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Abstract



Carbonate lithologies tend to have highly heteregeis and tortuous pore systems that are
created and/ or modified by diagenetic and tectprocesses following deposition. The
correlation between porosity and permeability irbcaate lithologies is often poor as a
result of their heterogeneous and complex poresystTo effectively predict permeability,

it is necessary to understand the processes thdifynpmre systems and quantify the impact
of these modifications on permeability. Using ogfrexposures of normal fault zones hosted
in carbonate lithologies on the Maltese Islands, $tudy documents the evolution of textures
in contrasting carbonate lithofacies (wackestopaskstones and pack/grainstones) across
two normal fault zones of varying displacemeantl0 and 100 m). The pore system
modifications associated with these textural charage quantified using image analysis and
point count methods, while porosity and permeabdite measured across the studied fault

zones using core plug porosimetry and permeamethniques.

The fault related processes that occur within #hdt zones are controlled by the primary
lithofacies and to a lesser extent the fault disgat@ent. Aggrading neomorphism is observed
within the damage zones in the grain supportedfities and is postdated by fracturing. In
the micrite supported lithofacies in the same dammes, aggrading neomorphism is
absent, but fracturing is prevalent. In the faolte; brecciation occurs in both lithofacies
within the 10 and 100 m displacement fault zondsleicataclasis is only active in the grain
supported lithofacies in the higher displacemeunltfzone. The mineralogical and textural
compositions of the primary lithofacies dictate gnecesses that occur in the fault zones.
These processes variably modify the pore systeih$iance control the temporal evolution
of permeability in the fault zones. Such observratioan help understand reservoir quality

distribution around fault zones in the subsurfas®=rvoirs.
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1 Introduction

Pore systems control the permeability of rocksdrbonate lithologies, the pore systems
reflect the depositional processes that form tlo& emd the diagenetic and tectonic processes
that modify it. Immediately following depositionepneability is higher in grainstones
compared to packstones and wackestones becaugeithgtones contain larger quantities of
connected interparticle macropores, while the packs and wackestones host less
macropores and are typically dominated by micropdree to the occurrence of lime mud
(Loucks, 2002; Lucia, 1995). Additionally, the pezaility in grainstones tends to increase
with increasing grain sizes and better sorting {&ut995). Hydrodynamism controls on the
guantity of lime mud, the grain size and the sgrand is hence a key depositional control on
permeability (Loucks, 2002). Melim et al. (2001 pwals that intraparticle macropores, such as
those hosted within foraminifera, do not signifitgrontribute to permeability due to their
isolated distribution. This indicates that the eommental conditions that promote the
development of a given faunal assemblage, sudglasand turbidity, also impose a

depositional control on permeability.

Due to their metastable mineralogical compositi@ashonate lithologies are prone to
significant diagenetic modifications following degition. These textural changes can
significantly modify the pore systems and drasljcahange the permeability. For example,
calcite cementation has locally and pervasiveljumad the primary interparticle macropore
volume in shoal and marginal shoal deposits ilNtagh E Member in Oman (Hollis et al.,
2010). As a result of this calcite cementation,aterage permeability decreases from

15.5mD to 2.84mD (Hollis et al., 2010). In simi&droal deposits in the Natih A and C



Members, non-fabric selective leaching of the siabl#lochems has created abundant vugs
and moulds; the pore system created by this dissolhas an average permeability of

324mD (Hollis et al., 2010).

In addition to diagenesis, tectonic stresses canpowit carbonate textures, modify the pore
systems and ultimately impact the permeabilityth&t field to basin-scale, tectonic stresses
can create a range of different structures inclgidiormal fault zones and fold and thrust
belts. This study uses outcrop exposures to uradetshe impact of normal faulting on the
evolution of permeability in carbonate lithologi&ormal fault zones are traditionally
characterised into architectural elements (e.ga€at al., 1996; Agosta and Aydin, 2006;
Mitchell and Faulkner, 2009). Caine et al. (199%d seferences therein) proposed a simple
model that categorises fault zones into a damage and a fault core. Damage zones are
networks of subsidiary fault related structures|uding small faults, veins, fractures,
cleavage and folds (Caine et al., 1996). Alterrdyivthey are defined as the areas
surrounding a fault in which the fracture densi#tyabove the background regional fracture
density due to the presence of fault related siratelements that are absent elsewhere
(Agosta and Aydin, 2006). Damage zones can be sgidledi into different architectural
elements based on the abundance and/or connedistyuctural features, such as fractures
(Agosta and Aydin, 2006; Micarelli et al., 2006xrlexample, Micarelli et al. (2006)
subdivide damage zones into intensely deformed APdnhd a weakly deformed (WDDZ)
according to the density and connectivity of fraetu The fault core can be composed of
single or multiple slip surfaces and a range dedént fault lithologies, such as carbonate
breccias, carbonate cataclasites, carbonate atelghages, secondary calcite cements, veins
and host rock lenses (Bastesen and Braathen, 203ter and Logan, 1987; Mitchell and
Faulkner, 2009; Sibson, 1977). The types of deftionahat occur within fault zones are a

function of porosity and primary lithofacies texduiFossen et al., 2007; Underhill and



Woodcock, 1987). For example, fractures form in fmwosity carbonates in the damage
zone of the Venere Fault Zone (Agosta et al., 200f)le in high porosity grainstones
deformation bands develop as a result of grairtiostacompaction and cataclasis (Rath et
al., 2011). Due to the creation of connected fr&ctietworks, damage zones tend to have
enhanced permeability relative to the protolithgléggosta et al., 2010; Caine et al., 1996;
Chester and Logan, 1986; Larsen et al., 2010)ekample, the creation of fractures in low
porosity carbonates in the Venere Fault Zone resulan increase in permeability relative to
the protolithology (Agosta et al., 2007). In thelfacore, cataclasis can cause pore systems to
collapse resulting in permeability decreases (Miltieet al., 2006; Tondi, 2007). Rath et al.
(2011) document porosity reductions of 20 to 30r# permeability decreases of 3 orders of
magnitude, compared to protoliths, as a resulraigotation, compaction and cataclasis in

grainstones from the Eisenstadt-Sopron Basin (fuatrd Hungary).

Due to diagenetic and deformation processes, catbdithologies have highly
heterogeneous and tortuous pore systems, which nresomplicated porosity-permeability
relationships and a poor understanding of the otstm permeability (Hollis et al., 2010;
van der Land et al., 2013). A key approach to wstdeding permeability in carbonates is to
document pore system characteristics (Anselmedkitdrerli, 1999; Budd, 2002; Melim et
al., 2001; van der Land et al., 2013). For exampleld (2002) documents textural and pore
system modifications associated with cementati@hcampaction in carbonate grainstones
to understand the evolution of permeability. Howewe studies have quantified the
evolution of pore systems according to fault dameg the associated diagenesis in
carbonate lithologies. This study characterisesitakchanges and the resultant pore system
modifications across outcrop exposures of two aaab®hosted normal fault zones on the

Maltese Islands to understand the spatial and temhpwolution of permeability in carbonate



lithologies according to fault damage and faulatredl diagenesis. Such an understanding can

be applied to subsurface reservoirs to improvervegequality predictions.

2 Geological Background

2.1 Stratigraphy

The Maltese Islands, which are located in the eéMediterranean (Figure 1 a and b), are
composed of a sequence of Oligo-Miocene shallovemtatpelagic carbonates (Buxton and
Pedley, 1989). The stratigraphy of the Maltesenlddas subdivided into four Formations
(Pedley et al., 1976) (Figure 1 c). This study &s&s on the two lowermost exposed
Formations: the Oligocene Lower Coralline Limest&oemation and the Miocene
Globigerina Limestone Formation (Figure 1 c). Tloavier Coralline Limestone Formation is
subdivided into four Members, which are, from otdesyoungest: 1) Il Maghlaq (Lcm), 2)
Attard (Lca), 3) Xlendi (Lcx) and 4) Il Mara (Lcinlembers (Pedley, 1978) (Figure 1 c).
The Lower Coralline Limestone Formation is domityaobmposed of coralline algae and
larger benthic foraminifera rich wackestones, paariss, pack/grainstones, grainstones,
floatstones and rudstones. The Globigerina Limestarmation is subdivided into three
members (Pedley et al., 1976), which are sepatatdérdground-conglomerate couplets and
include (from oldest to youngest) 1) Lower Globigar(Lgl), 2) Middle Globigerina (Mgl)
and 3) Upper Globigerina Limestone (Ugl) Membermsd|By et al., 1976) (Figure 1 c).
Bryozoa wackestones and packstones and planktor@mfniferal lime mudstones and

wackestones comprise the Globigerina Limestone Etom

2.2 Normal Fault Zones

The carbonates of the Maltese Islands are dissegtedrmal fault zones, which trend either
ENE-WSW or NW-SE and range in displacement fromesscentimetres to greater than

100 m. The normal fault zones are associated wéHPantelleria, Linosa and Malta Grabens,



which formed due to crustal extension in the fardlaf the Maghrebian-Apennine fold and
thrust belt (Figure 1 a), possibly related to eitt@ge-push/ slab-pull and or pull-apart
kinematics (Gatt, 2012). Major fault activity occenl from the Late Miocene onwards and,
despite the differing fault trends, it is thoughtie caused by a single phase of deformation

(Dart et al., 1993).
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Figure 1 - A) Simplified tectonic map of the cerltMediterranean region highlighting the location
of the Maltese Islands (based on Civile et al., @0B) Map of the Maltese Islands displaying the
location of the Ras ir Raheb Fault Zone and thetadfi@a Lines Fault Zone. The black filled circles
display the field localities used in this study. Cyrrelation chart displaying the Oligo-Miocene

lithostratigraphy of the Maltese Islands (basedPmuley et al. (1976) and Pedley (1978)).



This study focusses on two normal fault zonesdisstect the Oligo-Miocene carbonates: 1)
the Ras ir Raheb Fault Zone, which is an 11.7 mplaltement fault zone exposed on the
western coast of Malta at Ras ir Raheb (Figure dnlol)2) the Victoria Lines Fault Zone,
which is a c. 100 m displacement fault zone (Pedtegl., 1976), that crops out across Malta,
but is particulary well exposed on the northeasistat Madliena Tower (Figure 1 b). Michie
et al. (2014) classify the fault zones into arattiteal elements including the protolith, which
is undeformed and displays no fault related diagsnéhe weakly deformed damage zone
(WDD2), the fracture splay zone (also known asitibensely deformed damage zone,

IDDZ) and the fault core. The WDDZ presents elegidtacture intensities and densities
compared to the protolith, while the the fractyskag zone, which is positioned within the
hanging wall (HW), is bound by fault surfaces asidharacterised by the highest fracture
intensities and densities within the fault zonede et al., 2014). The fault core, which is
distributed along slip surfaces, is the zone wiigeemajority of the fault deformation is
accommodated; the fault core incorporates faloldgies such as breccias, cataclasites and

gouges (Michie, 2015).

3 Methodology

3.1 Sample Database

67 oriented rock samples were collected acroski¥ueprincipal slip surface (PSS) and the
footwall (FW) of the Ras ir Raheb (34) and Victoiaes (33) fault zones. HW samples are
henceforth annotated as negative distances fror@$8& whereas positive distances

represent FW samples.

The rock samples were collected at semi-regulervats away from the PSS in selected
horizons in the Lower Coralline Limestone and Gi@loina Limestone Formations in

contrasting lithofacies. The sampling included ¢beplete range of architectural elements



(e.g. Michie et al., 2014) and fault textures ia tault zones. As a result of weathering
patterns on cliff faces and a lack of suitable exjpe, the sampling was not conducted at
regular intervals away from the PSS. 140 core plugie prepared from the 67 rock samples
to conduct petrophysical analyses. Multiple corggplwere taken from the same rock sample
where possible to assess the sample heterogeneity.

3.1.1 Sample Subset

A subset of 29 rock samples was selected fromdahgptete sample database for
petrographic analyses and pore system charactensating image and point count
methodologies. The subset included 14 samples tinenRas ir Raheb Fault Zone, 13
samples from the Victoria Lines Fault Zone and @ittmhal undamaged samples. The subset
samples incorporated all architectural elementkiwithe two fault zones, as well as all the

observed fault textures.

A total of 87 thin sections were prepared fromghmple subset, including three orthogonal
thin sections per sample (for the 29 samples irstiiset). Orthogonal thin sections were

prepared to assess textural heterogeneity andsgstem anisotropy and heterogeneity.

3.2 Field Survey

Sedimentary logging techniques were used to clexiaetthe protolith lithofacies, while
geological mapping techniques were used by Michad.€2014) to define the architectural
elements and hence fault architecture in the twili faones. Fracture analysis was conducted
at regular intervals perpendicular to the strikeacth fault zone to characterise fracture
patterns, in particular the variation in fractuendity. Fracture density is the mean number of
fractures per unit area; fracture density was daled using a circular scanline approach by
counting the number of fracture endpoints in autacwindow of a given area (Mauldon et

al., 2001).



3.3 Petrographic Analysis

In order to understand the fault damage and didgem®cesses that have occurred in the
two fault zones, as well as their relative timipgirographic analysis under transmitted-light
was undertaken on the 87 thin sections correspgridithe 29 samples in the subset. The
thin-sections were prepared to a standard sizey3") and thickness (30um) and were

impregnated with blue-dyed epoxy resin to qualriti characterise the pore systems.

3.4 Petrophysical Analysis

3.4.1 Helium Porosimetry
A Coberly-Stevens porosimeter was used to quahiEporosity on the 140 core plugs

corresponding to the 67 rock samples in the cora@emple database. The core plugs were
1”7 in diameter and varied in length typically beemel and 2”; the short core plug lengths
(i.e. 1”) resulted from the breakage of core pldgs to relatively poor cohesion, notably

within the Globigerina Limestone Formation.

He-porosity was derived from the grain volurig, and the bulk volumeé/,, of the core plug
(Equation 1). The grain volume was calculated lpgating a known helium volume at a
given pressure into the core plug and applying 8sylLlaw, which states that, at a constant
temperature, the pressure of a given amount oivgbmcrease as the volume that the gas

occupies decreases. The bulk volume was calculstedeasuring the dimensions of the core
plug.

Equation 1

v, -V
b9 %100

b (%) =

b

The He-porosity measurement was repeated thres foneach core plug. The standard

deviation was then calculated to assess the expetaherror; where the standard deviation



revealed a high degree of variability between #peated porosity measurements, the
porosity was repeated to validate the accuracy.Hdyporosity value quoted in this study is
the arithmetic mean of the three porosity measunésne

3.4.2 Nitrogen Permeametry

A Jones Nitrogen Permeameter was used to quateidylg-state permeabilities on the same
140 core plugs in which He-porosity was measuréesé core plugs correspond to the 67

rock samples comprising the complete sample dagabas

3.4.2.1 Permeability Calculation: Darcy’s Law

According to Darcy’s Law (equation 2), the permégb(k) of a rock is a function of the
flow rate @), the fluid viscosity i) (0.0176 cP for Blat room temperature), the cross
sectional areaa) and the pressure droBi{ - Pou) over a given flow length). Steady-state
permeabilities were calculated by measuring the fiate of nitrogen through the core plugs
using a Jones Nitrogen Permeameter at ambient tatape and pressure. Flow rates were
measured by two techniques depending on their ramiThe built-in flowmeter technique
was used to measure flow rates of greater tharbOdi3, while the travelling meniscus
flowmeter was used to measure flow rates of less €h025 ml/s and greater than 0.0001
ml/s. The measured flow rate was applied to Darcy’s Lawaiculate the core plug
permeability (Equation 2). This technique accusateéasures permeabilities as low as c.

0.0001mD.

Equation 2

2xqxux(l/a)
F)inz' l:)outz

k (mD) =

Gas slippage on the pore walls can increase gasepenetry measured permeability

compared to the true permeability of other flusis;ch as oil (Klinkenberg, 1941; Tanikawa



and Shimamoto, 2006). To address gas slippagegftee Klinkenberg correction was

applied to the calculated permeabilities.

3.5 Pore System Characterisation

3.5.1 Image Analysis
3.5.1.1 Workflow
Image analysis of backscatter electron (BSE)-SEbtgrhicrographs was used to quantify

pore sizes in 29 subsetted samples using the matyydoutlined in Haines et al. (2015).

Photomicrographs were systematically acquired wliémtical brightness and contrast values.
The selected brightness and contrast values botirately represented the pore system and
provided a significant level of contrast betwees pihases of interest (porosity and rock). A
minimum of six BSE-SEM images of equal magnificatiwere acquired and stitched
together to create pore system images. This apiprer@abled the imaging of pores with
diameters ranging from less than 0.5 um to grehtar 1000 um. Three different pore
system images were collected for each thin se¢botiom, centre and top). The image
acquisition workflow was repeated on perpendicylariented thin sections in each sample
to allow the quantification of pore sizes in thoemensions. Consequently, the pore sizes in
each sample were quantified from nine pore systeages, comprising a minimum of 54
individual BSE-SEM photomicrographs. This numberassistent with the quoted number
of 15 to 30 fields of view required for represeiM@aimage analysis porosity quantification

(Ehrlich et al., 1991; Solymar and Fabricius, 1999)

The pore system images were composed of greysixais pvhich were subdivided into two
phases: 1) the pore phase, represented by blag&ogite values and 2) the rock phase,

represented by any greyscale value except thosedh@&spond to black. Using image



analysis software (ImageJ), the greyscale poresyshages were converted into binary
images of the rock and pore phases by systemagishblding. Pores intersecting the edges
of the binary pore system images were removed Isecsuch pores incompletely represented

the field of view and provided artefact pore sizes.

3.5.1.2 Pore Size Descriptors

Using ImageJ, pore sizes can be measured by dyafidifferent descriptors such as the
Feret diameter or the major axis of a fit ellipRagband, 2014). This study used the Feret
diameter pore size descriptor to describe poressiddee Feret diameter of a pore is the
longest distance between any two points on the lpowadary. It is measured by rotating the
pore 360 around its centre point and measuring the distart@een the pore boundary at 0

and 180 ° for each step of the rotation; the Faigeneter is the largest measured distance

In this study, pore sizes were subdivided intoghalasses: micro, meso and macro pore
sizes. The micro pore size class includes all pargsa Feret diameter of less than 10 um.
The meso pore size class includes all pores witerat diameter between 10 and 100 um and
the macro pore size class includes all pores withrat diameter of greater than 100 um. The
fraction of each pore size class comprising a sangpinultiplied by the average He-porosity
in the corresponding sample to quantify the amo@ipbrosity associated with each pore size
class.

3.5.2 Point Count Analysis

Point count analysis was used to quantify poredyp&9 subsetted samples The point count
methodology employed in this study utilized highateition optical photomicrographs of full
thin sections to systematically count pore typdwe thin sections used for the point count
analysis correspond to the same thin sectionsingé@ petrographic and image analysis and

to the same samples from which petrophysical aralygere conducted. The optical



photomicrographs were fixed to equal dimensionsraadlution. A square mesh of dashed
lines of equal dimensions was centred over thetaach full thin optical photomicrograph.
Every pore that intersected the mesh was countgavaighted according to the number of
dashes intersecting its length. In the majoritinstances, this methodology counted in
excess of 300 points, which is in line with the tpabnumber of points (250 - 300) required
for statistically significant results (Tucker et,dl988). In the instances where less than 300
points were counted, the porosity tended to be l@vy To increase the statistical significant
in such instances, multiple thin sections fromdhme sample were analysed. Similarly, if
significant textural heterogeneity was apparentvben different thin sections in the same
sample, multiple thin sections were analysed. Tdta  presented as dominant pore types;

dominant pore types are defined as those withitjieebt occurrence in a sample.

3.5.2.1 Pore Type Terminology

Pore types were classified according to porosagsification systems of Langy (2006) and
Choquette and Pray (1970). Pore types were sulativitto eight categories according to
sedimentological, diagenetic and damage texturaladteristics. The categories included
intergranular, intragranular, intercrystalline, nstahe microporosity (matrix), mouldic,
vuggy, fracture and breccia (Choquette and PragQ;1Bgngy, 2006). For the purposes of
this study, mudstone micro pore types of Langy §2@0de re-named as matrix pore types to
avoid confusion with the image analysis derivedcepgize data. Matrix pore types are defined
as pore types which are too small to be accurateyacterised by point counting techniques
but are visible under optical microscopy. All otlpare types definitions used in this study
are identical to those of previous pore type cfasgions (Choquette and Pray, 1970; Langy,

2006).

4 Results



4.1 Protoliths

Lithologies that have neither experienced fault dgennor fault related diagenesis are
defined as protoliths in this study. To understdredimpact of fault damage and fault related
diagenesis on permeability, it is necessary to ¢insrracterise the depositional and diagenetic
textures of the protoliths.

4.1.1 Depositional Textures

Two contrasting protoliths are tracked across thé, IRSS and FW of the Ras ir Raheb Fault
Zone; these protoliths correspond to stratigrapbitzons within the || Mara Member (Lcim)
of the Lower Coralline Limestone Formation and Mheddle Globigerina Limestone Member

(Mgl) of the Globigerina Limestone Formation (Figur c).

Il Mara Mbr (Lcim) Middle Globigerina Limestone Mbr (Mgl)

RO AL b ST TR . .
Reworked bioclasts such as benthic
foraminifera e.g. Heterostegina
@ - BECTA T T -

Coralline Ige Pac
Grainstone (CAP/G)

Wackestone (PFW)




Figure 2 - Optical photomicrographs (PPL) of thetmliths studied in the Ras ir Raheb and
Victoria Lines fault zones. Ras ir Raheb Fault ZoAg the reworked bioclastic packstone (RBP)
lithofacies in the Lcim (see Figure 1 c) and B) glanktonic foraminifera wackestone (PFW)
lithofacies in the Mgl. Victoria Lines Fault Zon€) the coralline algae packstone/grainstone
(CAP/G) lithofacies in the Lcx and D) the planktorforaminifera wackestone (PFW) lithofacies in

the Lgl.

The stratigraphic horizon studied in the Lcim ie@orked bioclastic packstone (RBP)
comprising heavily reworked larger benthic forarféra, such akepidocyclinaand bryozoa
in a micritic matrix (Figure 2 a). In the Mgl, tlséudied stratigraphic horizon consists of a
planktonic foraminifera wackestone (PFW) wtobigerinaand fine bioclastic debris in a

micritic matrix (Figure 2 b).

Similarly, two contrasting protoliths are trackedass the Victoria Lines Fault Zone
corresponding to stratigraphic horizons in the Midlember (Lcx) of the Lower Coralline
Limestone and the Lower Globigerina Limestone Menghgl) of the Globigerina
Limestone Formation. The stratigraphic horizonscang tracked across the FW or HW of
this fault zone and not both due to the limitedcoap exposure. The studied stratigraphic
horizon in the FW, which is a pack-grainstone cosgabof geniculate coralline algae and
miliolids (Figure 2 c), corresponds to the Lcx. Fhthofacies is termed the coralline algae
pack/grainstone (CAP/G). In the HW, the studiedtgjraphic horizon corresponds to a
wackestone consisting of planktonic foraminiferd &éne bioclastic debris in a micritic
matrix (Figure 2 d). This lithofacies unit is terdnhe planktonic foraminifera wackestone
(PFW), however, unlike in the Ras ir Raheb Fauh&dhis lithofacies corresponds to the
Lgl rather than the overlying Mgl (Figure 1 c).

4.1.2 Diagenetic Modifications

The diagenetic modifications that occur directlyratirectly as a response to faulting can

only be differentiated from those diagenetic preesshat occur prior to faulting by



documenting the diagenetic history of the protslitAcross the Maltese Islands, the
diagenetic alteration of the Lower Coralline Linwest and Globigerina Limestone

Formations is limited by shallow burial of the seénts (up to 300 m; Bonson et al., 2007).

¥ Vatrix replacive
dolomite

g )

Figure 3 - Optical photomicrographs (PPL) of themdoant diagenetic phases that occurred prior to
faulting within the protoliths. A) Bladed calcitement and mouldic porosity created by the first
phase of fabric selective dissolution. B) Equaricita cement. C) A vug formed by non-fabric

selective dissolution. D) Matrix replacive dolomite

The diagenesis is dominantly characterised by nuatmte cementation and minor
dissolution (Figures 3 a-c), however, very rardyeaplacive dolomite is also observed in

the Mgl only (e.g. PFW lithofacies; Figure 3 d).



Table 1 - Summary of the lithofacies units and esponding stratigraphic horizons (see Figure Iragked across the Ras ir Raheb and Victoria Lines

fault zones.

Fault Zone L ocation Formation M ember Lithofacies unit Notation
Globigerina | Middle Globigerina| Planktonic Foraminiferal
Ras ir Raheb Fault HW and FW Limestone Limestone (Mgl) Wackestones PFW
Zone
(displacement = Lower
11.7:m) HW and FW Coralline Il Mara (Lcim) Reworked Bioclastic RBP
X Packstones
Limestone
HW Globigerina | Lower Globigerina| Planktonic Foraminiferal PEW
Victoria Lines Fault Limestone Limestone (Lgl) Wackestones
Zone
(displacement = c. Lower
100 m) FW Coralline Xlendi (Lcx) Coralline Algae Pack/ | - p/g
: Grainstones
Limestone




Three minor phases of calcite cementation are eéfiiased on their crystal habit: 1) fibrous,
2) bladed (Figure 3 a) and 3) equant (Figure 3ha& three phases have been linked to
marine, meteoric and shallow marine burial fluidspectively (Knoerich and Mutti, 2006)
and are both pore lining (Figure 3 a and b) andasyal on echinoderm fragments. Three
separate phases of minor dissolution have also ideetified (Figure 3 a and c). The first
two phases of dissolution are fabric selective lzank created mouldic pores (Figure 3 a).
These dissolution phases are particularly prevatetitose stratigraphic units that contain
susceptible aragonitic skeletal fragments, sudha&cim (e.g. RBP lithofacies; Figure 3 a).
The final dissolution phase is non-fabric selectwe has created vugs (Figure 3 c¢). This
dissolution phase, which is the most volumetricalbnificant, is likely to be occurring in the

modern meteoric environment.

The different calcite cement and dissolution phasesubtly more volumetric in the grain
supported lithofacies in the Lower Coralline Limms Formation (e.g. the RBP and CAP/G
lithofacies) compared to the micrite supporteddiities in the Globigerina Limestone

Formation (e.g. PFW lithofacies).

4.2 Ras ir Raheb Fault Zone

This section and the following sectioch 3 Victoria Lines Fault Zonelescribe the
architecture, as well as the field and microscaldtirelated deformation and diagenesis in
the two fault zones. Porosity and permeabilitylemeed to the architectural elements, while
pore systems changes across the fault zones direedut

4.2.1 Fault Architecture

The Ras ir Raheb Fault Zone is subdivided intoglarehitectural elements: 1) the fault core,
2) the fracture splay zone and 3) the weakly deéafslamage zone (WDDZ) (Michie et al.,

2014).



The fault core is characterised by discontinuousds of breccia, which are located adjacent
to the PSS on the HW side only (Figure 4). The @ieelenses are up to 0.6 m in thickness
and originate from the RBP (Figure 4 b) and the AfNdfacies (Figure 4 c), however,

larger quantities of breccia have developed irRB® lithofacies. Mosaic brecciast.(
Woodcock and Mort, 2008), which originate from RBP lithofacies and are composedof
65 % breccia clasts, have developed in the disgoatis lenses (Figure 5). The discontinuous

breccia lenses in the PFW lithofacies were not $athguccessfully in this study.
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Figure 4 - An overview of the fault architecturetime Ras ir Raheb Fault Zone. A) A field
photograph of the Ras ir Raheb Fault Zone, highiigihthe slip surfaces and the studied
lithofacies. Field photographs of breccia lense8)rthe RBP lithofacies and C) PFW lithofacies.

D) A fracture density transect across the faulteomthe PFW lithofacies displaying the fault



architecture. The positions of the breccia lenslestpgraphs and the fracture density transect are
displayed in A.

Open fractures observed within the fracture sptayezand WDDZ. The fracture splay zone,
which is located within the HW only and is boundtbg PSS and a subsidiary slip surface
(SSS), displays fracture densities greater tharnd@QFigure 4 a and d). The fracture splay
zone is developed in both the RBP and the PFWféithes and is 5-6 m wide in this fault
zone (Figure 4 d). The WDDZ is observed within H\& and FW of the fault zone
surrounding the fracture splay zone; the fractemesities in the WDDZ are typically 1007m

or less (Figure 4 d).

cia clast ®

RBP lithofacies el

Figure 5 - Optical photomicrograph (PPL) of a mashieccia that is found within lenses on the

PSS; this breccia originates from the RBP lithoéaci

4.2.2 Porosity and Permeability
Porosity and permeability are subdivided accordmtipe lithofacies and the fault

architectural element in the Ras ir Raheb Faulted®iigure 6). In the RBP lithofacies, the
protolith porosity ranges from 9 to 23%, while ermeability varies from less than 0.01mD

to 200mD (Figure 5 a; green shading). In the faatte, the porosity and permeability in this



lithofacies are either comparable or are less thamrotolithology; porosity is typically 10%
(Figure 6 a). The porosity is particularly low hetbrecciated fault core, i.e. less than 4 %,
while in the fracture splay zone and WDDZ, the pdyoranges from 3 to 14%. The
permeability in the fault zone can exceed 10mD, dxw, it is typically less than 0.01mD
(Figure 6 a). Additionally, there are no clear peafnility trends according to the fault
architectural element. In the PFW protolithologgrgsity ranges from 26-36 % and
permeability is between 0.1 and 2mD (Figure 6 d;gleading). In the fracture splay zone and
WDDZ, the porosity and permeability are comparailare subtly less than the

protolithology range, while in the fault core, psity can be reduced to 6 % and permeability

to 0.004mD (Figure 6 b).
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Figure 6 - Cross plots of porosity-permeability diddded according to the protolith lithofacies and
the fault architectural elements in the Ras ir RaRault Zone: A) RBP lithofacies and B) PFW

lithofacies.

4.2.3 Fault Related Diagenesis

In the RBP lithofacies, cryptocrystalline to finalgystalline calcite cements replace the
primary micrite and bioclastic fragments, such g®boa, in the fault core, fracture splay
zone and the WDDZ, up to distances of 12 m fromR8& (Figure 7 a and b). The

cryptocrystalline to finely crystalline calcite hiasegular, curved and embayed



intercrystalline boundaries (Figure 7 b), which imdicative of neomorphic cements

(Bathurst, 1975).
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Figure 7 - Optical photomicrographs (PPL) displayithe key fault related diagenetic processes in

PFW lithofacies in the HW and
FW of the Ras ir Raheb FZ
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the RBP and PFW lithofacies across the Ras ir Rdfellt Zone. The photomicrographs are



annotated with the fault architectural element imieh they are recorded. RBP lithofacies: A) and
B) neomorphic calcite cement and C) neomorphic agneeoss cut by fractures that are occluded by
calcite cement. PFW lithofacies: D) no discernitdelt related damage or diagenesis, E)
microcrystalline calcite cementation of the mataixd F) fractures crosscutting the cemented

matrix.

Two generations of fractures cross-cut, and hens&dpte, the neomorphic cements in the
fracture splay zone and the WDDZ. Both fractureggations have wide, irregular apertures
and are associated with vugs (Figure 7 c). Catagteentation has occluded the earlier
generation of fractures (Figure 7 c), whereasdker Igeneration remains open. In the fault
core, brecciation postdates the neomorphic cementgigure 5). The matrix created by the

brecciation is pervasively occluded by cryptocrijia calcite cements.

In the PFW lithofacies, no fault related diagenésisbserved within the fracture splay zone
or the WDDZ at distances of greater than 0.3 m (8r@m; negative distances equate to HW
samples) from the PSS (Figure 7 d). In lenses erP®S (i.e. -0.05 m into the HW), the
matrix and primary pore volume are occluded by togyystalline calcite cements (Figure 7
e). The occluded matrix is cross cut by fractundgch have a blue-green microporous halo
that is indicative of minor dissolution (Figure)7 The fracture walls are lined by minor
calcite cements (Figure 7 f).

4.2.4 Pore Systems

The spatial variation of pore sizes and pore tygmesss the Ras ir Raheb Fault Zone in the
studied lithofacies is displayed in figure 8. Gextlgr the pore volume composed of macro
and meso pores decreases from the protolithshetéault zone (Figure 8 a and b). In the
RBP lithofacies, this pore volume decreases ingteps into the fault zone; at distances of
approximately 12 m from the PSS (i.e. within the BBA) and in the fault core (Figure 8 a).

Conversely, in the PFW lithofacies the decreagbenmacro and meso pore volume is



restricted to the fault core only; in the damageezm the HW and FW, the macro and meso

pore volumes are approximately comparable to tbeofith in this lithofacies (Figure 8 b).
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Fig 8 - Graphs displaying the variation in macralaneso pore volume (i.e. pores greater than
10um in diameter) and pore types in the A) RBPdftities and B) PFW lithofacies across the Ras
ir Raheb Fault Zone. Negative distances from th& RB8rrespond to HW samples, whereas positive
distances represent FW samples. The pore volumeoseed of macro and meso pores is quantified
using image analysis (see 3.5.1 Image Analysis)lemihe quantity of the different pore types are

estimated using point count analyses (see 3.5.atR@dunt Analysis).

In the RBP lithofacies, the protoliths are domitaobmposed of vuggy and matrix pore
types. The pore volume composed of vuggy and mptie types decreases into the fault
zone, while small quantities of mouldic and fraetpore types are formed (Figure 8 a).
Generally, there is no significant change in theeggpe composition in the PFW lithofacies
across the Ras ir Raheb Fault Zone, except in taudt, where the primary pore types are

significantly reduced and fracture pore types aeated (Figure 8 b).

4.3 Victoria Lines Fault Zone

4.3.1 Fault Architecture
Similar to the Ras ir Raheb Fault Zone, three &echiral elements are observed in the

Victoria Lines Fault Zone (fault core, fractureapkone and WDDZ). The fault core in this
fault zone comprises breccias and cataclasites.c@aite is observed within a discontinuous
lens, up to 0.5 m in thickness that is located@atjato the PSS in the FW only (Figure 9 b).
The cataclasites are composed of cataclased graihe CAP/G lithofacies (Figure 10 a).
Breccia lenses that are 3 m in thickness and arerdgmtly composed of the PFW lithofacies
are observed adjacent to the PSS in the HW (Fi@lxe These breccias can contain mm-
scale, rounded clasts of the PFW lithofacies hosidin a matrix comprising cataclased
CAP/G grains (Figure 10 b). A discontinuous lengm@ccia is also observed in the FW
adjacent the cataclasite (up to 1m from the P3®)reccia is characterised by cm-scale

CAP/G clasts, which comprise 85 % of the fault rackl hence define a crackle breccia type



(Figure 10 cgf. Woodcock and Mort, 2008). In the HW, discontinsidweccia lenses
originating from the PFW lithofacies are observdgheent to subsidiary slip surfaces, most
abundantly at distances of less than 5 m from &®;Bhese breccias are also composed of
cm-scale clasts and correspond to crackle, mosaiclaaotic breccia types (Figure 10cd;

Woodcock and Mort, 2008).
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Figure 9 - An overview of the fault architecturetime Victoria Lines Fault Zone. A) Field
photograph of the fault zone, highlighting the séiprfaces and the studied lithofacies. B) Field
photograph of the fault rocks surrounding the P&®reccia lens in the PFW lithofacies (in the

HW) and a cataclasite lens in the CAP/G (in the F@) Field photograph of a breccia lens in the



PFW lithofacies (in the HW). D) A fracture densiiyansect across the Victoria Lines Fault Zone

displaying the fault architecture. The positionstioé fault rocks are displayed in A.
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Figure 10 - Optical photomicrographs (PPL) of fatdtks in the Victoria Lines Fault Zone: A)
Cataclasite in the FW adjacent to the PSS (CAP{kofiacies; see Figure 9 b), B) breccia in the HW
adjacent to the PSS (PFW lithofacies; see Figubg, &) crackle breccia in the FW (CAP/G

lithofacies) and D) chaotic breccia in the HW (PHi¥ofacies).

Open fractures are observed within both lithofaele®ss the fault zone (Figure 9 d).
Fracture densities are higher in the PFW lithofaanethe HW of the fault zone compared to
the CAP/G lithofacies in the FW (Figure 9 d). Frample, fracture densities of 100°rare
recorded in the CAP/G lithofacies adjacent to tB&Pwhereas in the PFW lithofacies
fractures densities of 300 hare observed adjacent to the PSS (Figure 9 d)hiGher

fracture densities in the PFW lithofacies corresptinfracture splay zone, which is only



developed in the HW (i.e. only in the PFW lithots). The fracture splay zone extends in
excess of 50 m into the HW, although the precisiiwof this damage zone remains
unquantified due to the limited field exposure (Meet al., 2014). It is expected that a major
slip surface bounds the fracture splay zone ande®the transition into the WDDZ (Michie

et al., 2014).

In the FW, the relatively low fracture densitiaghe CAP/G lithofacies correspond to the
WDDZ (Figure 9 d). In this architectural elememgdture densities rapidly decreases away
from the PSS, although fractures are recordedsétmttes of greater than 12.8 m from the
PSS (Figure 9 d). Like the fracture splay zondenHW, the width of the WDDZ is
unknown due to the limited fault zone exposure.

4.3.2 Porosity and Permeability

Figure 11 displays the porosity and permeabilityictoria Lines Fault Zone organized
according to lithofacies and fault architectur@meénts. In the CAP/G protolith, the porosity
varies between 10 and 35 %, while the permealiditypically between 10 and 100 mD
(Figure 11 a; blue shading). In the WDDZ, the payosnd permeability are either
comparable or slightly reduced compared to thegtitbt although permeability can be
greater than 1000mD (1240mD; Figure 11 a). In #udt fcore originating from the CAP/G
lithofacies, porosity is between 2 and 12 %, altiguypically it is less than 5 %, while

permeability ranges from 0.0001 to 44mD (Figureall

Due to sampling constraints, the protoliths of &V lithofacies were not sampled,
however, based on core plugs that display no tauttage or fault related diagenesis, the
protolith porosity and permeability are assumebda. 30 % and c. 10 mD respectively
(Figure 11 b, red shading). In the corresponditigpfacies in the fracture splay zone and

fault core, porosity and permeability are variat@dgluced compared to the protolith; the



porosity varies between 1 and 25 % whereas thegadility ranges from 0.0001 and 10 mD

(Figure 11 b).
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Figure 11- Cross plots of porosity-permeability dibdded according to the protolith lithofacies and
the fault architectural elements in the Victorianks Fault Zone: A) CAP/G lithofacies and B) PFW

lithofacies.

4.3.3 Fault Related Diagenesis

In the CAP/G lithofacies, the micritic matrix anmbtlasts are replaced by cryptocrystalline
to medium crystalline calcite cements (Figure Hhd b). These cements are considered to
be neomorphic in origin based on the following eleéeristics (Bathurst, 1975; Tucker et al.,
1990): 1) the irregular crystal size distributigfggure 12 b), 2) the presence of embayed and
irregular shaped bioclastic debris floating wittiie calcite cements (Figure 12 b) and 3) the
relict grains that are replaced with increasingitalcrystal sizes (Figure 12 a). The
neomorphic cements are observed throughout the Wid2&ver, they increase in
abundance towards the PSS; they are patchilyluliséd at distances of 12.8 m (from the
PSS), whereas at distances of 7.9 m or less, traarphic cements are pervasive (Figure 12
a and b). The neomorphically cemented matrix isszot by vugs (Figure 12 ¢ and d), which
are observed throughout the WDDZ (see Figure 14¢.viuggy porosity is commonly

associated with dissolution enhanced fracturesicpdarly at distances of less than 2.2 m



from the PSS. Vuggy and dissolution enhanced fragtares are lined with finely to

coarsely crystalline, calcite cements (Figure Baa d); these cements line vugs at distances
of up to 7.9 m from the PSS (in the WDDZ), howevkey are most abundant in a zone that
extends from the PSS to 2.2 m into the FW. In ¢hdtfcore, at distances of 0.3 m from the
PSS, fault breccia clasts, which are composed ahephic cement, are fringed by calcite
cements and crosscut by vugs that are lined bytea@lements (Figure 12 d). In the fault core
adjacent to the PSS, fractures that are enhancdbgiution, cross cut the cataclasite

(Figure 10 a) and neomorphically cemented matrices.
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Figure 12 - Optical photomicrographs (PPL) displayithe key fault related diagenetic processes in
the CAP/G lithofacies in the FW of the Victoria leis Fault Zone. A) and B) matrix and allochems

are replaced by neomorphic cement. C) dissolutias ¢reated vuggy pores in the neomorphically



cemented matrix; the vugs are lined with calciteneats. D) breccia clasts composed of

neomorphic cements are crosscut by vugs and amgdd by calcite cements.

In the fracture splay zone at distances of grahtar -5 m from the PSS, fault related
diagenesis in the PFW lithofacies is limited tosdisition, which is focussed along fractures.
At distances of -5 m or less from the PSS, pedagabirics, including root moulds, alveolar
septa textures, peloidal textur®icrocodium root petrifications and laminar
cryptocrystalline cements are commonly hosted withrisurrounding fractures or fault
brecciated matrices (Figure 13 a). The pedogetidds are considered to have formed after
the onset faulting due to their occurrence witmd aurrounding these fault related structures
only. Fault breccia clasts are replaced by cryptstatline calcite cements at distances of less
than -5 m in the fracture splay zone, (Figure 18 &nd d). The cryptocrystalline calcite
replacement is typically pervasive at the edgeaaftfbreccia clasts but decreases into their
centre; this trend is shown by an increase in teegyvation of planktonic foraminifera from
the edge (Figure 13 c) to the centre of clastsuiieig.3 d). This replacement cementation is

thought to be related to the pedogenesis (Araled2)L

In the fault core adjacent to the PSS (see Figurg fare syntaxial calcite veins, which are
approximately 4 to 5 mm in width, are observed (Fégl13 e). The calcite veins contain wall
rock inclusions, which are indicative of a craclasevolution (Bons et al., 2012). In areas
adjacent to the calcite veins, relict pedogenitues, such as root casts, and irregular shaped
peloids are observed floating within a cement matvhich is composed of radial, fibrous

and inequigranular, xenotopic calcite (Figure }3The habits and coarse crystal sizes of
these replacive cements are characteristic of ngamocalcite (Bathurst, 1975). Fractures

that are enhanced by dissolution, cross cut thenogghically replaced matrices.
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Figure 13 - Optical photomicrographs (PPL) dispteyihe key fault related diagenetic processes in
the PFW lithofacies in the HW of the Victoria Lin€gult Zone. A) pedogenic features, such as root
moulds and tubules, in a breccia matrix. B) a bre@adast replaced by cryptocrystalline cement. C)
the edge of the breccia clast shown in B with ppgneserved planktonic foraminifera in a

cryptocrystalline matrix. D) the centre of the beecclast shown in B with well-preserved



planktonic foraminifera in a cryptocrystalline mixtrE) calcite vein with wall rock inclusions. F)

inequigranular, xenotopic neomorphic cements reiplg@ possible root cast and peloids.

4.3.4 Pore Systems
Figure 14 displays the spatial variation in pomesiand pore types across the Victoria Lines

Fault Zone. The pore volume composed of macro agmbmores generally decreases from

the protoliths through the damage zones and idatlt core in both lithofacies (Figure 14).

In the CAP/G lithofacies (in the FW), the total pamolume composed of macro and meso
pore sizes decreases from 21-28 % in the prosaidla minimum of 11 % in the WDDZ and
to c. 2 % in the fault core (Figure 14). Similaiily the PFW lithofacies (in the HW), 25 %
total porosity is composed of macro and meso piaes $n the assumed protoliths, while in
the same lithofacies in the fault core, macro aedapore sizes only comprise 3-5 % total
pore volume (Figure 14). This decrease is localisatistances of 2 m or less from the PSS
in the PFW lithofacies (i.e. fracture splay zond &ault core), while in the CAP/G

lithofacies, a gradual decrease is observed thimutghe WDDZ (Figure 14).

There is a transition from pore systems dominategrimary pore types in the PFW and
CAP/G protoliths to pore systems dominated by seéagnpore types into the fault zone
(Figure 14). In the CAP/G lithofacies, intergramuad matrix pore types are occluded ,
while vuggy, fracture and mouldic pore types aeated in the WDDZ at distances of 12 m
or greater from the PSS (Figure 14). A similar $fian from primary pore types
(dominantly matrix and intragranular pores) to setary pore types (mouldic, vuggy and
fracture pores) is observed within the fractur@agpone and fault core in the PFW

lithofacies, however this change is localised tthimi4 m of the PSS in this lithofacies.
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5 Discussion

5.1 Textural Evolution

A range of diagenetic and deformation processeslaserved within the Ras ir Raheb and
Victoria Lines fault zones. In order to understaémel evolution of permeability across the
fault zones, it is first necessary to understaredatocesses that modify the textures and the

controls on these modifications.

In both the studied fault zones, neomorphic cemam®bserved within the packstone
(Figures 7 a, b and c) and pack-grainstone lithegag~igure 12 a and b) within the damage
zones. Timing relationships suggest that thisefittst fault related process that has affected
these lithofacies. Neomorphic cements are resutt the process of aggrading
neomorphism, which is the transformation of mictdemicrospar (Bathurst, 1975). This
process is common in the rock record (Caron andadel2009; Dorobek, 1987; Maliva and
Dickson, 1992); its occurrence within the carborss@iments of the Maltese Islands would
be unsurprisingly and yet, it is largely absentrfrinese sediments, except within and
surrounding fault zones in the grain-dominatecfitities. Aggrading neomorphism is likely
to have resulted from early fault stresses in tiesgnce of diagenetic fluids, which
considering the shallow burial of the sedimentshenMaltese Islands (Bonson et al., 2007)
could originate from marine, meteoric or shallowiélfluids. This process has not been
previously recorded as a fault related proceskaatithor’'s knowledge, however a variety of
similar processes are documented. Matonti et @LZPdocument calcite cements in grain
supported carbonate lithofacies surrounding thegllas Fault Zone in the southeast of
France. In the Castellas Fault Zone, the cemeatp@e filling and originate from CaGO

rich fluids derived from fault related pressureusion. Similar pressure solution driven

cementation processes are observed in micriticocaties and chalks around fault zones



(Carrio-Schaffhauser and Gaviglio, 1990; Gavigliale, 1999). This type of cementation is
distinguishable from aggrading neomorphism aspboie filling rather than replacive.
Dynamic recrystallisation is an intracrystallinagtic deformation mechanism that is
commonly recorded in fault rocks (Knipe, 1989; 8ins1977); it is typically identified by a
reduction in crystal sizes compared to the undachageivalent lithology (Etheridge and
Wilkie, 1979; Sibson, 1977). In the fault zonegshrs study, crystal sizes increase (e.g.

Figure 8 a), therefore this process is not thotgle dynamic recrystallisation.

In contrast, in the wackestone lithofacies in thelied fault zones, the first fault related
process is fracturing; fracturing does, howevecuoavithin packstone and pack-grainstone
lithofacies following aggrading neomorphism (Figtre). Fracturing is a common fault
damage process within limestones and chalks (Ctogbat., 1987; Lavenu et al., 2014;

Petracchini et al., 2012).

There is no evidence in this study to suggesttttabggrading neomorphism in the
packstones and pack-grainstones and fracturingeinvackestones are coeval. On the
contrary, the aggrading neomorphism could be araimesponse to low stresses within the
packstones and pack-grainstones, while the fraaguin both the packstones/ pack-
grainstones (following aggrading neomorphism) aiadkestones could relate to subsequent

higher stresses. These timing relationships remagtear in this study.

Fault breccias are observed within discontinuoasdse on or surrounding the PSS in both
fault zones and in both lithofacies. Brecciatiosuleng from faulting is commonly reported

in carbonate lithologies (Agosta et al., 2012, 2@#&stesen and Braathen, 2010; Storti et al.,
2003; Tarasewicz et al., 2005). The breccias mshidy are created by hydraulic brecciation
of the existing fractures as a result of increasingar stress and pore pressures (Michie,

2015).



Fracturing and brecciation enhance the diagenetenpial of a rock by providing pathways
for diagenetic fluids. Following fracturing and bogation, the textural evolution in the
wackestones and the packstones and pack-grainstfteags the enhanced diagenetic
potential of the rock. The diagenetic processesdbeur therefore depend on the diagenetic
fluids and the diagenetic environment in whichithek is positioned. Bonson et al. (2007)
suggest that the carbonate succession on the Madiesds has only been buried to 300 m or
less, which, restricts diagenesis to shallow b meteoric environments (Knoerich and
Mutti, 2006). Three processes, representing diagienathin such environments, are
observed within the studied fault zones. Fractulareccia porosity are enhanced (Figures
10 c and 12 c and d), while vugs are created,quéatily adjacent to the fractures and within
the breccia matrices and clasts, indicating thegalution is occurring. This secondary
porosity is lined by minor, coarsely crystallineuagt calcite cements (Figure 12 ¢ and d).
Pedogenic textures, including root moulds (Figude), observed within and surrounding
fractures and breccia matrices only, suggest tbdbgenesis has also occurred due to the
enhanced diagenetic potential of these rocks gpaltyf within in a vadose meteoric
environment. Pedogenesis includes the replacenigninoary textures by cryptocrystalline
calcite cements (Arakel, 1982) particularly at ¢uges of breccia clasts and on walls of

fractures (Figure 13 c).

Fractures cross-cut other fractures which displagehetic alteration, as well as brecciated
textures and/or pedogenically altered texturess $hggests that fracturing and brecciation
are either episodic and punctuated by diagenetiifioations or prolonged with coeval

diagenetic alterations.

A c. 50 cm thick zone of cataclasite is observed erP8S in the pack-grainstone lithofacies
in the Victoria Lines Fault Zone; cataclasite i$ abserved within the wackestone lithofacies

in this fault zone nor is it observed within theekstones and wackestones in the Ras ir



Raheb Fault Zone. This cataclasite is createdtoyi@tal brecciation, which includes grain-
scale fracturing and crushing, grain sliding an@tion and pore collapse (Engelder, 1974,
Micarelli et al., 2006; Sibson, 1986). The diagenpbtential of cataclasite is relatively low
as a result of pore collapse and the resultanplorgsity and permeability. Consequently,
diagenetic modifications do not follow cataclasis.

5.1.1 Controls on the Evolution of Textures

The types of deformation and diagenetic alteratth@h occur in the studied fault zones
depend upon the primary lithofacies and to a lesstmt the fault displacement; this section
details the likely controls on the processes thabhserved within these fault zones. Such

controls can be used as a predictive tool to unaedshow textures are modified by faulting.

Aggrading neomorphism occurs in the packstone ac-grainstone lithofacies in both fault
zones. Bausch (1968) shows that recrystallisationicrite to microspar is inhibited when
the clay content within the micrite matrix is incess of 2 %. SEM imaging and associated
energy-dispersive X-ray spectroscopy (EDS) withiewackestones suggests that the clay
content is greater than 2 %. As a result of thay,chggrading neomorphism is likely to be
inhibited within the wackestone lithofacies (Baust®68). On the contrary, no clay is
observed within the packstones and pack-grainstdresallochem assemblage within these
lithofacies is dominantly characterised by coralalgae, bryozoa and benthic foraminifera.
Coralline algae are composed of high-Mg calciteqéiand Nelson, 1996; Scholle and
Ulmer-Scholle, 2003), which is metastable and hesuseeptible to replacement.
Furthermore, the wackestones are dominantly conapaofsglanktonic foraminifera, which
due to their low-Mg calcite composition (Hood andl$bn, 1996), are comparatively stable
and thus not susceptible to replacement. It thezafolikely that the mineralogical

composition of these lithofacies promotes or inisiliggrading neomorphism.



Fracturing is common in low porosity and/ or depssEimented lithofacies (Fossen et al.,
2007; Underhill and Woodcock, 1987; Vajdova, 2004e packstone and pack-grainstones
are typically low to non-porous and densely cenefddowing aggrading neomorphism;
these textural changes are likely to have promfsgeduring. Similar textural
transformations, and associated changes in theanaet properties, correspond to the

formation of fractures and faults within grainsterf@ondi, 2007).

The average porosity of the wackestones, prioawdting, is assumed to be c. 30 % based on
the undamaged lithofacies. Additionally, theseditities are only weakly cemented (Figure
2 b and d). Rath et al. (2011) shows that weakiyesged, high porosity grainstones deform
by cataclasis, although pressure solution at graimacts, and related cementation, is also
observed in grainstones (Tondi, 2007) as well asititi limestones (Carrio-Schaffhauser
and Gaviglio, 1990). The textural characteristitthe wackestones therefore may suggest
that they are likely deform by cataclasis or pressolution (Carrio-Schaffhauser and
Gaviglio, 1990; Fossen et al., 2007; Underhill &vidodcock, 1987) and yet they fracture.
The formation of through-going fractures in poroosks requires a low contrast in physical
properties between the matrix and the grains akased degree of cementation (Groshong,
1988). The homogeneous texture and the correspgpathisence of significant mechanical
heterogeneity, coupled with small amounts of ceraeatikely to promote fracturing in the

wackestones.

As previously mentioned, breccias evolve from thisteng fractures by means of hydraulic
brecciation due to increasing shear stresses aedopessures (Michie, 2015). The
development of fractures within both lithofacieshe studied fault zones therefore promotes
brecciation. However, as a result of greater shass, the thickness of the breccia lenses is

greater in the higher displacement fault zonesilairthickness-displacement trends are



commonly reported to follow power law relationsh(Bsaistesen and Braathen, 2010; Evans,

1990; Shipton et al., 2006).

In the fault core of the Victoria Lines Fault, adtesis has occurred in the pack-grainstones
only. This deformation mechanism is prevalent is tithofacies as a result of its high
porosity and relatively weak cementation (Fosseal.eR007; Underhill and Woodcock,
1987), which promote grain-scale deformation. Zhaingl. (1990) show that the grain size of
sandstones can control the mechanism by whicleftsiohs; a lower critical pressure is
required to deform relatively coarse and porousistmes by grain crushing compared to
fine-grained and lower porosity sandstones. Ihésafore possible that cataclasis does not

occur in the wackestones in this fault zone asaltref their comparatively fine grain size.

5.2 Pore System Controls on Permeability

The documented textural changes impact the peritgddyt modifying the pore systems.
This section of the study quantifies the impagbafe system characteristics, such as pore
sizes and types, on permeability; this understandinhen integrated with the textural
evolution and pore system trends to discuss thkigon of permeability across the fault

Zones.

Weger et al. (2009) document a general trend df pegmeability for a given porosity
corresponding to the largest pore sizes. Melim.€2801) similarly suggest that macro
porosity has a stronger influence on permeabitiggnttotal porosity and that the connectivity
of macro pores is the single most important factotrolling permeability. In this study, the
permeability has a good positive correlatioi €®.76) with combined macro and meso
porosity (i.e. pore sizes greater than 10 um iméiar) (Figure 15 a), indicating that pores
greater 10 um in diameter are dominantly contrilguto the permeability, rather than

smaller pores.
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Figure 15 - Graphs displaying the pore system aarton permeability. Cross plots of macro and
meso porosity and permeability (geomean) subdividedording to A) the dominant pore type and
B) the amount of vuggy macro and meso porosityCg)ss plot of porosity and permeability

subdivided according to the degree of core plugtineing. D) Box and whisker plot of the quantity

of vuggy macro and meso porosity according to tegrde of core plug fracturing.

Anselmetti et al. (1998) show that macro porostgm important control on permeability, but
also that, scatter in this relationship is introelli®y non-connected isolated pore types such
as mouldic pores. Figure 15 a shows that for anggueantity of macro and meso porosity, the
permeability broadly varies according to the pgpet Primary pore types, such as
intragranular and matrix pores, tend to have 1 dod2rs of magnitude lower permeability at

the same macro and meso porosity compared to s&gopdre types, such as vugs and



moulds. However, below 10 to 15 % macro and mesogity, this relationship between pore

sizes and types and permeability becomes uncleatadilne paucity of data.

Lucia (1983, 1995) divide vugs into touching angasate types; touching vugs can form
interconnected pore systems that enhance perntgabitiile separate vugs tend to be
isolated and hence associated with low permeasl{fiioucks, 2002; Lucia, 1995, 1983;
Melim et al., 2001). Figure 15 b shows that then=bility associated with secondary pore
systems is controlled by the amount of vuggy macrd meso pores; larger quantities of
these pores correspond to relatively high permigiaisil This suggests that pore connectivity
increases with greater amounts of vugs and thall gmntities of vugs, e.g. < 6 %, are
possibly isolated, i.e. separate vugs (Lucia, 19983), and hence correspond to low

permeabilities (Figure 15 b).

Fractures are observed on the field and thin secttale in the Ras ir Raheb and Victoria
Lines fault zones (Figures 4 d, 7 ¢ and f and ©gdgn and interconnected, fractures are
commonly considered to increase permeability (Agestal., 2010; Larsen et al., 2010;
Matonti et al., 2012; Nelson, 1985). To assessmipact of fracturing on permeability, core
plugs have been qualitatively subdivided into thsaeegories based on their degree of
fracturation: 1) through going fractures, 2) micaatures and 3) no fractures. Through going
fractures traverse the entire length of the coug plvhile fractures that incompletely traverse
a core plug are termed microfractures. In bothaimsts, the fractures are open with a minor
calcite cement lining (e.g. Figure 15 c); this catriming is likely to prevent core plug
failure, which is typical in fractured core plugsrohg permeability measurements. Figure 15
¢ shows that permeability, at a given total poyos# typically higher in core plugs
containing through going and to a lesser extentafriactures compared to those core plugs

which contain no fractures. Therefore, in agreemetit previous studies (Agosta et al.,



2010; Larsen et al., 2010; Matonti et al., 2012ishNie, 1985), this study shows that open

fractures increase permeability.

Figure 15 d shows that core plugs containing bathugh going and microfractures are
associated with larger quantities of vuggy macrmb mueso pores compared to core plugs
without fractures. This is consistent with thints@t observations of vuggy pores
concentrated around fractures (e.g. Figure 10w}hErmore, this indicates that fracturing
enhances the diagenetic potential of these rocksqing processes such as dissolution.
However, the amount of vuggy macro and meso pgrasitot associated with the extent of
fracturing at the core plug scale; larger quargitévugs are observed in core plugs with
microfractures compared to through going fractuféss may suggest that through going and
microfractures observed in the core plugs are aotpietely representative of the fracture
networks at the field scale; microfractures aresfiidg better connected at the field scale and
hence have a higher diagenetic potential, leadiribd creation of larger quantities of vuggy

pores.

5.3 Permeability Evolution

The pore system controls on permeability are irtegh with the pore system trends across
the fault zones (Figures 8 and 14) to understaeddaimporal and spatial evolution of

permeability according to faulting.

Two categories of deformation and diagenetic preeeoccur in the studied fault zones: 1)
porosity occlusion processes, such as aggradingomgphism and cataclasis, and 2) porosity
creation processes, including fracturing, brecoraéind dissolution. The processes that occur
largely depend on the primary lithofacies (graimisrite supported), the fault zone

displacement and the position within the fault z(eemage zone vs fault core) (Figures 16



and 17), however, they also reflect and the diatijeravironment in which the rocks are
positioned.

5.3.1 Grain Supported Lithofacies

Aggrading neomorphism occludes the macro and mesusjpy in the packstone and pack-
grainstone lithofacies up to distances of c. 12amfthe PSS (into the HW and FW) in the
damage zones in both the low and high displacefaetitzone (Figures 8 and 14). This
process, where pervasive, causes permeabilityd@dse (relative to the protolithology) to a

minimum of 0.001mD (Figure 16).

The mechanical properties of the grain supportedfiacies are modified as result of the
aggrading neomorphism. This modification leadsaatliring in the damage zones and
brecciation in the fault core in both the low anghhdisplacement fault zone (e.g. Figures 5,
7 ¢, 10 c and 12 d). Fracturing and brecciatioraanh the permeability and hence the
diagenetic potential of the rock promoting diageneBhe diagenetic processes that follow
depend upon the diagenetic environment in whichrdbk is situated. For example, meteoric
processes dominated by dissolution are observiekigrain supported lithofacies in the
studied fault zones. Dissolution creates vuggy maad meso pores (e.g. Figures 12 ¢ and
d), which increases permeability to varying degidggzending on the extent of their
development (Figure s 15 b and 16). It is likelgttlarge quantities of vuggy macro and meso
pores, associated with relatively high permeabdgitidevelop due to the presence of open and
well-connected fracture networks. Due to the higlcture densities recorded in the fault
zones (Figures 4 d and 9 d) and the comparatieghynlumber of fractured core plugs (23 out
of 140), a bias exists in the sample database.rasudt, permeability values are assumed to
be under-representing optimal flow paths in thetfree and vuggy pore systems (Ehrenberg,
2007; Vik et al., 2013) and are therefore expebttbwer than the bulk rock permeabilities.

However, the bulk rock permeabilities are not gifiat in this study.
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Figure 16 - Spatial and temporal evolution of Axtieres and B) porosity and permeability in the
packstone and pack-grainstone lithofacies (RBP @A&/G lithofacies) across the Ras ir Raheb

(low displacement) and Victoria Lines (high dispéacent) fault zones.

Cataclasis, which is only observed within discombias lenses, up to 0.5 m in thickness on
the PSS in the high displacement fault zone, catigesollapse of macro and meso porosity
(Figures 10 a and 14 b). This reduction in macaeso porosity significantly reduces
permeability (relative to the protolithology) tavanimum of 0.0001mD.

5.3.2 Micrite Supported Lithofacies

In the micrite supported lithofacies, fracturinglésrecciation are expected to enhance the

permeability (Nelson, 1985) throughout the WDDZActure splay zone and fault core in both



the low and high displacement fault zones (Figut@)l however, the precise permeability

increases are unquantified.
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Figure 17 - Spatial and temporal evolution of Axtieres and B) porosity and permeability in the

wackestone lithofacies (PFW lithofacies) across Ras ir Raheb (low displacement) and Victoria

Lines

(high displacement) fault zones.

In the low displacement fault zone, localised ¢alcemented lenses are observed on the

PSS. This cementation reduces the permeabilitycbluding the macro and meso porosity

(Figure 8), however, subsequent fracturing has medththe permeability to a minimum of



0.01mD (Figure 17 b). Similar to the grain suppafithofacies, the diagenetic potential of
the micrite supported lithofacies is increased essalt of fracturing and brecciation. In the
low displacement fault zone, this enhanced diagepetential does not, however, lead to
any significant diagenetic modifications. On thatcary, in the high displacement fault zone
pedogenesis, including the pervasive replacemepteaiursor textures by calcite cements
(Figure 13 b, c and d), is promoted due to thisaeckd potential within a meteoric

environment.

Pedogenesis significantly occludes the macro argbrperosity and creates small quantities
of isolated mouldic porosity (Figure 14), causirggrpeability to decrease to a minimum of
0.001mD (Figure 17 b). Although fracturing followjithe pedogenesis can enhance the
permeability, the resultant increase in diagernaiential often permits further diagenetic
alterations, including additional pedogenesis, ab &s veining and aggrading neomorphism,
which occlude the fractures causing the permeghididecrease back to 0.001mD (Figure 17
b). This trend in permeability associated with fuaing is likely to be episodic, as indicated

by cross-cutting fractures and crack-seal texturgise veins (Figure 13 e).

5.4 Permeability Architecture

The temporal and spatial evolution of permeabpityvides the basis to predict timesitu
distribution of permeability (i.e. permeability artecture) across fault zones in the
subsurface. Caine et al. (1996) devise a concepthi@me that relates the architecture of a
fault zone to its fluid flow. According to this setme, combined conduit-barrier fault zone
architectures are composed of a fault core thdbisinated by fault lithologies, such as
cataclasites, surrounded by a damage zone, whadmgposed of abundant subsidiary slip
surfaces and fractures. The fault core acts ageb#orfluid flow, whereas the damage zone

acts as a fluid flow conduit (Caine et al., 1998)e conduit-barrier fault zone architecture of



Caine et al. (1996) is used to explain permealtilépds in several carbonate hosted normal
fault zones (Agosta et al., 2012, 2010, 2007; Biilal., 2003; Matonti et al., 2012; Micarelli

et al., 2006) and can also be applied to the siuttbemal fault zones of the Maltese Islands.

Independent of lithofacies and fault displacem#rd,damage zones (WDDZ and fracture
splay zone) act as conduits for fluid flow as autesf the development of fracture and vuggy
pore systems. However, during the early stageauwf flevelopment, the damage zones in the
grain supported lithofacies were composed of deesenorphic cement (Figure 12 a and b).
As a result of this cement, the damage zones héstedorosity and hence low permeability,
and hence are likely to have acted as bafflesrmsadault fluid flow. Therefore, the
documented textural changes suggest that the pbilityearchitecture of normal fault zones

changes through time.

The fault cores are composed of breccias and eaitesd, which are associated with very low
permeability values (0.001-0.0001mD) due to théapsle of porosity associated with
cataclasis and porosity occlusion related to diagemlterations following brecciation. The
cataclasites, breccias and associated diagengtattdled fault rocks are commonly fractured
(Figures 7 f and 10 c) and have a discontinuousiloligion. Matonti et al. (2012) document
discontinuous fractured zones along the PSS oftanate hosted fault zone and
consequently suggest that the fluid flow across88 is likely. Similarly in this study, as a
result of the fracturing and discontinuous disttidwa of fault lithologies, the fault core is
expected to act as a baffle to across fault fllod frather than a seal. However, the extent of
the fault lithologies increases with fault displamnt suggesting that the baffling effect

increases with higher displacement.

6 Conclusions



Contrasting lithofacies in the same fault zoneseugd different fault damage and fault
related diagenetic processes. The fault relatedegses also vary according to fault
displacement. The spatial and temporal evolutiopesimeability across the fault zones is

controlled by these processes.

Aggrading neomorphism is observed in the grain stted lithofacies (packstones and pack-
grainstones) throughout the damage zone assoeigttethe high ¢. 100 m) and lowd, 10

m) displacement fault zones. This process pervhsoeeludes the primary pore volume,
particularly macro and meso pores, and reducepédimaeability to a minimum of 0.0001mD.
Aggrading neomorphism is active within the graipmarted lithofacies only due to the
metastability of the allochems comprising thedwliacies, while in the micrite supported
lithofacies (wackestones), it is inhibited duehte tlay content in the matrix and relatively
stable mineralogical composition of the allocheRracturing is the first fault related process
that affects the micrite supported lithofacies, levim the grain supported lithofacies,
fracturing postdates the aggrading neomorphism fileteeuring is observed throughout the
damage zones and is expected to increase perntygaliile low porosity and cemented
textures in the grain supported lithofacies, whiesult from aggrading neomorphism,
promote fracturing. Conversely, in the micrite gogted lithofacies fracturing is promoted
by the homogeneous texture, the absence of signtfimechanical heterogeneities and the
small quantities of cement. The fractured lithoksghave an enhanced diagenetic potential
due to their improved permeabilities, leading taety of diagenetic modifications, such as
dissolution and pedogenesis. Dissolution furthélaeces permeability by creating vuggy
macro and meso pores, while pedogenesis can pesvastiude the primary porosity

resulting in decreases in permeability to a minimafrd.001mD.

In the fault core, the fractures in the grain andrite supported lithofacies develop into

breccias by means of hydraulic brecciation duetogasing shear stresses and pore



pressures. The breccias form discontinuous lerieag alip surfaces and display a wider
development in the high displacement fault zonkewise with the fractured lithologies in
the damage zone, brecciation enhances the diagguéintial of the rocks, promoting
dissolution and pedogenesis. Therefore the periitgadbiolution of the breccias in the fault
core is comparable to fractured lithologies indlaeage zones. Cataclasis of the grain
supported lithofacies is observed within discontisilenses along the PSS in the high
displacement fault zone only. This process causesdllapse of the primary pore system,
leading to a decrease in permeability to a mininafii®.0001mD. Minor and episodic
fracturing is observed within the fault core brascand cataclasites. This fracturing, coupled
with the discontinuous distribution of the fauthblogies is likely to permit fluid flow across

the fault cores to a degree.

Despite the differing evolutionary pathways of twatrasting lithofacies, the fault zones,
independent of displacement, display a conduitkbg@iérmeability architecture; the damage
zones are fluid flow conduits, while the fault coare baffles to across fault flow. However,
the permeability architecture is expected to vargugh time due to the evolution of fault

related textures with displacement.
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Highlights

»  Two categories of fault processes are active in carbonate hosted fault zones.

» Porosity occlusion processes, e.g. aggrading neomorphism, reduce permeability.
» Porosity creation processes, e.g. fracturing and dissolution, enhance permeability.
»  The processes active are dependent on the lithofacies and the fault displacement.
»  These processes control the spatial and temporal evolution of permeability.



