 059 42 SE 149 sin. nml. Fractures Med Inverian SZ

87 4.03 068 50 SE 158 sin. nml. Fractures Med Inverian SZ

88 4.03 065 55 SE 155 sin. nml. Fractures Med Inverian SZ

89 4.03 059 50 SE 149 sin. nml. Fractures Med Inverian SZ

90 4.03 056 42 SE 146 sin. nml. Fractures Med Inverian SZ

91 4.03 060 40 SE 150 sin. nml. Fractures Med Inverian SZ

92 4.03 049 39 NW 319 Fractures Med Inverian SZ

93 4.03 032 46 NW 302 Fractures Med Inverian SZ

94 4.03 065 72 NW 335 Fractures Med Inverian SZ

95 4.03 084 64 NW 354 Fractures Med Inverian SZ

96 4.03 044 68 NW 314 Fractures Med Inverian SZ

97 4.03 122 85 NE 032 Fractures Med Inverian SZ

98 4.03 148 87 NE 058 Fractures Med Inverian SZ

99 4.03 154 90 NE 064 Fractures Med Inverian SZ

100 4.03 156 85 NE 066 Fractures Med Inverian SZ

101 4.03 155 86 NE 065 Fractures Med Inverian SZ

102 4.03 111 70 NE 021 Fractures Med Inverian SZ

103 4.04 128 80 S 218 Foliation parallel fractures Med Laxfordian SZ 

104 4.04 120 85 N 030 Foliation parallel fractures Med Laxfordian SZ 

105 4.04 120 80 S 210 Foliation parallel fractures Med Laxfordian SZ 

106 4.04 118 80 N 028 Foliation parallel fractures Med Laxfordian SZ 

107 4.04 125 82 N 035 Foliation parallel fractures Med Laxfordian SZ 

108 4.04 127 80 S 217 Foliation parallel fractures Med Laxfordian SZ 

109 4.04 128 80 S 218 Foliation parallel fractures Med Laxfordian SZ 

110 4.04 124 74 S 214 Foliation parallel fractures Med Laxfordian SZ 

111 4.04 116 78 S 206 Foliation parallel fractures Med Laxfordian SZ 

112 4.04 114 80 S 204 Foliation parallel fractures Med Laxfordian SZ 

113 4.04 123 76 S 213 Foliation parallel fractures Med Laxfordian SZ 

114 4.04 111 72 S 201 22 E sin. Foliation parallel fractures Med Laxfordian SZ 

115 4.04 118 64 S 208 18 E sin. Foliation parallel fractures Med Laxfordian SZ 

116 4.04 104 64 S 194 18 E sin. Foliation parallel fractures Med Laxfordian SZ 

117 4.04 116 74 S 206 Foliation parallel fractures Med Laxfordian SZ 

118 4.04 124 66 S 214 Foliation parallel fractures Med Laxfordian SZ 

119 4.04 114 67 S 204 20 E sin. Foliation parallel fractures Med Laxfordian SZ 

120 4.04 123 77 S 213 17 E Foliation parallel fractures Med Laxfordian SZ 

121 4.04 119 74 S 209 Ladder Fractures Med Laxfordian SZ 

122 4.04 069 80 N 339 Ladder Fractures Med Laxfordian SZ 

123 4.04 035 62 W 305 Ladder Fractures Med Laxfordian SZ 

124 4.04 054 62 N 324 Ladder Fractures Med Laxfordian SZ 

125 4.04 010 60 N 280 Ladder Fractures Med Laxfordian SZ 

126 4.04 055 64 N 325 Ladder Fractures Med Laxfordian SZ 

127 5.01 045 52 SW 135 dex. Large Fault Breccia, PT High

128 5.01 088 90 178 sin. #128 Adjacent fractures Med Coeval or earlier?

129 5.01 045 90 135 sin. #128 Adjacent fractures Med Coeval or earlier?

130 5.01 085 90 175 sin. #128 Adjacent fractures Med Coeval or earlier?

131 5.01 090 85 S 180 sin. #128 Adjacent fractures Med Coeval or earlier?

132 5.01 100 85 N 010 dex. #128 Adjacent fractures Med Coeval or earlier?

133 5.01 098 80 N 008 dex. #128 Adjacent fractures Med Coeval or earlier?



134 5.01 100 88 N 010 dex. #128 Adjacent fractures Med Coeval or earlier?

135 5.01 110 82 S 200 dex. #128 Adjacent fractures Med Coeval or earlier?

136 5.01 110 90 200 dex. #128 Adjacent fractures Med Coeval or earlier?

137 5.01 012 90 102 ten. #128 Adjacent fractures Qz High Late Qz veining

138 5.01 100 90 190 Foliation - Gneiss Med Foliation varies around #128

139 5.01 098 90 188 Foliation - Gneiss Med Foliation varies around #129

140 5.01 130 85 SW 220 Foliation - Gneiss Med Foliation varies around #130

141 5.01 120 85 SW 210 Foliation - Gneiss Med Foliation varies around #131

142 5.01 132 65 N 042 Foliation - Gneiss Med Foliation varies around #132

143 5.01 125 75 N 035 Foliation - Gneiss Med Foliation varies around #133

144 5.01 122 70 N 032 Foliation - Gneiss Med Foliation varies around #134

145 5.01 130 90 240 Foliation - Gneiss Med Foliation varies around #135

146 5.01 125 90 215 Foliation - Gneiss Med Foliation varies around #136

147 5.01 120 90 210 Foliation - Gneiss Med Foliation varies around #137

148 5.01 150 90 240 Foliation - Gneiss Med Foliation varies around #138

149 5.01 145 90 235 Foliation - Gneiss Med Foliation varies around #139

150 5.01 132 90 222 Foliation - Gneiss Med Foliation varies around #140

151 7.01 102 78 S 192 Foliation parallel fractures Sediment + Breccia 3 gen. infill. High

152 7.01 092 82 S 182 Foliation parallel fractures Sediment + Breccia 3 gen. infill. High

153 7.01 004 54 W 274 Foliation perpendicular fractures Sediment + Breccia 3 gen. infill. High

154 7.01 112 78 S 202 Foliation - Gneiss Med

155 7.02 090 66 S 180 Shear Zone Margin Med

156 2.00 090 79 S 180 32 W sin. Foliation parallel fractures High Slickenlines

157 2.00 090 79 S 180 60 W sin. Foliation parallel fractures Low Psuedotachylite Trace

158 2.00 090 79 S 180 62 W sin. Foliation parallel fractures Low Psuedotachylite Trace

159 2.00 090 79 S 180 60 W sin. Foliation parallel fractures Low Psuedotachylite Trace

160 2.00 117 77 S 207 50 W sin. Foliation parallel fractures Low Psuedotachylite Trace

161 2.00 117 77 S 207 30 W sin. Foliation parallel fractures High Slickenlines

162 2.00 117 77 S 207 40 W sin. Foliation parallel fractures High Slickenlines

163 2.00 89 342 N sin. Fault Drag Fold Axis Low

164 2.00 70 170 N sin. Fault Drag Fold Axis Low

165 2.00 112 64 S 202 52 W sin. Foliation parallel fractures High Slickenlines

166 2.00 092 72 S 182 60 W sin. Foliation parallel fractures Low Psuedotachylite Trace

167 2.00 110 80 S 200 40 W sin. Foliation parallel fractures Low Psuedotachylite Trace

168 2.00 80 170 N sin. Fault Drag Fold Axis Low

169 2.00 126 70 S 216 45 E sin. Foliation parallel fractures Low Psuedotachylite Trace

170 2.00 90 030 E sin. Fault Drag Fold Axis Low

171 2.00 146 82 S 236 30 E sin. Foliation parallel fractures High Slickenlines

172 2.00 122 64 S 212 30 W sin. Foliation parallel fractures High Slickenlines

173 2.00 116 60 S 206 22 W sin. Foliation parallel fractures High Slickenlines

174 2.00 125 63 S 215 31 W sin. Foliation parallel fractures High Slickenlines

175 2.00 014 72 W 284 48 S dex. Foliation perpendicular fractures High Slickenlines

176 2.00 028 70 W 298 40 S dex. Foliation perpendicular fractures High Slickenlines

177 2.00 024 80 W 294 44 S dex. Foliation perpendicular fractures High Slickenlines

178 2.00 130 78 S 220 sin. Foliation parallel fractures High

179 2.00 112 64 S 202 sin. Foliation parallel fractures High

180 2.00 092 72 S 182 sin. Foliation parallel fractures High

181 2.00 135 75 S 225 sin. Foliation parallel fractures High

182 2.00 140 60 S 230 sin. Foliation parallel fractures High

183 2.00 122 58 S 212 sin. Foliation parallel fractures High

184 2.00 126 70 S 216 sin. Foliation parallel fractures High

185 2.00 146 82 S 236 sin. Foliation parallel fractures High

186 2.00 122 64 S 212 sin. Foliation parallel fractures High

187 2.00 116 60 S 206 sin. Foliation parallel fractures High

188 2.00 125 63 S 215 sin. Foliation parallel fractures High

189 2.00 010 78 W 280 dex. Foliation perpendicular fractures High

190 2.00 010 85 W 280 dex. Foliation perpendicular fractures High

191 2.00 014 72 W 284 dex. Foliation perpendicular fractures High

192 2.00 029 60 W 299 dex. Foliation perpendicular fractures High

193 2.00 028 70 W 298 dex. Foliation perpendicular fractures High

194 2.00 016 74 W 286 dex. Foliation perpendicular fractures High

195 2.00 024 80 W 294 dex. Foliation perpendicular fractures High

196 2.00 022 82 W 292 dex. Foliation perpendicular fractures High

197 7.01 144 76 SW 234 32 NW dex. Foliation perpendicular fractures Breccia, Gouge High Slickenlines

198 7.01 108 58 SW 198 Foliation - Gneiss High

199 7.01 096 88 S 186 Foliation - Gneiss High

200 7.01 158 60 NE 068 38 N Foliation perpendicular fractures High Segments - Slickenlines 



201 7.01 180 70 E 090 16 N Foliation perpendicular fractures High Segments - Slickenlines 

202 7.01 108 60 NE 018 Foliation parallel fractures PT High

203 7.01 112 40 NE 022 Foliation parallel fractures PT 3 High

204 7.01 110 38 NE 020 Foliation parallel fractures PT High

205 8.01 110 88 NE 020 Foliation parallel fractures PT 30 High

206 8.01 048 42 NW 318 Ladder Fractures Breccia High

207 8.01 119 66 SW 209 Foliation parallel fractures Breccia, PT High

208 8.01 110 76 SW 200 Foliation parallel fractures Breccia, PT High

209 8.01 119 70 SW 209 Foliation parallel fractures Breccia, PT High

210 8.01 105 80 SW 195 Foliation parallel fractures Breccia, PT High

211 8.01 113 85 SW 203 Foliation parallel fractures Breccia, PT High

212 8.02 086 22 W 356 20 092 w Foliation parallel fractures High Segments - Slickenlines 

213 8.02 024 30 W 294 28 096 w Foliation parallel fractures High Segments - Slickenlines 

214 8.02 152 80 W 242 Foliation perpendicular fractures Breccia High

215 8.02 156 72 W 246 10 N dex. nml. Foliation perpendicular fractures High Slickenlines

216 8.02 144 88 E 054 18 N dex. Foliation perpendicular fractures High Slickenlines

217 8.02 186 82 W 276 nml. Foliation perpendicular fractures Breccia High

218 8.02 164 70 W 254 dex. Foliation perpendicular fractures High

219 8.02 166 70 W 256 dex. Foliation perpendicular fractures High

220 8.02 166 84 E 076 dex. Foliation perpendicular fractures Cataclasite High

221 8.02 164 74 W 254 dex. Foliation perpendicular fractures Cataclasite High

222 8.02 158 82 W 248 dex. Foliation perpendicular fractures Cataclasite High

223 8.02 166 76 W 156 dex. Foliation perpendicular fractures High

224 8.02 158 80 W 148 dex. Foliation perpendicular fractures Breccia High

225 8.02 164 60 E 074 dex. Foliation perpendicular fractures Breccia High

226 8.02 150 72 W 240 dex. Foliation perpendicular fractures Breccia High

227 8.02 162 77 W 252 Foliation perpendicular fractures Cataclasite High

228 8.02 156 80 W 246 dex. Foliation perpendicular fractures Breccia High

229 8.02 156 72 W 246 Foliation perpendicular fractures Breccia High

230 8.02 160 78 E 070 Foliation perpendicular fractures Breccia High

231 8.02 152 80 W 242 ten. Ladder Fractures High

232 8.02 184 80 SW 094 Ladder Fractures Breccia High

233 8.02 134 84 NE 094 Ladder Fractures Breccia High

234 8.02 162 78 E 072 ten. Ladder Fractures Slurry High

235 8.02 154 80 E 064 ten. Ladder Fractures 150 High

236 8.02 028 68 E 118 Foliation perpendicular fractures High

237 8.02 032 78 E 122 Foliation perpendicular fractures High

238 8.02 020 68 E 110 Foliation perpendicular fractures High

239 8.02 032 75 E 122 Foliation perpendicular fractures High

240 8.02 108 52 N 018 Foliation parallel fractures High

241 8.02 108 60 N 018 Foliation parallel fractures High

242 8.02 104 74 N 014 Foliation parallel fractures High

243 8.02 098 72 N 008 Foliation parallel fractures High

244 8.02 110 80 N 020 Foliation parallel fractures High

245 8.02 104 78 S 194 Foliation parallel fractures High

246 8.02 088 90 178 Foliation parallel fractures High

247 8.02 108 88 S 198 Foliation parallel fractures High

248 8.02 018 82 N 288 Foliation parallel fractures High

249 8.02 112 80 N 022 Foliation parallel fractures High

250 8.02 102 74 S 192 Foliation parallel fractures High

251 8.02 106 70 S 196 Foliation parallel fractures High

252 8.02 098 72 N 008 Foliation parallel fractures High

253 8.02 112 70 S 202 Foliation parallel fractures High

254 8.02 108 60 S 198 Foliation parallel fractures High

255 8.02 102 78 N 012 Foliation parallel fractures High

256 8.02 104 88 S 194 Foliation parallel fractures High

257 8.02 106 50 N 016 Foliation parallel fractures High

258 8.02 128 42 N 038 Foliation parallel fractures PT Slip surface High

259 8.02 114 52 N 024 Foliation parallel fractures High

260 8.02 090 70 N 000 Foliation parallel fractures Micro Breccia High

261 8.02 122 89 N 032 Foliation parallel fractures High

262 8.02 118 80 S 208 Foliation parallel fractures Cataclasite High

263 8.02 110 68 S 200 Foliation parallel fractures Cataclasite High

264 8.02 010 75 W 280 Foliation perpendicular fractures Med

265 8.02 019 61 W 289 Foliation perpendicular fractures Med

266 8.02 001 82 E 091 Foliation perpendicular fractures Med

267 8.02 013 78 W 283 Foliation perpendicular fractures Med



268 8.02 016 78 W 286 Foliation perpendicular fractures Med

269 8.02 039 79 SE 129 Foliation perpendicular fractures Med

270 8.02 030 72 SE 120 Foliation perpendicular fractures Med

271 8.02 021 53 SE 111 Foliation perpendicular fractures Med

272 8.02 050 62 SE 140 Foliation perpendicular fractures Med

273 8.02 010 80 E 100 Foliation perpendicular fractures Med

274 8.02 032 70 SE 122 Foliation perpendicular fractures Med

275 8.02 029 40 NW 299 Foliation perpendicular fractures Med

276 8.02 021 80 E 111 Foliation perpendicular fractures Med

277 8.02 017 62 E 107 Foliation perpendicular fractures Med

278 8.02 016 85 S 106 Foliation perpendicular fractures PT Med

279 8.02 037 80 SE 127 Foliation perpendicular fractures Med

280 8.02 034 84 NW 304 Foliation perpendicular fractures Med

281 8.02 037 76 SE 127 Foliation perpendicular fractures Med

282 8.02 037 73 SE 127 Foliation perpendicular fractures Med

283 8.02 020 80 SE 110 dex. Foliation perpendicular fractures Med

284 8.02 030 72 SE 120 Foliation perpendicular fractures Gouge (epidote) Med

285 8.02 008 83 W 278 Foliation perpendicular fractures Med

286 8.02 090 90 180 Foliation perpendicular fractures Med

287 8.02 001 70 E 091 Ladder Fractures Med

288 8.02 115 90 205 Ladder Fractures Med

289 8.02 132 81 SW 222 Ladder Fractures Med

290 8.02 091 85 S 181 Foliation parallel fractures Med

291 8.02 095 84 S 185 13 095 sin. Foliation parallel fractures PT Med

292 8.02 113 80 SW 203 49 113 Foliation parallel fractures Gouge (epidote) Med

293 8.02 090 72 S 180 80 270 Foliation parallel fractures Low

294 8.02 110 81 SW 200 37 110 sin. Foliation parallel fractures Med

295 8.02 120 64 SW 210 35 035 Foliation parallel fractures Med

296 8.02 110 78 SW 200 Foliation parallel fractures Med

297 8.02 129 83 SW 219 Foliation parallel fractures Med

298 8.02 130 80 SW 220 Foliation parallel fractures Med

299 8.02 120 82 SW 210 Foliation parallel fractures Med

300 8.02 119 80 SW 209 Foliation parallel fractures Med

301 8.02 130 85 SW 220 Foliation parallel fractures Med

302 8.02 112 87 SW 202 Foliation parallel fractures Med

303 8.02 110 62 SW 200 Foliation parallel fractures Med

304 8.02 119 71 SW 209 Foliation parallel fractures Med

305 8.02 130 84 SW 220 Foliation parallel fractures Med

306 8.02 130 80 SW 220 Foliation parallel fractures Med

307 8.02 121 73 SW 211 Foliation parallel fractures Med

308 8.02 110 68 SW 200 70 110 sin. Foliation parallel fractures Med

309 8.02 116 65 SW 206 Foliation parallel fractures Med

310 8.02 115 53 SW 205 70 285 Foliation parallel fractures Med

311 8.02 090 55 S 180 Foliation parallel fractures Med

312 8.02 115 70 SW 205 Foliation parallel fractures Med

313 8.02 110 58 SW 200 Foliation parallel fractures Med

314 8.03 102 90 012 Loch Assynt Fault Breccia etc. 4000 High

315 8.03 001 63 E 091 Foliation parallel fractures High

316 8.03 178 63 E 088 Foliation parallel fractures High

317 8.04 104 70 N 014 00 ss Loch Assynt Adjacent Fractures Epidote slicks High

318 8.04 152 72 NE 062 00 ss Loch Assynt Adjacent Fractures Epidote slicks High

319 8.04 156 80 NE 066 00 ss Loch Assynt Adjacent Fractures Epidote slicks High

320 8.04 162 70 NE 072 00 ss Loch Assynt Adjacent Fractures Epidote slicks High

321 8.04 140 76 NE 050 00 ss Loch Assynt Adjacent Fractures Epidote slicks High

322 8.04 188 22 W 278 Foliation High

323 9.02 122 88 SW 212 Foliation parallel fractures High

324 9.02 120 60 SW 210 Foliation parallel fractures High

325 9.02 72 70 SE 162 Foliation perpendicular fractures High

326 10.01 162 64 NE 072 Slip surface High

327 10.01 132 68 N 042 Slip surface High

328 10.01 080 10 S 170 bedding High

329 10.02 154 32 E 064 Foliation parallel fractures High
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