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Abstract 

A significant knowledge gap exists when analysing and predicting the hydraulic behaviour of 

faults within carbonate reservoirs.  To improve this, a large database of carbonate fault rock 

properties has been collected from 42 exposed faults, from 7 countries.  Faults analysed cut 

a range of lithofacies, tectonic histories, burial depths and displacements.  Porosity and 

permeability measurements from c.400 samples have been made, with the goal of 

identifying key controls on the flow properties of fault rocks in carbonates.  Intrinsic and 

extrinsic factors have been examined, such as host lithofacies, juxtaposition, host porosity 

and permeability, tectonic regime, displacement, maximum burial depth as well as the 

depth at the time of faulting.  The results indicate which factors may have the most 

significant influence on fault rock permeability, improving our ability to predict the sealing 

or baffle behaviour of faults in carbonate reservoirs.  Intrinsic factors, such as host porosity, 

permeability and texture, appear to play the most important role in fault rock development.  

Extrinsic factors, such as displacement and kinematics, have shown lesser or, in some 

instances, a negligible control on fault rock development.  This conclusion is, however, 

subject to two research limitations: lack of sufficient data from similar lithofacies at 

different displacements, and a low number of samples from thrust regimes. 
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Faults have been shown to exert significant control on fluid flow within the subsurface. 

Research determining the conditions in which faults act as conduits, barriers or partial 

barriers to flow in siliciclastic reservoirs has been widely documented (e.g. Knipe 1992; 

Caine et al., 1996; Yielding et al., 1997; Fisher and Knipe 1998; 2001; Bretan et al., 2003; 

Flodin et al., 2005; Yielding 2015). It is considered that faults within a sand-shale sequence 

containing a high proportion of shale have a high potential for clay smear or gouge to be 

generated, lowering the permeability to create a baffle or seal (Yielding et al., 1997; 2010; 

Fisher and Knipe 1998).  On the other hand, faults in clay-poor sandstones may have their 

permeability lowered by cataclasis and post-faulting quartz cementation (Fisher and Knipe 

1998).  This understanding can help to reduce uncertainty when estimating the hydraulic 

properties of fault zones in the subsurface. However, limited research has been undertaken 

on the impact of faults on fluid flow in carbonate reservoirs, despite their importance in 

global hydrocarbon reserves; around 60% of global oil reserves and 40% of global gas 

reserves are stored in carbonates (Al-Anzi et al., 2003).  Faulted carbonates have been 

documented as having a range of sealing potentials, from barriers to conduits, or dual 

conduit-seal characters (Billi et al., 2003; Celico et al., 2006; Agosta 2008; Michie et al., 

2018).  Despite this fact, there is currently no simple measure of seal potential (analogous to 

the Shale Gouge Ratio) for faulted carbonates that lack shaley interbeds. 

Fault zone architecture, evolution and fracture patterns in carbonates have recently 

received significant attention (e.g. Billi et al., 2003; Micarelli et al., 2006; Ferrill and Morris 

2008; Bastesen and Braathen 2010; Molli et al., 2010; Ferrill et al., 2011; Michie et al., 2014; 

Agosta et al., 2015; Bussolotto et al., 2015; Fondriest et al., 2015; Rustichelli et al., 2016). 

Also, research has recently been conducted on the deformation mechanisms and 

microstructures of carbonate fault rocks (Bastesen et al., 2009; Rath et al., 2011; Michie 
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2015; Schröckenfuchs et al., 2015; Cooke et al., 2018; Ferraro et al., 2018; Kaminskaite et al., 

2019).  However, there is surprisingly little data on the porosity and permeability of 

carbonate fault rocks (e.g. Agosta et al., 2007; Bastesen et al., 2009; Haines et al., 2016; 

Michie and Haines 2016; Tondi et al., 2016; Cooke et al., 2020; Kaminskaite et al., 2020).  By 

the time of this publication, authors were aware of only one publicly available documented 

study where petrophysical data has been used in a predictive sense for calculation of 

carbonate fault rock permeability and transmissibility multipliers in a cellular model (Michie 

et al., 2018). 

A variety of deformation mechanisms have been documented in faulted carbonates.  It has 

been shown that deformation bands cutting high porosity host rocks, form from a range of 

mechanisms, including grain crushing, rotation and translation, cementation, pressure 

solution, peloid disintegration and smearing (Tondi et al., 2006a; Rath et al., 2011; Cilona et 

al., 2012; Antonellini et al., 2014; Rotevatn et al., 2016; Kaminskaite et al., 2019).  The 

mechanisms vary according to host texture and composition as well as the stress conditions 

at the time of faulting (Kaminskaite et al., 2019). Despite the variation in mechanisms, 

deformation bands generally show a decrease in porosity and permeability from the host, 

varying as a function of evolution (Rath et al., 2011; Antonellini et al., 2014; Tondi et al., 

2016; Kaminskaite et al., 2019).  Deformation mechanisms and microstructures of fault 

rocks in highly porous carbonates, with throws larger than deformation bands, are less well 

documented (e.g. Michie 2015; Cooke et al., 2018).  In these examples, the deformation 

mechanisms vary according to lithofacies, and range from grain-scale cataclasis to 

brecciation, recrystallisation or purely cementation with no grain crushing, creating a variety 

of fault rock fabrics.  Consequently, the petrophysical properties of these fault rocks vary 
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with lithofacies and have been shown to also vary with how the lithofacies are juxtaposed at 

different displacements (Michie and Haines 2016).   

Fault rocks in low porosity carbonates are more widely documented, showing brittle 

deformation mechanisms such as fracturing, veining and brecciation (Agosta and Kirschner 

2003; Billi et al., 2003; Micarelli et al., 2006; Bussolotto et al., 2007; Molli et al., 2011; 

Bussolotto et al., 2015; Schröckenfuchs et al., 2015; Bauer et al., 2016; Ferraro et al., 2018; 

Ferraro et al., 2019; Ferraro et al., 2020; Kaminskaite et al., 2020). The porosity and 

permeability of faults in low porosity carbonates are shown to gradually increase from the 

host rock into the fault zone, with a decrease in porosity and permeability in the inner fault 

core immediately surrounding the principal slip surface (Agosta et al., 2007).  However, 

porosity and permeability values of these fault core samples are often similar to the values 

of the host. 

To assess across-fault flow potential, and consequently, reservoir compartmentalisation, the 

distribution and petrophysical properties of fault rock within a fault zone must be 

determined. Accordingly, the research presented here works towards a predictive method 

to estimate fault rock permeability in carbonate rocks based upon key lithological and fault 

parameters.  The data presented within this paper were collected as part of a consortium 

project with the ultimate aim of establishing an algorithm to predict fault rock permeability 

in carbonates.  We present microstructural and petrophysical properties from a range of 

carbonates with varying host textures, porosities and permeabilities, and from varying 

tectonic settings. 
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Geological Background 

In this paper, we document sampled fault zones from multiple localities in seven different 

countries, namely Germany, Greece, Italy, Malta, Oman, UAE and UK.  Samples from 

Germany, Italy, Oman, UAE are from lithofacies with low host porosity and permeability.  

The majority of these samples have been recrystallized, occluding porosity, and have been 

buried to significant depth, 1-6 km (Figure 1).  The kinematics of these fault zones vary from 

normal faulting (Germany, Italy, Oman and UAE), strike-slip (Italy and UAE) to thrust faulting 

(Oman and UAE).  Samples from Greece, Italy, Malta and UK are from hosts with relatively 

high host porosity and permeability.  The host lithofacies from these localities cover the 

majority of the Dunham classification (Dunham 1962), including chalk, with the exception of 

mudstones (Figure 2).  These samples have been buried to shallower depths, <1 km.  The 

kinematics of these faults are primarily either low strain deformation bands (all four 

localities) or normal, oblique and strike-slip faults (Maltese Islands).  Fault displacement 

from all localities ranges from millimetre offset, creating deformation bands, up to 5 km.  

Details for each locality have been summarised into Table 1. 

 

Germany 

The Elbingerode complex, Central Harz Mountains, Germany,  consists of Palaeozoic 

deposits from the Rhenohercynian fold belt as part of deformation from the Eastern extent 

of the Variscan orogeny (Brink 2011).  Extensional tectonics then followed during the 

Cretaceous.  The studied outcrop consists of Devonian reef carbonates, capping three 

volcanic edifices, creating a localised high-temperature gradient (Fuchs 1987; Weller 1991; 

Brink 2011).  A c.100 m displacement normal fault cuts low porosity (c.1%), recrystallised 
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packstones (Figure 1A) and has been buried to a maximum depth of c.3 km, which is also 

estimated as the depth at the time of faulting based on geological restoration (Stead 2018). 

 

Greece 

Samples were collected from deformation bands in Rhodes that formed due to the collapse 

of the Aegean Sea during the Arabian-Eurasian plate collision in the Pliocene.  Later, sinistral 

strike-slip faulting occurred due to the increased curvature of the plate boundary (ten Veen 

and Kleinspehn 2002).  Depth at the time of faulting is estimated as 520 m, based on total 

sea-level fall (Cornée et al., 2006). Deformation bands cut the Cape Arkhangelos calcarenite 

formation; a high porosity (c.43%), bioclastic grainstone containing a high percentage 

(>50%) of peloids (Figure 2C) (Hanken et al., 1996; Kaminskaite et al., 2019). 

 

Italy 

Several localities have been studied in both mainland Italy and Sicily: NW Sicily, SW Italy and 

Gargano promontory. 

NW Sicily 

NW Sicily is part of the western edge of the Sicilian-Maghrabian fold-thrust belt, active 

during the Cenozoic due to collision between the North-African margin and Sardinia-Corsica 

block, composed of south-verging folds and thrusts.  Deformation occurred by E-W trending 

thrusting in the Early Miocene, followed by extensional faulting in the Late Miocene and 

strike-slip faulting in the Plio-Pleistocene (Catalano et al., 1985; Giunta et al., 2000).  Two 

very different styles of deformation were examined in NW Sicily: deformation bands in high-

porosity (c.47%) Upper Pliocene-Lower Pleistocene bioclastic grainstones (Figure 2A; Table 
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1: NW Sicily (a)) that have been shallowly buried to c.50 m (Abate et al., 1997; Kaminskaite 

et al., 2019), and larger-scale faulting (metres to tens of metres offset) in low-porosity 

(<2%), recrystallised packstones and dolostones, of Cretaceous and Triassic age, respectively  

(Kaminskaite et al., 2020; Figure 1F, Table 1: NW Sicily (b)).  Maximum burial depths for the 

Triassic Pellegrino Quarry dolomite, Triassic Monte Cofano dolomite and Mid-Upper 

Cretaceous San Vito Lo Capo packstones are 3100 m, 2910 m and 1970 m, respectively. 

Depth at the time of faulting has been estimated as 2200 m at Monte Cofano, associated 

with the Miocene thrust event (Tondi et al, 2006b), and 290 m and 200 m at Pellegrino 

Quarry and San Vito Lo Capo, respectively, associated with the Plio-Pleistocene strike-slip 

events (Tondi et al, 2006b), based on geological restorations (Stead 2018; Kaminskaite et al., 

2020). 

 

SW Italy 

Three main localities have been examined in SW Italy: Sala Consilina, Monte Alpi and Villa 

D’Agri.  All localities are found within the axial portion of the Southern Apennines, a NE-

propagating compression belt driven by the collision of Eurasian and African plates from the 

Miocene to Early Pleistocene.  These faults cut low-porosity (<10%) Jurassic-Cretaceous 

Apulian and Apenninic platform limestones and dolomites (Figure 1B), ranging from 

recrystallised mudstones to grainstones (Corrado et al., 2002; Van Dijk et al., 2000; La Bruna 

et al., 2017; La Bruna et al., 2018).  The faults are normal at Villa D’Agri and strike-slip at Sala 

Consilina, and both normal and strike-slip at Monte Alpi, with displacements varying from 

50 m up to 5 km, and depths of burial of c.1 km for Sala Consilina, c.1500 m for Villa D’Agri 

samples, and c.6 km at Monte Alpi (Corrado et al., 2002; La Bruna et al., 2017; La Bruna et 
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al., 2018).  Depth at the time of faulting is estimated as 390 m, 920 m and 3780 m for Sala 

Consilina, Villa D’Agri and Monte Alpi, respectively (Stead, 2018). 

 

Gargano promontory 

Deformation bands have been studied at the Gargano promontory, which has been 

subjected to two kinematic events related to the Mattinata Fault System: a left-lateral event 

in the Late Miocene – Early Pliocene, followed by a right-lateral motion in the Late Pliocene 

(Chilovi et al., 2000).  The deformation bands cut the Gravina calcarenite succession, which 

is a shallowly buried (c.350-400 m), high-porosity (c.38%) bioclastic grainstone (Casolari et 

al., 2000; Tropeano and Sabato 2000; Kaminskaite et al., 2019). 

 

Maltese Islands 

Faults on Malta and Gozo are generally oriented ENE-WSW and NW-SE, and formed during 

the Pliocene-Quaternary as part of the transtensional system in the foreland of the Sicilian 

Apennine-Maghrabian fold-thrust belt (Pedley et al., 1976; Dart et al., 1993).  The faults cut 

a range of formations with lithofacies varying from wackestones (25-36% porosity) (Figure 

2E) to packstones (20-35%) (Figure 2D) and algal packstones (10-15% porosity) (Figure 2F), 

which have been shallowly buried to depths of 300 m to 1000 m, which are also estimated 

as the depths at the time of faulting (Dart et al., 1993; Peacock 2001; Kim et al., 2003; 

Bonson et al., 2007; Michie and Haines 2016; Cooke et al., 2018). 

 

Oman  

Samples have been collected from three main localities: Wadi Dayqah Dam, Wadi Nakhr and 

Wadi Mistal.  These localities are found across the Oman Mountains, which were formed as 
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part of the Alpine-Himalayan chain from a northeast-directed subduction of the Arabian 

Plate below the Eurasian Plate (Searle 1985; Al Kindy and Richard 2014).  Large faults cut 

low porosity (<6%) recrystallised Cretaceous carbonates, ranging from mudstone to 

grainstone lithofacies (Figures 1C and D) that have been buried to several kilometres, 

generating high temperatures of up to around 250°C (Droste and Van Steenwinkel 2004; 

Holland et al., 2009; Vandeginste et al., 2013; Richard et al., 2014; Grobe et al., 2016).  Fault 

kinematics vary from normal to thrust faulting. 

 

UAE 

The United Arab Emirates is located within the interior platform of the Arabian shelf, 

bounded on the NW by the Qatar-South Fars Arch, and on the east and NE by the foreland 

basin, and adjacent foreland fold-thrust belt of Oman (Alsharhan 1989).  The studied faults 

occurred both offshore UAE and also in the Oman Mountains in East UAE.  The faults 

outcropping in the Oman Mountains cut carbonates from the Permian to Cretaceous, which 

have been recrystallised, creating low porosities (<7%) (Figures 1E).  Maximum burial depth 

and depth at the time of faulting are the same, and range between 1.5 and 4 km (Stead 

2018).  Offshore, faults cut wackestones, packstones and grainstones with high porosities 

(>20%).  Maximum burial depth is c.2-3.5 km, with depth at time of faulting unknown.  

Faulting varies from small-scale deformation bands to faults with tens of metres throw, with 

varying kinematics; from normal to strike-slip and thrust faults.   
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UK 

Deformation bands have been studied from the Isle of Thanet, SE England, consisting of a 

monocline of Upper Cretaceous Chalk, which was exposed to deformation from E-W 

extension, then later NE-SW extension in the late Cretaceous and Tertiary inversion 

(Bergerate and Vandycke 1994; Ameen 1995; Vandycke 2002).  The chalk has a high 

porosity, from 39 to 45%, and is composed predominantly of a micritic matrix with a minor 

proportion (c.15%) of bioclasts such as foraminifera (Figure 2B).  It has been shallowly 

buried to a maximum depth of c.300-500 m, which is also taken as the depth at time of 

faulting (Kennedy and Garrison 1975; Welch et al., 2015). 

 

Method 

Outcrop and laboratory techniques have been undertaken on the studied faulted 

carbonates. Microstructural analysis, used to identify the deformation mechanisms that 

form specific fault rock fabrics, has been combined with measured porosity and 

permeability values to define relationships of fault rock development, based on both 

instrinsic and extrinsic factors.   Intrinsic factors included lithofacies (texture), lithofacies 

juxtaposition, host porosity and host permeability. The extrinsic factors considered were 

kinematics, fault displacement and depth at the time of faulting.  The identified 

relationships are used to analyse the across-fault fluid flow potential of faults in distinct 

geological settings, improving our ability to predict the flow properties of carbonate fault 

zones.   
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Sample collection 

Over 600 oriented samples of both fault rocks and their respective host lithofacies have 

been collected using a hammer and chisel from outcrops over several field campaigns.  

Samples from subsurface cores from industry sponsors have also been gathered.  These two 

sets of samples (from outcrops and cores) were used to analyse fault rock development and 

petrophysical properties. 

 

Microstructural analysis 

Oriented fault rock samples were used for optical thin-section and scanning electron 

microscope-backscatter electron microscopy (SEM-BSE) analysis of deformation 

microstructures to infer the mechanisms involved in producing each microstructure.  

Fault rock samples were oriented parallel and perpendicular to fault dip.  Samples were 

impregnated with low viscosity resin containing blue epoxy dye, under vacuum on low 

permeability samples, to make pore spaces more apparent when viewed using optical 

microscopy.  Thin sections of the host-rock, oriented perpendicular to bedding, were used 

to examine the representative composition and textures of different lithofacies, as well as 

their heterogeneity.  Specifically, the types of pores and grains were examined.  The 

associated fault rock types can then be related to specific host textures. 

Classification of whether fault rocks behave in a brittle or ductile manner are based on 

grain-scale processes by deformation microstructures observed, rather than how they 

would deform according to their stress-strain behaviour. 
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Porosity and permeability measurements 

Petrophysical measurements have been made on c.400 samples.  Core plugs were taken 

adjacent to the representative thin sections, to accurately capture the porosity and 

permeability of each varying fault rock and host rock microstructure. These core plugs were 

cleaned to remove salts using deionised water saturated with carbonate sediment of the 

same composition as the sample, and then dried at 65°C for between 3 and 7 days.  

 

Porosity 

Porosity, ø, was calculated by subtracting the grain volume, Vg, from the bulk volume, Vb 

using:- 

  
     

  
 

 The grain volume was measured using a Quantachrome Stereopycnometer SPY-3 helium 

pycnometer, by defining the ratio between load pressure and final pressure, based on 

Boyle’s law double-cell method.  The measurements were repeated three times to reduce 

experimental error, and the arithmetic mean values were taken.  The bulk volume was 

calculated from measurements of the length and diameter of the core plugs using a digital 

calliper, with a precision of 0.01 mm. 

 

Permeability  

Single-phase helium permeability measurements were acquired using a CoreLab 200 PDP 

pulse-decay permeameter, adapted to perform both steady-state and pulse-decay methods 

for high (>1 mD) and low (<1 mD) permeability samples, respectively.  Samples were loaded 

into a rubber sleeve within a core holder.  Confining pressures equivalent to the mean 
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effective stresses estimated for each locality when at its maximum burial depth were 

applied. 

In pulse-decay permeability tests, the pore pressure was increased and allowed to 

equilibrate, after which a differential pressure was introduced and both the absolute and 

differential pore pressures were monitored until the pressure re-equilibrated.  Permeability 

was calculated using the methods of Jones (1997).  For steady-state tests, constant 

upstream pressure was applied while the downstream was vented through a flowmeter. The 

differential pressure across the sample was monitored until it stabilised, where the flow 

rate, differential pressure and pore pressure were recorded to calculate permeability at a 

certain pore pressure, according to Darcy’s Law. 

The permeability was corrected for gas slippage at low pressures using the Klinkenberg 

method (Klinkenberg 1941).  A linear regression of the apparent permeability with the 

reciprocal of the mean pore pressure, 1/P, was plotted using several mean pore pressures (≥ 

4 data points).  The intercept on the permeability axis gives the Klinkenberg corrected 

permeability.  

 

Controls on Fault Rock Development: Results 

The porosity and permeability of carbonate fault rocks show significant variation (Figure 3), 

with porosity varying over 46% and permeability varying over 10 orders magnitude, from a 

nanodarcy to over a Darcy.  The petrophysical properties of fault rocks can also vary along-

strike and down-dip on a single fault surface.  Trends to fault rock porosity and permeability 

are observed based on factors which control deformation style, influencing the fault rock 

development.  The inferred mechanisms from observed microstructures creating the fault 
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rocks range from elasto-frictional to crystal-plastic deformation, and depend on factors such 

as burial depth at the time of faulting and lithofacies.   

 

Lithofacies 

Deformation style has been observed to vary across the range of Dunham textures (cf. 

Dunham 1962).   Lithofacies with high micritic content, such as mudstones and 

wackestones, which are characterised by a matrix-supported texture and can have a high 

porosity (>10%), have been shown to deform by disperse fractures.  Increased fracturing 

leading to brecciation can evolve further to create cataclasite fault rocks, similar to that 

described by Billi et al. (2003) (Figure 4).  This deformation style is observed in all matrix–

supported lithofacies, regardless of host porosity (Figure 4).  Grain-supported lithofacies 

with high algal content, such as algal-rich packstones, floatstones, rudstones or 

boundstones, and lithofacies that have been heavily recrystallised creating a low porosity 

rock (<10%), also behave similarly, deforming by disperse fracturing/brecciation evolving 

into cataclasis (Figure 4).   

On the other hand, lithofacies with minimal micritic content, i.e. those that are grain-

supported, with low algal content, and high porosity (>10%), such as grainstones and 

bioclastic packstones, are shown to deform by localised mechanisms breaking down 

individual grains, progressing to grain-scale cataclasis.   

It is important to note however, that the documented observations recorded above are 

grain-scale brittle microstructures.  At higher pressures and temperatures, grain-scale 

ductile mechanisms are observed to dominate (discussed in the Burial Depth section below). 
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How each lithofacies deforms dictates which fault rocks are produced, and hence also 

influences the hydraulic behaviour, as each fault rock type has varying porosity and 

permeability.  Generally, a decrease in the porosity and permeability of the fault rocks is 

observed with increasing micritic content or crystallinity (Figure 5A).  However, it is 

important to also compare the fault rock permeability to that of the host, rather than simply 

examining the current poroperm of the fault rocks, as it is the difference between the host 

and fault rock permeabilities that controls whether the fault acts as a baffle or conduit.   

Plotting the permeability contrast between the host and fault rock samples, we can see that 

some lithofacies show an increase in the permeability of the fault rock relative to the host 

rock values, while other lithofacies show a decrease in relative permeability (Figure 5B).  

Those lithofacies that have a tendency to deform by grain-scale cataclasis show the largest 

decrease in permeability with respect to the host values, namely grainstones and 

packstones.  As mentioned previously, lithofacies such as algal-rich packstones, wackestones 

and crystalline carbonates, have the tendency to deform by through-going fracturing, 

evolving to brecciation and then disperse cataclasis.  While these deformation styles often 

leads to an increase in relative permeability for crystalline samples, a decrease in relative 

permeability is recorded for the majority of wackestone and algal packstone samples, albeit 

with a lower permeability contrast than those samples that deform by grain-scale cataclasis 

(Figure 5B).  Moreover, although the studied fault rocks in crystalline lithofacies generally 

show an increase in relative permeability from the host values, their respective host 

samples have very low absolute matrix permeabilities (around 0.000001-0.01 mD), hence 

their absolute value remains low.  Chalk samples do not show a significant permeability 

change (Figure 5B).  This lithofacies deforms by breaking down large, isolated foraminifera 
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that act to decrease the porosity, whilst allowing the permeability to remain the same 

(Kaminskaite et al., 2019). 

 

Lithofacies Juxtaposition 

Not only does lithofacies have significant control on fault rock development, but how the 

lithofacies are juxtaposed is also a crucial factor that requires further examination.  An 

increased fault core heterogeneity has been observed when juxtaposition of different 

lithofacies occurs.  Specifically, several different fault rock types, with a variety of 

deformation and/or diagenetic microstructures, are observed along fault-strike at 

juxtapositions of different lithofacies.  This leads to an increase in the range of permeability 

values.  Conversely, a relatively homogeneous fault core, with similar microstructures and 

permeability values, is observed along fault-strike at either self-juxtapositions or 

juxtaposition of similar lithofacies (Figure 6).  However, it is important to note that despite 

the initial textural variation that can occur in crystalline host rocks with low 

porosity/permeability, the overall mechanical and petrophysical properties of these 

recrystallised lithofacies are very similar.  Hence, at the juxtaposition of two recrystallised 

lithofacies with different initial textures, similar microstructures along fault-strike are 

observed. 

 

Mineralogy 

The influence of mineralogy on fault rock porosity and permeability has been examined, 

dividing the data by calcite versus dolomite host rock and their respective fault rocks (Figure 

7A), as well as the current mineralogy of the fault rock (Figure 7B).  In order to compare only 
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similar materials, we have plotted faults that cut low porosity, low permeability calcite host 

rocks, and omitted those with higher porosities and permeabilities, as only faults cutting low 

porosity and low permeability dolomitic host rocks have been sampled.  We can see that 

there is significant overlap between fault rocks that cut calcite and dolomite, and both 

examples can show an increase in both porosity and permeability from the host values 

(Figure 7A).  The only notable difference between fault rocks that cut calcite or dolomite 

host rocks is faults in dolomite show a slightly higher average fault rock permeability (0.04 

mD geometric mean) when compared to those that cut calcitic host rocks (0.0075 mD 

geometric mean).  However, this could simply be a product of the low number of example 

faults in dolomite, and hence the lack of ability to compare samples with constant external 

factors, such as displacement and depth of burial.  When comparing fault rocks with current 

differing mineralogy, we can see significant overlap in the porosity and permeability values, 

with no discernible relationships (Figure 7B).  However, it is shown that some of the fault 

rocks with mixed calcite and dolomite mineralogy have higher porosity values, regardless of 

whether the original mineralogy was calcite or dolomite (Figure 7). 

 

Host Porosity and Permeability 

Dividing the data into faults that cut host rocks with an average low porosity, <10% (Figure 

8A), and average high porosity, >10% (Figure 8B), allows us to better visualise the 

relationships between the host porosity and permeability and the fault rock porosity and 

permeability.  Fault rock samples in low porosity carbonates do not show a decrease in the 

porosity and permeability.  Instead, the porosity and permeability values are often recorded 

as being higher than their respective host samples (Figure 8C).  Conversely, the porosity and 
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permeability values of fault rocks cutting high porosity carbonates generally show a 

decreased value from the host samples (Figure 8D).   

Further to the analysis above, we can also examine how the fault rock permeability, and the 

permeability contrast between host and fault rock permeability, vary with host porosity 

(Figure 9A, C, E) and host permeability (Figure 9B, D, F).  Although significant scatter is 

observed when examining individual fault rock permeability points with both host porosity 

and host permeability (Figure 9A, B), this scatter is reduced when the geometric mean is 

taken for fault rock permeability per lithofacies, per locality (Figure 9C, D).  When the 

geometric mean values are weighted based on number of raw data points, this acts to 

strengthen the trend, and hence increases the R2 value.  An absolute increase in fault rock 

permeability is shown with increasing host porosity (Figure 9C), however a decrease in the 

fault rock permeability is observed relative to the host for the majority of samples with an 

average host porosity >10%.  Samples with an average host porosity <10% mostly show an 

increase in permeability relative to the host (Figure 9E).  Since host porosity and texture 

(lithofacies) influences the host permeability, a similar relationship is also observed between 

host permeability and fault rock permeability (Figure 9B, D, F).  An absolute increase in fault 

rock permeability occurs with increasing host permeability (Figure 9D), however a decrease 

in the fault rock permeability relative to the host occurs for the majority of samples with an 

average host permeability >0.1 mD (Figure 9F). 

 

Kinematics 

There is significant scatter to the porosity and permeability data for fault rocks formed in 

each tectonic regime, with no patterns to particular kinematics influencing the fault rock 
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permeability in a similar manner.  The only exception is that deformation bands generally 

have higher porosity and permeability than all other, more evolved, fault rocks (Figure 10).  

Moreover, similar deformation and diagenetic microstructures are observed regardless of 

kinematics (Figure 10).  In this example, two dolomitic recrystallised lithofacies deform 

similarly in both a large strike-slip fault and a normal fault; this lithofacies shows disperse 

fracturing, fracture-evolved cataclasis and cementation/veining (Figure 10). 

 

Displacement 

Absolute fault rock permeability values show a decrease from the protolith when 

displacement exceeds 1 m (i.e. fault rock samples larger than deformation bands).  

However, no discernible relationship to fault rock permeability is observed beyond 1 m 

displacement (Figure 11A).  Below 1 m displacement only deformation bands are observed, 

which show higher absolute permeability values, associated with the lower strain creating 

these deformation bands (Figure 11A).  Plotting the permeability contrast between the host 

and fault rock with displacement shows significant scatter, with no relationship observed 

between the relative permeability of fault rocks and displacement, at displacements over 1 

m (Figure 11B).  There is, however, a decrease in relative permeability for almost all 

deformation bands (shown at 0.01 m displacement), despite their absolute high 

permeability values.  The observed scatter may be exaggerated by other factors overprinting 

possible relationships.  Hence, we have furthered this analysis by examining how the 

permeability of similar lithofacies varies with displacement (Figure 11C).  In this example, we 

show fault rock permeability cutting low permeability, recrystallised lithofacies at low (c.10 

m) and high (c.100 m) displacement.  We have observed that regardless of displacement, 

there is no obvious trend showing how the permeability of fault cores may evolve; the 
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median permeability in this example is the same at both low and high displacements (Figure 

11C). 

 

Burial Depth 

The maximum burial depth and depth when faulting occurred is observed to influence the 

mechanisms active during creation of fault rocks, and hence also their petrophysical 

properties.  Generally, grain-scale brittle mechanisms such as fracturing, brecciation and 

cataclasis are predominantly observed at shallower depths (Figure 12A, B).  At greater 

depths, ductile mechanisms are observed to prevail over brittle mechanisms, forming highly 

recrystallized fault rocks with low permeability (Figure 12C, D, with a fault rock permeability 

of 0.00022 mD in this example).  Mechanisms such as twinning, grain boundary migration 

and grain bulging are common in the samples from greater depths and temperatures (e.g. 

Figure 12D).  Note that in this context, the terminologies brittle and ductile are not based on 

mechanical behaviour derived from experimental strain-strain curves, but simply based on 

observed microstructures. 

Average fault rock permeability is observed to decrease with both increasing maximum 

burial depth (Figure 13A) and depth at the time of faulting (Figure 13B), up to 1-2 km.  

Beyond 1-2 km, the trend of fault rock permeability decreasing with depth of burial and 

depth at the time of faulting is shown to flatten off to mean values of around 0.01 mD 

(Figure 13).  The range of permeability is also observed to decrease with increasing depth at 

the time of faulting (Figure 13B).  However, it is important to note that very low fault rock 

permeability values can occur at both shallow and greater depths of burial and depths at 

time of faulting, and that the lowest permeability values are recorded at maximum burial 
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depths of between 1-2 km (Figure 13A) and <1 km depth at time of faulting (Figure 13B).  

Note that the R2 value is higher for trends with maximum burial depths when compared to 

depth at the time of faulting. 

 

Discussion 

Research into deformation surrounding faults in carbonates has received significant 

attention in the last couple of decades (e.g. Tondi et al., 2006a; Ferrill and Morris 2008; 

Agosta et al., 2010; Bastesen and Braathen 2010; Michie et al., 2014; Cooke et al., 2018; 

Kaminskaite et al., 2020).  However, the ability to predict the hydraulic behaviour of faults in 

carbonates was largely unknown, with very few publications documenting our advances in 

carbonate fault seal analysis (e.g. Solum and Huisman 2017; Michie et al., 2018).  Here, we 

have attempted to expand our understanding of the main controls on fault rock 

development and their petrophysical properties to improve our ability to predict their 

hydraulic behaviour in the subsurface. 

 

Intrinsic Factors 

Our observations within this study, based on a wide range of data, indicate that intrinsic 

factors are the primary control on fault rock development. Host lithofacies plays a crucial 

role in deformation style, creating specific fault rock types within different lithofacies.  Each 

fault rock type will have differing petrophysical properties.  Hence, host lithofacies will 

influence the permeability of the fault rock.  Moreover, how different lithofacies are 

juxtaposed, and what the overall succession is composed of, seems to also dictate the 
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hydraulic behaviour of the fault.  However, further work is required to confirm this 

juxtaposition hypothesis due to a relatively limited number of examples showing 

juxtaposition of different lithofacies in our database. 

Lithofacies with a high micritic content has shown to deform in a similar manner to those 

that have been recrystallised.  This is due to the relatively homogeneous mechanical 

properties within these rocks, creating low/no mechanical discontinuities.  Mechanical 

contrasts are necessary for grain-scale fragmentation (Kranz 1983; Groshong 1988).  Hence, 

fractures can easily propagate throughout these matrix-supported lithofacies and create a 

variety of breccias and cataclasites, depending on the evolution stage (Figure 4).  Further, 

algal-supported lithofacies also deform by fracturing and brecciation, as algae have been 

observed to not cataclase; they protect the bioclast grain-grain contacts, preventing grain-

scale cataclasis.  Conversely, grain-supported lithofacies commonly experience grain-scale 

cataclasis due to the high mechanical discontinuities throughout the rock, e.g. between 

bioclastic grains and pores (cf. Kranz 1983; Groshong 1988).  The clast-confined fractures 

nucleate at grain boundaries, creating impingement microcracks, which break down 

individual bioclasts, and can evolve to cataclase the rock (Figure 4).  Moreover, diagenesis, 

specifically aggrading neomorphism, has been observed in grain-supported lithofacies 

immediately surrounding slip surfaces, often with no other deformation microstructures 

such as fracturing or fragmentation observed (Michie 2015).  The increased cementation in 

grain-supported lithofacies could simply reflect the higher initial permeability. 

Similar observations have been documented in carbonate lithofacies by other authors, 

where different microstructures are observed in carbonates with varying porosity, pore 

types, textures and clay content (Solum and Huisman 2016; Delle Piane et al., 2017, and 
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references therein).  For example, grain-scale cataclasites tend to be observed in high 

porosity carbonates due to cementation and grain breakdown, which act to reduce the 

porosity and alter the pore types, and hence decrease the permeability (e.g. Tondi 2007; 

Rath et al., 2011; Tondi et al., 2016; Zambrano et al., 2017; Zambrano et al., 2018; 

Kaminskaite et al., 2019).  Whereas, through-going fracturing is prevalent in low porosity 

carbonates, which can evolve to create a variety of breccia types and subsequently lead to 

cataclasite generation due to the resulting lithons having an aspect ratio that allows for 

lithon rotation and cataclastic flow to commence (e.g. Billi et al., 2003; Cilona et al., 2019).  

Further complexities due to textural variations and different pore types have also been 

shown to influence the deformation styles during faulting in carbonates (Michie 2015; 

Haines et al., 2016).   

Since primary texture influences host porosity and permeability, a relationship is also 

observed between host porosity/permeability and fault rock permeability due to contrasting 

deformation style; we have observed that fault rock permeability decreases relative to the 

host with increasing host permeability and porosity.  The host porosity and permeability 

influence how the rock deforms; rocks with high initial porosity, such as the grain-supported 

lithofacies, are observed to deform at the grain-scale, resulting in cataclasis or cementation, 

occluding pore spaces and decreasing the fault rock permeability relative to the host.  

Conversely, a rock with low initial porosity, such as crystalline rocks, has shown to fracture 

and brecciate, increasing the permeability relative to the host.  This conforms to previously 

published relationships, describing strain that usually reduces the porosity and permeability 

in high porosity materials, but increases the porosity and permeability in low porosity 

materials (Groshong 1988).  This has been observed and documented previously in both 

siliciclastic (e.g. Shipton and Cowie 2003) and carbonate rocks (Cooke et al., 2020), showing 
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the control of porosity on deformation style.  Moreover, it is easier to reduce the 

permeability of a high permeability rock than one with an initial low permeability. 

The contrast between host and fault rock permeability defined in this study can be used to 

qualify those scenarios where faults may act as seals, baffles or conduits.  We have observed 

that host rocks with high initial porosity and permeability will generate the largest contrast 

with the fault rock, creating fault rocks with relatively low porosity and permeability.  

Contrastingly, hosts with low initial porosity and permeability (e.g. recrystallised rock) have 

been shown to create fault rocks with increased permeability from the host, thus potentially 

acting as conduits.  However, it is important to note that to be a valid reservoir, the rocks 

with low porosity and permeability values will need to be fractured, which will increase the 

bulk host permeability.  It is likely that the matrix texture and petrophysical properties will 

remain the dominant control on deformation style in these fractured examples. Therefore, 

despite the increase in fault rock permeability relative to their host, the absolute 

permeability value remains low in these examples, hence the fault rock could form a baffle 

or seal due to the potential high contrast between the fractured reservoir permeability and 

fault rock permeability.  These relationships can be used as a starting point to generate 

algorithm(s) for fault seal analysis in faulted carbonates (Figure 9).  

We have observed that juxtaposing different lithofacies will lead to a variety of deformation 

and/or diagenetic mechanisms to occur, due to the observed and previously discussed 

differences in deformation style between varying lithofacies.  This in turn will increase the 

heterogeneity of the fault core.  Since different microstructures have different poroperm 

values, the greater variety of fault rock types is likely to increase the range of fault rock 

porosity and permeability within a fault core.  Conversely, juxtaposition of similar 
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lithofacies, with either similar textures or mechanical and petrophysical properties, will 

lower the range of mechanisms active.  This will form a relatively homogeneous fault core, 

composed of similar fault rock types, all with similar porosity and permeability values, 

reducing the range of porosity and permeability along the fault core.  Very few papers have 

previously documented this result, and those that do are from within the same research  

group (e.g. Michie and Haines 2016: Michie et al., 2018).  However, this is an crucial factor 

for fault core development and requires further research.  Although the increase in range of 

porosity and permeability at juxtapositions of different lithofacies due to a heterogeneous 

carbonate sequence may mean that the chances to reduce fluid flow may be decreased, the 

spatial variability of fault rocks will be increased.  This spatial heterogeneity may correspond 

to a greater tortuosity and hence may increase the potential for the fault to baffle flow.  

However, this is likely to be dicated by the permeability values of each fault rock, and the 

range between each fault rock type.  Further, it is also important to consider which 

lithofacies have previously slid past another.  Juxtaposing similar lithofacies may lead to the 

assumption of a homogeneous, low permeability fault core.  However, if different lithofacies 

have previously slid past this location along the fault, it will likely introduce variations to the 

fault rock formed, and hence may also vary the petrophysical properties.  A heterogeneous 

sequence, with significant variation in lithofacies and properties, is likely to create a 

heterogeneous fault core with a variety of different fault rock types and porosity and 

permeability values.  Further research, however, is required to confirm such hypothesis, as 

we have no examples of this scenario within our current database. 

The influence of mineralogy on fault rock development has also been assessed.  Although 

mineralogy does not show any strong relationships with fault rock porosity and permeability 

(Figure 7), it is likely to influence deformation style, not only because mineralogy influences 
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the porosity-depth trend (e.g. Schmoker and Halley 1982; Brown 1997), but also because it 

has shown to create different mechanical properties (Hugman and Friedman 1979).  This in 

turn will influence the deformation style, and hence also the petrophysical properties (e.g. 

Bauer et al., 2016; Ferraro et al., 2019; Cilona et al., 2019; Ferraro et al., 2020; Kaminskaite 

et al., 2020).  Dolomite has been recorded as acting in an increased brittle manner when 

compared to calcite, leading to intensely fractured, pulverised rock at a faster rater than 

that in limestones, which in turn creates a wide fault zone composed of anastomosing, 

multiple-stranded cataclasite fault rock (Schröckenfuchs et al., 2015; Fondriest et al., 2015;  

Bauer et al., 2016; Cilona et al., 2019; Kaminskaite et al., 2020).  Further, we can see that 

those fault rocks with a mixed mineralogy of calcite and dolomite have slightly increased 

porosity values (Figure 7B).  Since these examples cut both dolomite and calcite host rocks, 

this could be associated with the increase in porosity that can occur with dolomitiztion for 

those that cut calcite rocks (Warren 2000, and references therein), but also with fracturing 

and veining introducing calcite-rich fluids to those that cut dolomite rocks.  It should be 

noted, however, that there are limited examples of faults cutting dolomite host rocks, and 

hence any definitive conclusions cannot currently be drawn. 

 

Extrinsic Factors 

The initial observation of our results would indicate that the tectonic regime does not 

control fault rock development in carbonates. However, it is important to note that, due to 

the limited number of samples from thrust faults, we cannot definitively conclude the 

influence of kinematics on the fault rock development.  Moreover, kinematics may not show 

significant influence on fault rock permeability in our samples because of the primary 
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control exerted by host lithofacies texture and host porosity.  Hence, any relationships that 

may occur between kinematics and fault rock permeability may be overshadowed by the 

overriding control from lithofacies.  It is, therefore, important to enhance our knowledge of 

how kinematics may influence fault rock permeability by gathering more examples of the 

same/similar lithofacies that have been subjected to different tectonics. 

Displacement has been shown to exert significant control on fault rock thickness, where 

relationships between displacement and thickness have been defined (e.g. Evans 1990; 

Childs et al., 1996; Sperrevik et al., 2002; Shipton et al., 2006; Wibberley et al., 2008; 

Braathen et al., 2009; Childs et al., 2009; Bastesen and Braathen 2010; Torabi and Berg 

2011; Torabi et al., 2019).  Hence, fault rock thickness can be predicted from fault 

displacement.  Similarly, displacement has also been shown to influence fault rock 

continuity (e.g. Færseth 2006; Cooke et al., 2018), which is crucial when considering 

whether fluids have the ability to flow across the fault.  Both the fault rock thickness and 

continuity are important parameters for calculating the bulk fault core permeability, and 

hence are important when predicting and calculating transmissibility multipliers for use in 

reservoir simulation.  Further, fault rock continuity is vital for static fault seal analysis, where 

areas of zero fault rock thickness will have a massive influence on column height held back 

by the fault.  With that being said, little to no research has been done to identify the control 

that displacement has on the porosity and permeability of carbonate fault rocks, despite the 

importance for predicting fault seal in carbonates.  In this study, our data shows that 

displacement has no significant control on the fault rock permeability for fault rock samples 

created when displacement exceeds 1 m.  However, for deformation bands created at 

displacements of less than 1 m, the relative permeability is decreased from the host rock 

such that these fault rocks may reduce or impede across-fault fluid flow.  The analysis of 
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samples associated to fault displacements over 1 metre (i.e. those with higher strain than 

deformation bands) has shown that the displacement at which the fault rocks are formed 

does not appear to influence the microstructures and hence also the fault rock permeability, 

with mechanisms dependent on host properties rather than strain.  Low permeability fault 

rocks are able to form at low displacements, as well as at higher displacements.  A similar 

finding has also been recorded by Michie and Haines (2016), where similar lithofacies show 

comparable microstructures and permeability values at both low and high displacements.  

However, despite our observations and interpretations using our current database, further 

analysis is required to definitively conclude the impact of displacement on petrophysical 

properties, due to the low number of examples of similar lithofacies at different 

displacements.  Moreover, any diagenetic overprinting may mask any relationship. 

It is well known that the depth at the time of faulting and the maximum burial depth 

influences the sealing potential of siliciclastic faults, due to increased temperatures and 

stresses (e.g. Fisher and Knipe 1998; Sperrevik et al., 2002; Yielding et al., 2010).  However, 

little has previously been documented regarding how the fault rock permeability may vary 

with depth in faulted carbonates.  The trend of decreasing permeability, and decreasing 

range of permeability, with increasing maximum burial depth and depth at the time of 

faulting may suggest that ductile deformation mechanisms are dominant at greater depths, 

occluding pore spaces and reducing the permeability and its range.  Conversely, the range of 

fault rock types produced by a variety of brittle mechanisms at shallower depths increases 

the permeability and its spread, particularly because both low and high porosity host rocks 

can deform at low burial depths, whereas the rocks deforming at greater burial depths 

within our database are predominantly from low porosity hosts.  This hypothesis is 

confirmed by examination of the microstructures observed at different burial depths.  
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Brittle microstructures, such as brecciation and cataclasis, are observed to prevail at 

shallower levels, <1-2 km.  We have observed ductile deformation microstructures at depths 

over 1-2 km, creating recrystallised textures, with little to no porosity and permeability.  

Other studies have also observed ductile microstructures in carbonate fault rocks at 

relatively shallow depths of burial and/or low temperatures.  For example, plastic 

deformation has been documented at c.1 km (Michie 2015) and 4 km (Bauer et al., 2018) 

maximum burial depths.  Further, it has been well documented that calcite can deform at 

room temperature by processes such as mechanical twinning, or r-, f- dislocation glide 

(Turner et al., 1954; Griggs et al., 1960; De Bresser and Spiers 1997).  Hence it is predictable 

that carbonate fault rocks can be formed by ductile processes at shallower burial depths 

than siliciclastic rocks, which can aid predictions of fault rock permeability.  It should be 

noted that the higher R2 value for fault rock permeability trend with maximum burial depth, 

compared to the depth at the time of faulting, may be due to an overriding relationship 

between porosity and depth (e.g. Schmoker and Halley 1982).   

 

Analysing Key Controls on Fault Rock Development 

Analysis using single and multiple regression of the controlling factors showing the greatest 

influence on fault rock development (i.e. host porosity, host permeability and depth at the 

time of faulting) has been performed to identify the combination of input parameters that 

has the primary influence on fault rock permeability for our samples.  Table 2 highlights 

which controlling factors, and combination of controlling factors, have the more significant 

influence on fault rock development.  Surprisingly, it appears that host porosity alone has 

the greatest influence on fault rock permeability.  Moreover, including other factors not 
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only adds no further influence but, in fact, decreases the significance.  Hence, trends 

between host porosity and fault rock permeability could be the most useful input as 

algorithm(s) for predicting fault hydraulic behaviour in carbonates (i.e. Figure 9A, C, E). 

 

Summary 

We have analysed many tens of faults within carbonates from a range of lithofacies, 

tectonic regimes, burial depths and displacements with the goal of finding trends to fault 

rock development, in order to generate an algorithm for industry use.  Around 400 samples 

have been collected and analysed, with porosity and permeability measurements made.  

Intrinsic and extrinsic factors have been analysed to assess their control on fault rock 

permeabilities.  We have observed that intrinsic factors are the dominant control on fault 

rock development in carbonate faults, with host lithofacies texture and host porosity 

appearing to be the primary control.  Host porosity and texture controls deformation style, 

fault rock type and hence fault rock permeability.  Depth at the time of faulting can also 

somewhat control deformation style, which in turn influences fault rock permeability.  

However, for displacements over 1 m (i.e. larger than deformation bands), there is no 

obvious displacement control on fault rock permeability.  Further, kinematics do not show 

any control on fault rock permeability within our dataset.  This may indicate that the fault 

rocks formed are controlled primarily by other factors, regardless of how and to what extent 

the rock has moved. Collectively, the results can be used to aid prediction of fault seal 

behaviour in carbonate sequences, particularly using relationships defined between host 

porosity and fault rock permeability.  Further sampling and analysis are required to confirm 

and enhance these trends. 
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Figure Captions 

Figure 1. Optical (taken under plane-polarised light (PPL)) and scanning electron 

microscope-backscatter electron microscopy (SEM-BSE) photomicrographs of carbonate 

host rocks with low how porosities from a variety of localities, illustrating the range of 

recrystallised textures.  A: Elbingerode, Germany, recrystalised pack-grainstone; B: Sala 

Consilina, Italy, recrystallised mud-wackestone; C: Wadi Dayqah Dam, Oman, recrystallised 

oolitic grainstone; D: Wadi Al Nakhr, Oman, recrystallised wackestone; E: Wadi Al Bih, UAE, 

recrystallised pack-grainstone; F: San Vito Lo Capo, Sicily, Italy, recrystallised packstone. 

 

Figure 2. Optical (taken under plane-polarised light (PPL)) and scanning electron 

microscope-backscatter electron microscopy (SEM-BSE) photomicrographs of carbonate 

host rocks with high host porosities from a variety of localities, illustrating the range of 

carbonate lithofacies; from wackestones, to packstones and grainstones.  A: Favignana, 

Sicily, Italy, Grainstone; B: Pegwell Bay, UK, Chalk; C: Kallithea, Rhodes, Greece, Grainstones; 

D: Gozo, Malta, Packstone; E: Malta, wacke-packstone; F: Gozo, Malta, Algal-packstone. 

 

Figure 3.  Porosity and permeability plot of all measured fault rock samples. 

 

Figure 4.  Schematic plot showing the main fault rock microstructures observed with varying 

porosity and lithofacies type (how the texture is supported).  Fault rocks originating from 

dispersed fracturing, leading to brecciation and cataclasis are observed at both low and high 

porosities, in those rock samples that are matrix-supported and supported by algae.  Grain-

scale fracturing leading to cataclasis occurs in clast-supported, highly porous samples.  Note 

that low porosity samples are generally <10%, and high porosity sample are generally >10%. 
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Figure 5.  A: Poro-perm plot of fault rock subdivided into lithofacies, based on the Dunham 

classification (Dunham 1962).  B: Plot showing the inverse permeability contrast (fault rock 

permeability divided by host rock permeability) with varying lithofacies.  Lithofacies is 

ordered by Dunham classification.  All samples above 1 inverse permeability contrast show 

an increase in permeability relative to the host, and those below 1 inverse permeability 

contrast show a decrease in permeability relative to the host.  Note no samples of 

mudstones have been collected.   

 

Figure 6. Schematic diagram showing the main microstructures and respective 

permeabilities observed at different lithofacies juxtapositions.  Square boxes are host 

samples, round boxes are fault rock samples.  Blue and green: fault rock microstructures 

observed at self-juxtapositions of different lithofacies.  Red: fault rock microstructures 

observed at juxtapositions with different lithofacies.  This is an example from a packstone 

juxtaposed against an algal-packstone. 

 

Figure 7.  A: Graph showing the porosity and permeability of fault rocks that cut host rocks 

with different mineralogy.  B: Graph showing porosity and permeability of fault rocks 

divided by current mineralogy.  

 

Figure 8.  Plots showing the porosity and permeability of host rock and fault rock samples, 

divided into low (<10%) and high (>10%) host porosities.  Arithmetic averages of host 

porosity from each lithofacies per locality have been used to define faults that cut low 

(<10%) and high (>10%) host porosity lithofacies.  Geometric averaging used for 

permeability values.  A: All host poroperm points, and their respective average values, for 

low (<10%) host porosities. B: All host poroperm points, and their respective average values, 

for high (>10%) host porosities.  C: Average host poroperm values and their respective fault 

rocks, for low average porosities (<10%).  D: Average host poroperm values and their 

respective fault rocks, for high average porosities (>10%). 
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Figure 9.  A and B: Graphs showing raw data for fault rock permeability with host porosity 

(A) and host permeability (B).  C and D: Graphs showing weighted, geometrically averaged 

fault rock permeability with host porosity (C) and host permeability (D).  Size of point 

correlates to the number of samples used for averaging, averaged per lithofacies, per 

locality.  E and F: Graphs showing inverse permeability contract (fault rock permeability 

divided by the host rock permeability) with host porosity (E) and host permeability (F). The 

horizontal red line on E and F indicates no change in permeability from the host into the 

fault.  The host porosity and permeability on each graph is the arithmetic and geometric 

average, respectively, per lithofacies, per locality.  The correlation coefficient is shown for 

each trendline on each graph. 

 

Figure 10.  Top: Graph showing fault rock porosity and permeability split by kinematics 

(deformation bands, normal, oblique, strike-slip and thrust).  Bottom: Microstructures of 

host and fault rocks from a strike-slip fault (left) and a normal fault (right). 

 

Figure 11.  A: Box and whisker plot showing fault rock permeability with binned 

displacements.  Note that points binned at <1 m are deformation bands. B: Graph showing 

the inverse permeability contrast (fault rock permeability divided by host rock permeability) 

with displacement.  Note that an arbitrary value of 0.01 m has been used for deformation 

bands, that show little to no displacement. C: Box and whisker plot showing fault rock 

permeability with displacement for an example of faults of varying displacement cutting a 

similar, low permeability, recrystallised host rock.  Low displacement: c.10 m, high 

displacement: c.100 m.  Box and whisker plots showing the minimum, maximum, 

interquartile and median values. 

 

Figure 12.  Optical photomicrographs showing host textures (A and C) and their respective 

fault rock textures (B and D).  A: Plane polarised light photomicrograph of a recrystallised 

mudstone host sample from Sala Consilia, Italy.  B: Plane polarised light photomicrograph of 
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the associated fault rock from shallow burial depth (<1 km), showing brittle microstructures.  

C: Plane polarised light photomicrograph of a recrystallised mud-wackestone host sample 

from Wadi Nakhr, Oman.  D: Crossed-polarised light photomicrograph of the associated 

fault rock from high depth of burial (>6 km), showing ductile microstructures.   

 

Figure 13.  Graphs showing the raw fault rock permeability and geometrically averaged fault 

rock permeability per lithofacies, per locality, with maximum depth of burial (A) and depth 

at the time of faulting (B).  

 

Table 1. Table summarising the key geological information of each main field locality.  

 

Table 2. Single and multiple regression summary table using three main variable inputs: host 

porosity, host permeability and depth of burial, to assess which variable or combination of 

variables have the most significant control on fault rock permeability, where the higher the 

R2 value and the lower the P-value, the higher the significance. 
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Locality Lithofacies Average 
Host 
Porosity, % 

Average Host 
Permeability, 
mD 

Displacement, 
m 

Kinematics Approximate 
Maximum 
Depth of 
Burial, m 

Approximate 
Depth at time of 
faulting, m 

Germany Recrystallised 1.05 0.00002 100 Normal 3120 3100 

Greece Grainstone 43 900 <1 Def bands 520 Unknown 

Italy; NW 
Sicily(a) 

Grainstone 47.5 2000 <1 Def bands 50 50 

Italy; NW 
Sicily(b) 

Recrystallised 0.5 0.003 1-10s Normal, Strike 
Slip 

1970 - 3100 200 - 2200 

Italy; SW 
Italy 

Recrystallised 6 0.001 50-5000 Normal, Strike 
Slip 

970 - 6290 390 - 3780 

Italy; 
Gargano 

Grainstone 38 2000 <1 Def bands 400 Unknown 

Maltese 
Islands 

Wackestone, 
Packstone, 
Algal Packstone 

33 
35 
13 

2 
50 
0.8 

<1 - 210 Normal, 
Oblique, Strike 
Slip 

300 - 1000 300 - 1000 

Oman Recrystallised 2 0.00001 28 - 50 Normal, 
Thrust 

3000 - 6000 Several 
kilometres, but 
uncertain 

UAE 
onshore 

Recrystallised 3 0.004 2 - 100 Normal, Strike 
Slip, Thrust 

1570 - 4100 1570 - 4100 

UAE 
offshore 

Wackestone, 
Packstone, 
Grainstone 

25 5 <1 - 20 Def bands, 
Normal 

2000 - 3500 Unknown 

UK Chalk 42 2.5 <1 Def bands 500 500 
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Variable Input Variable R2 Value P-Value 
Significance 

Summary 

Host Porosity Host Porosity 0.68 6.03E-08 Very High 

Host Permeability Host 
Permeability 

0.55 1.094E-05 High 

Host Porosity and 
Permeability 

Host Porosity 0.66 0.0033 Medium 

Host Porosity and 
Permeability 

Host 
Permeability 

0.66 0.68 Low 

Host Porosity and 
Depth 

Host Porosity 0.66 0.00015 Medium 

Host Porosity and 
Depth 

Depth of Burial 0.66 0.6 Low 

Host Porosity, 
Permeability and 
Depth 

Host Porosity 0.65 0.0018 Medium 

Host Porosity, 
Permeability and 
Depth 

Host 
Permeability 

0.65 0.69 Low 

Host Porosity, 
Permeability and 
Depth 

Depth of Burial 0.65 0.6 Low 

 

ACCEPTED M
ANUSCRIPT

 at Universitetet i Oslo on October 6, 2020http://pg.lyellcollection.org/Downloaded from 

http://pg.lyellcollection.org/



