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Rifting in intra-continental areas will commonly interact with a 
framework of pre-existing deformed zones. Although new struc-
tures form, structural inheritance may influence the location and 
geometry of tectonic deformation because strained rocks can act as 
weak zones localizing subsequent deformation (e.g. Watterson 
1975; Sykes 1978; Handy 1989; Holdsworth et al. 2001). In par-
ticular, basins along rift margins are often inferred to be influenced 
by pre-existing structures (e.g. Daly et al. 1989; Lee & Hwang 
1993; van Wees & Beekman 2000; Scheck-Wenderoth & Lamarche 
2005). The connection between basins and pre-existing structures 
is frequently based on the similarity of the trends of seismically 
imaged rift faults to basement tectonic trends observed onshore 
(e.g. Roberts & Holdsworth 1999; Wilson et al. 2006). However, 
assessing the direct relationship between rift faults and pre-existing 
structures is often difficult because the basement is overlain by 
syn- to post-rift formations.

The effect of pre-existing structures on fault architecture at 
scales of tens to hundreds of metres is less clear. Some studies sug-
gest that pre-existing foliations resulting from crystal-plastic defor-
mation exert a strong influence on fault zone architecture during 
later deformation (e.g. Beacom et al. 2001; Butler et al. 2008). 
Experimental work indicates that foliated rocks are mechanically 
anisotropic (Donath 1964; Shea & Kronenberg 1993), suggesting 
that foliations impart mechanical anisotropy or planes of weakness 
into the country rock that may be exploited by subsequent fractur-
ing. However, analogues for the deeper sections of rift faults are 
rarely exposed, and the specific impacts of mechanical anisotropy 
for fault structures at exposure scale are consequently difficult 
to establish. Some insight into the nature of brittle structures 
overprinting ancient shear zones can be obtained from earthquake 
focal mechanisms. These frequently show that the brittle faults 
have varied orientations compared with the pre-existing foliation 

(Bezerra et al. 2011; Pytharouli et al. 2011), hinting that the brittle 
phase of deformation involves greater complexity than straightfor-
ward reactivation of pre-existing foliation.

The NE Brazilian rift margin is an ideal location for assessing 
the importance of structural inheritance for both rift geometry and 
fault architecture because the pre-rift crystalline basement is 
exposed adjacent to onshore synrift formations (Fig. 1). The  
margin is composed of a series of intra-continental rift basins 
that formed during the break-up of Gondwana to form the  
South Atlantic (Matos 1992). Onshore basins contain Jurassic and 
Cretaceous syn- to post-rift sediments overlying a crystalline base-
ment of Archaean to Neoproterozoic orthogneisses, paragneisses, 
schists and granitoids. Shear zones hundreds of kilometres in length 
formed during the Brasiliano orogeny, c. 750–540 Ma, deforming 
the basement (Brito Neves et al. 2000). These shear zones were 
pre-existing structures during Mesozoic rifting and potentially con-
trolled the geometry of the rift basins. The coincidence in trend of 
the major basin-bounding faults and the basement shear zones has 
been noted previously (Matos 1992; De Castro et al. 2007, 2008, 
2012), but direct correlation with exposures of faults cutting the 
basement has been limited by the lack of recognition of brittle 
faults in the basement rocks beyond the basin margins.

In this study we focus on the crystalline basement adjacent to 
the Mesozoic Potiguar rift basin (Fig. 1). We document a newly 
recognized system of brittle faults cutting the basement in the inte-
rior of the Brazilian rift margin. Remote sensing defines the faults 
at a regional scale and we use stratigraphic and structural criteria 
to demonstrate that the faults are syn- to post-rift. To assess the 
influence of the Precambrian shear zones on the rift, fault loca-
tions and fault architecture, we compare the distribution of 
Mesozoic faults with the shear zone distribution and present 
observations from key exposures of the faults to describe the fault 
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architecture. We find that the influence of the pre-existing struc-
tures is strongly scale dependent.

Tectonic background of the continental margin 
of NE Brazil

This study focuses on the region to the south and SW of the 
Mesozoic Potiguar basin in NE Brazil, where Archaean, 
Palaeoproterozoic and Neoproterozoic basement rocks of the 
Borborema Province crop out (Fig. 1). The Borborema Province 
consists of a collage of gneissic and granitic units sutured together 
by a system of Neoproterozoic shear zones and fold belts. The most 
pervasive deformation affecting the region occurred during the 
Brasiliano orogeny, associated with the amalgamation of western 
Gondwana (750–540 Ma; Brito Neves et al. 2000). Brasiliano 
deformation formed subvertical, strike-slip shear zones trending 
east–west to NE–SW and associated synkinematic granitic bodies. 
Existing Archaean to Neoproterozoic fabrics were reworked by the 
Brasiliano shear zones. Brasiliano shear zones are defined by 
steeply dipping mylonitic belts hundreds of kilometres long and up 
to tens of kilometres wide (Fig. 1; Brito Neves et al. 2000). 
Equivalent structures are present in the African margins and 
regional gravity data show that the lineaments corresponding to the 
Brasiliano shear zones and other terrane boundaries offset the 
Moho (De Castro et al. 2012).

The Potiguar basin formed during Mesozoic rifting of 
Gondwana (Matos 1992). Continental break-up between the 
South American and African plates occurred diachronously, 
beginning in the late Jurassic (c. 150 Ma; e.g. Nürenberg & 
Muller, 1991). Two distinct margins developed on the South 

American plate: the WNW–ESE-trending margin, referred to as 
the Equatorial Margin, and the NNE–SSW-trending margin, 
referred as the East Margin (Fig. 1; Matos 2000). The Equatorial 
Margin evolved as a transform margin, whereas the East Margin 
evolved as a classical divergent margin (Matos 1992, 2000). 
These two major rifts meet in the Borborema Province, the last 
part of South America to be separated from Africa.

The Potiguar basin is located at the northeastern end of the 
Cariri–Potiguar rift trend (Fig. 1) where the rift trend intersects the 
Equatorial Margin. The Cariri–Potiguar trend is one of several 
failed rifts that formed around the intra-continental edges of the 
Borborema Province during Mesozoic rifting, and is loosely 
defined by the distribution of Mesozoic basins (Fig. 2; Matos 1992) 
and by gravity data that indicate thinner crust along the trend com-
pared with the surrounding shield (De Castro et al. 2012). Basin 
sediments record the onset of extension across the Potiguar basin 
during the Barremian (Matos 1992). The basin is subdivided into a 
set of asymmetric half-grabens separated by basement highs, trans-
fer faults, and/or accommodation zones in both the northeastern 
offshore portion and southwestern onshore portion (Fig. 2). Major 
basin-bounding faults, such as the Carnaubais fault (see Fig. 2), 
have throws in excess of 5.5 km and clearly offset the crystalline 
basement in seismic images and gravity surveys (Matos 1992; De 
Castro et al. 2012). A series of smaller, intra-continental basins are 
exposed c. 150 km SW of the southwestern edge of the Potiguar 
basin. Basins such as the Rio do Peixe, Icó and Iguatu contain 
Cretaceous fluvial and lacustrine sediments. Faults that controlled 
the formation of these intra-continental basins locally coincide with 
the basement tectonic fabric (Nóbrega et al. 2005; De Castro et al. 
2007, 2008).

Throughout the Cenozoic, NE Brazil has experienced substantial 
uplift and erosion resulting in exhumation of both the rift margins 
and interior regions (Gallagher et al. 1994; Harman et al., 1998). 
Morais Neto et al. (2009) studied the broad pattern of landscape 
evolution of the Borborema Province using apatite fission-track 
analyses. They showed that the thermal history for the Borborema 
Province has two cooling events: one at c. 90–100 Ma and one since 
c. 20 Ma. The older of these two events is associated with rifting and 
represents cooling of the crust to temperatures less than 100 °C. The 
younger corresponds to cooling from around 60 °C. However, more 
detailed studies indicate that the pattern of regional denudation is 
complicated by faulting, causing locally complex thermal histories 
(e.g. Nóbrega et al. 2005). Both studies are consistent with a broad 
pattern of c. 3 km of denudation since the main rift phase, with areas 
of higher denudation controlled by local tectonics.

Palaeoseismic and historical seismic records demonstrate that 
earthquakes in NE Brazil are influenced by the Brasiliano shear 
zones (Bezerra et al. 2011). Ferreira et al. (2008) and Lopes et al. 
(2010) documented seismicity with a range of focal mechanism 
orientations spatially coinciding with the Pernambuco shear zone 
towards the centre of the Borborema province. They concluded that 
the earthquake locations and kinematics were controlled by the 
shear zone mylonitic foliation. Closer to the Potiguar basin, several 
instances of reservoir-induced seismicity (RIS) are thought to have 
occurred on faults that coincide with pre-existing structures 
(Ferreira et al. 1995; Do Nascimento et al. 2004a, 2005; Ferreira 
et al. 2008; Pytharouli et al. 2011).

Regional fault analysis

We conducted a remote sensing survey of the regions south and 
SW of the Potiguar basin and identified 26 faults (Fig. 2). Faults 
were defined from air-photos and satellite images as continuous 
lineaments that offset lithological boundaries, or that formed 

Fig. 1. Simplified tectonic map of NE Brazil showing the location (inset) 
and extent of the Borborema province, prominent shear zones and main 
sedimentary basins (modified from De Castro et al., 2008). The Potiguar 
basin and Cariri–Potiguar rift trend (between bold dashed lines) are the 
main focus of this study. Rectangle shows the location of Figure 2. 1, 
Post-rift sedimentary cover; 2, Cretaceous basins; 3, Palaeozoic basins; 
4, Precambrian crystalline basement; 5, strike-slip ductile shear zones; 6, 
thrust faults; 7, Cariri–Potiguar trend.
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prominent geomorphological traces in the landscape, typically 
gullies where the fault rock has been preferentially eroded. 
Additionally, one of the key criteria for identifying fault traces 
was the morphology of river channels, which are straight where 
they coincide with fault traces but meandering elsewhere. Air-
photos predating the impoundment of the Assu reservoir, south of 
the Potiguar basin, were essential to this study as the reservoir 
covers a significant portion of the study area and also flooded 
much of the Rio Piranhas river channel coinciding with the 
Jucurutu fault (see below). Landsat ETM+ satellite images in RGB 
provided useful constraints where the faults affect the local 
groundwater flow regime and influence vegetation and weathering 
patterns. To confirm that the lineaments identified in the remote 
sensing survey correspond to brittle faults rather than dykes or 
joints, we visited three of the Rio Piranhas system faults and in 
each case verified lineaments as faults (see below; Fig. 3).

The Rio Piranhas fault system is located immediately south of 
the Potiguar basin. The northern part of the system includes three 
major fault strands trending c. 045–050 that are exposed along the 
Rio Piranhas river (Fig. 3): the Pataxós fault, São Rafael fault and 
Jucurutu fault. Further south, the system encompasses five addi-
tional strands that trend c. 050–060. Overall, the system spans c. 
150 km along strike following the Rio Piranhas valley from the Rio 

do Peixe basin in the south to the Potiguar basin margin north of the 
Assu reservoir. The macro-scale geometry of the system is defined 
by straight fault traces 16–40 km in length with secondary faults 
developed at the ends of the main mapped fault traces at acute 
angles to the main fault segment trends. Observable offset markers 
are scarce: apparent dextral offset of c. 150 m across the São Rafael 
fault is indicated by the boundary of one granite pluton, but no 
piercing point data are available.

Approximately 80 km to the west of the Rio Piranhas system, the 
Cariri–Potiguar rift trends parallel to several crustal-scale shear 
zones (De Castro et al. 2012). Previous studies have suggested that 
the rift margin faults (e.g. Carnaubais fault) could trend onshore to 
the SW and reactivate pre-existing shear zones (Matos 1992; De 
Castro et al. 2012). We extended our remote sensing analyses to the 
west of the Rio Piranhas basin to establish if similar faults to those 
in the Rio Piranhas system could be identified in the rift trend else-
where. Relief in the region is low and the area near the coast is heav-
ily modified by agriculture. However, lineaments are present in the 
satellite imagery similar to those that define the faults in the Rio 
Piranhas system (Fig. 2). In particular, we have identified straight 
lineaments that coincide with the Portalegre and Jaguaribe shear 
zones. Based on the similarity in the geomorphological expressions 
of the lineaments to the Rio Piranhas system faults, as well as some 

Fig. 2. Regional setting of the Potiguar basin and Cariri–Potiguar trend. Rift basins contain Mesozoic and Cenozoic sediments that overlie 
Neoproterozoic and Palaeoproterozoic crystalline units (RDP, Rio do Peixe basin; IC, Icó basin). Faults identified by remote sensing are shown as bold 
lines; the box shows the location of Figure 3. Previously identified faults (fine continuous lines) and major shear zones (dashed lines) are shown. The 
faults in the Potiguar basin are defined from seismic surveys and do not crop out at the surface.
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lineaments cross-cutting the basement geological contacts and  
tectonic fabrics, we interpret the new lineaments as faults.

Field and microscope observations

In this section we present field and microscope observations of  
the Piranhas shear zone and two of the best exposed faults of the 
Rio Piranhas system to evaluate the relationship between brittle 
faulting and basement shear zones. We focus on the deformation 
mechanisms and alteration assemblages associated with brittle 
deformation in the faults to estimate the depth at which the faults 
were active and constrain the timing of faulting (detailed in the 
‘Interpretation’ section).

Piranhas shear zone

The Piranhas shear zone is one of a series of structures of 100 km 
scale that deform the crystalline basement in NE Brazil (Fig. 2). 
The shear zone trends c. 043 in the northeastern part of its trace, 
and 050–060 in the SW, and affects both basement gneisses and 
synkinematic granites in the study area south of the Assu reservoir.

We observed the northern extent of the shear zone in the field at 
the southern study site indicated in Figure 3. Sheared granite in the 
margin of the pluton adjacent to the main trend of the shear zone 
consists of σ-type vein quartz tails around feldspar porphyroclasts in 
a fine-grained quartz groundmass containing an S–C fabric, a com-
posite fabric made up of aligned shear bands (Passchier & Trouw 
2005), indicating dextral shear (Fig. 4). Where the gneissic country 
rock is deformed, it forms equigranular, fine-grained (c. 200 µm), 
bluish-grey, quartzo-feldspathic mylonites with a steeply dipping 
mylonitic foliation (75–90°). The foliation strikes subparallel to the 
overall shear zone trend, but locally varies by up to 10° at the 10 m 
scale. Folded quartz and epidote veins, as well as veins that are not 
folded cross-cut the foliation at low angles. Stretching lineations 
defined by elongate quartz grains are subhorizontal in the plane of 
the foliation. The mylonites contain millimetre-scale compositional 
banding defined by relatively quartz-rich and feldspar-rich layers. 
Thin section examination shows that quartz grains are mostly euhe-
dral to subhedral with straight grain boundaries and frequent triple 
junctions. Euhedral quartz grains show little evidence for dynamic 
recrystallization. However, subhedral grains with occasional ser-
rated grain boundaries show subgrain growth by subgrain rotation 
recrystallization and sweeping undulose extinction. Plagioclase 
feldspar grains are heavily altered to sericite but show some evi-
dence for undulose extinction and subgrain rotation recrystalliza-
tion. Aligned chlorite and muscovite grains define the mylonitic 
foliation at micro-scale. This foliation is also parallel to composi-
tional banding and a weak grain shape fabric defined by aligned 
quartz and feldspar grains. Chlorite layers wrap around feldspar 
porphyroclasts that have weakly defined quartz tails (Fig. 4).

Rio Piranhas system faults

The northernmost fault of the Rio Piranhas system, the Pataxós 
fault, has a mapped trace length of c. 16 km defined by remote sens-
ing (Fig. 3). The Pataxós fault trends NE from the Assu dam 
towards the Potiguar basin. Good exposures are located where the 
fault crosses highway BR304 and the Pataxós canal (shown in  
Fig. 3), both of which display an approximately vertical fault 
zone. The gneissic banding in the wall rock is subhorizontal at 
both exposures. At the canal exposure (5°37.282'S, 36°51.547'W), 
the fault juxtaposes Palaeoproterozoic Caicó formation biotite 
gneiss and Cuó metavolcanic rocks (c. 99 Ma). Further to the NE, 
the fault trends towards the Potiguar basin and cuts the post-rift 
Assu formation in satellite images.

The Pataxós fault comprises a c. 18 m thick fault core surrounded 
by numerous subsidiary structures (Fig. 5). Several distinct, inco-
hesive, friable fault gouges define the fault core. The predominant 
gouge is purple–grey and consists of millimetre- to tens of micro-
metres scale grains of plagioclase and alkali feldspars, quartz and 
occasional fragments of muscovite (Fig. 5b and d). Randomly ori-
ented calcite veins cross-cutting the gouge, pervasive alteration of 
plagioclase to white mica or calcite, and fragments of cataclased 
veins within the gouge record sustained neo-mineralization. In 
some places feldspars in the gouge have been completely replaced 
with calcite. Strain is localized onto millimetre-thick shear bands 
that link grains replaced by phyllosilicates. Two localized strands 
of finer-grained, slightly darker coloured gouge up to 10 cm wide 

Fig. 3. Detailed map of the Rio Piranhas fault system. Faults were 
mapped from satellite images and air-photos and were visited in the 
field. PF, Pataxós fault; SRF, São Rafael fault; JF, Jucurutu fault. 
The extent of mylonitization associated with the Piranhas shear zone 
is indicated by grey shading. The black arrow shows the location of 
observed 150 m apparent dextral offset of a pluton boundary.
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cross-cut the main body of purple–grey gouge. These strands are 
subparallel to the overall fault orientation and are not subsequently 
deformed. The dark colour of the cross-cutting gouges results from 
a high proportion of metal oxides in the gouge matrix. The matrix 
oxides are predominantly anhedral, filling spaces between quartz 
grains in the matrix and smaller clasts.

Subsidiary structures surrounding the fault core include joints 
and small offset (≤1 m) faults. The subsidiary faults dip 80–90°, 
and rakes of slickenlines and orientations of corrugations on 
exposed slip surfaces indicate net oblique-dip slip offsets. The cata-
clasites in the subsidiary faults are a few centimetres to 1.5 m thick 
and have variable grain-size distributions with the coarsest grains 
reaching from 0.5 mm. All of the cataclasites have a distinct red-
dish-purple hue, and thin section analysis shows they contain a sig-
nificant proportion of opaque metal oxides, similar to the most 
recently slipped strands of the main fault core (Fig. 5c).

South of the Assu reservoir, the Rio Piranhas river channel fol-
lows the trace of the Jucurutu fault. The river channel morphology 
is segmented into straight portions between stretches where the 
river meanders (Fig. 3). Exposed bedrock in one straight portion of 
the river shows that the channel morphology is constrained by the 
preferentially eroded Jucurutu fault. Air-photos that predate the 
impoundment of the Assu reservoir show that the fault continues 
along a northeasterly trend under the modern reservoir level and 
forms a left step with the São Rafael fault. The total trace length is 
around 40 km. No offset markers have been observed. To the south 
of the Assu reservoir, the Jucurutu fault trends approximately par-
allel to the mylonites of the Piranhas shear zone (041).

The internal architecture of the Jucurutu fault is characterized by 
a fault core zone containing fault breccias, cataclasites and pseudo-
tachylytes flanked by an extensive damage zone. The core zone is 
asymmetrical around a strand of mixed cataclasite and pseudotach-
ylyte that is continuous over hundreds of metres along strike, cross-
cutting all of the other deformation elements (Fig. 6). Both edges of 
the core are non-planar with predominant wavelength of tens of 
metres and both edges locally cross-cut the mylonitic foliation at 
low to moderate angles. Although heterogeneous along strike, 
damage zone fracture frequency is consistently highest close to the 
core, and decays with distance from the fault core defining a total 
damage zone width of c. 100 m. The damage zone is dominated by 
closely spaced (<10 cm), annealed, unmineralized steeply dipping 
fractures. It also contains short, epidote-filled fractures, which dis-
play apparent shear offset and contain epidote-cemented catacla-
sites. unmineralized and mineralized fractures in the damage zone 
tend to run at a high angle to both the foliation and fault trends, with 
a minor subset of fractures that run parallel to the foliation (Fig. 6). 
Subsidiary faults branch from the core zone and extend up to 100 m 
along strike. Subsidiary faults show both apparent sinistral and 
dextral sub-metre-scale offsets and contain indurated quartz– 
epidote–chlorite cataclasites with angular to rounded clasts of 
mylonite and quartz veins tightly cemented with a compacted 
epidote and quartz matrix.

Cataclasites in the continuous fault core strand are cemented 
with an aphanitic purple–grey crystalline material. This material 
contains rounded and embayed fragments of mylonite and catacla-
site in an aphanitic, brown to black matrix that displays flow- 
banding textures consistent with altered pseudotachylytes (Fig. 6). 
Where the fault core strand is narrow, the cataclasites are absent 
and the strand is completely filled with the purple–grey pseudo-
tachylyte. Veins with chaotic geometries and orientations in the 
wall rock adjacent to the fault core are also filled with pseudo-
tachylytes. The cataclasites consist of random-fabric, angular  
to subrounded clasts of host rock mylonites and fragments of pre-
viously formed cataclasite in a matrix dominated by epidote and 

Fig. 4. Mylonites of the Piranhas shear zone. (a) Sheared granite 
containing plagioclase porphyroclasts with σ-type vein quartz tails and 
a weakly developed S–C fabric in the groundmass. (b) Mylonites with 
millimetre-scale compositional banding parallel to mylonitic foliation 
(indicated by pencil) cross-cut by quartz veins. (c) Photomicrograph 
(plane-polarized light) showing plagioclase porphyroclasts with small 
quartz tails. Chlorite and muscovite bands (horizontal) wrap around the 
porphyroclast. The pervasive alteration of feldspars should be noted 
(scale bar 1 mm).
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chlorite, similar to the subsidiary faults. Adjacent to the cataclasite 
strand, a zone of fault breccia c. 5 m wide contains at least five 
types of breccias as defined by clast–matrix proportions, matrix 
composition, clast shapes and cross-cutting relationships. Strands 
of breccias splay from the core zone at angles of c. 25–30° counter-
clockwise from the fault trace. All of the breccias that are cross-cut 
by the main fault core strand are also cemented with pseudotachy-
lyte, indicating multiple melt-generating events.

Interpretation

Depth of deformation

Deformation mechanisms and synkinematic growth of chlorite and 
muscovite in the Piranhas shear zone record mid-crustal, green-
schist-facies conditions. Feldspars show evidence for subgrain 
rotation recrystallization where they are not pervasively altered. 
Quartz is extensively recrystallized in the granites, and shows some 
evidence for subgrain rotation recrystallization in the mylonites. 
Crystal-plastic deformation of quartz and plagioclase together indi-
cates temperatures of the order of 450 °C (e.g. Tullis & yund 
1987). We interpret the straight grain boundaries of the equigranu-
lar quartz grains lacking crystal-plastic deformation as evidence for 
static recrystallization. In addition to the alteration of feldspars, the 
textures in the mylonites are consistent with the latest stages of the 
retrograde Brasiliano deformation (see Araújo et al. 2003).

We estimate the depth of faulting on the Rio Piranhas faults by 
using the deformation products to constrain the temperature at 
which the most recent elements of the fault rocks formed. Many of 
the faults contain fragments of rocks formed at high temperatures 
(mylonites, gneisses), but these are cross-cut by cataclastic defor-
mation products with no evidence for intra-crystalline plasticity in 
any of the dominant mineral phases (quartz and feldspars). The 

complete absence of crystal-plastic deformation mechanisms 
throughout the brittle faulting implies that the faults were active 
 at less than c. 280–300 °C (e.g. Stipp et al. 2002), equivalent 
to depths of less than c. 9 km for a typical geothermal gradient of  
c. 30 °C km−1.

Indurated and welded cataclasites in which the predominant 
minerals are chlorite and epidote characterize the Jucurutu fault. 
Fault rocks with propylitic assemblages such as this are typically 
interpreted to represent temperatures of c. 200–300 °C or more, 
corresponding to depths of over c. 7 km for geothermal gradients 
of 25–30 °C km−1 (Guilbert & Park 1986; Bruhn et al. 1994). The 
development of pseudotachylytes in the fault core of the Jucurutu 
fault is consistent with slip at mid-crustal depth, as pseudotachy-
lyte generation is promoted by higher shear stresses (Sibson & 
Toy 2006).

The Pataxós fault is characterized by friable, random-texture 
fault gouges. Angular grains that underwent fracture, frictional 
sliding and rolling and that are loosely packed are typical of fault-
ing in the upper few kilometres (i.e. 2–5 km) of the crust (Sibson 
1977). Comparable textures are found in faults where the depth is 
well constrained by sedimentary cover (e.g. Chester & Chester 
1998). Plagioclase is progressively altered to calcite in the Pataxós 
fault gouge and damage zone cataclasites. This synkinematic 
alteration is consistent with deformation at shallow crustal levels 
(c. 100–150 °C; e.g. Boles 1982; Blenkinsop & Sibson 1992).

Shear zone and fault kinematics

A variety of kinematic indicators have been identified for the stud-
ied structures that point to a complex deformation history. All kin-
ematic indicators in the Piranhas shear zone indicate dextral shear, 
consistent with previous descriptions (e.g. Vauchez et al. 1995). 
Feldspar porphyroclasts with σ-type quartz tails are contained 

Fig. 5. The canal exposure of the Pataxós 
fault. (a) The fault core of the Pataxós fault 
is defined by a series of friable gouges and 
has a total thickness of c. 18 m (indicated 
by the black arrow; hammer for scale in 
the foreground). The stereonet (lower 
hemisphere, equal area) shows the overall 
orientation of the fault (bold great circle), 
poles to foliation in the wall rock biotite 
gneiss (open squares, n = 4), and poles 
to damage zone fractures (filled circles, 
n = 45). (b) Detail of one of the localized 
gouge strands that cross-cuts the other 
gouges of the fault core. Calcite veins 
(white) are parallel to the local foliation 
in the gouge and subparallel to the overall 
fault orientation (hand lens for scale). 
(c) Photomicrograph of the damage zone 
cataclasite showing high proportion of 
anhedral metal oxides filling space between 
clasts. Feldspars in the clasts are heavily 
altered and are often replaced by calcite 
(scale bar 1 mm). (d) Photomicrograph 
of the gouge in (b) showing the random 
fabric, and rounded clasts of quartz and 
feldspar. Metal oxides are also abundant in 
the matrix of the gouge (scale bar 1 mm).
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within synkinematic granites that are dated to 580–550 Ma 
(Angelim et al. 2006), demonstrating that the Piranhas shear zone 
was active during the Brasiliano orogeny. However, the kinematics 
of the brittle phase of deformation are less clear. At the macro-
scale, the Rio Piranhas system is segmented into main strands sepa-
rated by left steps. Secondary faults in this system are oriented at 
acute, counterclockwise orientations to the main strands, consistent 
with apparent sinistral motion. In contrast, the one offset marker 
identified in the field is an offset pluton boundary NE of the Assu 
reservoir that is apparently dextrally offset by the São Rafael fault.

At the exposure scale, the Jucurutu fault has a meso-scale archi-
tecture in which the orientations of the breccia strands are consistent 
with apparent sinistral motion. However, the subsidiary faults (with 
the same mineral assemblage as the core cataclasites and breccias) 
have orientations showing both apparent dextral and sinistral strike-
slip offsets more consistent with normal motion on the fault (see 
Fig. 6; note that the vertical component of offset cannot be gauged 
from these annealed features as there are no appropriate markers). 
Fewer kinematic indicators have been identified in the subver-
tical Pataxós fault. Slickenlines and corrugations on damage zone 
subsidiary faults have oblique-dip slip rakes (rakes >50°) and would 
be consistent with oblique-normal displacement on the fault. 
Overall, the fault orientations, architectures and populations of dam-
age zone fractures point to predominantly strike-slip deformation 

overprinted by oblique normal displacement. However, each fault 
contains contradictory indicators, which we interpret to indicate that 
the faults formed under an oblique strike-slip regime with a compo-
nent of normal displacement, consistent with observations of other 
transtensional settings (Woodcock 1986; De Paola et al. 2005).

timing of faulting

Establishing the timing of activity on the Rio Piranhas fault system 
and the other study area faults is critical for placing the faults in the 
wider context of the tectonic development of the continental mar-
gin of NE Brazil. The faults represent brittle deformation that could 
have formed either as a late stage of the Brasiliano-related defor-
mation, during Mesozoic rifting that formed the South Atlantic, or 
during an unknown phase of Cenozoic tectonic activity.

At the northern end of the Rio Piranhas system, field and remote 
sensing results indicate that the Pataxós fault cuts the c. 99 Ma Cuó 
volcanic rocks and post-rift sediments of the Assu formation. The 
Pataxós fault is the only fault that we visited in the field that clearly 
cuts Mesozoic or younger units. However, at the southern end of the 
Rio Piranhas system, the faults identified by remote sensing trend 
into the Rio do Peixe basin, which contains Cretaceous synrift for-
mations (Françolin et al. 1994; De Castro et al. 2007). The continen-
tally derived fluvial and lacustrine synrift formations are structurally 

Fig. 6. Architecture and composition 
of the Jucurutu fault. (a) Baseline map 
showing the internal architecture of the 
Jucurutu fault. Multiple cataclasites and 
breccias define the core zone, which is 
flanked by an extensive damage zone. 
Pseudotachylytes mixed with cataclasites 
define a continuous strand of intensely 
deformed rock (between arrows). The rose 
diagram shows the range of Jucurutu fault 
orientations measured in exposure (bold 
dashed lines), general foliation orientation 
(fine dashed lines) and the strikes of 
fractures in the damage zone (n = 1196).  
(b) A continuous strand of mixed 
cataclasite and pseudotachylyte cross-
cuts all other components of the fault 
(above pencil). (c) Chaotic veins filled 
with homogeneous, aphanitic purple–grey 
material cross-cut the foliation in the host 
rock immediately adjacent to the core zone 
(coin for scale is c. 25 mm diameter).  
(d) Photomicrograph of the mixed 
cataclasite and pseudotachylyte. Flow 
banding in an otherwise cryptocrystalline 
matrix is prominent. Rounded and 
embayed clasts are composed of wall rock 
mylonite and also fragments of previously 
formed cataclasites. Scale bar 1 mm. 
(e) Photomicrograph of the indurated 
cataclasite that defines the damage zone 
subsidiary faults. It should be noted  
that the location of (e) is not shown in  
(a) because the sample was obtained  
c. 30 m off-fault. The fine-grained matrix 
(black) is composed of comminuted 
mylonite and contains abundant epidote 
and quartz (scale bar 1 mm).
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controlled by the Rio Peixe fault, which was active during the 
Cretaceous. Although we have not confirmed the linkage between 
the Rio Peixe fault and the Rio Piranhas system faults in the field, 
the strikes of the Rio Piranhas system faults rotate towards ENE–
WSW, and near the Rio do Peixe basin are close to collinear with the 
Rio Peixe fault at the basin margin (see De Castro et al. 2007). The 
collinearity of the faults and the timing of fault activity where it can 
be stratigraphically constrained are the same and suggest contempo-
raneous deformation on all of the Rio Piranhas and Rio Peixe faults.

The timing of faulting can also be inferred from depth if the 
exhumation history of the area is known. The variety of deforma-
tion products we observe in the Rio Piranhas faults suggests that 
the faults have been exhumed to different extents, similar to other 
rift margins (e.g. Argent et al. 2002). The apatite fission-track 
study of Morais Neto et al. (2009) includes localities adjacent to 
the Jucurutu fault near Jucurutu village and Angicos, c. 30 km to 
the east of the trace of the Pataxós fault. These samples both show 
two cooling events: cooling through 100 °C at c. 100 Ma and 
through 60 °C since c. 20 Ma. Assuming a geothermal gradient of 
20–30 °C km−1 (see Lisker 2004), the older event defines the time 
at which the rocks now exposed at the surface were at c. 3–5 km 
depth. Comparing these results with our microstructural observa-
tions, the Pataxós fault rocks formed at c. 100–150 °C and therefore 
formed at or around 100 Ma. The Jucurutu fault rocks formed at 
>200 °C were also formed by c. 100 Ma although their exhumation 
must have been more rapid since then. The available thermochro-
nology therefore supports the interpretation that the Jucurutu fault 
and Pataxós fault were both active during the Cretaceous rifting.

We infer that the faults that we identified to the west of the Rio 
Piranhas system were active at the same time as the Rio Piranhas 
faults. The western faults show similar relationships to both the 
Brasiliano shear zones (the Portalegre and Jaguaribe shear zones) 
and other intra-continental basins. The faults are macroscopically 
parallel to the rift trend, the shear zone trends, and also the gener-
ally steeply dipping mylonitic foliation orientation. Several faults 
close to the Cretaceous Icó and Rio do Peixe basins are probably 
the along-strike extension of the Mesozoic basin-bounding faults 
(e.g. De Castro et al. 2008). The consistent pattern arising from the 
remote sensing is that brittle faulting is frequently expressed in the 
geomorphology within the Cariri–Potiguar rift trend, and the faults 
are continuations of structures bounding the isolated interior basins.

In summary, all of the new faults that we describe in the Rio 
Piranhas system and the faults to the west of the Rio Piranhas within 
the Cariri–Potiguar rift trend are likely to have been active during the 
main phase of rifting. This interpretation is consistent with previ-
ously published thermochronological analyses (e.g. Nóbrega et al. 
2005). Although brittle faulting would have accompanied Brasiliano 
deformation in the Precambrian, the Brasiliano shallow crustal sec-
tion has been eroded, exposing the mid-crustal shear zones. There is 
no evidence that the faults formed by continuous retrograde defor-
mation associated with the late stages of the Brasiliano shear zones.

Discussion

Regional context: Cariri–Potiguar rift trend

We have identified and mapped new faults cutting crystalline rocks to 
the south and SW of the Potiguar basin (Figs 2 and 3). The faults 
probably have complex deformation histories, but the depth and 
inferred timing of the youngest phases of deformation, allied with 
offset Cretaceous post-rift sediments, indicate that all of the faults we 
describe are Mesozoic rift faults. The amount and sense of displace-
ment on each of the faults is difficult to establish. However, typical 
fault thickness–displacement scaling relationships indicate that the 

Pataxós fault and Jucurutu fault (the faults for which we have good 
constraints on fault core thickness) probably accommodated hundreds 
of metres to kilometres of displacement (e.g. Childs et al. 2009).

From a regional perspective, the Rio Piranhas system trends SW 
from the Potiguar basin margin to the Rio do Peixe basin in the 
south (Fig. 3). Remote sensing results suggest that the Jucurutu 
fault links to the Rio do Peixe basin-bounding faults. Basal Rio do 
Peixe sedimentary units are Neocomian conglomerates and sand-
stones (Françolin et al. 1994; De Castro et al. 2007) that are the 
same age as the earliest rift sediments in the Potiguar basin. 
Extension across the Potiguar basin and Rio do Peixe basin was 
therefore contemporaneous and it seems likely that the entire Rio 
Piranhas system was active at this time.

Similarly, the fault traces identified in satellite images that coin-
cide with the Portalegre and Jaguaribe shear zones to the west of 
the Rio Piranhas system link the Potiguar basin with the interior 
Iguatu and Icó basins. Furthermore, the Portalegre shear zone is 
immediately along-strike from the major Potiguar basin-bounding 
fault, the Carnaubais fault, and brittle fault segments coinciding 
with the Portalegre trend could be an along-strike extension of the 
Carnaubais fault (Nóbrega et al. 2005; De Castro et al. 2012). This 
is consistent with the basement offsets imaged seismically on the 
Carnaubais fault (Matos 1992) that demonstrate that the rift faults 
do cut the basement. Iguatu and Icó sediments are also Neocomian 
(Matos 1992) so the fault systems throughout the Cariri–Potiguar 
trend that link these basins with the Potiguar basin were also likely 
to have been active synchronously. If this is the case, it suggests 
that the role of the Apodi fault as the southwestern termination 
structure to the Potiguar basin, as has been suggested previously 
(Matos 1992), is incorrect. The Apodi fault is probably more simi-
lar to the other NW–SE-trending transfer faults within the basin.

The broad distribution and contemporaneous deformation 
throughout the Cariri–Potiguar trend to the SW of the Potiguar 
basin indicates that the amount of extension across the basement-
hosted interior portion of the failed rift is greater than has been 
appreciated. This deformation is difficult to identify because post-
rift uplift has caused any rift sediments deposited in the region to 
have been eroded and the remaining inverted basins are isolated 
and dispersed. Throughout the majority of the region, faults are 
restricted to crystalline basement rocks and are rarely exposed. 
Lineaments defined in regional gravity and magnetic surveys indi-
cate that the shear zones in the crystalline basement extend to the 
base of the crust (De Castro et al. 2012). We suggest that extension 
across the Mesozoic Cariri–Potiguar rift contributes to the anoma-
lies in the geophysical data associated with the Brasiliano shear 
zones. Our results also imply that basins were developed along the 
length of the Cariri–Potiguar trend and that the Potiguar basin was 
probably linked to the other small grabens such as Rio do Peixe, 
Icó and Iguatu in the Cretaceous.

Rift and fault architecture

The close association of the brittle faults and ductile shear zones in 
the deeply exhumed crystalline rocks south of the Potiguar basin 
provides an opportunity to examine the role of pre-existing struc-
tures on localizing subsequent deformation. The Brasiliano shear 
zones are hundreds of kilometres long and ubiquitously display 
subvertical mylonitic foliations. Isotopic dating of synkinematic 
granites shows that the shear zones throughout the region, includ-
ing the Piranhas shear zone, were active at 750–540 Ma (Brito 
Neves et al. 2000). Offsets in the Moho imaged in regional gravity 
surveys demonstrate that many of the shear zones are crustal in 
scale and have counterparts in Africa that correspond to the same 
palaeo-structures (de Wit et al. 2008; De Castro et al. 2012). 
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Mesozoic rifting therefore deformed continental crust that con-
tained pre-existing highly strained shear zones.

At the regional scale many of the Mesozoic rift faults we mapped 
trend parallel to the Brasiliano shear zones. Macroscopically, the 
Jucurutu fault is parallel to the Piranhas shear zone that it overprints 
(trending c. 043 at the study location). Further to the south, the trends 
of faults in the Rio Piranhas system rotate to strike 050–060 as they 
coincide with a shear zone trending in a more NNE–SSW orientation 
near the Rio do Peixe basin. To the west, faults defined in the remote 
sensing survey trend parallel to the Portalegre and Jaguaribe shear 
zones. Geometric similarity between brittle faults and the shear zones 
in the basement is a common characteristic of many of the faults in 
the region, and, as pointed out previously, the overall orientations  
of the Potiguar basin-bounding faults are typically collinear with  
crustal-scale anomalies in magnetic and gravity data (De Castro et al. 
2012). The shear zone orientations do therefore influence the subse-
quent rift fault orientations. As the regional stress field must have 
been different during the continent-building Precambrian Brasiliano 
orogeny and Mesozoic rifting, faults oriented parallel to the shear 
zones would have been poorly oriented relative to the regional stress 
field at the time of rifting. Transtensional faulting would have been 
likely during rifting, consistent with our kinematic data.

In contrast to the system-scale geometry of the rift, meso-scale 
characteristics of the fault architectures are only weakly influenced 
by pre-existing tectonic foliations. The fault core zone of the 
Jucurutu fault has non-planar edges with roughness amplitudes of 
tens of centimetres at the 10 m wavelength scale. Orientations of 
the edge of the core zone and the edge of the cataclasite and breccia 
strands in the fault are consequently locally at acute angles to the 
mylonitic foliation (typically 10–30°). Locally, the foliation planes 
are not parallel to fault slip surfaces. Similarly, the country rock cut 
by the São Rafael fault and Pataxós fault is folded at tens or hun-
dreds of metres wavelength, but the orientation of the fault does not 
change, resulting in higher angles between the faults and wall rock 
gneissic banding (up to 60–90°). Damage zone subsidiary faults 
and fracture orientations in the Jucurutu fault also show only a 
minor degree of influence from the mylonitic foliation, represented 
as minor populations of fractures that form parallel and perpendic-
ular to the foliation. This pattern is also evident in the damage zone 
of the Pataxós fault and the São Rafael fault, which both contain 
only small populations of foliation-parallel fractures.

These observations suggest that the influence of pre-existing struc-
tures is scale dependent. At the regional scale, the macroscopic orien-
tations of rift faults are broadly parallel to shear zone trends. This is 
consistent with previous inferences that such foliated shear zones are 
inherently weak compared with low-strain regions (e.g. Watterson 
1975; Handy 1989). However, we suggest that the fault orientations 
are controlled mainly by the shear zone foliations, which present 
mechanical anisotropy defined at the grain scale. For example, the 
Jucurutu fault has been exhumed by up to 7 km since it was active dur-
ing rifting (temperatures of 200–300 °C), so the mid-crustal conditions 
during rifting are exposed. The Jucurutu fault cuts the quartz- and 
feldspar-dominated Piranhas shear zone, which contains only minor 
components of phyllosilicates. A grain shape fabric and compositional 
banding define the mylonitic fabric where phyllosilicates are absent. 
Grain boundary alignment, compositional banding and minor align-
ment of phyllosilicates, rather than other mechanisms such as dynamic 
grain-size reduction, resulted in long-term weakening. This observa-
tion is consistent with experiments on anisotropic rocks that show that 
foliated rocks such as gneisses are weaker in the plane of the foliation 
even where the phyllosilicate content is low (e.g. Shea & Kronenberg 
1993) and suggests that strain at mid- to lower crustal depths will 
strongly influence subsequent brittle deformation regardless of the 
composition of the mylonites.

Several of the faults of the Rio Piranhas system are not co-located 
with shear zones and do not have mylonitic wall rocks, yet their 
orientations are consistent with the overall rift geometry. The São 
Rafael fault and Pataxós fault cross-cut gneisses, marbles and schists 
with subhorizontal or folded foliations (gneissic banding or schistos-
ity). Mylonite development in high-strain zones is not the primary 
control on the orientation of these structures. However, shear-wave 
splitting observed in the vicinity of the Assu reservoir (where shear 
zones are not mapped) shows seismic anisotropy oriented parallel to 
the Piranhas shear zone, even where rocks exposed at the surface are 
not mylonitized (Do Nascimento et al. 2004b). The seismic anisot-
ropy is caused by a pervasive foliation in the shallow crust beneath 
the reservoir. The volume of crust causing the shear-wave splitting 
has been exhumed since the main rift phase; in the Mesozoic it 
would have been at 5–10 km depth or more. The coincidence of the 
fault orientations and mechanical anisotropy suggests that the fault 
orientations of the São Rafael fault and Pataxós fault are controlled 
by broadly distributed Brasiliano strain in the lower crust, even 
though this is not immediately apparent in exposure. Grain-scale 
fabrics in low-strain zones therefore also controlled subsequent brit-
tle fault orientation and kinematics.

The meso-scale architecture of the rift faults that cross-cut foli-
ated rocks is characterized by features with a variety of orientations 
with respect to the foliation (Fig. 7). These features are the product 
of the total displacement on the faults. We suggest that brittle 
deformation is initially controlled by the grain-scale anisotropy 
observed in the field, resulting in mechanical anisotropy and 
broadly parallel incipient brittle and pre-existing structures (see 
Crider & Peacock 2004). However, various processes cause faults 
to develop and maintain complexity with increasing displacement, 
resulting in fault architectures that are apparently little influenced 
by the pre-existing structures. Childs et al. (2009) showed that fault 
segment linkage, fault rock development and damage accumulation 
are all spatially variable and would give rise to brittle structures 
that are not parallel to the foliation. Local variations in foliation 
orientation (e.g. by folding) are observed within the Piranhas shear 
zone and would promote non-coplanar fault segments, requiring 
steps and jogs to develop as faults accumulate displacement. 
Furthermore, fault roughness is maintained during deformation 
(Brodsky et al. 2011), resulting in slip zones that are non-planar 
and non-parallel to the initial foliation. Faults that co-locate with 
shear zones may initially reactivate the foliation in the sense of 
developing shear surfaces along the foliation planes, but the coinci-
dence of orientations is quickly obliterated. For mature faults, 
direct extrapolation of mechanical anisotropy observed experimen-
tally cannot be made to the exposure scale because it would neglect 
the effects of meso-scale processes that dominate fault architecture.

The observations of faults with slip zones and subsidiary struc-
tures at a variety of orientations that cross-cut shear zones with pro-
nounced foliations help to reconcile the apparent contradiction in 
focal mechanisms of small magnitude, intra-plate earthquakes that 
co-locate with shear zones but that indicate that faults have slipped at 
various angles to the shear zone orientation (e.g. Lopes et al. 2010; 
Bezerra et al. 2011). The earthquakes coincide with shear zones con-
taining prominent foliations. However, the focal mechanisms of the 
earthquakes have a variety of orientations, indicating that brittle 
structures cross-cut the local foliation orientations. Anisotropic elas-
tic properties affect seismic-wave propagation and so would add 
additional complexity to the focal mechanisms of events in foliated 
rocks (e.g. Vavryčuk 2005; Timms et al. 2010), but our exposure-
scale observations show that faults have slip surfaces and damage 
zone subsidiary structures in a range of orientations that are only 
weakly influenced by any pre-existing foliations. There are a there-
fore a variety of structures that can slip during earthquakes, resulting 



J. D. KIRKPATRICK Et AL.246

in a wide range of potential focal mechanisms. Furthermore, if the 
faults cut rocks with foliations that are variable at the meso-scale, the 
orientation of the fault will not necessarily relate to the foliation.

Conclusions

We document newly identified faults that cut crystalline basement 
rocks in the interior of the continental margin of NE Brazil. 
Regional-scale remote sensing results show that the faults link the 
Mesozoic Potiguar rift basin with smaller remnant basins in the con-
tinental interior. Offset post-rift sediments, combined with estimates 
of the depth of faulting from microstructural analyses, demonstrate 
that the newly identified faults are syn- to post-rift. The basement 
was pervasively deformed in the Precambrian during the Brasiliano 
orogeny, which formed crustal-scale, subvertical shear zones. These 
shear zones represented a framework of pre-existing structures at 
the time of rifting. We show that the system-scale geometry of the 
rift faults correlates well with the orientations of the shear zones. 
Faults frequently co-locate with major shear zones and are macro-
scopically parallel to the trends of the shear zones. Even where the 
faults do not locally cut mylonitic rocks they are parallel to the 
regional trends. Mylonitization imparted a grain shape fabric and 
compositional banding onto the high-strain rocks in the shear zones, 
which was sufficient to localize subsequent deformation. Seismic 
anisotropy observed from shear-wave splitting in the study area is 
oriented parallel to the shear zone trends and suggests that broadly 
distributed low strain also controlled the orientations of faults that 
do not cross-cut shear zones. Deep exhumation in the margin inte-
rior has exposed faults that are the along-strike equivalent of the 
deeper sections of rift basin faults. At the exposure scale the faults 
in the basement are only weakly influenced by the pre-existing tec-
tonic fabrics, highlighting a scale-dependent response to the struc-
tural inheritance. The system-scale rift geometry is therefore 
controlled by pre-existing strained rocks, but meso-scale processes 
in brittle faults result in structures that locally cross-cut foliations. 
This detail is reflected in earthquake focal mechanisms observed in 
rifted margin settings that coincide with shear zones but suggest 
faults at various angles to the shear zone trends.
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