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ABSTRACT 23 

Dolostones in a Neogene strike-slip fault zone are described. Two main types of structural features 24 

are recognised: (i) Background deformation in the form of a network of bedding-perpendicular 25 

and hybrid conjugate fractures, barren fractures and bedding-parallel stylolites. (ii) Fault-related 26 

features include breccias and cataclasites. Orthorhombic rock lithons are generated from the 27 

intersection of fracture sets with bedding and/or joints. Lithon size and morphology change across 28 

the dolostone fault block gradually producing a tetragonal or isometric shape. The lithons are 1 – 29 

2 cm in dimension (only ~ 20% outside this range) and have an average cross-sectional aspect ratio 30 

of 1.6, irrespective of size or structural position.  Topology is analysed using nodes and branches, 31 

ranging from isolated (I- node and I-I branch) to connected (Y- and X- nodes, and I-C to C-C 32 

branches) respectively. The quantitative description of the geometrical and topological analysis of 33 

the dolostone lithons suggest that they become more connected and interact within the dolostone 34 

fault blocks. Assessing the change in topology and lithons connectivity have important 35 

implications for subsurface reservoirs and aquifers hosted in dolostone-fault zones.  36 

  37 

1. Introduction 38 

Faulting largely takes place in the Earth’s uppermost crust at varied confining pressures, and 39 

propagates by the formation and/or reactivation of mesoscopic joints (Segall and Pollard, 1983; 40 

Pollard and Fletcher, 2006). When carbonate rocks are involved in faulting, structural elements 41 

including fracture (joint and small-scale fault) networks, pressure solution seams, compaction and 42 

shear bands are predominant (Billi et al., 2003; Agosta et al., 2009), and these structures have 43 

different effects on subsurface fluid flow, which may induce dolomitization, dedolomitization or 44 

any other form of alteration (Aydin, 2000; Sibson, 2000). For instance, joints as opening-mode 45 
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fractures (Pollard and Aydin, 1988; Peacock et al., 2016), form efficient pathways along which 46 

fluids circulate, whereas the compaction bands are perceived to restrain the fluid flow in relation 47 

with the surrounding porous rocks (Tondi, 2007; Agosta et al., 2009). On the other side, pressure 48 

solution as closing-mode fractures (stylolites; Fletcher and Pollard, 1981) and shear bands 49 

(depending on their mechanical processes) may channel fluid flow when these elements are 50 

sheared (Caine et al., 1996; Jourde et al., 2002).  51 

In fault zones, deformational features are associated with slip surfaces, shearing and 52 

heterogeneous strain distribution over a wide range of scales (meters to kilometers; Shipton and 53 

Cowie, 2003; Agosta et al., 2012; Choi et al., 2016). The different components (e.g., host-rock, 54 

damage zone and fault core) and their geometric characteristics  have been well established (for 55 

example, Segall and Pollard, 1983; Chester and Logan, 1986; Kim et al., 2004; Agosta and Aydin, 56 

2006; Childs et al., 2009; Choi et al., 2016). In essence, a mature fault zone is made up of two 57 

main structural zones: (i) the fault core, where most of the displacement is accommodated, and (ii) 58 

the corresponding damage zone, which is mechanically related to the growth of the fault zone 59 

(Chester and Logan, 1986; Caine et al., 1996). The fault core is often composed of a fault gouge, 60 

a breccia and/or a cataclasite (Sibson, 1977; Caine et al., 1996; Billi et al., 2003; Agosta and Aydin, 61 

2006). There, the pre-existing sedimentary and tectonic structures are commonly obliterated. In 62 

the damage zone, fault-related fracture networks crosscut the country rock and the bedding planes 63 

and inherited structural fabrics, including numerous fractures and/or small-scale faults that do not 64 

obliterate the host rock fabrics, may be preserved to variable degrees. The relative volumetrical 65 

percentage of fault core and damage zone structures, and the inherent variability in grain scale and 66 

fracture permeability play a pivotal role as to whether a fault zone will act as a conduit for  fluids, 67 

as a barrier, or as a combined conduit-barrier system (Caine et al., 1996; Jourde et al., 2002). Both 68 
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the fault core and damage zone are bounded by the hostrock, which is generally characterized by 69 

background tectonic structures due to previous deformation. Increased deformation and 70 

disaggregation of these rocks in fault zone lean towards the formation of mosaic breccia and/or 71 

cataclasites. The formation of mosaic breccia requires a volume change. Mosaic breccias are made 72 

of a type of fault rock that has its fragments largely, but not completely disjointed and displaced 73 

(Mort and Woodcock, 2008). Moreover, typical fault zone facies are cataclasites – a cohesive 74 

granular fault rock, which contain finer fragments in relation to breccias (Agosta and Aydin, 2006; 75 

Mort and Woodcock, 2008; Peacock et al., 2016). 76 

Despite a significant amount of published work (Doblas et al., 1997; Billi et al., 2003; Billi, 77 

2005; Agosta et al., 2009; Bisdom et al., 2016 and references therein), uncertainty still exists with 78 

regard to our understanding of morphological changes of the deformed carbonate hostrock clast 79 

(‘lithons’). An improved knowledge of the morphological evolution of lithons is thus essential to 80 

understand their connectivity and patterns over time. 81 

Additionally, in deformed carbonate, fractures have non-random orientations (intersecting at 82 

approximately 90 +/- 20o) and form nearly orthorhombic lithons (i.e. three mutually perpendicular 83 

symmetry axes, all of different lengths). Clearly, in order to understand the morphological 84 

evolution of lithons in carbonates, fracture patterns and fracture networks connectivity, their 85 

geometrical, kinematic and topological properties must be considered. Several studies of the 86 

fracture networks and their patterns have focused on the geometrical and kinematic parameters of 87 

individual fractures (Nixon et al., 2014; Peacock et al., 2016). These are limited, however, as both 88 

parameters do not fully consider the arrangement and relationships between fractures and the 89 

network topology. Topology defines and quantifies the different spatial relationships between 90 

fractures, focusing on fracture termination, intersections, network connectivity and flow properties 91 
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(Sanderson and Nixon, 2015, 2018; Morley and Nixon, 2016; Duffy et al., 2017). Topological 92 

properties have not been previously considered for rock lithons in fault damage zone. Therefore, 93 

an improved knowledge of the (lithons) network connectivity and the complexity is crucial for the 94 

understanding of fluid flow through a given carbonate rock. Moreover, a topological 95 

characterization offers a more direct route to determine connectivity and percolation potential of a 96 

fracture network when compared to geometric characterization (Sanderson and Nixon, 2018; 97 

Dimmen et al., 2017).  98 

 The aim of this paper is to provide a quantitative geometrical, topological and structural 99 

characterisation of large (meter-sized) blocks of dolostones formed by well-preserved lithons 100 

within a regional fault zone (Carboneras Fault Zone, Southern Spain), which was active since the 101 

Early Miocene (Fig. 1). An area about 4.5 km-long and up to 1 km-wide (Figs. 1b and 2a) provides 102 

data that are placed in the context of the deformation history and characteristics of these large 103 

dolostone blocks. Dolostone blocks are differentiated with respect to the degree of deformation, 104 

ranging from the relatively undeformed host rock (accommodating diffuse deformation) to 105 

intensely deformed dolomitic breccia. The background deformation of dolostones and their 106 

associated range of burial depths are discussed. Fractures/faults network connectivity, including 107 

other brittle structures, and the resulting patterns of lithons are quantified, visualized and discussed 108 

in terms of geometry and topology.   109 

The results of this study have several important implications, inasmuch as they provide: (i) 110 

constraints on the lithon morphology of carbonates; (ii) evidence on the quantification and 111 

visualization of the complex fracture connectivity, and fluid flow in fault zones; and (iii) estimates 112 

of the geometrical and topological variability of dolostone lithons in the fault zone. All of these 113 

aspects are significant for a wide range of fundamental and economic applications.  114 
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 115 

2. Terminology 116 

Structurally, the terminology defined by Billi et al. (2003), Agosta and Aydin, (2006) and 117 

Peacock et al. (2016) was applied but is here used more specifically: (i) Lithon describes a 118 

deformed  hostrock clast created from the intersection of fracture sets with bedding and/or joints 119 

(Fig. 2b and c; Billi et al., 2003). (ii) Lithons’ blocks refer to dolostone blocks where bedding is 120 

still visible and affected by distributed orthogonal fractures and stylolites forming lithons (Fig. 121 

2b). These blocks are relatively undeformed when compared with intensely deformed fault blocks. 122 

(iii) Fault blocks refer to dolostone blocks affected by pervasive orthogonal (barren) fractures 123 

forming lithons and accommodating a localized fault zone (damage zone and fault core; Fig. 2c). 124 

All of these blocks (lithons’ and fault blocks being cm’s up to tens-of-meters in size) are essentially 125 

transported, meaning that the blocks are dislocated by, and have experienced significant rotation 126 

inside, the Carboneras Fault zone. (iv) Fractures form the boundaries of lithons and are part of the 127 

damage zone of small-scale faults with sub cm-scale of displacement. Specifically, for the use in 128 

the topological analysis, fractures include both joints and faults. This usage was required due to 129 

the challenging approach to distinguish between these features at the sub cm-scale.  130 

Some fractures are filled with dolomite cements (veins), which are microscopically 131 

distinguished in cement phases as Dol. 1 – 3. These refer to: (i) homogenous microcrystalline 132 

dolomite cements (Dol. 1), (ii) coarse crystalline dolomite cements (Dol. 2), and (iii) 133 

paragenetically young dolomite cements (Dol. 3).  134 

    135 

3. Regional geological setting   136 

3.1. Geotectonic setting of Southeastern Spain 137 



7 
 

The Carboneras fault zone (Fig. 1) forms part of the Trans-Alboran shear zone, which 138 

constitutes a major NE-SW trending sinistral strike-slip fault system of the Betic Cordillera, active 139 

since the Neogene (De Larouzière et al., 1988). This fault zone is 150 km-long and up to 1 km-140 

wide, and predominantly moved between 12 and 6 Ma (Faulkner et al., 2003, 2008; Rutter et al., 141 

2012, 2014). The Trans-Alboran shear zone system comprises the Alhama de Murcia, Palomares, 142 

and Carboneras faults, and cuts across several structural nappes of the Betic Cordillera (Fig. 1a; 143 

Keller et al., 1995, 1997). The Betic Cordillera, an ENE-WSW trending Alpine orogenic belt, is 144 

divided into an unmetamorphosed External Zone in the north and a metamorphic Internal Zone 145 

towards the south. The External Zone is composed of Mesozoic sedimentary rocks, mostly 146 

limestones that unconformably overlie the Iberian massif. These are deformed by middle to late 147 

Miocene thrusting and folding with a NW-SE shortening direction. On the other side, the Betic 148 

Internal Zone comprises metamorphic and sedimentary rocks of Paleozoic to Cenozoic age 149 

exposed in elongated ranges. These are separated by intramontane basins filled by continental and 150 

marine sediments of Neogene and Quaternary age (Fig.1b; Frizon et al., 1991; Morales et al., 1999; 151 

Visser et al., 1995; Alonso-Chaves et al., 2004 and references therein). In addition, the Internal 152 

Zone constrains a large number of stacked thrust sheets (tectonic units) grouped into three nappe 153 

complexes: (i) the Nevado-Filabride, (ii) the Alpujarride and (iii) the Malaguide complex (Alonso-154 

Chaves et al., 2004). The Nevado-Filabride units are overthrusted by the Alpujarride and both are 155 

exposed within the basement high of Sierra Carbrera and the Sierra Alhamilla, respectively (Fig. 156 

1). Nevado-Filabride and Alpujarride nappe complexes are characterized by upper greenschist 157 

facies, mica schists and quartzites (Nevado-Filabride), as well as by phyllites and dolostones of 158 

Triassic age (Alpujarride; Kampschuur and Rondeel, 1975; Keller et al., 1995; Faulkner et al., 159 

2003).    160 
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The Malaguide units are largely unmetamorphosed and built by Palaeozoic shales and sandstones, 161 

Permo-Triassic red sandstones and shales (Kampschuur and Rondeel, 1975; Frizon et al., 1991; 162 

Keller et al., 1995; Visser et al., 1995; Morales et al., 1999; Alonso-Chaves et al., 2004 and 163 

references therein). 164 

The Carboneras Fault was inferred to have an offset of ~ 40 km, an average slip-rate of 2.7 165 

mm/year (Faulkner et al., 2003; Rutter et al. 2012), and separates the volcanic Cabo de Gata 166 

province to the south from the uplifted Alpine metamorphic basement blocks and Neogene basins 167 

to the north (Fig. 1b; Rutter et al., 2012, 2014). The various lithologies in the large-scale fault zone 168 

are well-exposed under the present-day semi-arid climate. Further details on the stratigraphy, 169 

tectonics, style of deformation, strain distribution, and the structural evolution of the Carboneras 170 

fault zone were discussed in Kampschuur and Rondeel (1975), Keller et al. (1995, 1997), Faulkner 171 

et al. (2003, 2008), Alonso-Chaves et al. (2004) and Rutter et al. (2012, 2014 and references 172 

therein).    173 

 174 

3.2. Deformed lithologies in the Carboneras Fault Zone 175 

The different rocks types (lithologies) within the Carboneras fault zone reveal a combination 176 

of both distributed and localized deformation, which are scale-dependent in the constituent fault 177 

strands. The fault zone affects allochthonous basement rocks, mainly andalusite-and garnet-178 

bearing graphitic mica schists, phyllites, Messinian evaporites, and Mesozoic dolostones (Faulkner 179 

et al., 2003, 2008), all embedded in multiple strands of a clay-bearing fault gouge (Figs. 2a, 3a and 180 

b). The distributed deformation is accommodated in the phyllosilicate-rich fault gouge, whereas 181 

the localized deformation is constrained within the variably fractured dolostones and/or mosaic 182 

breccias. The focus is on dolostone blocks that range between some centimeters and tens-of-183 
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centimeters in dimensions. The localization of the deformation in the dolostones contrasts with the 184 

style of deformation in the phyllosilicate-rich gouges. The dolostones are deformed with profuse 185 

fault surfaces and fracturing that breaks the dolostone blocks into centimeter to decimeter-sized 186 

lithons commonly in cube-like shapes (Fig. 3). Locally, dolostones show a high degree of faulting 187 

and hydrothermal overprint.  188 

   189 

4. Material and methods     190 

4.1. Fieldwork 191 

The spatial distribution of dolostones was characterized and mapped along the east west 192 

trending segment of the Carboneras fault zone (Figs. 1b and 2a), which is situated outside of the 193 

classical field area of Rutter et al. (2012, 2014). This allowed for the identification of dolostone 194 

blocks at different scales, their preserved sedimentary features and their style of deformation. 195 

Fieldwork focused on: (i) sedimentological and facies interpretation, (ii) description of 196 

macroscopic diagenetic features, (iii) mapping of the distribution of fracture-related structures and 197 

structural features of fractured dolostones, (iv) qualitative structural analysis of fractures (barren 198 

and filled fractures) and (v) quantitative analyses of the structural elements assessing their 199 

geometrical and topological relationships between interacting fractures, and their distribution. 200 

Representative samples were collected along the fault zone outside of the natural park. Forty 201 

samples were selected for thin-section preparation and petrographic analysis. 202 

 203 

4.2. Structural analysis and topological parameters 204 

4.2.1. Fracture acquisition and analysis 205 
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Fracture analyses were performed in the field on selected dolostone blocks (Fig. 2a). These 206 

outcrops form dolostone fabrics ranging from least deformed (background deformation) to such 207 

that were intensely fractured (tectonic breccia and fault gouges) in the context of strike-slip 208 

tectonics and related hydrothermal alteration. The criteria employed to separate background 209 

deformation from deformational features as a result of faulting overprint was essentially the 210 

recognition of preserved early diagenetic features in the dolostone lithons’ blocks. Investigating 211 

the dolostones outside of the fault zone was not feasible as they are only exposed within the fault 212 

zone. Outcrops were grouped into the following: (i) relatively undeformed host dolostone with 213 

background fracturing; (ii) fault-related dolostone breccia displaying intense fracturing; and (iii) 214 

fault gouge and/or cataclasite, with both matrix and clast supported examples forming the ‘matrix’ 215 

of the fault zone.  216 

Fracture data were acquired by direct measurement of fractures in the field and from ortho-217 

rectified images obtained with a Nikon P7800 camera. Over 5000 fractures were mapped. These 218 

included veins ranging in length from 0.5 cm to some meters. Scan-lines and scan-area 219 

measurements were carried out in different dolostone fault blocks encompassing both the damage 220 

zone and the fault core. In each scan-line, detailed structural data to include types of structures and 221 

their orientations were recorded to produce stereoplots and other relevant plots.  Similarly, attitude, 222 

position, crosscutting relationships of the bedding and fractures, and spacing (the distance between 223 

fractures measured along a scan line) were measured.  224 

 225 

4.2.2. Dimensions of lithons 226 

The dimensions of lithons generated by the intersection of fracture sets from different selected 227 

scan-lines were measured. The fractures usually intersect at angles approximately 90 +/- 20o 228 
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thereby forming lithons that are almost orthorhombic. In some areas, however, the fracture 229 

intersection is at a relatively low angle. We computed the 2D aspect ratio (Ar) of 150 measurements 230 

of rock lithons for individual scan-line. The aspect ratio is defined by the ratio of the longer (L) to 231 

the shorter (l) side of the cube (rectangle) best restraining the section of each lithon. The mean 232 

aspect ratio was determined from the Ar. population of each scan-line. We computed the shape 233 

factor (Sf) of the lithons from few selected scan-lines Eq. (1), particularly where the outcrops show 234 

3D view of the lithons. The shape factor is the ratio between the long-side of the lithons (L) minus 235 

width (W) divided by the width (W) minus the short-side (l). The width is the distance, parallel to 236 

the bedding, between two contiguous intersection of adjacent fracture surfaces. 237 

                              Sf=
(𝐿𝐿−𝑊𝑊)
(𝑊𝑊−𝑙𝑙)

 ……………………………………. (1)  238 

Sf defines the shape of the lithon in relation to bedding and fracture orientations (Fig. 3g). We 239 

documented the lateral changes in shapes and grain-sizes, from the statistical data of size of the 240 

small blocks that can be derived from the images. We also examined the potential of using the 241 

spacing, aspect ratio and shape factor to characterize the deformation intensity.     242 

 243 

4.2.3. Node and branch topology  244 

Topological characterization was undertaken using a ‘NetworkGT’ toolbox in ArcGIS 245 

developed by Nyberg et al. (2018). Topology describes the geometrical relationships of fractures 246 

and is used to demonstrate the arrangement of fractures within networks to determine their 247 

connectivity (Manzocchi, 2002; Sanderson and Nixon, 2015, 2018). Connectivity refers to: (i) a 248 

measure of the degree to which the elements of a network are interconnected; or (ii) a limit or 249 

threshold, below which the network is ̀ unconnected´ and above which it is ̀ connected´ (Sanderson 250 

and Nixon, 2018). In 2D, the topology of a natural fractured network comprises nodes and branches 251 
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between nodes (Fig. 4a; Manzocchi, 2002; Sanderson and Nixon, 2015). Depending on their 252 

connectivity and geometry, nodes can be classified as: (i) I-nodes denoting isolated tips of a single 253 

branch; (ii) Y-nodes characterized with 3 branches; and (iii) X-nodes associated with two crossing 254 

fractures that produces four branches. Branches have two nodes at their ends and are divided into 255 

three types, based on an isolated (I-) node or a connecting (Y-or X-) node:  isolated I-I branches 256 

with no connecting nodes; singly connected I-C branches with one connecting node; or doubly 257 

connected C-C branches with two connecting nodes (Fig. 4b and c; Sanderson and Nixon, 2015; 258 

Duffy et al., 2017). The proportion of different node and branch types described the network 259 

topology, and when plotted on a ternary diagram (node and branch triangle) allows for different 260 

fractured networks to be assessed.  261 

A total of seven selected outcrops of fractured bound dolostone fault blocks located within the 262 

east west trending segment of Carboneras fault zone were investigated. Out of these, three 263 

representative outcrops are presented (Fig. 2a; CF 9_11, CF 35 and CF 25). The average number 264 

of connections per branch (CB) describes the degree of connectivity between branches within the 265 

network. The values of CB range from 0 to 2, with value 2 signifying a very highly and/or perfectly 266 

connected network (for details of the mathematical derivation see Sanderson and Nixon, 2015). 267 

 268 

4.3. Stylolite analysis as a proxy for compressive stress and burial depth 269 

The morphology of stylolites was used in order to estimate: (i) the compressive stress direction; 270 

(ii) the burial depth of formation (Bertotti et al., 2017) and (iii) the amount of compaction (Ebner 271 

et al., 2009a). These estimates are calculated from the scaling of stylolite roughness (Renard et al., 272 

2004), an approach that was tested in Schmittbuhl et al. (2004) and Ebner et al. (2009b).  273 
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A set of five bedding-parallel stylolites were collected within the sample locations marked as 274 

CF 2, CF 3 and CF 6 in Figure 2a. The samples were cut normal to the main stylolitic plane and 275 

polished. Each slab was scanned with an EPSO Perfection V550 photo scanner and the traces of 276 

the stylolites were digitized in GIS environment (QGIS 3.2.1). The Fourier Power Spectra P(k) as 277 

a function of the wave-number k [1/length scale (mm-1)] for each stylolite pattern was calculated 278 

and plotted to determine the cross-over wavelength between the two self-affine regimes 279 

corresponding to the elastic energy dominated regime at large-scale and surface energy dominated 280 

regime at small-scale. The cross-over length (Lc) gives a value for the causative stress on the 281 

stylolite interface and is linked in the equation below.  282 

         σz = +/- ( 3𝛾𝛾𝛾𝛾
𝑎𝑎βLc

)1/2 ………………(2), where γ is the surface free energy, 𝐸𝐸 the Young 283 

modulus, β a function of the Poisson ratio (β = 2v(1−2v)
𝜋𝜋

). To extract values of the vertical stresses 284 

and the corresponding depths of stylolite formation, parameters shown in Table 1 were adopted. 285 

Values obtained from different samples lead to directly comparable results, a feature that is 286 

considered promising. For details of the mathematical derivation see Appendix A1.    287 

 288 

5. Results 289 

Depending on the dolostone block studied and the degree of fabric destructive dolomitization, 290 

the sedimentological features points to: (i) dolostone facies with dm-thick layering to massive 291 

facies with bed thickness of up to one meter (Fig. 5a – c), and (ii) locally massive facies with no 292 

discernible bedding features across several meters of dolostone lithons’ block. Microscopic 293 

observations show that the layered dolostones are formed by two dolomite generations: (i) 294 

homogenous, fabric-preserving, microcrystalline Dol. 1 and (ii) coarse-crystalline (crystals up to 295 

1 cm in size) fabrics with characteristically cloudy cores and clear rims (Dol. 2; Fig. 5d, e and h). 296 
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Dolostones and bedding parallel stylolites are crosscut by bedding-perpendicular veins filled with 297 

paragenetically younger dolomite cement Dol. 3 (Fig. 5f and g).  298 

Background deformations are distinguished as opening mode (veins and/or joints), bedding-299 

parallel stylolites, semi-ductile shear zones, and mixed-mode or hybrid fractures (extension/shear). 300 

This deformation also extends to the lithons, which are distributed at low-strain. Features relating 301 

to faulting overprint include intense breccias and cataclasites (Fig. 6a – c). These features are 302 

differentiated based on the degree of faulting overprint and hydrothermal alteration. Breccias and 303 

cataclasites usually contain Dol. 1 through 3 clasts, evidencing that they originated from the same 304 

host rock dolostone. Microscopic differentiation of breccias in the cataclasite matrix provide 305 

evidence for brecciation predating cataclasation (Fig. 6d - g; see Appendix A2 for detailed 306 

microstructural description).  307 

  308 

5.1. Structural features relating to the background deformation. 309 

The structural elements of the background deformation are characterized in figures 7 through 310 

9. The contractional fractures (bedding-parallel stylolites) present within individual dolostone 311 

strata enhance bedding planes. Usually, these stylolites display well-developed peaks (Figs. 7a and 312 

8d) and commonly connect with each other within the same bed. Sometimes, individual bedding-313 

parallel stylolites extend over 80 cm and the vertical spacing between these features is on the order 314 

of a few centimeters to tens-of-centimeters.  315 

In figures 7c and 8a, the blocks of dolostone display a localized deformation in a narrow semi-316 

ductile shear zone. The semi-ductile shear zones are characteristically organized in conjugate 317 

patterns, and their directions are assumed from the biaxial intersection plane of the two conjugates. 318 

The opening mode fractures, here veins, are occluded by various cement phases that can either 319 

be dolomitic or calcitic in terms of their mineralogy (Fig. 5b - g). Field observations show that 320 
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veins generally range from near-perpendicular to bedding to, less commonly, oblique (oriented 40 321 

to 65 degrees) relative to bedding. Veins are several centimeters long (0.5 – 7.5 cm) and can be 322 

few millimeters to some tens of centimeters in width (1 – 15 mm; Figs. 5b, f, and 9a). The veins 323 

spacing range from 0.4 – 4 cm (Fig. 9d). Veins with widths of less than 1.5 mm characteristically 324 

exhibit matching opposing walls. In contrast, veins with widths of several mm may show opposing 325 

walls that do not match in terms of their morphology. Veins perpendicular to bedding are either 326 

stratabound or non-stratabound. For a selected pavement (Fig. 9a), three main vein sets were 327 

identified (set 1 through 3; Fig. 9b and c). The chronological order is established based on 328 

crosscutting relationships. Field observations show vein set 1 and 2 are coeval, then followed by 329 

3. 330 

Other dolostone blocks (Figs. 7 and 8) show veins occurring in a left-stepping and right-331 

stepping en échelon pattern, which are regular, systematic and well organised in conjugate sets. 332 

The en échelon conjugate veins are roughly parallel to each other and nearly perpendicular to 333 

bedding with a shear component reflected by tension – gashes. The tension gashes usually show 334 

planar and incipient sigmodial Z- and S-shapes. The dihedral angles exhibited by the conjugate 335 

align between 15 and 60o. Commonly, en échelon veins are: (i) formed within the semi-ductile 336 

shear zones and (ii) overprinted by bedding-parallel stylolites, terminate against bedding-parallel 337 

stylolites and/or against the bedding surfaces (Figs. 7 and 8). 338 

Later bedding perpendicular veins (Fig. 7c), are less regular and less organised but are elongate, 339 

abundant and usually bisect the shear boundaries in the vicinity of the conjugate veins. These are 340 

filled by Dol. 3 cements. Most of these veins are reactivated, leading to barren fractures (joints) 341 

that follow almost the same orientation as the veins. The statistical description and spacing 342 

distribution show that most of the vein sets are largely clustered.    343 
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 344 

5.2. Burial depth of formation of bedding-parallel stylolites 345 

The results from the Fourier Power Spectra P(k) analysis of the morphology of the bedding-346 

parallel stylolites are presented in Figure 10. Average crossover lengths, estimated wave 347 

numbers and corresponding estimated vertical stresses from equation (2) are documented in 348 

Table 2, along with calculated depths. The values range from 10 – 17.6 MPa (440 – 820 m). 349 

Uncertainties in input parameters, e.g., Young’s Modulus, surface energy and Poisson ratio 350 

impact on the calculated stress. For the depth estimation from the stress, the values are dependent 351 

on the: (i) overburden density and (ii) assumption that the stress is isotropic in the horizontal 352 

plane, which is debatable at depth in a complex tectonic context (Beaudoin et al., 2016).   353 

 354 

5.3. Structural complex zone and Lithons’ distributions in the dolostone fault blocks 355 

Field observations towards the NW reaches of the east west segment of Carboneras fault zone 356 

show outcrops that are structurally complex and there fracture frequencies are particularly high, 357 

and a wide variation of fracture orientation is observed. These outcrops show the distribution, 358 

geometrical and morphological representation of lithons in individual blocks (Figs. 3c through f 359 

and 11a). Several of these lithons show crushed surfaces and evidence of significant rotations. 360 

Their spacing distribution and/or descriptive statistics are shown in Figure 11d through i, and in 361 

table 3.  362 

The 1500 measured lithons in the dolostones mostly comprises lithons of 0.05 – 14 cm in short-363 

side (l), with long-side (L) varying from 0.1 – 17 cm (Fig. 12a, d and e). Figure 12b and c show 364 

the histogram of the aspect ratio of the overall and selected scan-lines respectively. The aspect 365 

ratio varies between 0.2 and 48.5, and the overall distributions of these aspect ratio distinctly show 366 
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lithons of variable sizes within the selected scan-lines. The geometrical analysis and statistical 367 

descriptions of the lithons sizes (within the selected lithons’ and fault blocks) give a mean aspect 368 

ratio (mAr) value of 1.6 (standard deviation σ = 1.5; Fig. 12a – e). The shape factor (Sf) predicts 369 

the shape of the lithons, and ranges from 0 to 1, with value 1 pointing to a shape of all equal 370 

dimensions.  371 

Figure 13 shows the variations in the size of the lithon’s fragments in a scan-line of dolostone 372 

fault block (CF11c). The change in size and shape is marked by the reduction of the lithon’s sizes, 373 

which can be quantified from the measurement of lithon’s diameter (√𝐿𝐿 ∗ 𝑙𝑙 ), aspect ratio and 374 

shape factor. Figure 13a plots histogram distribution of shape factor. The range of Sf values, from 375 

0.34 to 0.99 with an average of 0.78, point to a varied lithon shape across the transect. The lateral 376 

change of size and shape reduction of lithons reaches about 20% (Fig. 13a). The lithons show a 377 

great deal of variation in their diameter and aspect ratio, and the transition in the context of the 378 

diameter measurement of each of the lithons, are overtly continuous.  379 

Other selected scan-lines show irregular size distributions (Fig. 12c).  In places where the 380 

boundary fault surface is between the damaged zone and fault core in a fault block, the lithons 381 

usually change their size and shape abruptly, especially as the lithons are located more closely 382 

towards the fault gouge. 383 

 384 

5.4.  Fracture geometry and topological characteristics of the structural complex zones 385 

The studied fractures in the dolostone fault blocks display a variable degree of structural 386 

complexity. This complexity is evident where two or more fractures segment, intersect, splay, 387 

cross-cut or abut against another. The digitized fracture network, fracture intensity maps, 388 

connecting node frequencies, distribution analysis of fracture lengths using a series of cumulative 389 
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frequency plots and a table of statistics of the geometry of the selected fracture network are 390 

displayed in Figures 14, 15 and 16. Table 4 shows the proportion of the node and branch data 391 

derived from the fractured network of outcrops CF 9_11, CF 35 and CF 25. Given that the spatial 392 

relations and geometry between different structures are constrained, three representative outcrop 393 

examples were chosen and described due to their relative representation of fracture topology and 394 

connectivity based on fracture intersections.    395 

Outcrops CF 9_11, CF 35 and CF 25 are located within the east west branch of Carboneras 396 

fault zone as shown in figures 1b and 2a. While outcrop (CF 9_11) is in the NE side, outcrops (CF 397 

35) and (CF 25) are localized in the NW reaches of the area. These outcrops are limited to a ~1, 398 

2.5 and 1.5 m portions of localized damaged zone of the dolostone fault blocks, and are divided 399 

into sectors based on the degree of fracture intensities respectively (Figs. 14d, 15d and 16d). Given 400 

that the blocks analysed in Figures 14, 15, 16 are from the fault zone and hence may be rotated 401 

blocks, the topology would still have meaning, but the orientation of the sets may have little 402 

significance.  403 

For outcrop CF 9_11; the fracture network consists of a predominant set 1 (red) and a set 2 404 

(blue) fractures (Fig. 14b, f). The set 1 and 2 fractures are sub-parallel, overlapping, and regularly 405 

spaced on the order of 0.5 – 2 cm and 0.1 – 2 cm spacing respectively. Both fracture sets are 406 

pervasive and the set 1 intersect at nearly orthogonal with the set 2.  407 

For outcrop CF 35; the fracture network comprises: (i) a predominant set 1 (red), (ii) set 2 (blue) 408 

and (iii) set 3 (black) fracture sets (Fig. 15b). Most of the set 1 and 2 fractures form conjugate pairs 409 

and usually crosscut each other. In some instances, these fractures are either isolated or abut against 410 

the set 3 fracture sets. In addition, set 1 through 3 fracture sets are sub-parallel, overlapping and 411 

regularly spaced on the order of 0.8 – 2.5 cm, 1 – 3 cm and 0.5 – 2cm spacing respectively.     412 
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For outcrop CF 25, the fracture sets are dominated by set 1 (red), set 2 (blue) and set 3 (black) 413 

fracture sets (Fig. 16b, f). The set 2 and set 3 fractures are sub-parallel, overlapping, sometimes 414 

abut against each other, and somewhat irregularly spaced. The set 1 exhibit a more regular spacing, 415 

commonly form in conjugate pairs with set 2, and mutually cross-cutting each other. All the 416 

fracture sets are moderately pervasive.  417 

The fracture networks of all outcrops appear to have a very high degree of connectivity based 418 

on the intersections among themselves, displaying a distinctive cubic-to-near-rectangular shape 419 

configuration (lithons). The structural configurations of the fracture networks of the individual 420 

dolostone fault blocks are captured by nodal and branch topologies. We documented the 421 

abundance of abutting, splaying and many cross-cutting interactions in the network linked with Y- 422 

and X- nodes, and I-C or C-C branches (Figs. 14c, 15c and 16c). The proportion of Y- and X-423 

nodes and number of connection-per-branch (CB) documented in all the outcrops (CF 9_11, CF 35 424 

and CF 25) respectively are as follows: (i) 74.6%, 19.3% and 1.9, (ii) 56.1%, 18.6% and 1.8. (iii) 425 

49.9%, 16.0% and 1.7 (Table 4; Figs. 14h, i, 15h, i, and 16h, i). The structural complex zones show 426 

higher fracture intensities (Figs. 14d, 15d and 16d), and higher frequencies of connecting nodes 427 

(Figs. 14e 15e, and 16e). The higher fracture intensities sustain a good correlation with connecting 428 

node frequencies. 429 

 430 

6. Data interpretation and discussion 431 

The documented structural data in the dolostone blocks were interpreted considering not only 432 

their mode, kinematics, orientation, abutting and cross-cutting relationships for the different 433 

structural elements, but also the results of previous works carried out in similar rocks. For this 434 

reason, we discuss the background (diffuse) deformation that took place at the initial stage of the 435 
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dolostone deformation separately. We then qualitatively and quantitatively explain the nucleation, 436 

evolution and morphology of dolostones lithons, focusing on their geometry, topology, and their 437 

significance in term of fluid flow properties in the subsurface. 438 

 439 

6.1. Background deformation in the lithons’ block  440 

Deformation in the dolostones of Carboneras fault zone prior to faulting overprint caused the 441 

development of different sets of structures, to include conjugate semi-ductile shear zones, 442 

conjugate en échelon fractures (veins), bedding-perpendicular veins, joints and bedding-parallel 443 

stylolites. These structures form the background deformation of the study dolostones and are 444 

displayed in different selected dolostone lithons’ blocks (Figs. 7 through 9). As documented 445 

before, these structures are low-strain fractures and can form during subsidence/burial diagenesis 446 

(Larsen et al., 2010; Lamarche et al., 2012; Korneva et al., 2014; Lavenu et al., 2014; Bisdom et 447 

al., 2016; Bertotti et al., 2017) and/or at the initial stages of faulting activities (Agosta and Aydin, 448 

2006; Tondi, 2007; Agosta et al., 2009). In dolostone blocks, hybrid conjugate en échelon veins: 449 

(i) predate most of the structural elements (including bedding-parallel, bedding-perpendicular and 450 

oblique fractures), (ii) form inside the conjugate semi-ductile shear zones of the lithons’ blocks 451 

(Fig. 7 and 8a), (iii) exhibit apparent symmetry between the veins sets and (iv) display lack of 452 

consistent cross-cutting relationships between the different kinematic indicators. All these 453 

characteristics infer that these conjugate en échelon veins do not form during distinct tectonic 454 

events, and point to a conjugate vein system that is kinematically and geometrically related. 455 

Besides, these veins are largely overprinted by bedding-parallel stylolites (Figs. 7a and 8d). In 456 

other places, conjugate sets of en échelon veins have been documented in the localized ductile 457 

shear zones in the White Range, central Australia (Ramsay, 1980; Kirschner and Teyssier, 1994), 458 

in the southern margin of the Bristol Channel, North Somerset, UK (Belayneh and Cosgrove, 459 
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2010), Berda and Kef Eddour formations in Tunisia (Bisdom et al., 2016), and the Jandaira 460 

Formation in Brazil (Bertotti et al., 2017). In these aforementioned places, conjugate en échelon 461 

veins disrupt the ductilely formed fabrics, intersect roughly perpendicular to bedding, show 462 

dihedral angles < 30o and are thought to have formed during early horizontal contraction. These 463 

published examples share some of the characteristics of those observed in the dolostone lithons’ 464 

blocks within Carboneras fault. Therefore, conjugate en échelon veins are thought to develop not 465 

only due to burial and/or subsidence but also may form during early horizontal contraction, 466 

possibly due to high fluid pressures that overcame the vertical loading (Srivastava and Engelder, 467 

1990) and/or local stress perturbations (Lavenu et al., 2014). 468 

The overprinting relationships between the bedding-parallel stylolites (resulting from closing 469 

mode failure occurring perpendicular to the greatest principal stress, Fletcher and Pollard, 470 

1981),conjugate semi-ductile shear zones and en échelon veins (resulting from opening mode 471 

failure occurring perpendicular to the least principal stress, Pollard and Aydin, 1988), indicate both 472 

a gradual shift between the main and the least principal stresses as well as a non-synchronous 473 

deformation event at the initial stage. These processes have been explained with the concept of 474 

mechanism of stress relaxation, reloading and/or perturbations in Agosta and Aydin, (2006) and 475 

Bertotti et al. (2017). In essence, burial of the dolostone lithons’ block followed an initial 476 

deformation stage (at shallow depth) that caused the formation of conjugate semi-ductile shear 477 

zones, which accommodate the bedding-perpendicular conjugate en échelon veins, before the 478 

formation of bedding-parallel stylolites with increasing depth.  This is consistent with the 479 

deformation regime associated to a stress field documenting sub-vertical principal stress σ1 and 480 

sub-horizontal σ2.  481 
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The dolostones were buried to depths of 440 – 820 m (Table 2; Fig. 10). This range depicts the 482 

minimum depth at which the dissolution was active on the bedding parallel stylolite planes and is 483 

consistence with the local burial pathway (Mueller et al., 2020). Some fractures were interpreted 484 

to have formed after stylolitization. These fractures, filled with late diagenetic dolomite cement, 485 

(Dol.3) are largely bedding-perpendicular and nucleated as veins overprinting the stylolites. The 486 

reader is refered to Mueller et al. (2020) for an in-depth documentation of the full paragenetic 487 

sequence, burial temperature and age constraints involved in the complex burial history of these 488 

dolostones. 489 

6.2. The characteristics and evolution of lithons’ blocks  490 

6.2.1. The morphological and geometrical evolution  491 

The cross-orthogonal sets of fractures (joints) in the dolostones blocks generated rock lithons 492 

that are orthorhombically arranged in well-connected discontinuities, which have obviously 493 

impacted on the original isotropic character of the dolostones. Orthorhombic lithons generated by 494 

one set of joints could be fractured in an orthogonal direction forming the second set of joints 495 

(Figs. 2 b - c, 3f and 17 a - c; Billi et al., 2003; Billi, 2005). These orthogonal fracture sets (related 496 

to the genesis of lithons) clearly indicate tectonic events that postdate the background deformation 497 

including conjugate en échelon veins and stylolite generation.  498 

In brittle fractures and faults, the orthorhombic arrangement was first proposed in Oertel, 499 

(1965), and was later extended to include brittle-ductile zones of localized displacement in 500 

Kirschner and Teyssier (1994). These orthorhombic structures are thought to develop during bulk 501 

non-plane-strain (triaxial) deformation where three or more mutually cross-cutting fault and/or 502 

fracture sets develop contemporaneously (Oertel, 1965; Reches, 1983; Reches and Dieterich, 503 

1983; Kirschner and Teyssier, 1994). Moreover, orthorhombic structures are predominant in 504 
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carbonate platforms that have suffered successive deformation. Turcotte and Schubert (2002), Billi 505 

et al. (2003) and Billi (2005) have elucidated the orthogonal fracturing of orthorhombic rock 506 

lithons in the light of the generated fibre stress, when the rock lithon is subjected to a concentrated 507 

force. These authors argue that as the concentrated force increases, the stress conditions change 508 

due to stress perturbation thus, causing the joints and fracture frequencies to also increase (i.e., a 509 

decrease in fracture spacing). This additional fracturing reduces the original size of the rock 510 

lithons. That implies that the lithons tend towards a tetragonal or isometric shape by reducing the 511 

length distribution of the long axes and by preserving the ones of the short axes (Billi et al., 2003; 512 

Fig. 17a through c). In our case example, the fitting boundaries of the reduced size of the rock 513 

lithons are preserved in the damage zone of the dolostone fault block (Figs. 2c and 17b, d). These 514 

fitting boundaries fade away towards the fault core of the dolostone fault block because of the 515 

increased intensity of fracture comminution, and because of significant rotation and crushing of 516 

the lithons. Both of these circumstances make the lithons unable to fit in the boundaries between 517 

themselves (Fig. 17d). 518 

Geometrically, the values of these lithons aspect ratios below 1 and above 2 represent about 519 

10 and 9% of the total population of the measured lithons respectively. In contrast, 48% of the 520 

measured lithon’s aspect ratio corresponds to the size range of 1 – 1.6 (Fig. 12b). This suggest that 521 

the lithons’ aspect ratio are: (i) well clustered, i.e. their values are statistically identical, (ii) 522 

independent of the sizes, structural position and the shapes of the lithons (Figs. 12 and 13), and 523 

(iii) independent as to whether the lithon is rotated or not especially during the fault core evolution. 524 

Billi et al. (2003) argue that the rotation of lithons during the development of the fault core is only 525 

possible when the lithon’s aspect ratio reaches 1.4. In the case of the lithons documented here, 526 

however, the aspect ratio of the rotated and not-rotated (i.e., those that have their boundaries still 527 
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fitted) is independent of the lithons’ dimensions and/or structural position. These observations 528 

contrast previous work suggesting a link of the rotation of the lithons to a specific value of its 529 

aspect ratio. The shape factor of the lithons reaches an average value of 0.78, implying that 530 

majority of the lithons’ shapes are equidimensional-to-near rectangular in shape.  531 

Considering a selected scan-line (CF 11c; Fig. 13), the results of the plots reveal that the 532 

variations of shape factor are homogenously distributed along the scan-line. This suggests a similar 533 

trend to that observed for the aspect ratio. A plot of aspect ratio against shape factor shows a 534 

negative gradient, pointing to a decrease in aspect ratio as the shape factor progressively increases 535 

(Fig. 13d). These geometrical results give hints on what controls the formation, morphology and 536 

rotation of rock lithons. It is important to note that the lithon’s formation, morphology and rotation 537 

are not entirely controlled by bedding surface but also by the continued triaxial deformation of 538 

mutually cross-cutting orthogonal fracture sets.  539 

 540 

6.2.2. Topological variability of the dolostone lithons 541 

The topological variability assessed in dolostone fault blocks resulted in a valuable quantitative 542 

classification of their 3D connectivity in terms of node and branch topologies (Figs. 14h, i, 15h, i 543 

and 16h, i). These variabilities yield important insights into how the fractures within a network 544 

evolve, grow, interact and more specifically, connect among themselves. Manzocchi (2002) and 545 

Sanderson and Nixon (2015, 2018) have documented how the relative proportion of node and 546 

branch topologies vary within a network from single- to multi-connected fracture networks. Single 547 

connected networks are dominated by I-node and I-I branch configurations, whereas multi-548 

connected ones are predominantly Y- and X- nodes and I-C, in some cases, C-C branches. Our 549 

results reveal that the networks of studied lithons are composed of fewer I-node and I-I branches 550 
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in comparison to the predominant Y- to X- nodes and I-C to C-C branches (Table 4; Fig. 4). 551 

Representing these quantitatively for outcrops CF 9_11, CF 35 and CF 25 respectively, show that: 552 

(i) Y (74.7, 56.1, and 49.9%,) to X (19.3, 18.6, and 16.0%) nodes, (ii) I-C (3.8, 16.2, and 23.8%) 553 

to C-C (96.2, 82.5 and 73.3%) branches, and (iii) connection-per-branch (CB; 1.9, 1.8 and 1.7). 554 

These representations point to the fact the fracture networks forming lithons are increasingly 555 

interacting among themselves, and well-connected. The degree of connectivity maintained a 556 

positive relation with the fracture (lithons) intensity (Figs. 14d, e, 15d, e, and 16d, e), which has 557 

important implications for the evaluation of the control exerted by dolostone-hosted fault-zones 558 

on geofluid migration in the subsurface. In the cases where the matrix permeability is low, fluid 559 

follows the pathways of the connected fractures and particularly so at the complex zones where 560 

the fracture intensities are high. The pathway provided by these fractures may have contributed in 561 

supplying the hydrothermal fluids that overprinted the lithons in the fault zone. Other important 562 

areas of application lie in earthquake predictions, ore mineral exploration, et cetera. 563 

 564 

6.2.3. The timing of lithons development and Carboneras faulting  565 

The timing between the generation of the lithons and Carboneras faulting is evaluated by means 566 

of the bedding orientation distributions and petrography of the dolostone blocks. The stereoplots 567 

of the bedding within these dolostone blocks (lithons’ and fault block) display remarkable 568 

dissimilarities in position (Figs. 17e and 11b), suggest that the blocks are loose, isolated and more 569 

or less detached inside the Carboneras fault zone. From the petrographic point of view, our results 570 

establish that both the dolostone lithons’ and fault blocks have the same history but both units were 571 

rotated, dismembered and not spatially linked inside the Carboneras fault zone. Hence, their 572 
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directions are not consistent in space but only consistent with respect to bedding because the blocks 573 

remain internally consistent.  574 

The information regarding the timing and/or age relations between the deformation events that 575 

generated the lithons and that of Carboneras faulting are sketchy, the evidence is constrained to 576 

the Carboneras fault overprinting relationship on the lithons. The fault overprint initiates the sharp 577 

cataclastic zone, in the sense that these blocks are now rotated inside the Carboneras fault zone. A 578 

morphological change in shape of the rock lithons ensued, which are largely linked to the 579 

cataclastic flow in the Carboneras fault zone. A directional or spatial link of blocks of studied 580 

dolostones towards the Carboneras fault is almost impossible, and the formation age of lithons is 581 

much older than the Carboneras fault activity. The timing between lithons formation and 582 

Carboneras fault zone activity can be explained in only one of two possible scenarios. Either the 583 

lithons are related to paleo-faulting (shortly or prior to the Carboneras fault) before being carried 584 

into the Carboneras fault, or they are related to the initial stages of deformation of the Carboneras 585 

fault. 586 

In conclusion, we document that the dolostone lithons studied here remained brittle over a 587 

wide range of conditions. The orthorhombic and thereafter isometric well-connected lithons result 588 

from mainly dominant orthogonal sets of discontinuities. Lithons suffered successively localized 589 

deformation within the Carboneras fault zone. Lateral changes in lithon size and morphology are 590 

observed across the damage zone and fault core within individual dolostone fault block. Prior to 591 

undergoing a cataclastic flow, slip localization and rotation takes place and narrow shear zones 592 

accommodate displacement.   593 

 594 

7. Conclusions 595 
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Dolomitized shallow water carbonates were affected by the Neogene Carboneras fault zone. 596 

Two main groups of structural features are presently recognised: (1) Features relating to 597 

background deformation dominated by low-strain fractures with early embrittlement, and (2) 598 

features resulting from the faulting overprint dominated by breccias and cataclasites. Background 599 

deformation accommodates fractures in the form of a network of bedding-perpendicular hybrid 600 

conjugate veins with a shear component documented by en échelon tension gashes, semi-ductile 601 

shear zones, barren fractures and bedding-parallel stylolites. Both, the semi-ductile shear zones 602 

and en échelon tension gashes form in conjugate pairs and are largely overprinted by bedding-603 

parallel stylolites.  604 

The Fourier analysis of the spikes of the bedding-parallel stylolites provide evidence for the 605 

dolostone burial depths. The results calculated from the reconstructed vertical principal stress (σ1) 606 

range from 10 to 17.6 MPa and suggest a shallow limit of burial depth in the range of 440 to 820 607 

m.  608 

Orthorhombic lithons generated by one set of joints could be fractured in an orthogonal 609 

direction forming the second set of joints, and successively evolve towards a tetragonal or 610 

isometric shape. The results of the geometric analysis of the lithons show that the values of the 611 

lithon’s aspect ratio are statistically identical irrespective of their size, shape and structural 612 

position. The analysis of these lithons provides insight into their distributions, and as well their 613 

connectivity within the fractured networks.  614 

The topology of the lithons (fracture) networks as characterized by node and branch 615 

topologies, indicate that the high fracture intensities and the high connecting node frequencies in 616 

structural complex zones (i.e., areas of high fracture interactions) are correlated. In addition, 617 
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lithons are increasingly interacting among themselves, and are then well connected, based on 618 

fracture intersection, cross-cutting and overlapping relationship.  619 

These findings have implications for the understanding of the relationship between the early 620 

background deformation, deformation due faulting tectonics, fracture/fault connectivity, 621 

brecciation and fluid flow. We considered these data to be relevant to subsurface carbonate 622 

reservoirs hosted in fault zones. The quantification of these relationships has the potential to 623 

advance predictions of subsurface flow properties.  624 
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Figure captions 831 

Fig. 1. Simplified geological map of the Carboneras Fault. (A) Regional map displaying the 832 

location of the Carboneras fault in the tectonic framework of S.E. Spain. SLF = Sierra de Los 833 

Filabres, SA = Sierra Alhamilla, SC = Sierra Cabrera, NB = Nijar Basin, SB = Sorbas Basin, VB 834 

= Vera Basin (after Faulkner et al. 2008). (B) Tectonic map of the Carboneras Fault Zone. The 835 

map displays the Neogene-Quaternary deposits of the Carboneras Nijar and Vera basins locating 836 

the main Paleozoic-Mesozoic basement culminations and main fault zones in the area (Modified 837 

after Keller et al., 1997). 838 

 839 

Fig. 2. (A) The Google hybrid satellite image of the Carboneras Fault Zone, including the locations 840 

of different analysed outcrops and sampling points. (B) Block diagram of lithon’s block showing 841 

lithons and preserved features such as bedding planes, stylolites, veins etc. (C) Block diagram of 842 

fault block indicating damage zone and fault core with both abrupt and gradual transition (often 843 

characterized by a main fault surface). Red box is enlarged in figure 17d. 844 

 845 

Fig. 3. Photographs of outcrop-scale fault-related deformation in the Carboneras fault zone. (A) A 846 

view to the NE with 100m-size blocks of faulted strata inside the fault zone. Note the Neogene 847 

Azagador Formation overlying the Carboneras fault gouge and dolostones. (B) Homogeneous 848 

distribution of strain within the phyllosilicate-rich gouge layer developed within the graphitic mica 849 

schist. See hammer (28 x 19 cm) for scale. (C through E) Massive to poorly layered dolostone 850 

fault blocks, showing complex variations of lithons size and a moderate-to-sharp transition 851 

between damaged zone, breccia and gouge. (F) Interlayered breccias and cataclasite, showing 852 

complex variations in lithons dimension and transitions between the dolostone, damaged zone and 853 
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fault core (breccia and gouge). (G) Conceptual diagram showing by what method lithons 854 

dimension (aspect ratio, shape factor, width, aperture and height) were measured.  855 

 856 

Fig. 4. (A) Fracture trace (A – B), with accompanying intersecting fractures (dashed), displaying 857 

arrangement of nodes and branches: I-nodes (green circles); Y-nodes (red triangles); X-nodes (blue 858 

diamonds). (B) Branch classification plot, showing proportions of different branch types with 859 

number 0 – 2 indicating connections per branch (CB). The curve shows results from the three 860 

studied dolostone fault blocks. (C) Values of number of connections per branch (CB), showing 861 

proportion of different nodes, together with corresponding node proportion for networks of 862 

Carboneras dolostone fault blocks. Modified after Sanderson and Nixon (2015).  863 

    864 

Fig. 5. (A) Typical outcrop features of dolostone lithons’ block within the Carboneras fault zone. 865 

Note alternation of dark and light-coloured bands related to fining-upward cycles. (B) Plane 866 

polarized light image showing finely laminated early diagenetic shoalwater dolostones including 867 

stylolites overprint. (C) The cross-cutting relation of a bedding-perpendicular dolomitic vein and 868 

a bedding-parallel stylolite (blue arrow), indicating that fracturing and vein infill predated burial 869 

stylolite formation. Also, a much younger vein (yellow arrow) displacing and/or overprinting the 870 

bedding-parallel stylolites. Note image was taken under plane polarized light. (D and E) A gradual 871 

transition with a nice close-up within the dolomite showing alternation between the fine-grained 872 

dolomite generation (Dol.1) and coarse-grained dolomite generation (Dol. 2; Images were taken 873 

under crossed polarized light). (F and G) Show plane polarized light and the corresponding 874 

cathodoluminescence images of the diagenetic dolostones with a late bedding-perpendicular vein 875 
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overprinting bedding parallel stylolites. (H) Dolomite filled vugs and zebra fabrics with 876 

characteristics bedding parallel stylolites (blue arrows).  877 

 878 

Fig. 6. (A through C) Microscale observation of component size of breccias and cataclasites 879 

distribution. (D and E) Plane polarized light images of both breccia and cataclasite. (F and G) 880 

Crossed polarized light images of cataclasite showing spheroidal/blocky calcite overgrowth 881 

entirely enclosing the clasts in F and G (enlargement of F). Samples were taken from outcrop CF 882 

1.  883 

 884 

Fig. 7. (A through C) Photograph of detailed background structural features within the dolostone 885 

lithons’ blocks showing both semi-ductile shear zones (red dashed and dotted lines) and conjugate 886 

hybrid veins. The veins (yellow short-lines) consist of left- and right-stepping en échelon veins 887 

with acute bisector of a 25o (A), 55o (B), and 15o (C). The stylolites in (A through C) overprint the 888 

hybrid veins. (i) Left-stepping en échelon veins indicating a dextral sense of displacement, (ii) 889 

right-stepping en échelon veins indicating sinistral sense of movement. 890 

 891 

Fig. 8. Photographs of dolostone lithons’ block prior to faulting overprint showing deformation 892 

caused by en échelon veins, semi-ductile shear zones, bedding-perpendicular veins and stylolites 893 

with their cross-cutting relationships. (A) Displays the shear zones, the conjugate pattern of the en 894 

échelon veins and bisecting bedding-perpendicular elongate veins, all being overprinted by 895 

bedding parallel stylolites. (B) Stereoplot of the geometric elements shown in A. (C) Stereoplot of 896 

geometric elements position of shear fractures and veins once bedding is rotated back to horizontal. 897 

(D) Shows veins arrested against the bedding parallel stylolites and joint tip lying within the 898 
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laminated dolostone block. (E) Enlargement of figure 7c, showing overprinting relations between 899 

en échelon (pull-aparts), bedding-perpendicular veins and stylolites. Note the clear finning-upward 900 

cycles of alternating dark and light gray dolomite bands. (F) Zebra fabric overprinted by en échelon 901 

veins and bedding-parallel stylolites. 902 

 903 

Fig. 9. Small pavement (CF18) used in characterising the geometry of the bedding-perpendicular 904 

veins not entirely reactivated during exhumation. (A) Orthorectified image of the pavement (CF18) 905 

showing wall-matching and reactivated veins. (B) Digitized vein networks with vein sets; set 1 (in 906 

red), set 2 (in blue) and set 3 (in gray). (C) Rose diagrams of vein strikes. (D) Length distribution 907 

of veins in CF18. See pencil in figures (A and B; length 12 cm) for scale.    908 

 909 

Fig. 10. Bedding-parallel stylolites (from outcrop CF 3) in the Carboneras Fault Zone. (A) Plane 910 

section of a sample cut perpendicular to the mean stylolitic plane with spike-like structures 911 

oriented parallel to the principal stress direction. (B) 1D roughness of stylolites shown in A after 912 

overhangs and linear trend have been removed. (C) Binned data of the Fourier power spectrum of 913 

B with a well-defined crossover length scale. (D) Fourier analysis of the roughness of stylolites. 914 

Fourier power spectrum is plotted against the inverse of the wavelength of roughness.  915 

 916 

Fig. 11. (A) Line drawing and structural sketch from a photography of a selected dolostone fault 917 

block.  Within the fault block, a N1370 – striking boundary fault delineate the damage zone and 918 

the fault core. (B) Histogram of fracture dips indicating a largely sub-vertical to vertical fractures 919 

(adapted from Igbokwe et al., 2018). (C) Stereoplot of the structural elements that are present in 920 

A. (D through I) Show fracture spacing along selected 6 scan lines measured in the dolostone 921 
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blocks. Red color in D and E highlight filled fractures. The number of measured spacing is 922 

approximately N = 450 and the analysed outcrops are shown in figure 2a.  923 

 924 

Fig. 12. Lithon’s geometrical analysis and/or frequency histograms of lithon’s aspect ratio. (A) 925 

Relation between the lithon’s long side and short side. (B) Overall lithons’ aspect ratio. (C) 926 

Aspect ratio of selected scan-lines in the dolostone blocks. (D) Histogram of L (long side of 927 

lithon sections) population, and (E) Histogram of l (short side of lithon sections) population as 928 

sampled at the selected scan-lines of the dolostones blocks. See figure 2a for the location of 929 

different analysed outcrops.   930 

 931 

Fig. 13. Lithon’s shape factor, diameter, and aspect ratio analysis for a selected transect (Scan-line 932 

CF 11c). (A) Frequency histogram for of lithon’s shape factor. (B) Distribution of lithons diameter- 933 

showing a downward decrease across the scan-line. (C) Distribution of aspect ratio within the 934 

transect. (D) Relation between the lithon’s shape factor and aspect ratio  935 

 936 

Fig. 14. The network of open (barren) fractures and topological parameters of the Carboneras 937 

dolostones fault block (CF 9_11). (A) High-resolution 2D outcrop orthorectified photograph. (B) 938 

Map of the digitized barren fracture patterns in two sets; set 1 (red) and set 2 (blue). (C) Topology 939 

of fracture network classified into nodes and branches. (D) Map showing the fracture abundance 940 

measure “fracture intensity”. (E) Map showing topological parameter “connecting node 941 

frequency”. (F) Rose diagram of plotted fractures in different sets. (G) Distribution analysis of 942 

fracture lengths using a series of cumulative frequency plots and a table of statistics for the entire 943 

fracture network. (H) Branch classification plotted on an I-I, C-I, and C-C ternary diagram. (I) 944 
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Node classification plotted on an I, Y, and X ternary diagram. The lines indicate thresholds of 945 

number of connections per branch ranging from 0 to 2.  946 

 947 

Fig. 15. The network of open (barren) fractures and topological parameters of the Carboneras 948 

dolostone fault block (CF 35). (A) High-resolution 2D outcrop orthorectified photograph. (B) Map 949 

of the digitized barren fracture patterns; set 1 (in red), set 2 (in blue), set 3 (in gray). (C) Topology 950 

of fracture network classified into nodes and branches. (D) Map showing the fracture abundance 951 

measure “fracture intensity”. (E) Map showing topological parameter “connecting node 952 

frequency”. (F) Rose diagram of plotted fractures in different sets. (G) Distribution analysis of 953 

fracture lengths using a series of cumulative frequency plots and a table of statistics for the entire 954 

fracture network. (H) Branch classification plotted on an I-I, C-I, and C-C ternary diagram. (I) 955 

Node classification plotted on an I, Y, and X ternary diagram. The lines indicate thresholds of 956 

number of connections per branch ranging from 0 to 2.  957 

 958 

 Fig. 16. The network of open (barren) fractures and topological parameters of the Carboneras 959 

dolostone fault block (CF 25). (A) High-resolution 2D outcrop orthorectified photograph. (B) Map 960 

of the digitized barren fracture patterns. (C) Topology of fracture network classified into nodes 961 

and branches. (D) Map showing the fracture abundance measure “fracture intensity”. (E) Map 962 

showing topological parameter “connecting node frequency”. (F) Rose diagram of plotted 963 

fractures in different sets. (G) Distribution analysis of fracture lengths using a series of cumulative 964 

frequency plots and a table of statistics for the entire fracture network. (H) Branch classification 965 

plotted on an I-I, I-C, and C-C ternary diagram. (I) Node classification plotted on an I, Y, and X 966 
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ternary diagram. The lines indicate thresholds of number of connections per branch ranging from 967 

0 to 2.  968 

 969 

Fig. 17. Schematic illustration of progressive fracturing of orthorhombic lithons into isometric 970 

lithons (after Billi et al., 2003). (A) Orthorhombic lithon is generated by the intersection of the 971 

dominant fracture with bedding and/or joints. (B) Expected joints cut across the dominant 972 

orthorhombic lithons, creating lithons with a vertical long axis that is nearly tetragonal. (C) A 973 

second set of joints cut the long axis of the tetragonal lithons to create an isometric lithon. (D) 974 

Enlargement of figure 2c, showing schematic drawing of a dolostone fault block with both lithons 975 

fitting the boundaries and those that do not fit the boundaries. (E) Bedding orientations of a few 976 

selected dolostone lithons’ and fault blocks from both NE and NW reach of the east west segment 977 

of Carboneras fault zone. The orientations show that both blocks have been significantly rotated 978 

in the fault zone.  979 

 980 

  981 

 982 

Appendix A 983 

A.1. Material and methods 984 

A.1.1. Stylolite analysis as a proxy for compressive stress and burial depth 985 

A set of five bedding-parallel stylolites were collected within the sample locations marked as 986 

CF 2, CF 3 and CF 6 in Figure 2a. The samples were cut normal to the main stylolitic plane and 987 

polished. Each slab was scanned with an EPSO Perfection V550 photo scanner and the traces of 988 

the stylolites were digitized in GIS environment (QGIS 3.2.1). The Fourier Power Spectra P(k) as 989 
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a function of the wave-number k [1/length scale (mm-1)] for each stylolite pattern was calculated 990 

and plotted to determine the cross-over wavelength between the two self-affine regimes 991 

corresponding to the elastic energy dominated regime at large-scale and surface energy dominated 992 

regime at small-scale. The cross-over length (Lc) gives a value for the causative stress on the 993 

stylolite interface and is linked in the equation below.  994 

Lc = 𝛾𝛾𝛾𝛾 
βσmean σdifferential

 ,  ………………………………………(2) where γ is the surface free 995 

energy, 𝐸𝐸 the Young modulus, β a function of the Poisson ratio (β = 2v(1−2v)
𝜋𝜋

). Assuming that 996 

gravity is the only stress present and the strain is uniaxial (i.e. zero horizontal displacements), then 997 

the horizontal components is a function of the vertical stress component σz. Eq. (2) is modified 998 

after Ebner et al. (2009b) to  𝐿𝐿𝐿𝐿 = 3𝛾𝛾𝛾𝛾

β �𝑎𝑎(σz)
1
2+𝑏𝑏σz−C�

………………………..(3) 999 

Expressing mean and differential stress in σz using a quadratic equation give; a = 1+� 𝑣𝑣
1−𝑣𝑣

� −1000 

2( 𝑣𝑣
1−𝑣𝑣

)2;           b = σtect -3σtect (
𝑣𝑣

1−𝑣𝑣
)2 –  σtect �

𝑣𝑣
1−𝑣𝑣

�; c = ( 𝑣𝑣
1−𝑣𝑣

)2 σtect
2  + � 𝑣𝑣

1−𝑣𝑣
�σtect

2 1001 

The vertical stress σz = ρgz, where ρ is density, g is acceleration due to gravity and z is depth.  Sub-1002 

vertical tectonic stylolites were not considered, thus σtect = 0; c = 0 and b = 0; then  1003 

                                   σz = +/- ( 3𝛾𝛾𝛾𝛾
𝑎𝑎βLc

)1/2 ………………………. (4)  1004 

To extract values of the vertical stresses and the corresponding depths of stylolite formation, 1005 

parameters shown in Table 1 were adopted. Values obtained from different samples lead to directly 1006 

comparable results, a feature that is considered promising.   1007 

 1008 

A.2. Results 1009 

A.2.1. Microscale structures and microscopic observations of the overprinted dolostone fault core. 1010 
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The fault rocks show striking contrast in component size of cataclastic distribution, and intact 1011 

polycrystalline fragments of variable sizes (with no damage at the grain scale) contained within a 1012 

matrix of cata-to ultra-cataclasite. The transitions between the component sizes of the cataclasite 1013 

are largely sharp. Elsewhere, the fine-grained component of the cataclasites gradually pass onto 1014 

coarse-grained components (Fig. 6a – c). The coarse-grained fragments are surrounded by small 1015 

to very-small clasts of dolomite matrix (clast-supported), while the fine-grained lithons are 1016 

dispersed within a very-fined-grained matrix of dolomites (matrix-supported). The matrix of both 1017 

clasts contains a minor amount of calcite cement resulting from late burial or meteoric diagenesis 1018 

(Fig. 6a, f and g).  1019 

In the clast-supported samples from the breccia zone, the calcite veins precipitated around the 1020 

clast, and stylolites constrained within each individual clast are predominant. The overall grain-1021 

sizes are partly sorted. A more distinctive feature of the clast-supported dolostone breccias is that 1022 

of the spheroidal calcite overgrowth (Fig. 6f and g). Each clast is entirely enclosed by a 1023 

spheroidal/blocky calcite overgrowth such that the clasts are not in contact with their neighbours. 1024 

Spheroidal calcite overgrowths, along with cements between the spheroids, typically form between 1025 

5 and 10 vol. percent of the dolostone breccias. The calcite spheroids are moderately to weakly 1026 

cemented.  1027 

 1028 

In the matrix supported samples, coarse grained clasts are broken and embedded in a fine-to-a 1029 

very fine matrix of crushed dolomites.  In some cases, broken clasts are cemented by large dolomite  1030 

crystals to produce a compact rock which underwent subsequent localized deformation. But 1031 

besides, there is a second brecciation within the fine matrix (Fig. 6e). No stylolites or other 1032 

evidence of dissolution features were observed within the matrix. 1033 




































