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Abstract 11 

 12 
Host rock mechanical heterogeneities influence the spatial distribution of deformation structures 13 

and hence, predictions of fault architecture and fluid flow. A critical factor, commonly overlooked, 14 

is how rock mechanical properties can vary over time, and how this will alter deformation processes 15 

and resultant structures. We present field data from an area in the Borborema Province, NE Brazil, 16 

that demonstrate how temporal changes in deformation conditions, and consequently processes, 17 

exerts a primary control on the spatial distribution and geometric attributes of evolving deformation 18 

structures. Further, each temporal deformation phase imparted different hydraulic architecture. The 19 

earliest flowing structures localized upon subtle ductile heterogeneities. Following fault formation, 20 

both fault core and damage zone were flow conduits. In later stages of faulting pseudotachylyte 21 

welding created a low-permeability fault core and annealed high-permeability fractures within the 22 

fault damage zone. Modern flow occurs along a zone of later open shear fractures, defined by the 23 

mechanical strength contrast between the host rock and annealed fault. This second hydraulically-24 

conductive zone extends 100s of meters from the edge of the annealed fault damage zone, creating a 25 

flow zone far wider than would be predicted using traditional fault scaling relationships. Our results 26 

demonstrate the importance of understanding successive deformation events for predicting the 27 

temporal and spatial evolution of hydraulically active fractures. 28 

29 
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 30 
1. Introduction 31 

Geometrical attributes of faults and fractures (length, orientation and spatial distribution) are of 32 

primary importance in predicting fluid flow through fracture networks. For any particular fracture 33 

system these attributes are controlled by rock mechanical properties and in-situ stress at the time of 34 

fracture formation. Rock mechanical properties are dependent on the physical conditions (e.g. 35 

pressure, temperature, pore fluid) at the time of deformation. Changes in rock mechanical properties 36 

can alter deformation processes, and hence deformation structures, during successive phases of 37 

deformation. In turn, subsequent deformation phases can reactivate or overprint structures, 38 

modifying their mechanical properties. Therefore, fracture networks are not purely stochastic in 39 

nature, and the ability to simulate realistic fracture systems depends on coupling accurate statistical 40 

quantification of fracture attributes with an understanding of the evolution of the deformation 41 

processes, and the attendant structures formed prior to and during fracture formation. This is 42 

particularly pertinent to fracture systems in basement terrains that have experienced multiple 43 

deformation events. Accurate characterization of fracture population attributes in crystalline rock at 44 

both seismic and sub-seismic resolution is increasingly important as crystalline rocks are targets for 45 

nuclear waste repositories (Degnan et al., 2003), enhanced geothermal systems (e.g. Sausse et al., 46 

2006) and hydrocarbon exploration (e.g. Koning, 2003; Schutter, 2003; Slightam, 2012). 47 

Furthermore, containment periods for CO2 sequestration and nuclear waste storage are so long 48 

(between 103 and 106 years) that predictions of temporally varying rock hydraulic properties (e.g. 49 

due to glacial advance and retreat) are required as input to the safety cases for potential 50 

storage/repository sites.  51 

A critical factor, commonly overlooked, is how host rock mechanical properties can vary over time, 52 

and how this will alter deformation processes and influence the type, and geometrical attributes of, 53 

resultant deformation structures. For example in sandstones, as mechanical strength increases due to 54 

diagenesis, the failure mechanism can change from cataclasis (forming deformation bands) to 55 

fracturing (forming joints) (Johansen et al., 2005; Davatzes et al., 2005). Similarly, fracture 56 

attributes such as spacing and length, are the product of the host rock mechanical properties at the 57 

time of formation (Cooke et al., 2006; Moir et al., 2010), which may differ from present-day 58 

mechanical properties (Shackleton et al., 2005; Laubach et al., 2009). The impact of diagenetic or 59 

depositional processes on host rock properties is evident in along fault variations in fault zone 60 

architecture (e.g. Eichhubl et al., 2009; Soden and Shipton, 2013). Thus predictions of fracture and 61 

fault zone architecture should consider previous mechanical states and not merely the present 62 

mechanical state, particularly in areas that have a complex tectonic history.  63 
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Furthermore, it is widely recognized that host rock mechanical heterogeneity can influence the 64 

spatial distribution of initial deformation structures (Crider and Peacock, 1996; Fischer and 65 

Polansky, 2005), and hence, any resulting fault architecture (Childs et al., 2009). Contrasts in 66 

mechanical strength localize stress (Pollard and Aydin, 1988; Moir et al., 2013) and act as sites for 67 

fracture initiation (McConaughy and Engelder 2001; d’Alessio and Martel, 2005) or termination 68 

(Cooke et al., 2006). What has not been fully explored is the impact of the mechanical 69 

heterogeneity created by deformation structures formed under deformation conditions that vary over 70 

geologic time, on subsequent fracture development. 71 

In this study we present data from the Jucurutu fault located in Jucurutu county in the state of Rio 72 

Grande do Norte, NE Brazil. The fault cuts crystalline basement rocks and was initially documented 73 

by Kirkpatrick et al., (2013) as part of an investigation of regional fault systems. We have carried 74 

out a detailed examination of the structures exposed within a 0.09 km2 area adjacent to and 75 

including the Jucurutu fault, recording structures from the centimeter to 100’s of meters scale. Our 76 

data indicate how changes in deformation conditions, and consequently processes, control the 77 

observed pattern of deformation structures. We show that in each deformation phase, both the 78 

spatial distribution and geometric attributes of the evolving structures are governed by the locations 79 

of the structures formed in previous phases. We propose that existing structures act as mechanical 80 

heterogeneities, resulting in high stress concentrations that lead to fracture nucleation. This results 81 

in discrete temporal episodes of differing, yet related, patterns of hydraulically conductive 82 

structures.  83 

2. Geological Setting 84 

Our study examines ductile and brittle deformation structures in Neoproterozoic gneisses of the 85 

Borborema Province, NE Brazil (Fig.1). Regionally the Archean to Proterozoic basement is cut by a 86 

system of steeply-dipping, E-W and NE-SW trending, dextral strike-slip shear zones intruded by 87 

Neoproterozic granites (Vauchez et al., 1995; Arthaud et al., 2008). The shear zones developed 88 

during the Brasiliano Orogeny (~750-540Ma), and are defined by steeply dipping mylonitic belts 89 

hundreds of kilometers long and tens of kilometers wide (Brito Neves et al., 2000).  90 

Continental break-up during the Cretaceous generated the Potiguar Basin in the north of the 91 

Borborema Province as part of a system of failed rifts. The study area lies on the border of such a 92 

rift, the Cariri-Potiguar trend that extends southwest from the edge of the Potiguar Basin (Fig. 1) 93 

(Matos, 1992). Faults bounding the Potiguar basin have throws up to 5 km and are observed on 94 

seismic sections to offset the crystalline basement (De Castro et al., 2012). On a regional scale the 95 

rift faults coincide with the basement mylonitic fabric (Matos, 1992; De Castro et al., 2008; 96 
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Kirkpatrick et al., 2013). Substantial uplift and erosion of the region during the Cenozoic has 97 

exposed the basin margins and deeper parts of the rift systems. Exhumation is interpreted to have 98 

occurred at ~90-100Ma and again post-20Ma. The former event corresponds to rifting and cooling 99 

to temperatures less than 100°C and the latter to cooling from around 60°C. Together these are 100 

thought to represent ~3km of denudation (Nóbrega et al., 2005; Morais-Neto et al., 2009).  101 

Our study site is located south of the Potiguar basin within the Piranhas shear zone, a 100km-scale 102 

shear zone that locally trends NE swinging to a ENE trend further south. We focus on a section of a 103 

brittle fault, the Jucurutu fault (JF), which cuts a strongly mylonitised section of the Piranhas shear 104 

zone (Fig. 1).  105 

The Jucurutu fault is one of three NE-SW trending brittle faults that make up the Rio Piranhas fault 106 

system. The fault system extends ~150 km along strike, from the Açu reservoir in the north to the 107 

Rio do Peixe basin in the south. The only observed offset indicator is a displaced granite pluton 108 

boundary on the São Rafael fault, with an apparent dextral offset of the order of ~150m. No 109 

piercing point data exist for these faults, so the dip-slip component of the total slip is unknown. 110 

However observations of slickenlines and corrugations on subsidiary faults indicate net oblique dip-111 

slip offsets (Kirkpatrick et al., 2013). Based on interpretation of Landsat images, the Jucurutu fault 112 

(JF) has a trace length of 40 km and a regional trend 053°. At the regional scale the JF runs parallel 113 

to the shear zone, although locally the fault cuts the mylonite foliation at a low angle. Kirkpatrick et 114 

al. (2013) showed that on the basin scale, the geometry of the Jucurutu fault, and other faults of a 115 

similar age, is strongly controlled by the pre-existing Brasiliano ductile fabric. However at the 116 

outcrop scale, the mylonitic foliations have only a weak influence on the architecture of the 117 

Jucurutu fault zone.  118 

Reservoir-induced microseismic events associated with the São Rafael fault, the northernmost fault 119 

in the Rio Piranhas system, also suggest that the spatial distribution of brittle structures are not 120 

solely dictated by the pre-existing ductile fabric. Earthquake hypocenters delineate a cloud of 121 

microseismicity 2km long, 230 m to 400 m wide and at depths of 1.5–2km that coincides with the 122 

São Rafael fault, which itself is sub-parallel to the regional foliation. Pytharouli et al., (2011) 123 

demonstrated that the microseismicity occurs on multiple fractures some of which are clearly 124 

orientated at high angles to the fault and mylonite foliation, the remainder are sub-parallel to both 125 

fault and host rock fabric. In this study we observe laterally extensive, open fractures at high angles 126 

to the Jucurutu fault, which we propose are analogous to those hosting the modern-day seismicity 127 

recorded at Sao Rafael. 128 
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3. Field Data 129 

The study area at Jucurutu is excellently exposed in the bed of the Piranhas River (Fig. 2). The river 130 

inundates the area during the rainy season but for the remainder of the year is confined to two 131 

channels approximately 10 m wide either side of an ‘island’ with ~80% outcrop exposure (Fig. 132 

2b).The exposure comprises ridges of intact, smooth crystalline rock which have been highly 133 

polished by the river flow, making sample collection difficult. Mapping at meter scale was carried 134 

out using line transects, circular scanlines, base-line mapping and at 100 meter scale from low-135 

altitude aerial photos (Fig. 2). At the field site, the southerly strand of the Piranhas River runs along 136 

the trace of the Jucurutu fault. In one location (around x_x’ on Fig. 2), the channel takes a jog to the 137 

east, exposing the fault core; elsewhere the central fault core is covered by the channel even in the 138 

lowest flow conditions.  139 

At the study site the host rock is a low-grade, quartz-feldspar-epidote gneiss that is strongly 140 

mylonitized, with a prominent sub-vertical foliation trending ~034° (Fig. 2c & 2d). The foliation is 141 

defined by compositional banding and by aligned chlorites and muscovites (Kirkpatrick et al., 142 

2013). Kinks in the foliation trend define centimeter-wide to tens of centimeter-wide ductile shear 143 

zones oriented sub-perpendicular to mylonite foliation. These small shear zones represent strain 144 

localization after the formation of the main foliation. Additionally, a section of the foliation close to 145 

the river is rotated towards a trend of 050° (Fig. 2a & 2d) suggesting folding of the foliation on the 146 

tens of meters scale within the mylonitized zone.  147 

Brittle structures are observed in the study area across a range of length scales from tens of 148 

centimeters long fractures to the 40 km long Jucurutu fault (JF). Based on mineral fill and cross-149 

cutting relationships of the brittle structures we suggest three phases of brittle deformation can be 150 

distinguished, which were active under different deformation conditions. The first phase is 151 

associated with epidote bearing fluids, the second occurred at mid-crustal levels under high-stress 152 

conditions, and the final phase at shallow levels and in the absence of mineralizing fluids. We 153 

present the observations of each fracture generation in the order in which they formed and suggest 154 

the deformation condition parameters indicated by the recorded data.  155 

Epidote mineralization is observed in fractures ranging from tens of centimeters long to tens of 156 

meters long, in single fractures (Fig. 3a & c) and in en echelon fracture arrays (Fig. 3b). The 157 

shortest epidote-filled fractures are found adjacent to the Jucurutu fault core (Fig. 2: LT1-LT5). 158 

These fractures are tens of centimeters long, millimeters wide, and form a closely spaced, irregular 159 

fracture network (Fig. 3a). Although they have a range of orientations from 000° to 170° (Fig. 4a) 160 

the fractures dominantly strike at high angles to the foliation and the JF. The short epidote-filled 161 
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fractures are largely restricted to the area adjacent to the JF fault core outcrop and are not as 162 

prevalent moving along fault strike to the SE. Rather, epidote-filled shear-fractures tens of meters 163 

long and 2–10 centimeters wide are observed along fault strike to the SW and up to 150 m 164 

perpendicular to the Jucurutu fault (Fig. 2a & Fig. 3b & c). Epidote-filled shear fractures adjacent to 165 

the JF cross-cut foliation at a low angle (5° and 30°) and are sub-parallel to the JF trend, those 166 

further from the JF are sub-perpendicular to both the foliation and the fault. The maximum length a 167 

single epidote-filled shear-fracture was traced for was 42m, the minimum length was 5m, but the 168 

terminations of the shear-fractures were not observed due to the limited extent of exposures.  169 

The majority of the tens-of-meter long epidote shear fractures observed display a sinistral shear 170 

sense and are associated with localized rotation of the mylonite foliation over centimeters to meter 171 

wide zones surrounding the shear fracture (Fig. 3 b, d & e). Four of the epidote-filled fractures (Fig. 172 

2a) are associated with sinistrally offset granite dykes, with apparent horizontal separation of 173 

between 3m and 9m. In one instance a section of dyke and gneiss foliation adjacent to the epidote-174 

filled fracture is rotated with a sinistral shear sense; seemingly sheared along the epidote-filled 175 

fracture (Fig. 3e). A meshwork of fine epidote veins extends from the epidote-filled fracture into 176 

both the gneissic host rock and sheared dyke in a geometry consistent with sinistral slip (Fig. 3f). 177 

The dyke may have been sheared by either the ductile shear on which the later brittle fault 178 

developed or by the epidote-filled shear-fracture under semi-brittle conditions. Two generations of 179 

highly indurated gouge can be identified in the epidote shear fractures adjacent to the JF (Fig. 3d). 180 

The first generation is composed of millimeter-sized angular to rounded mylonite clasts in an 181 

epidote-quartz matrix, the second generation is composed of a fine-grained red gouge tightly 182 

cementing clasts of epidote from the first generation gouge.  183 

Epidote fractures and en echelon arrays one to two meters long are found at a distance of 150m 184 

from the river (Fig. 2a: FD2 & FD3 & Fig 3b & c). Centimeter-wide ductile shear zones are cut by 185 

single epidote-filled fractures that are oriented parallel to the zone of sheared foliation, and by en-186 

echelon epidote vein arrays. The overall en-echelon array trend parallels the ductile shear zone with 187 

individual veins cross-cutting the shear zone at a high angle (Fig. 3a, b & c). Furthermore, in each 188 

observed case the en-echelon array and ductile shear have the same shear sense. 189 

Epidote mineralisation is interpreted as indicating temperatures of ~200°–300°C (Gulibert and Park, 190 

1986; Bruhn et al., 1994). Assuming a geothermal gradient of 20°–30°C/km (cf. Lisker, 2004) the 191 

abundance and spatial extent of epidote mineralized shear fractures, as well as evidence of 192 

cataclasite reworking (Fig. 3d) indicates a significant phase of deformation and associated fluid 193 

flow at depths between 7km and 15km. 194 
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The second generation of brittle structures is the Jucurutu fault itself (Fig. 5) and a set of annealed, 195 

unmineralised, fractures that occur in the adjacent rock (Fig. 6a & b). Here we define annealed as 196 

meaning that fractures do not split when hit with a hammer, thus are not planes of weakness. We 197 

infer that these fractures are closed tight or sealed and are therefore incapable of transmitting fluid 198 

in the present day. Fracture aperture is <0.1mm (indistinguishable with the naked eye) making it 199 

impossible to identify in the field if the fractures are mineralized. It was not possible to sample the 200 

annealed fractures for thin section analysis due to the highly river polished exposure, which made 201 

any form of hand sampling away from open joints (where a chisel could be inserted) extremely 202 

difficult. Due to the remote location we did not have access to a rock drill. The annealed 203 

unmineralised fractures are consistently associated with pseudotachylyte veins that extend from the 204 

Jucurutu fault and cross-cut the annealed fractures, indicating the annealed fractures formed at 205 

similar high temperatures and pressures. Although we cannot confirm the actual fracture sealing 206 

mechanism we suggest potential mechanisms in our discussion. This does not detract from our main 207 

hypothesis, however, since it is not the absolute values of the mechanical properties that affect the 208 

localization of future structures but the presence of mechanical heterogeneities with discrete 209 

boundaries that act to focus fracture nucleation (Moir et al., 2013).  210 

At the study location we define the JF fault core as the 1.4m to 2.6m wide zone of highly indurated, 211 

chaotic breccias, bound by two sub-vertical planar fault walls dipping ~80° (Fig. 5a & b). The 212 

breccias are composed of randomly oriented angular clasts, millimeters to 50 centimeters in 213 

diameter, strongly cemented in a fine-grained purple-grey matrix. No offset markers could be 214 

identified along the JF but breccia strands up to 15m long branching from the fault, orientated ~25-215 

300 counterclockwise to the fault wall are consistent with sinistral slip (Kirkpatrick et al., 2013). 216 

Clasts containing fine epidote veins are found in the breccia (Fig. 5c) but no epidote veins are 217 

observed to cut the breccia matrix. The matrix itself is composed of epidote and chlorite grains 218 

strongly cemented with an aphanitic purple-grey crystalline material. The same aphanitic material 219 

fills fractures cross-cutting the breccia clasts and matrix, as well as fractures extending from the 220 

core into the host rock immediately adjacent to the core. These fractures have chaotic, cross-cutting 221 

orientations and geometries. Differential erosion of the fault breccia has created an irregular surface 222 

from which it is possible to sample the clasts, matrix and cross-cutting fractures. Microscopic 223 

observations of the aphanitic material from the fault core show it to have characteristics consistent 224 

with pseudotachylyte (Kirkpatrick et al., 2013). The presence of pseudotachylyte indicates slip at 225 

mid-crustal depth as high normal stress promotes frictional melting (Sibson and Toy, 2006). The 226 

volume of pseudotachylyte and the multiple cross-cutting strands suggest several melt-generating 227 

events. The persistence of pseudotachylyte throughout the JF has created a highly indurated fault 228 
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core; induration and healing of cataclasites by pseudotachylyte is a phenomenon recognized in both 229 

field and laboratory settings (Di Toro and Pennacchioni, 2005; Griffith et al., 2012)   230 

The host rock surrounding the JF is intensely fractured by a high-density, irregular network of 231 

closely spaced (<10cm), tens of centimeter-long, unmineralised, annealed fractures (Fig. 6a & b). 232 

These fractures cross-cut each other and the tens of centimeter-long epidote-filled fractures adjacent 233 

to the JF fault core. The annealed fractures are in turn cross-cut by pseudotachylyte strands 234 

extending from the fault core.  Annealed fractures have a range of orientations between 000 and 235 

180, though overall fracture strike is at high angles to the foliation and to the Jucurutu fault (Fig. 236 

6c). Both dextral and sinistral shear sense indicators were recorded (Fig. 6d) and in places conjugate 237 

fractures have developed. Annealed fractures were observed along the length of the JF (sampled in 238 

FD5, 6 & 7) including surrounding the epidote-filled shear fractures along-strike to the SE of JF 239 

fault core exposure (Fig. 2a). No evidence of previous mineralization was observed in any of the 240 

annealed fractures. 241 

The intensity of fracturing in the host rock along JF strike was measured using circular scanlines 242 

along five line transects perpendicular to the fault core (Fig. 2a). On each line transect circles 1m in 243 

diameter were spaced at 4 to 8m intervals, depending on exposure. Background joint density was 244 

measured using circular scanlines at locations 210 m and 160 m from the JF, on the west and east 245 

bank respectively. All visible fractures intersecting the circle were counted, with no differentiation 246 

made between epidote-mineralized and unmineralised, annealed fractures. As fractures intersecting 247 

the circle were counted rather than fractures terminating within the circle, the measure obtained is 248 

for fracture intensity rather than fracture density (Mauldon et al., 2001). On the west bank 249 

background fracture intensity is 10 fractures/m and on the east bank 16.5 fractures/m Fracture 250 

intensity decreases outwards from the fault core, from a maximum of 58 fracture/m reaching 251 

background levels between 40m and 60m from the fault wall (Fig. 8). The spatial distribution of 252 

fractures in a zone of high-intensity, chaotic fracturing surrounding the JF defines the JF damage 253 

zone, which we interpret to have formed during slip on the JF. Damage zone width and fracture 254 

intensity is heterogeneous along fault strike. On average fracture intensity along WT4 is twice 255 

background levels, while WT2 records fracturing almost three times background value.  256 

The third and final generation of deformation structures are open shear fractures (Fig. 8a) and open 257 

fracture zones meters to tens of meters long, (observed in well exposed areas FD1-4 and FD8; Fig. 258 

2). Open fractures have apertures ≥1mm and no mineral fill or staining (Fig 8b & c). Occurring 259 

outside the JF DZ, their geometric properties are in contrast to the dense, cross-cutting, annealed 260 

fracture network and short epidote-mineralized fractures observed in the JF damage zone. Open 261 
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fractures and fracture zones are more widely spaced (Fig. 8a), orientated sub-parallel to each other 262 

and at a constant high angle to foliation (Fig. 9). All observed open fractures have near-vertical 263 

dips. At least three isolated open fracture zones were observed in the JF damage zone, but in 264 

general where the annealed meshwork fractures are present adjacent to the JF the open fractures are 265 

absent (Fig. 7a). No open fractures or fracture zones were observed cutting the JF fault core. Three 266 

of the open fracture zones were traced over 100 meters from the edge of the annealed JF damage 267 

zone (Fig. 2 WT and ET transects) a further eighteen open fractures were traceable for between 10 268 

and 20 meters. However, due to sand cover the terminations of neither individual open fractures nor 269 

fracture zones were observed.  270 

Open shear fractures and en echelon fracture arrays crosscut centimeter-scale epidote veins (Fig. 271 

10a), ductile shear zones (Fig. 10a) and nucleated at the edges of epidote-filled shear fractures 272 

(Fig.8d & 10b). The open en echelon arrays share the same trend as the ductile shear zones and 273 

epidote veins, those open fractures nucleating at the edges of epidote-filled shear fractures form at a 274 

high angle to the shear-fracture. Both apparent dextral and sinistral shear sense indicators are 275 

observed (Fig. 9b) consistent with normal reactivation, whereby only a minor reorientation of the 276 

stress field will result in a change in the apparent slip direction in the horizontal exposure.  277 

4. Structural and Hydraulic Evolution 278 

Based on the field data we have developed a conceptual model for the structural and hydraulic 279 

evolution of the fault and fracture system at Jucurutu (Fig. 11). The crystalline basement has 280 

experienced multiple deformation phases under deformation conditions that evolved through time. 281 

The deformation structures observed at the study site are consistent with deformation occurring 282 

under progressively decreasing temperatures (Fig. 12). Initial deformation was ductile and occurred 283 

at greenschist facies conditions during the Brasiliano orogeny.  Subsequently brittle deformation 284 

was associated with epidote mineralisation and pseudotachylyte formation as the area experienced 285 

rift related extension and exhumation during the Cretaceous (Kirkpatrick et al., 2013). Although the 286 

exact timing of open fracture formation is unclear in the absence of mineralizing fluids, the 287 

crosscutting relationships and trends of the open fractures show that they formed later than the JF 288 

damage zone, presumably at lower stresses during Cenozoic exhumation. As deformation 289 

conditions changed so too did the deformation processes and consequently the type of structure 290 

formed. Each generation of structure created a discrete mechanical heterogeneity within the host 291 

rock that acts as a nucleation site for later structures; rather than structures exploiting the 292 

mechanical anisotropy of the mylonitic fabric (Shea & Kroneberg, 1993; Tien et al., 2006). This 293 

observation of fracture nucleation on discrete mechanical boundaries is in keeping with the 294 
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numerical modelling results of Moir et al., (2013).  Our observations support a conceptual model 295 

with four distinct phases of deformation, each later phase being affected by the presence of prior 296 

deformation structures  297 

The initial phase of deformation during the Brasiliano orogeny formed the regional Piranhas Shear 298 

zone. Observations of synkinematic growth of chlorite and muscovite, and crystal-plastic 299 

deformation of quartz and plagioclase, indicates mid-crustal, greenschist-facies conditions and 300 

temperatures of up to ~4500 (Kirkpatrick et al., 2013). Within the mylonitsed zone,  further 301 

localization of strain formed broad tens of meter-scale folds, as suggested by the foliation rotation 302 

from 30° to 50° adjacent to the JF, down to centimeter-wide ductile shear zones (Fig. 11a).  303 

Epidote bearing structures at the centimeter- and meter-scale are localized on ductile shear zones, 304 

indicating that the ductile shear zones acted as mechanical heterogeneities on which the fractures 305 

initiated (Fig. 11b). The epidote-filled structures are themselves crosscut by unmineralized, 306 

annealed and open fractures; indicating the epidote-filled shear fractures formed during the earliest 307 

phase of brittle deformation. Assuming a geothermal gradient of 200-300C/km the epidote-filled 308 

faults are interpreted as having formed at depths of between 7 and 15km. 309 

At the tens of meters scale the mylonite foliation, adjacent to the JF fault core, is rotated 200 310 

clockwise. Coincident with rotation away from the main orientation are the tens of centimeter long 311 

epidote-filled fractures, and along fault strike to the SW are the longest epidote-filled faults 312 

observed in the study site (Fig. 2a). We suggest that this concentration of epidote bearing structures 313 

is associated with the rotation of foliation at the 10’s meter scale. Folds acted as heterogeneities on 314 

which fractures localized, similar to the centimeter and meter scale ductile shear zones. These 315 

processes resulted in the formation of an epidote-bearing fault and zone of epidote fault strands and 316 

attendant off-fault epidote fractures prior to formation of the JF (Fig. 11b). 317 

The presence of epidote in the JF fault core matrix and as epidote veins in breccia clasts suggests 318 

that the JF localized on a pre-existing epidote-rich fault (Fig. 11c). The absence of epidote-filled 319 

fractures or larger epidote remnants in the JF fault core suggests the JF accumulated sufficient slip 320 

to fully rework the epidote-rich fault material, via attrition and cataclasis. Therefore we propose the 321 

epidote-associated deformation phase ceased either prior to, or in the early stages of, JF 322 

development. The abundance of pseudotachylyte in the JF indicates fault slip at mid-crustal levels 323 

under high shear stress conditions (Sibson and Toy, 2006). The lack of mineralisation suggests dry 324 

conditions (at least transiently), consistent with high effective stresses that promote frictional 325 

melting. In the JF damage zone the annealed unmineralised fractures cross-cut the epidote-filled 326 

fractures and likely formed in the same stage as the pseudotachylyte. Pseudotachylyte generation 327 
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strongly welded and annealed the JF fault breccia (Fig. 11d). The annealed fracture surfaces 328 

indicate that the surrounding rock volume was also indurated post-displacement. As stated 329 

previously we are unable to determine the mechanism of fracture annealing however, experimental 330 

studies of closed fractures in seismogenic fault damage zones (e.g Tenthorey and Cox, 2006; 331 

Tenthorey and Fitz Gerald, 2006) suggest fractures may have been healed by hydrothermal 332 

reactions and mineral precipitation. Furthermore, these studies find a significant increase in 333 

cohesive strength of fault zones as a consequence of the healing process (Tenthorey and Cox, 334 

2006). 335 

A regional apatite fission-track study (Morais Neto et al., 2009), including a sample location 336 

adjacent to our study site, indicates two past cooling events. The first event cooled through 100oC at 337 

c. 100 Ma and a second since 20 Ma cooling through 60oC (Fig. 12). For a geothermal gradient of 338 

200-300C/km (cf. Lisker 2004) the event at 100 Ma indicates when rock now exposed at surface was 339 

at depths of 3 – 5 km. Observations of the JF fault rocks suggest they formed at >2000C and 340 

therefore by 100Ma, thus the JF was active during the Cretaceous rifting (Kirkpatrick et al., 2013). 341 

The final deformation phase formed open, unmineralised, fractures, but did not reactivate the JF. 342 

None of the open fractures cut the fault breccia or fault walls. Instead, open shear fractures initiated 343 

either at the edge of the welded JF damage zone or on existing ductile or epidote-filled shear 344 

fractures outside the JF fault zone (Fig. 11e). Therefore we propose that mechanical contrasts 345 

created by structural heterogeneities, from centimeter scale ductile shear zones to the ten’s meter 346 

scale indurated JF fault core, acted as sites of joint initiation. The presence of dextral and sinistral 347 

apparent shear sense indicators on fractures with near-vertical fracture dip, suggest the open 348 

fractures formed at shallow depths in a stress field consistent with normal fault slip. These open 349 

fractures may have resulted from the phase of exhumation suggested  by Nóbrega et al. (2005) and 350 

Morais-Neto et al. (2009), thought to have occurred at ~20 Ma. 351 

Our model demonstrates how temporally evolving deformation conditions can generate complex, 352 

hierarchical fault architectures by forming generations of deformation structures that vary in their 353 

mechanical and geometric properties. Each structure generation imparts a particular mechanical 354 

heterogeneity to the host rock that influences the spatial distribution and geometry of later 355 

structures. For example, the formation of pseudotachylyte in the JF indurated the fault core, which 356 

subsequently acted as a stiff inclusion in the country rock. Furthermore, each generation of 357 

deformation structures imparted different hydraulic architectures (Fig. 11). The earliest flowing 358 

structures were the epidote-bearing fractures, which are likely to have been mineralized during the 359 

early stages of deformation associated with the JF (Fig. 11b). Abundant epidote in the fault core 360 
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cataclasites of the JF attests to fluid flow also occurring in the fault core during deformation (Fig. 361 

11b) Pseudotachylyte welding of the JF in the later stages of development resulted in a very low 362 

permeability fault core, with flow focused in the surrounding fractured damage zone that was 363 

created during fault growth (Fig. 11c). Modern flow occurs at depth along the long open shear 364 

fractures and fracture zones that extend from the edge of the annealed JF fault damage zone (Fig. 365 

11e). These act like a secondary hydraulically-conductive fault zone, adjacent to the original fault 366 

damage zone. This secondary zone surrounds the annealed fault damage zone and is far wider than 367 

would be predicted using fault scaling relationships; this and the implications for developing 368 

predictive flow models are discussed below.    369 

5. Discussion 370 

The role of pre-existing structures in influencing fracture and fault formation has been previously 371 

recognized (Crider and Peacock, 2004). Moreover, it is widely accepted that faults are inherently 372 

weak and, as pre-existing weaknesses, will be reactivated in subsequent deformation events (Butler 373 

et al., 2008; Holdsworth et al., 2001). However, what has not been examined in depth is the affect 374 

evolving deformation conditions (stress state, temperature, availability of fluid) have on structure 375 

formation during successive deformation phases. As conditions change so to do the deformation 376 

processes, and hence the mechanical and geometrical properties of the resultant deformation 377 

structures. Thus each generation of structure exerts a distinct influence upon the formation of 378 

successive structures, acting as mechanical heterogeneities that control the geometrical attributes of 379 

new structures in a particular manner. Ultimately as deformation occurs in an evolving tectonic 380 

setting the degree of mechanical and structural heterogeneity, and thereby the complexity of the 381 

fault zone architecture increases, but not in a manner that would be predicted from conventional 382 

fault scaling relationships or fault zone models. 383 

Fault scaling relationships indicate broad positive correlations between increasing fault 384 

displacement and deformation in the form of increasing fault core and damage zone width (Shipton 385 

et al., 2006; Childs et al., 2009) and increasing fracture density in the damage zone (Chester and 386 

Chester, 2000; Wilson et al., 2003), as well as decreasing damage zone fracture density with 387 

increasing distance from the fault (Schultz and Evans, 1998; Sleight et al., 2001; Chester et al., 388 

2004; Savage and Brodsky, 2011)  with a coincident decrease in bulk permeability (Mitchell and 389 

Faulkner, 2012). However, fault-scaling relationships provide only a generalized description of 390 

fault zone attributes (Manzocchi et al., 2010), for example in the case of fault width there are three 391 

orders of magnitude scatter for any value of displacement (Shipton et al., 2006).  Furthermore, 392 

global scaling relations simplify fault zone geometry by omitting factors such as spatial or temporal 393 
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variations in rock mechanical properties. Nevertheless despite these limitations these relationships 394 

are frequently applied in reservoir flow models. (Yielding et al., 1997; Hesthammer & Fossen, 395 

2000; Myers et al., 2007; Jolley et al., 2007; Slightham, 2012). 396 

Models of fault zone and hydraulic architecture in crystalline rocks commonly assume an intensely 397 

fractured fault and damage zone that forms a high permeability corridor relative to the low 398 

permeability host rock (Caine et al., 1996; Evans et al., 1997; Younes et al., 1998; Slightam, 2012); 399 

although the behaviour of the fault zone as either a conduit or barrier to flow will depend on a 400 

variety of factors, for example the stress state relative to fracture orientation (Henrikson and 401 

Braathen, 2006; Agosta et al., 2010) and mineralisation (Eichhubl et al., 2009). Fault zones in 402 

crystalline rock are generally assumed to be mechanically weak zones and thus easily reactivated, 403 

making them preferential flow paths that may exhibit multiple mineralisation phases (Le Garzic et 404 

al., 2011). In a strongly anisotropic rock such as mylonite the tectonic foliation is suggested to exert 405 

a significant influence on the location and geometry of brittle faults (Beacom et al., 2001; Butler et 406 

al., 2008), as the foliation creates planes of weakness that can be exploited by fracturing (Shea and 407 

Kronenberg, 1993). 408 

Fracture network models are constructed from statistical descriptions of fracture set attributes 409 

(length, orientation, spacing) obtained from site-specific seismic surveys, outcrops and boreholes 410 

(Aliverti et al., 2003; Degnan et al., 2003; Sanders et al., 2003). However, seismic surveys even of 411 

the highest resolution are incapable of imaging meter-scale fractures, while outcrop and borehole 412 

data is unavoidably sparse and incomplete (Belayneh et al., 2009). Thus the fracture network model 413 

may not fully capture the complexity of the fracture pattern or may overlook important hydraulic 414 

conduits.    415 

Although scaling laws and generic fault models are useful, we have shown the impact that temporal 416 

and spatial variation in rock mechanical heterogeneity has on structure evolution and as a result the 417 

hydraulic architecture of fault-related fracture systems. Our data demonstrate that structural 418 

heterogeneities across a range of length scales and in some cases with a subtle expression, such as 419 

the minor ductile shear zones, and not the pre-existing fabric influence the geometrical attributes of 420 

successive deformation structures. Tens of centimeters wide ductile shear zones formed at high 421 

angles to the regional mylonite foliation. The epidote-filled shear fractures developed parallel to 422 

these ductile shear zones and consequently cut the regional foliation at high angles. We suggest that 423 

rotations of the mylonitic foliation at the 10’s meter scale indicates a broad fold that acted in the 424 

same manner as the centimeter scale ductile shear zones, as a mechanical heterogeneity on which 425 

epidote shear fractures and later the Jucurutu fault localized. Although at the regional scale the 426 
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Jucurutu fault is parallel to the Piranhas shear zone (Kirkpatrick et al., 2013), at the study site the 427 

fault cross-cuts the fabric at low-angles. Continued evolution of deformation conditions resulted in 428 

pseudotachylyte cementation and annealing of the Jucurutu fault, and its surrounding damage zone, 429 

creating a strong fault zone that was not reactivated in the last phase of deformation. Instead the 430 

indurated fault zone presented a mechanical contrast with the host rock that promoted nucleation of 431 

open shear fractures along its contact with the gneissic host rock.  432 

In the most recent phase of deformation the geometrical attributes of the open shear fractures are 433 

controlled by all three prior generations of deformation structure. Open fractures initiate on the 434 

edges of both epidote-filled shear fractures and ductile shear zones. Epidote-filled fractures act as 435 

sites of initiation for en echelon arrays of open joints. Open shear fractures up to hundreds of meters 436 

long extend from the edge of the indurated Jucurutu Fault. For all prior deformation structures the 437 

mechanical contrast between the pre-existing structures and the host rock concentrates stress, 438 

promoting open fracture formation. The formation of open joints on ductile shear zones, epidote 439 

shear fractures and on the edge of the JF fault zone rather than the reactivation of the main fault 440 

surface or off-fault fractures, is inconsistent with the view of weak fault zones being preferentially 441 

reactivated in later deformation events. 442 

In this study the evolution of deformation conditions and processes has culminated in the formation 443 

of a second hydraulically conductive fault damage zone of open low-offset shear fractures, adjacent 444 

to the original Jucurutu fault damage zone. The location and size of which might be overlooked by 445 

typical fracture surveys. Line transects perpendicular to the fault indicate fault-related fractures 446 

reaching a constant lower limit (the edge of the damage zone) ~60 meters from the fault (Fig. 8), 447 

whereas the high-angle open fractures extend beyond the 150m-wide exposure from the main fault. 448 

These low-offset shear fractures would not be identified by seismic surveys, and boreholes would 449 

be unlikely to identify them as a fault-related zone. Therefore, the area of greatest permeability 450 

would be assumed to occur within the ~120m wide damage zone surrounding the JF fault core.  451 

Furthermore, as the width of this wide zone of open fault-related fractures is not directly related to 452 

the displacement accrued by the Jucurutu fault, the true lateral extent of the open shear fracture 453 

zone may not be predicted from fault scaling relationships. Assuming the Jucurutu fault has a 454 

minimum displacement of 150m, similar to that observed on the Sao Rafael fault, the global scaling 455 

relationship for damage zone thickness with displacement (Torabi and Berg, 2011; Savage and 456 

Brodsky, 2011) would suggest a maximum damage zone width of ~700m. However, the line-457 

transect fracture data indicates the limit of the damage zone is ~60 m either side of the Jucurutu 458 

fault giving a total damage zone width of 120 meters, which according to the scaling relationship 459 
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correlates with a fault displacement of 150m. Therefore the scaling relationship suggests that the 460 

damage zone as defined by the fracture scanline data is most probably the limit of the fault-related 461 

fracturing and consequently, the principal hydraulically conductive zone would go unnoticed.  462 

Our proposition that these open fractures are an important along-fault hydraulically-conductive 463 

zone is supported by the microseismic data associated with the São Rafael fault (Pytharouli et al., 464 

2011) to the north of the Jucurutu fault (Fig. 1). Microseismic events at São Rafael are triggered by 465 

pressure diffusion from the reservoir, thus occurring on open flowing fractures. The 466 

microseismicity defines multiple open flowing shear fractures, several hundred meters in length in a 467 

longitudinal zone parallel and coincident with the main São Rafael fault trace. These shear fractures 468 

have orientations both parallel and at high angles to the São Rafael Fault and the mylonitic 469 

foliation. We propose that the 100’s meter long open shear fractures observed at the Jucurutu study 470 

site are analogous to those at Sao Rafael and, given their length, are potentially significant 471 

hydraulically-conductive fractures.  472 

This study shows that the most hydraulically important aspect of the fault system may go 473 

undetected or be underestimated. The largest existing fault structures may not be reactivated as 474 

commonly expected, and the resulting flow network is not always well described by fault zone 475 

scaling relationships. Hence, an important consideration in the development of realistic fracture 476 

flow models is the mechanical heterogeneities of the rock across a range of scales and their impact 477 

on the fracture formation and geometrical attributes. 478 

We have demonstrated that deformation under multiple conditions alters the mechanical properties 479 

of structures and leads to an increase in structural complexity. Recent improvements in 480 

thermochronology have shown that episodic burial and exhumation histories may be more common 481 

than monotonic cooling and unroofing (e.g Holford et al., 2010). Therefore when investigating 482 

recent brittle fault formation in a long lived tectonic setting we should consider previous 483 

deformation phases, conditions and resultant structures as they may have a bearing on the formation 484 

and architecture of the more recent faults and fracture networks. 485 

6. Conclusions 486 

Temporal changes in deformation conditions (pressure, temperature and availability of fluids) and 487 

thus deformation processes in the study area created generations of structures that differ in their 488 

mechanical and geometric attributes. These structures behaved as mechanical heterogeneities within 489 

the host rock, strongly influencing the spatial distribution and geometrical attributes of structures 490 

formed in later deformation events. Mechanical contrasts at a range of scales and types, from 491 
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centimeter-wide ductile shear zones to the 100’s meter-scale welded Jucurutu fault, influence the 492 

formation of subsequent structures; culminating in the generation of extensive open shear fractures 493 

and fracture zones. Hence, deformation under evolving conditions produces an increasingly 494 

mechanically heterogeneous and complex fracture system architecture.  495 

In addition to differing frequency and spacing of deformation structures, the successive deformation 496 

events were characterized by different hydraulic structures. The earliest flowing structures, the 497 

epidote-filled fractures, are perpendicular to the mylonitic foliation. Hence, rather than reactivating 498 

the regional foliation the epidote-filled fractures formed parallel to foliation in centimeter-wide 499 

ductile shear zones. The Jucurutu fault cross-cuts the mylonitic fabric at a low angle and both fault 500 

core and damage zone were flow conduits. However, pseudotachylyte welding created a highly 501 

indurated, low-permeability fault core and damage zone. Conventional methods for predicting shear 502 

fracture and fracture geometric attributes would focus on applying fault-scaling relationships to the 503 

larger brittle structures. Thus the most recent phase of fracturing would be assumed to have 504 

reactivated the Jucurutu fault and increased the fracture density in, and the width of, the Jucurutu 505 

fault zone. The open shear fractures and joints, that are controlling flow at depth, lie outside the 506 

damage zone of fault related fractures which would, by current fault models, define the lateral 507 

extent of the Jucurutu fault zone. The development of open joints and shear fractures at the edge of 508 

the indurated Jucurutu fault result in a fault-parallel zone of hydraulically-conductive fracturing 509 

adjacent to the original, now indurated, fault damage zone with a lateral extent that exceeds 150m. 510 

Thus the most hydraulically important part of the fault system is likely to be unaccounted for in 511 

current approaches to fault scaling and fracture modelling.  512 

Our study demonstrates the importance of considering the geological history of an area, the 513 

previous deformation conditions and processes, and thus the mechanical and geometric attributes of 514 

the structures formed as they exert a strong influence on the formation of later structures. We show 515 

that in basement terrains or settings that have experienced multiple deformation events, the 516 

complexity and longevity of the deformation history is an important consideration in developing 517 

accurate fracture and fault models for fluid flow prediction. 518 
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 732 

Figures 733 

Figure 1. Map of the Rio Piranhas fault system from satellite images and air photos. The extent of 734 
mylonitization associated with the Piranhas shear zone is indicated by cross-hatching. The black 735 
arrow indicates the location of observed 150 m apparent dextral offset of a pluton boundary. 736 
(Adapted from Kirkpatrick et al., 2013) 737 
 738 
Figure 2. a) Map of study site showing Jucurutu fault (JF); line transects (LT) locations, blue box 739 
encloses LT1-5 oriented parallel to JF; areas of fracture data (FD) collection from ridge outcrops 740 
that parallel host rock foliation, fracture data was collected along ridge strike. *indicates epidote-741 
filled shear fractures offsetting dykes. Inset: Google Earth satellite image, study area outlined by 742 
white box, white arrow indicates JF FC outcrop. b) Typical ridge-like outcrop (FD4) looking south-743 
west. Rucksack ringed bottom right for scale. C) Sub-vertical mylonite foliation d) Rose diagram of 744 
foliation strike.  745 
 746 
Figure 3. Epidote-filled fractures a) 10’s cm long in JF damage zone. Meter-long outside the JF DZ 747 
occur as b) en echelon and c) single fracture seeded on ductile shear. Epidote-shear fractures >5m 748 
long d) two generations of gouge first generation consists of mylonite clasts in a quartz-epidote-749 



 24

chlorite matrix (Kirkpatrick et al., 2013). Second generation composed of epidote clasts in a fine-750 
grained red matrix. e) Sinistral sheared dyke with later f) sinistral epidote-filled fracture. 751 
 752 
Figure 4. a) Rose diagram of 10’s cm long epidote-filled fractures in JF DZ: recorded from LT1-5. 753 
b) Stereonet of epidote-filled fractures and shear sense where observed. Grey symbols are epidote-754 
filled shear fractures >5m long, shown in Fig. 2a. Mean mylonite foliation n=103 with standard 755 
deviation of 13. Note the epidote-filled fractures strike at a high angle to the mylonite foliation.  756 
 757 
Figure 5. a) An approximately 20m long strike-parallel section of the Jucurutu fault core exposed 758 
in the Piranhas river gulley (location marked X-X’ in fig.2a). b) Fault core width ranges from 1.4m 759 
to 2m. No principal slip surface is exposed (presumed weathered out in gully) but breccias are 760 
bounded by smooth fault walls. Clasts are randomly orientated and up to 0.5 m wide. Tape measure 761 
is 1m long. c) Close up of JF breccia, which is strongly welded by pseudotachylyte. Note epidote 762 
fractures within clasts do not cross-cut the purple matrix of the breccia. 763 
 764 
Figure 6. Jucurutu fault damage zone. a & b) High density 10’s cm scale unmineralised annealed 765 
fractures. c) Rose diagram of unmineralised annealed fracture strike from LT1-5, FD 5, 6 & 7 and 766 
d) poles to annealed fractures for which shear sense indicators were observed.. Note in the JF DZ 767 
annealed unmineralised fractures are more common than epidote-filled fractures.  768 
 769 
Figure 7. a) View of transition from short, meshwork fracturing developed in the damage zone of 770 
the Jucurutu fault to dominantly sub-parallel long open fracture and fracture zones that characterize 771 
the area extending from the edge of the damage zone outwards across the rest of the study area. b) 772 
Joint intensity data collected using circular scanlines at 4-8m intervals along line transects 773 
perpendicular to the JF.  774 
 775 
Figure 8. a) Single open fractures transecting FD4. b) Tens of meter long open en echelon fracture 776 
zone and c) open en echelon fracture zone and single fractures. All occur ~100m outside limit of JF 777 
DZ.  778 
 779 
Figure 9. Stereonets of open fractures and fracture zones from sample areas FD1-4, 8. Great circle 780 
is mean mylonite foliation from each sample area. Open fractures with shear sense indicators are 781 
highlighted.  782 
 783 
Figure 10. a) En echelon fractures nucleating on a epidote vein (insect b ) c) En echelon open 784 
fractures and d) open fractures nucleating on epidote mineralized fractures which themselves 785 
overprint ductile shear zones.  786 
 787 
Figure 11. Conceptual model of fault and fracture system structural evolution and impact on 788 
hydraulic architecture. Temporal evolution of deformation conditions leads to variable deformation 789 
processes and hence mechanically and spatially distinct generations of deformation structures.  790 
 791 
Figure 12. Temperature time graph indicating timing of ductile and epidote associated deformation 792 
phase, upper and lower temperatures for epidote associated deformation (chlorite assemblages) and 793 
A-ft temperatures for 100 Ma and 20 Ma cooling events. Time periods indicated by colour boxes – 794 
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Cambrian- early Ordovician (purple), Jurassic (green), Cretaceous (blue), Paleogene (yellow) and 795 
Neogene (orange) 796 
 797 
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