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Abstract 9	

A high-quality 3D seismic volume from offshore Espírito Santo Basin (SE Brazil) is used 10	

to assess the importance of gravitational collapse in the formation of crestal faults above salt 11	

structures. A crestal fault system is imaged in detail using seismic attributes such as curvature 12	

and variance, which are later complemented by analyses of throw vs. distance (T-D) and 13	

throw vs. depth (T-Z). In the study area, crestal faults comprise closely spaced arrays and are 14	

bounded by large listric faults, herein called border faults. Two episodes of growth are 15	

identified in two opposite-dipping fault families separated by a transverse accommodation 16	

zone. Statistical analyses for eighty-four (84) faults show that fault spacing is < 250 m, with 17	

border faults showing the larger throw values. Fault throw varies between 8 ms and 90 ms for 18	

crestal faults, and 60-90 ms for border faults. Fault length varies between ~410 m and 1750 m, 19	

with border faults ranging from 1250 m to 1750 m. This work shows that border faults 20	

accommodated most of the strain associated with salt growth and collapse. The growth 21	

history of crestal faults favours an isolated fault propagation model with fault segment 22	

linkage associated with the lateral propagation of discrete fault segments. Importantly, two 23	

episodes of fault growth are identified as synchronous to two phases of seafloor erosion, 24	

rendering local unconformities as competent markers of fault reactivation at a local scale. 25	



This paper has crucial implications to the understanding of fault growth histories as a means 26	

to assess drilling risk and oil and gas migration on continental margins with important salt 27	

tectonics. As a corollary, this work demonstrates that: 1) a certain degree of spatial 28	

organization occurs in crestal fault systems; 2) transverse accommodation zones can form 29	

regions in which fault propagation is enhanced and where regional dips of faults change in 30	

4D.  31	

 32	

Keywords: SE Brazil; salt tectonics; crestal faults; fault reactivation; fault propagation; 33	

accommodation zones. 34	

 35	

1. Introduction 36	

 37	

Crestal faults comprise a group of faults rooted in the crest of salt diapirs (Jenyon, 1988; 38	

Randles et al., 2012). Despite their occurrence in multiple salt-rich basins, few studies have 39	

focused on the kinematic and dynamic evolution of crestal faults, in part because very few 40	

regions in the world fully expose these faults at outcrop. Good exposure of salt diapirs' flanks 41	

is chiefly recorded in the Paradox Basin, Utah (Furuya et al., 2007), Colorado (Gutiérrez, 42	

2004), La Popa Basin in Mexico (Rowan et al., 2003) and the Dead Sea basin (Alsop et al., 43	

2015). These outcrops essentially reveal the main boundary faults of crestal fault systems, but 44	

erosion often obliterates the fault families formed directly above growing salt structures. In 45	

parallel, diffraction and loss of signal around salt diapirs make most crestal faults hard to 46	

image on seismic data. With deeper burial depths, vertical and horizontal seismic resolutions 47	

can also be significantly reduced (Davison et al., 2000). 48	

Important new findings have occurred in the last few decades in terms of evaluating fault 49	

growth history through seismic, outcrop, numerical and analogue modelling data (Alves, 50	



2012; Bose and Mitra, 2010; Cartwright, 2011; Cartwright et al., 2000; Cartwright et al., 51	

1995; Childs et al., 2009; Clausen et al., 2014; Cowie and Scholz, 1992; Garcia et al., 2012; 52	

Jackson and Larsen, 2009; Jackson and Rotevatn, 2013; McLeod et al., 2000; Morley, 2007; 53	

Yin and Groshong, 2007). The early fault growth model of Barnett et al. (1987) was initially 54	

proposed to represent isolated normal faults propagating in a radial direction, and records no 55	

migration of maximum displacement points. Recent work focused on documenting changes 56	

in the dimensions and absolute fault displacements to build more reliable fault-propagation 57	

models (Mansfield and Cartwright, 2001; Walsh et al., 2002b). It is now recognised that 58	

mature faults are a result of fault-segment linkage associated with the propagation in both the 59	

vertical and horizontal directions (Cartwright et al., 1995; Cowie et al., 2000; Lohr et al., 60	

2008; Stewart et al., 1997). Following the latter concepts, Jackson and Rotevatn (2013) 61	

summarized two mechanisms of normal fault propagation in ‘isolated’ fault and ‘coherent’ 62	

fault models. The isolated fault model is supported by many researchers, but recent work 63	

stress that the coherent fault model is the dominant fault growth process in many an 64	

extensional setting (Morley, 1999; Walsh et al., 2003; Walsh et al., 2002a). In the ‘coherent’ 65	

model, faults first propagate laterally to reach a length close to their maximum and record 66	

cumulative displacement in a second throw-dominated stage. A supplementary model has 67	

been presented by Lohr et al. (2008), who demonstrated that most faults grow by the 68	

coalescence of several smaller faults, whereas tip propagation is of relatively minor 69	

importance. Acknowledging this latter process of fault growth, Cartwright et al. (2000), 70	

McLeod et al. (2000) and Sibson (1985) argued that the geometry of large faults is essentially 71	

controlled by several small existing fault segments, rather than by a large fault created at 72	

quasi-instantaneous geological scales. Against this backdrop, the propagation history of 73	

crestal fault families is still poorly understood, and is thus examined in detail in this paper. 74	



An important concept in this paper is that of border faults. The concept was first 75	

introduced for rift basins as normal faults forming escarpments on their shoulders (Crossley 76	

and Crow, 1980), often with large displacement and length (Ebinger et al., 1987), and 77	

accommodating most strain and stress. Boundary faults in salt tectonics are also a type of 78	

border fault following this criteria (Randles et al., 2012). This paper follows the concept that 79	

faults with the largest displacement and throw values within a crestal fault family comprise 80	

border faults. 81	

Accommodation (or transfer) zones are also important structures revealed in this study. 82	

Previous studies on accommodation zones have largely focused on large-scale rift basins in 83	

the scale of 10s and 100s of kilometres (Coffield, 1987; Morley et al., 1990; Smith et al., 84	

2001). However, accommodation zones can occur at different scales (Fossen and Rotevatn, 85	

2016; Liu et al., 2015; Schlische and Withjack, 2009) and in different regimes and settings, 86	

such as in areas of significant salt tectonics (Randles et al., 2012). In this study we follow the 87	

definition of Faulds and Varga (1998), who considered accommodation zones as structures 88	

that accommodate strain and stress between overlapping normal faults systems, or families. 89	

In the published literature, accommodation zones generated during the propagation of normal 90	

faults have an important control on the sub-surface distribution of hydrocarbons by: a) 91	

influencing the deposition of reservoir and source rocks, b) facilitating or restricting fluid 92	

migration, and c) forming structural traps (Langhi and Borel, 2008; Morley et al., 1990).  93	

Crestal faults are important structures as they deform strata on the crests of growing salt 94	

diapirs, forming natural traps where fluids can accumulate (Baars and Stevenson, 1982; 95	

Rowan et al., 1999). Fault systems developed on the crest of salt structures can also generate 96	

surface topography, leading to significant erosion on the seafloor; in fact, the movement of 97	

crestal faults is an important trigger of submarine landslides and channel erosion on 98	

continental slopes (Gee and Gawthorpe, 2006). Crestal faults are also important elements of 99	



structural traps associated with salt diapirs, either enhancing reservoir porosity or, instead, 100	

acting as conduits for sub-surface fluid (Cartwright et al., 2007; Gay et al., 2007). An 101	

important feature of crestal faults is their ability to grow (and reactivate) during successive 102	

episodes of crestal collapse (Walsh et al., 2002b). Thus, systematic studies of crestal faults 103	

have practical implications in assessing geohazards (Lisle and Srivastava, 2004), fault seal 104	

competence (Holdsworth et al., 1997), and CO2 sequestration in regions of significant salt 105	

tectonics (Jung et al., 2014; Van der Veer, 2013). 106	

The study area, located in ultra-deep areas of the Espírito Santo Basin, SE Brazil (Fig. 1b), 107	

reveals the development of large salt walls and diapirs (Gamboa et al., 2010a) (Fig. 1c). Here, 108	

the continental slope is deformed by growing NW- and NE-trending salt structures (Fig. 1c), 109	

and local processes such as slope instability and submarine channel incision are associated 110	

with the development of near-seafloor fault systems (Gamboa et al., 2010a; Omosanya and 111	

Alves, 2014). Previous work showed that halokinesis can generate extensional faults on top 112	

of rising salt anticlines, with subsequent mass-transport deposits (MTDs) and channels 113	

marking the last stages of fault growth over active salt structures (Alves, 2012; Alves and 114	

Cartwright, 2009; Baudon and Cartwright, 2008b). A multi-stage evolution is therefore 115	

expected, in the study area, for crestal faults generated above active salt structures (Baudon 116	

and Cartwright, 2008b). 117	

This paper presents new data on fault families developed over the crest of a salt ridge in 118	

SE Brazil (Fig. 1c). An accommodation zone kinematically and dynamically linked with the 119	

interpreted crestal fault families is documented for the first time on a developed salt structure. 120	

Opposite-dipping fault families, and the associated accommodation zone, are analysed using 121	

a high-resolution 3D seismic volume with a vertical resolution approaching 8-10 m near the 122	

seafloor. In summary, this study aims to: 123	

 124	



a) Document the geometry of fault families developed above a well-imaged salt ridge in 125	

SE Brazil; 126	

b) Analyse the growth and reactivation histories of crestal fault families and the role of 127	

border faults exerting on the fault system, extrapolating the results to salt structures on other 128	

continental margins; 129	

c) Examine the style(s) of propagation of crestal fault families, and their relationship with 130	

stratigraphic unconformities developed above the interpreted faults. 131	

 132	

2. Geological setting 133	

 134	

Sedimentary basins formed along the continental margin of SE Brazil are associated with 135	

rifting and break-up of the Gondwana supercontinent (Cainelli and Mohriak, 1999; Chang et 136	

al., 1988; Fiduk et al., 2004; Hung Kiang Chang et al., 1992; Ojeda, 1982). Continental 137	

break-up between Brazil and Africa evolved gradually from the southern part of the Atlantic 138	

Ocean towards the north (Chang et al., 1992). In such a setting, the Espírito Santo Basin was 139	

formed in the Late Jurassic-Early Cretaceous as a rift basin filled with continental and 140	

lacustrine deposits (Chang et al., 1992; Mohriak et al., 2008). The basin evolved towards a 141	

fully rifted passive margin after the Aptian; therefore, strata in the study area can be grouped 142	

into five megasequences: i) continental syn-rift; ii) transitional evaporites; iii) shallow marine 143	

carbonate platform; iv) open marine transgressive and v) regressive (Chang et al., 1988).  144	

Early post-rift strata in the Espírito Santo Basin chiefly comprise Late Aptian evaporites 145	

(Demercian et al., 1993; Mohriak et al., 2008; Ojeda, 1982). Accumulated evaporites include 146	

anhydrite, halite, carnalite, sylvinite and tachyhydrite (Ojeda, 1982). As the basin deepened, 147	

the progradation of strata from shallower proximal areas of the margin triggered widespread 148	

halokinesis on the continental slope (Demercian et al., 1993). Thin-skinned gravitational 149	



gliding over Aptian evaporites (Demercian et al., 1993; Fiduk et al., 2004) is recognised as 150	

the main trigger of salt tectonics throughout SE Brazil (Demercian et al., 1993; Vendeville 151	

and Jackson, 1992a,b). Salt deformation mechanisms also include differential loading by 152	

overburden strata (Omosanya and Alves, 2013). As a result, halokinesis in the Espírito Santo 153	

Basin peaked during the Late Cenozoic and is still important at present (Fiduk et al., 2004). 154	

Due to progressive eastward tilting and continuous subsidence (Bruhn and Walker, 1997), 155	

three structural domains are observed at present in the Espírito Santo Basin: a) proximal 156	

extensional, b) transitional and c) distal compressional (Fig. 2) (Gamboa et al., 2010b; 157	

Mohriak et al., 2012; Rouby et al., 2003; Vendeville, 2005). Main structures in the 158	

extensional domain include salt rollers, salt walls along conjugate normal faults, turtle 159	

anticlines and rafts (Mohriak et al., 2008). The transitional domain is dominated by salt 160	

diapirs, whereas the compressional domain comprises allochthonous salt (Davison, 2007; 161	

Demercian et al., 1993). Crestal fault families are developed on collapsed salt diapirs and on 162	

salt ridges generated in the transitional and compressional domains (Alves, 2012; Alves et al., 163	

2009). 164	

The study area is located in the compressional regime of the Espírito Santo Basin, where 165	

salt-withdraw basins developed due to the growth of allochthonous salt ridges and diapirs 166	

(Figs. 1 and 2). The studied fault system is located above a prominent N-striking salt ridge 167	

with a developed depression above (Figs. 1 and 3). The bottom of the salt ridge is absent with 168	

the studied seismic volume (Fig. 4); however, active salt diapirism is revealed by the 169	

presence of an active salt intrusion that noticeably deformed the seafloor (Fig. 4). 170	

 171	

3. Data and methods 172	

 173	



This paper uses a 3D seismic volume covering ~1800 km2 of the Espírito Santo Basin, in 174	

SE Brazil, at a minimum water depth of 1600 m (Fig. 1b). The study area is bounded by the 175	

Abrolhos Bank to the north and by the Vitória-Trindade Chain to the East (Fig. 1b). Seismic 176	

data processing included resampling, spherical divergence corrections and zero-phase 177	

conversions, which were undertaken prior to stacking, 3D pre-stack time migration using the 178	

Stolt algorithm (Stolt and Benson, 1986) and one-pass 3D migration. The vertical sampling 179	

rate for the interpreted seismic volume is 2 ms and its bin spacing is 12.5 m. With a dominant 180	

frequency of 40 Hz, the vertical resolution is estimated to be between 8-10 m near the 181	

seafloor and 20 m at the maximum depth of strata investigated in this work. 182	

The study area is located on a prominent NW-SE trending salt ridge with a width of 4 km 183	

wide and a length of over 30 km (Fig. 1c). This salt ridge separates two NE–trending salt-184	

withdrawal basins (Fig. 1c). Interpretation of seismic data was performed using Petrel®; thus, 185	

seven (7) key horizons were mapped over the salt ridge to constrain the main episodes of 186	

fault reactivation. Constraints on the age of the stratigraphy units are based on published 187	

literature (Alves et al., 2009; Baudon and Cartwright, 2008b; Fiduk et al., 2004). In addition, 188	

seismic attributes such as variance and curvature were used to identify any relevant structural 189	

features (Chopra and Marfurt, 2007; Rijks and Jauffred, 1991). In the study area, swarms of 190	

faults are clearly observed in selected variance and surface maps (Figs. 1d and 3). 191	

Fault throw plots are used in this paper to evaluate fault growth history with some 192	

important remarks: 1) the seismic volume is in time domain; 2) the surfaces of the faults are 193	

relatively smooth and only slightly listric; 3) throw-depth plots are effectively used to 194	

recognise key reactivation episodes here in this study; 4) maximum thickness of sediment on 195	

crest of the studied area is ~1250 meters (given a compressional velocity of 2500m/s on 196	

average for the first 1250 meters) and the strata is highly faulted and filled with pore fluid. 197	

This character implies that, for the first 1000 meters below the seafloor, variations in 198	



compressional velocity have less influence on fault throw plots than in deeper strata (Alves et 199	

al., 2009; Leyden et al., 1972; Storvoll et al., 2005).  200	

Stereogram plots showing the strike direction and dip angle of faults were produced on 3D 201	

Move®, which divides a single fault surface into a number of triangular surfaces. The number 202	

of triangular surfaces depends on the sticks and pillars interpreted on, and exported from 203	

Petrel®. Fault density is calculated based on the number of seismically resolved faults along 204	

seismic sections. The Expansion Index, which represents the thickness ratio between strata on 205	

hanging-wall and footwall blocks, is used to identify episodes of fault growth (Lewis et al., 206	

2013; Mansfield and Cartwright, 1996). Nucleation of maximum throw depth vs. seismic 207	

horizons is used in this study to characterise the relative timing of distinct fault sets (Alves, 208	

2012). 209	

The studied fault families were divided into three zones; a northernmost zone with chiefly 210	

E-dipping faults (Zone 1), a middle part intersected by a prominent accommodation zone 211	

(Zone 2), and a southernmost zone with W-dipping faults (Zone 3) (Figs. 3 and 4).  212	

 213	

4. Seismic stratigraphy 214	

 215	

In the study area, strata can be divided into four seismic-stratigraphic units, which are 216	

bounded by seven horizons (H1 to H7). Horizon H1 represents the top of the Aptian salt, 217	

whereas H7 represents the seafloor (Fig. 5). Additionally, four seismic horizons (H2-1 to H2-218	

4) are interpreted between Horizon H2 and H3 to constrain the Expansion Index of faults (Fig. 219	

5b). Seismic-stratigraphic interpretations were extended to the adjacent salt-withdrawal basin 220	

in order to constrain the age of the strata on the crest of the salt ridge (Fig. 5a). 221	

 222	

4.1 Unit 1 (Early Eocene?) 223	



 224	

Unit 1 is bounded by H2 at its top and is characterised by strong to moderate amplitude 225	

internal reflections, which are chaotic at places (Fig. 5a). The bottom of Unit 1 is hardly 226	

identified in the adjacent salt-withdrawal basin. Its top (H2) coincides with a regional 227	

unconformity of Mid-Eocene age (Fiduk et al., 2004; Gamboa and Alves, 2015). This thin 228	

unit (< 250 ms TWT, approximately 312.5m given a compressional velocity of 2000m/s for 229	

sediment on crest of the salt diapir) developed on top of the salt ridge comprises remnants of 230	

Lower Eocene strata, hinting at continuous salt growth since the Late Cretaceous. In the salt-231	

withdrawal basin, synclinal faults are developed in Unit, which are related to a synclinal fold 232	

sensu Alves (2012) (Fig. 5a). 233	

 234	

4.2 Unit 2 (Middle Eocene - Oligocene) 235	

 236	

Unit 2 is bounded at its base by a mid-Eocene unconformity (H2) and at its top by Horizon 237	

H3 (Fig. 5). Strata within this unit show sub-parallel, high-amplitude internal reflections with 238	

good lateral continuity (Fig. 5). High-amplitude reflections in this unit are generated by 239	

volcaniclastic material sourced from the Abrolhos Bank during the Middle Eocene-Oligocene 240	

(Fiduk et al., 2004; Gamboa et al., 2010a). Mass-transport deposits showing chaotic internal 241	

reflections are common on the flanks of the interpreted salt ridge (Fig. 5a). 242	

Unit 2 is faulted on the crest of the salt ridge (Fig. 5b) and thins sharply towards the east 243	

on top of this same ridge (Fig. 5).  244	

 245	

4.3 Unit 3 (Miocene) 246	

 247	



Unit 3 is bounded by a moderate and continuous seismic reflection at its top (Horizon H4, 248	

Fig. 5). Internal reflections vary in character over the salt ridge, in Unit 3, when compared to 249	

the adjacent salt-withdrawal basins (Fig. 5a). The unit is characterised by transparent to low 250	

amplitude internal reflections over the salt ridge, but shows strong reflections in the salt-251	

withdrawal basin. Strata in these confining basins onlap the salt ridge (Fig. 5a). The contrast 252	

in thickness between the crest of the salt ridge and equivalent strata in the salt-withdrawal 253	

basins reflects an important episode of salt growth during the Middle-Late Miocene, after 254	

which halokinesis weakened in the study area (Fiduk et al., 2004). As shown in Figure 5a, 255	

strata above H2 in the salt-withdraw basin is thicker, with ~1400 ms (TWT) compared with a 256	

maximum of ~700 ms (TWT) on the crest of salt diapir. The contrast in thickness between 257	

the two areas is partly due to collapse and erosion on top of the salt ridge, which resulted in 258	

the accumulation of MTDs in the salt-withdraw basin and on the formation of a correlative 259	

erosional surface (Horizon 5) on top of the salt ridge (Fig. 5a). 260	

 261	

4.4 Unit 4 (Late Miocene - Quaternary) 262	

 263	

Unit 4 shows internal seismic reflections of moderate amplitude and is divided into three 264	

sub-units (Fig. 5). The lowermost sub-unit 4a is bounded at its base by Horizon H4 and at its 265	

top by H5 (Fig. 5). A large number of crestal faults terminate at H5 (Fig. 5b). The 266	

intermediate sub-unit 4b is bounded at its top by an onlap surface (Horizon H6; Fig. 5a). Very 267	

few faults are developed in sub-unit 4b, but fault-related folding of the modern seafloor is 268	

markedly observed (Fig. 5b). The uppermost sub-unit 4c extends to the seafloor (Horizon 7). 269	

Few faults propagate to the seafloor in sub-unit 4c (Figs. 4 and 5).  270	

 271	

5. Fault geometry 272	



 273	

5.1 Fault geometry and density 274	

Interpreted crestal fault families can be subdivided into four groups according to the 275	

relative depth in which their upper tips terminate (Figs. 4, 5b and 6). Group 1 contains faults 276	

that offset Horizon H5, a main erosional surface developed over the salt ridge (Fig. 4a). A 277	

few of the faults in Group 1 reach the seafloor (Figs. 4, 5b and 6), a character indicating 278	

active salt diapirism (Fiduk et al., 2004). Group 2 faults comprise faults that offset H4 but 279	

terminate beneath H5, with Horizon H4 comprising a major truncation surface at the bottom 280	

of Unit 3 (Figs. 4, 5b and 6). Group 3 faults comprise structures that offset the top of Unit 1 281	

(Horizon H3) and terminate within Unit 2 (Figs. 4, 5 and 6). Group 4 faults are confined to 282	

Unit 2 (Figs. 4a and 6). 283	

Faults in Groups 1 and 2 show approximately the same number, respectively 30 and 29 284	

faults. Group 1 comprises the faults with the largest displacements in the study area (Figs. 4 285	

and 5). Group 4 faults are rare, with only a few being imaged within a central depression 286	

developed on the crest of the salt ridge (Fig. 6). These latter faults show the smallest length 287	

and displacement values (Figs. 3, 4 and 5).  All in all, the four groups of faults form two 288	

distinct fault families towards the northern (Zone 1) and southern (Zone 3) halves of the 289	

interpreted salt ridge (Figs. 3 and 4). 290	

Fault 1A and 2A in Zone 1, where faults in each Group are named by capital letters 291	

preceded by numbers showing fault group, show the largest displacement and throw values. 292	

Based on the criteria that faults with the largest displacement and length accommodate the 293	

bulk of strain and stress, faults 1A and 2A are interpreted to form border faults in Zone 1. 294	

Following the same criteria, faults 1E and 1G are considered to form border faults in Zone 3 295	

(see details of maximum throw of these faults in section 6). 296	



Faults in Zone 1 dip to the east, with a few antithetic faults occurring at the edge of the salt 297	

ridge and forming graben-like structures (Fig. 4a). The average strike of faults dipping to the 298	

east in Zone 1 is 354.740 NNW and their average dip angle approaches 35.370 (Fig. 7a). 299	

Border fault 1 (BF1) strikes N-S close to Zone 2, but gradually changes its strike to NNE into 300	

Zone 1 (Fig. 3). Border Fault 2 (BF2) changes its strike from NNW to NNE in a south to 301	

north direction (Fig. 3). Both border faults are listric, dipping to the east (Fig. 4a). Antithetic 302	

faults in Zone 1 show an average strike of 20.310 NNE and an average dip angle of 36.70 (Fig. 303	

7b). In contrast to the northern part of the salt ridge, faults in Zone 3 dip uniformly to the 304	

west. Their average strike direction is 5.340 NNE and the average dip angle is 35.940 (Fig. 7c). 305	

Border faults 1E and 1G also strike NNE (Fig. 3). Most of the faults in Zone 3 are listric and 306	

slightly curved in map view (Figs. 3 and 4b). 307	

Figure 8 presents the density of seismically resolved faults for the study area. Figure 8a 308	

separately shows fault density on the hanging-wall and footwall blocks of BF1, from south to 309	

north (Figs. 3 and 4a). The result indicates that fault density in the hanging-wall block is 310	

larger than in the footwall (Fig. 8a). To the south, closer to Zone 2 (Fig. 3), fault density is 311	

similar on both blocks, with fault density approaching a number of 12 faults/km (Fig. 8a). On 312	

the footwall block of BF1 fault density decreases to the north, revealing a denser fault 313	

distribution closer to Zone 2. Figure 8b shows fault density in Zones 1 and 3; the data 314	

showing that fault density in Zone 1 (8-12 faults/km) is larger than fault density in Zone 3 (6-315	

8 faults/km).  316	

 317	

5.2 Geometry of the accommodation zone 318	

 319	

The accommodation zone separating faults in Zones 1 and 3 is described following the 320	

definition in Faulds and Varga (1998). To these authors, accommodation zones comprise 321	



belts of overlapping fault terminations that separate either systems of uniformly dipping 322	

normal faults or adjacent domains of opposite-dipping normal faults. In the study area, the 323	

strike direction of an interpreted accommodation zone is near-perpendicular to the overall 324	

strike direction of the normal faults that terminate into it (Fig. 3).  325	

The strike direction of this transverse accommodation zone (TAZ) is E-W. The TAZ is 326	

approximately 4500 m-long and 200 m-wide, with numerous opposite-dipping faults 327	

terminating or propagating into it (Figs. 3 and 4c).  The TAZ was formed in association with 328	

the growth of two opposite-dipping fault families in Zones 1 and 3. With continuing lateral 329	

fault propagation in both Zone 1 and Zone 3, the transverse accommodation zone narrows. 330	

 331	

6. Evidence of fault growth, reactivation and segment linkage 332	

 333	

Throw vs. depth (T-Z) plots and throw vs. distance (T-D) plots are used in this section to 334	

analyse the growth history of the faults (Baudon and Cartwright, 2008a,b; Durogbitan, 2016). 335	

Non-reactivated faults are generally characterised by M-type or C-type throw-depth profiles, 336	

with throws tipping out towards the lower tip without a clear detachment (Baudon and 337	

Cartwright, 2008b). Reactivated faults exhibit stepped vertical throw-depth profiles (double C 338	

throw profile with one episode of reactivation) and their lower parts show a similar throw 339	

profile to non-reactivated faults. Fault reactivation modes are divided into upward 340	

reactivation and dip-linkage reactivation (Baudon and Cartwright, 2008b). However, crestal 341	

faults are usually with small throw values (Morley, 2007), which make it difficult to 342	

differentiate between these two modes. In this paper, reactivation is referred both to upward 343	

and dip-linkage reactivation. Fault segmentation is analysed with throw-distance profiles. 344	

Faults that show only one fault segment often present a maximum throw value at their centre, 345	

diminishing towards both tips (Lohr et al., 2008; Mansfield and Cartwright, 2001). Faults that 346	



are formed by lateral linkage of different segments often present several peak values in throw, 347	

with lower throw values at the linkage area (Walsh et al., 2003). 348	

 349	

6.1 Group 1 faults 350	

Group 1 comprises a set of faults with the largest displacements on the salt ridge (Fig. 4). 351	

A few of these Group 1 faults are still active and propagate onto the seafloor (Figs. 4, 5 and 352	

6). Faults 1A to 1D in Zone 1, and 1E to 1H in Zone 3, were analysed in terms of their 353	

growth history (Fig. 9, see Figs. 3 and 4 for their locations), with fault 1A comprising border 354	

fault 1 (BF1) in Zone 1 and faults 1E (BF3) and 1G (BF4) comprising border faults in Zone 3.  355	

Faults 1A and 1B in Zone 1 are interpreted to form two hard-linked fault segments, 356	

whereas fault 1C and 1D comprise single fault segment (Fig. 9). The reactivation history of 357	

faults in Zone 1 is constrained by Horizon H3 and H5, which are two main erosional surfaces 358	

identified on top of the salt diapir (Fig. 4). Profiles 1B-e show typical examples of fault 359	

reactivation bounded by horizons H3 and H5 (Fig. 9). Note that profiles 1B-e, 1B-f, 1C-h, 360	

1C-i and 1D-j clearly show a first episode of fault reactivation in Zone 1, which is marked by 361	

Horizon H3, with only one exception in 1B-d where fault reactivation happened earlier. The 362	

second episode of reactivation in Group 1 faults (Zone 1) is marked by Horizon H5, as shown 363	

in profiles 1A-b, 1A-c and 1B-e. The T-Z plots for 1B-d and 1D-k indicate that this second 364	

episode fault reactivation occurred slightly earlier than H5, whereas 1B-g and 1D-j show that 365	

fault reactivation happened after H5 (Fig.9). 366	

Faults 1E and 1H in Zone 3 are interpreted to comprise a single fault segment, with fault 367	

1F and 1G comprising two fault segments (Fig. 9). Similar to Zone 1, fault reactivation of 368	

Group 1 faults in Zone 3 also shows two distinct episodes marked by H3 and H5 (Fig. 9). The 369	

first episode of fault reactivation in Zone 3 is revealed by the T-Z plots of 1E-b, 1G-j, 1G-k 370	



and 1H-l to 1H-n (Fig. 9). The second episode of fault reactivation, marked by horizon H5, 371	

affected the T-Z profiles in 1E-b, 1E-c, 1F-d, 1F-e, 1G-1 to 1G-i, 1H-m and 1H-n. 372	

Even though two episodes of fault reactivation are identified in both Zone 1 and 3, not all 373	

faults record two episodes of fault reactivation. Exceptions are fault 1C in Zone 1 and faults 374	

1F and 1G in Zone 3, which reveal one single episode of fault reactivation. 375	

Maximum throw values of Group 1 faults vary from 30 to 80 ms TWT, with border faults 376	

1A, 1E and 1G reaching a maximum of 80 ms TWT. Away from the border faults, maximum 377	

throw value can reach a maximum of 40 ms TWT in other Group 1 faults (Fig. 9). 378	

 379	

6.2 Group 2 faults 380	

 381	

Faults interpreted as part of Group 2 are named 2A to 2D in Zone 1, and 2E to 2H in Zone 382	

3 (Fig. 10, see Figs. 3 and 5 for their location).  383	

Fault 2A, also referred as Border Fault 2, has a maximum throw value of ~60 ms TWT 384	

(Fig. 10). Except for this latter, faults in Zone 1 comprise two fault segments, with fault 1A 385	

showing one single fault segment. Fault reactivation of Group 2 faults occurs around Horizon 386	

H3 (Fig. 10). However, this group of faults indicates a complicated reactivation history. 387	

Profiles 2B-e to 2B-g and fault 2C-j reveal two episodes of fault reactivation (Fig. 10). 388	

Profiles 2B-d, 2C-h and 2D-k are ‘C’ type faults on T-Z data, a character indicating the 389	

absence of reactivation. An important aspect is that faults 2C and 2D comprise two fault 390	

segments of distinct length (Fig. 10), with the shorter fault segment showing a non-391	

reactivated T-Z profile (profile 2C-h of fault 2C and profile 2D-k of fault 2D). Conversely, 392	

the longer fault segment reveals fault reactivation. Fault 2B, which comprises two 393	

comparable fault segments, also shows a non-reactivated fault segment (profile 2B-d) and a 394	

reactivated one (2B-e to 2B-g) (Fig. 3).  395	



Group 2 faults in Zone 3 comprise two fault segments except for fault 2H, which is 396	

interpreted to form one single segment (Fig. 10). Fault reactivation history in Zone 3 also 397	

occurred around Horizon H3. T-Z plots generally indicate one episode of fault reactivation, 398	

with exceptions in profiles 2E-a, 2G-h and 2G-i (non-reactivated) and profile 2E-j with two 399	

episodes of fault reactivation (Fig. 10). Similar to faults 2B to 2D in Zone 1, fault 2E and 400	

fault 2G also indicate that one fault segment is reactivated while the other is not (Fig.10). 401	

Except for fault 2A, maximum throw values for Group 2 faults vary from 30 to 40 ms 402	

TWT, values that are far greater than the maximum throw of faults in Groups 3 (12 to 15 ms 403	

TWT) and 4 (4 to 8 ms TWT). 404	

 405	

6.3 Group 3 faults 406	

 407	

Faults named 3A to 3D (Zone 1) and 3E to 3H (Zone 3) comprise Group 3 faults (Fig. 11). 408	

In Zone 1, faults 3A, 3C and 3D comprise two hard-linked fault segments and fault 3B 409	

comprises three fault segments (Fig. 11). In Zone 3, faults 3F and 3H are interpreted to be 410	

single fault segment, fault 3E has two hard-linked fault segments, and fault 3G comprises 411	

four linked fault segments (Fig. 11). 412	

One single episode of fault reactivation is recognised in Group 3. In Zone 1, fault 413	

reactivation is recorded at Horizon 3 (Profiles 3A-a, 3D-h and 3D-i). However, fault profiles 414	

3A-b 3B-d and 3C-f indicate an earlier episode of fault reactivation. In Zone 3, the 415	

reactivation happened earlier than Horizon H3 (profiles 3E-a, 3F-c, 3H-g and 3H-h). 416	

Similar to faults 2B to 2E, and fault 2G in Group 2, faults 3B, 3C, 3E, 3F and fault 3G in 417	

Group 3 comprise at least two fault segments with distinct reactivation histories (Fig. 11). 418	

Some of these segments show no reactivation. Maximum throw values for Group 3 vary from 419	

12 ms to 15 ms TWT, a value larger than the maximum throw of Group 4 faults (Fig. 11). 420	



 421	

6.4 Group 4 (non-reactivated) faults  422	

 423	

Group 4 faults are restricted to Zone 1 (Fig. 4a). Four distinct faults named 4A to 4D were 424	

analysed through the compilation of T-Z plots (Fig. 12a-h) and by measuring absolute throw 425	

values along horizon H3 (Fig. 12). This group of faults were not reactivated, with maximum 426	

throws showing relatively small values between 4 ms and 8 ms TWT (Fig. 12). These values 427	

are within the resolution limits of seismic data, which was processed with sampling rate of 2 428	

ms. Throw-depth (T-Z) plots for this group of faults show typical ‘C’ shape profiles (Baudon 429	

and Cartwright, 2008a). The upper tips of these faults are eroded away at Horizon H3 (Fig. 430	

12). Throw-Length profiles for fault 4D show a single throw peak, suggesting the 431	

development of a single fault segment. Throw-length profiles for faults 4A, 4B and 4C show 432	

asymmetrical “M” shapes, which reflect the linkage of two distinct fault segments. 433	

 434	

7. Geometry of crestal faults in time and space 435	

 436	

Crestal fault families are often hard to document on seismic data or at outcrop (Randles et 437	

al., 2012). Nevertheless, Alves (2012) proposed that gravitational gliding contributes to the 438	

formation and evolution of crestal fault families. In addition, Yin and Groshong (2007) 439	

recognised that the evolution history of crestal fault families is controlled by master fault(s), 440	

here we refer as border fault(s). According to the latter authors, master faults are initiated 441	

during early stages of faulting and are capable of developing a more complicated fault pattern. 442	

Some other common characteristics of crestal faults include: a) their relatively small length, 443	

which normally does not exceed 2.3 km (Alves, 2012), and b) their relatively small throws, 444	

often below 50 ms TWT (Morley, 2007).  445	



A second key characteristic, implying that fault throw is below 50 ms TWT, is not 446	

followed by the border faults in this study (see Randles et al., 2012). Four border faults are 447	

identified in the study area; faults 1A and 2A in Zone 1, and faults 1E and 1G in Zone 3 (Fig. 448	

3). Without exception, all border faults show maximum throw of ~80 ms TWT (Figs. 9 and 449	

10). This distinct throw distribution confirms that most of the stress and strain on the crest of 450	

the interpreted salt ridge has been accommodated by border faults. Fault density of the crestal 451	

fault system in Espírito Santo Basin varies from 4 to 8 per km on the footwall of the border 452	

faults, to 10-18 per km on their hanging-wall block (Fig. 8a), which implies that border faults 453	

might have hindered fault growth farther from the salt edge (Fig. 3). Comparing fault density 454	

in Zones 1 and 3, Zone 3 has a higher fault density than that in Zone 1 (Fig. 8b), which might 455	

reflect distinct fault-initiation processes. 456	

The analysis of maximum throw vs depth is an efficient way to identify the depth faults 457	

first nucleated (Alves, 2012). However, this method is used on the basis that space is 458	

available for faults to propagate both upward and downwards, and this method loses its 459	

practical meaning when faults sole into a detachment surface. In this case, faults are most 460	

likely to propagate upward, with maximum throw developing only in an upward direction. To 461	

avoid this caveat, Group 3 and Group 4 faults were selected to compile maximum throw vs. 462	

depth plots as these two groups of faults are not detached on the salt ridge (Fig. 4). Expansion 463	

index (EI), which is the ratio between the thickness of hanging-wall and footwall strata 464	

(Lewis et al., 2013; Mansfield and Cartwright, 1996), was used to identify periods of 465	

significant fault growth. When EI >1, representing hanging-wall thickening, active fault 466	

growth occurs (Omosanya et al., 2015). In this paper, we selected border faults (faults 1A and 467	

2A in Zone 1, faults 1E and 1G in Zone 3), which are still active, to calculate their expansion 468	

index and to estimate relative timing of fault growth episodes. 469	



The maximum throw vs. depth plot in Figure 13 shows that faults in both Zone 1 and Zone 470	

3 are nucleated within Unit 1 to Unit 3, with maximum throw located within Unit 2. The 471	

nucleation of faults reveals that faults in both Zone 1 and Zone 3 were formed during the 472	

middle-late Eocene, when the Abrolhos Bank was being formed and volcaniclastics were 473	

transported into Espírito Santo Basin inducing local halokinesis (Fiduk et al., 2004). 474	

Comparing the relative depth of maximum fault throws in Zones 1 and 3, it becomes obvious 475	

that faults in Zone 3 (Fig. 3) were formed before faults in Zone 1, and present relatively 476	

deeper maximum throw locations (Fig. 13).  477	

Expansion indexes of border faults in Zones 1 and 3 (Fig. 14) also indicate that faults in 478	

Zone 3 formed earlier than faults in Zone 1. The first growth episode in Zone 1 occurred 479	

between H2-1 and H2-2, with expansion indexes above 1.0. In Zone 3, the first episode of 480	

fault growth occurred between H2 and H2-1 i.e., earlier than the first episode of fault growth 481	

in Zone 1. Combining maximum throw values vs. depth and expansion index data for border 482	

faults in Zones 1 and 3, we conclude that faults in Zone 3 formed earlier than their 483	

counterparts in Zone 1. 484	

 485	

8. Discussion 486	

 487	

8.1 Controlling factors on fault reactivation offshore Espírito Santo 488	

 489	

The growth of faults is often controlled by reactivated basement structures (Pinheiro and 490	

Holdsworth, 1997). Bellahsen and Daniel (2005) later suggested that the relationship between 491	

the orientation of existing faults and the orientation of stresses to be key parameters leading 492	

to fault growth and reactivation. If the strike direction of existing faults and the orientation of 493	

principle stress are in a favourable relationship, faults are easier to grow and reactivate 494	



(Baudon and Cartwright, 2008b). In the study area, the main strike direction of faults varies 495	

from NW to NE (Fig. 3). Except for faults 3B, 2B, 3A, 4B, 3C, 4C, which show a concentric 496	

pattern (Fig. 3), crestal faults strike N-S to NNE in the study area, a direction matching 497	

positively with the overall direction of extension for the South Atlantic margin (Chang et al., 498	

1992; Petri, 1987), and with the regional stresses recorded on the margin at present (Heidbach 499	

et al., 2008). However, extension alone cannot justify the recorded variations in the strike of 500	

the interpreted crestal faults as local stresses on the flanks of salt structures change sharply in 501	

space and time, influencing fault growth (Hubbert and Rubey, 1959; Jain et al., 2013; Wiprut 502	

and Zoback, 2000). In addition, known factors influencing fault growth and reactivation 503	

around salt structures include salt dissolution (Randles et al., 2012) and multi-phase salt 504	

growth, both potentially associated with fault reactivation in the study area. Faults that show 505	

a concentric pattern (faults 3B, 2B, 3A, 4B, 3C, 4C; see Fig. 3 for the location) reflect salt 506	

withdrawal beneath the central depression generated on the salt ridge (Ge and Jackson, 1998; 507	

Ward et al., 2016). 508	

In this study, we propose that border faults accommodated regional E-W extensional 509	

stresses recorded offshore Espírito Santo (Chang et al., 1992; Jacques, 2003). The growth of 510	

faults in the study area follows two distinct stages. Stage 1 records the growth of border faults, 511	

followed later by collapse of the salt ridge in distinct styles. In such a setting, crestal faults 512	

closer to border faults were harder to initiate and grow than those further away (Fig. 15). 513	

Border fault 1 was reactivated during a second episode of fault reactivation, which is marked 514	

by horizon H5 (Fig. 9). Throw-depth (T-Z) data for BF1 (Fig. 9) indicates that fault throw 515	

reaches a minimum value around H3, with a second peak in throw recorded after the second 516	

erosion phase is identified on the crest of the salt ridge (H5 in Figs. 4a and 5). This suggests 517	

that border faults kept accommodating strain and stress on the crest of the salt ridge - once 518	

crestal faults were far enough from border faults, they tended to grow and reactivate (Fig. 15). 519	



In Zone 1, faults surrounding BF1 and BF2 chiefly comprise faults in Groups 2 and 3 (Fig. 3), 520	

which have far smaller displacement and length and a simpler reactivation history than the 521	

border faults (Figs. 9-12). Noting that faults closer to BF2 belong to Group 3 (Fig. 3), farther 522	

to the east Group 2 faults were firstly dominant before the generation of BF1. In Zone 3, in 523	

both sides of fault 1E, maximum fault throws tend to decrease (Tmax2F > Tmax2E > Tmax3F to the 524	

west and Tmax1F > Tmax2G > Tmax2H to the East) (Figs. 9 and 10). 525	

The propagation history of the interpreted fault families does not agree with the ‘coherent 526	

model’ of Jackson and Rotevatn (2013), as faults commonly comprise two or more linked 527	

segments (Giba et al., 2012; Morley, 1999; Walsh et al., 2003; Walsh et al., 2002a) (Figs. 9 to 528	

12). In the ‘coherent model’ of Jackson and Rotevatn (2013), faults have similar length and 529	

throw profiles and are linked early in their development to form large segments. This work 530	

proposes that larger fault segments in the study area propagated and were reactivated to link 531	

with smaller fault segments, and then evolved together as a set of related structures (Fig. 16). 532	

The larger, mature faults result from the linkage of several fault segments, and this mode is 533	

here identified as the predominant mode of lateral fault propagation in the study area (Figs. 9 534	

to 12). The generation of larger faults is thus interpreted to have been controlled by several 535	

small existing fault segments, rather than by a large fault generated at the start of fault 536	

propagation (Sibson, 1985).  537	

Throw-depth (T-Z) plots have been assessed for their accuracy as a method to identify 538	

fault growth and reactivation. In particular Lohr et al. (2008) pointed out that in listric faults, 539	

especially those in areas of important salt tectonics, throw values can approach zero and their 540	

practical meaning is quantitatively lost. However, in most published cases, throw is a reliable 541	

proxy for fault development and reactivation episodes. Even though the T-Z plots in time 542	

domain compiled in this study show well-expressed fault reactivation histories (Figs. 9-11), 543	

difficulties still exist when interpreting these T-Z plots. In the study area, throw values for 544	



crestal faults are less than 80 ms TWT (generally <50ms TWT), causing some difficulties in 545	

interpreting fault reactivation with accuracy. However, fault reactivation episodes are better 546	

constrained when using two erosional surfaces as temporal markers, H3 and H5. Thus, we 547	

suggest erosional surfaces as markers for identifying fault reactivation on the crest of salt 548	

structures. In combination with T-Z plots, interpreters can have a better evaluation of fault 549	

reactivation history by using key stratigraphic markers. In the studied crestal fault system, H3 550	

and H5 are recognised as key markers to assess fault reactivation (Figs. 9 to 12). These two 551	

erosional surfaces also mark the boundaries above which faults were not reactivated; for 552	

instance, not all faults offset H3 or H5 (Fig. 4). Fault 2A (Fig. 10) is a good example, as this 553	

fault offsets H3 and stops at H5, with no further evidence of reactivation above this latter 554	

stratigraphic marker.  555	

As a corollary of our analysis, fault propagation above the interpreted salt ridge is more 556	

complex than documented by Baudon and Cartwright (2008b) on other salt structures of the 557	

Espírito Santo Basin. The three-stage model of fault growth proposed by these latter authors 558	

is thus expanded in this work into a five-stage model (Fig. 17). The T-Z profiles of faults 1A 559	

(a), 1B (d and e), 1D (j and k), 1E (b) and 1H (m and n) (Fig. 11) exemplify this five-stage 560	

fault growth model. See for T-Z profile j of fault 1D for example; fault throw shows a first 561	

peak around 3100 ms TWT, while the second growth phase is indicated with a small peak at 562	

H5. A third growth episode is marked with increasing throw close to the seafloor (Fig. 9). 563	

 564	

8.2 Importance of accommodation zones on the crest of salt structures 565	

 566	

Numerous studies have been carried out to understand the formation of accommodation 567	

zones (Bosworth, 1985; Colletta et al., 1988; Langhi and Borel, 2008; Tesfaye et al., 2008). 568	

Fault systems that form accommodation zones in rifts are genetically related faults formed at 569	



approximately the same time (Coffield, 1987; Ebinger, 1989; Farhoud, 2009; Faulds et al., 570	

1990; Kong et al., 2005). In the study area, the northern fault system (Zone 1) created 571	

multiple E-dipping faults that dip in an opposite direction to faults in Zone 3, with an E-572	

trending accommodation zone separating these two zones (Fig. 3). Faults in Zones 1 and 3, 573	

however, reflect different formation mechanisms, with the northern fault system (Zone 1) 574	

showing geometries typical of collapse structures (Fig. 3), whereas the southern fault system 575	

(Zone 3) resembles faults formed by gravitational gliding (Fig. 4b) during withdrawal of salt 576	

on top of the salt diapir (Fig. 3). The interpreted top salt does not match with these 577	

mechanisms as this salt diapir is in an uplifting episode (Fig. 4). The different mechanisms 578	

for the two opposite-dipping fault families hint at distinct timings for the formation of 579	

opposite dipping fault systems. The depth in which maximum throw is observed indicates 580	

that fault nucleation in Zone 3 happened earlier than in Zone 1 (Fig. 13). The expansion 581	

indexes of border faults in Zone 1 and Zone 3 also indicate that the southern gravitational 582	

fault array formed slightly earlier than the northern collapsed fault array (Fig. 14). In Zone 1, 583	

the concentric faults observed are likely associated with the dissolution (and quick) collapse 584	

of salt underneath the post-salt overburden, which shows significant throw values for BF1 on 585	

top of the salt surface (Fig. 4a). Zone 3, in contrast, shows the predominance of gravitational 586	

gliding over the interpreted fault ridge. For instance, in Figure 4b the uniformly west-dipping 587	

fault array shows a continuous and smooth salt surface and some of the faults detach on the 588	

top of the salt; no significant faults intersect the top of the salt package (Fig. 4b). Also fault 589	

density in Zone 1 is higher, which indicates a predisposition for fault initiation in Zone 1. 590	

Despite these distinct mechanisms, faults in Zones 1 and 3 are kinematically linked and 591	

resulted in the generation of the TAZ in Zone 2. The distinct mechanisms observed (gliding 592	

vs. dissolution) resulted in locally focused, changing styles of crestal faulting. 593	



Figure 18 illustrates the formation of the TAZ. Few faults formed by gravitational gliding 594	

in Zone 3 in a first stage due to gradual salt-withdrawal and generation of the depression on 595	

top of the salt ridge (Fig. 3). The sudden collapse of the ridge crest resulted in the formation 596	

of two opposite-dipping fault families in Stage 2. Further propagation of the faults in Zones 1 597	

and 3 resulted in the formation of the TAZ, and faults stopped propagating horizontally 598	

across the accommodation zone (Figs. 18 and 19). However, this did not hinder later stages of 599	

vertical propagation in the interpreted faults, with structures oriented favourably for 600	

reactivation revealing blind vertical propagation towards the surface. This characteristic is 601	

again shown in Fig. 4, in which most of the faults are still active and propagate to the present 602	

seafloor. 603	

 604	

9. Conclusions 605	

 606	

High resolution seismic data from the Espírito Santo Basin, SE Brazil, documents a swarm 607	

of fault systems families on a salt ridge. Detailed mapping, throw-depth plots and statistical 608	

analyses of fault distributions provided us with important insights into the geometry and 609	

evolution of crestal fault systems of salt structures. This work resulted in the following 610	

conclusions: 611	

1) A swarm of listric, moderately–highly curved and faults are developed on top of the 612	

salt ridge, showing seismic resolved fault densities that can reach as much as eighteen (18) 613	

faults/km.  614	

2) The crestal fault family is controlled by listric border faults i.e., border faults have 615	

larger maximum throws than the remainder of crestal faults and accommodate most the strain 616	

and stress on the crest of the salt structure. At the same time, other crestal faults formed close 617	



to border faults are less active. Border faults are also in a preferential position to be 618	

reactivated. 619	

3) Erosional surfaces are robust markers to date fault reactivation, particularly when 620	

used together with T-Z plots. 621	

4) Segment linkage is predominant within the interpreted crestal fault families and 622	

controlled fault growth. The interpreted crestal faults propagated both vertically and 623	

horizontally. Over the salt ridge, horizontal propagation was hindered by an accommodation 624	

zone, onto which faults terminate. Vertical propagation stops either the fault meets the 625	

seafloor or vertical propagation is accommodated by either blind faults, or by adjacent faults 626	

with larger displacement. 627	

5) Fault propagation does not follow the ‘Coherent model’ of Jackson and Rotenvadt 628	

(2013). The geometry and history of propagation of faults segments are not comparable with 629	

this later model. In particular, large fault segments propagated to emerge with non-reactivated 630	

small fault segments on the crest of the salt ridge, and can show later blind propagation 631	

towards the surface. 632	

6) The transverse accommodation zone (TAZ) developed on the salt ridge had 633	

paramount influence on the evolution of the interpreted crestal faults. Two opposite-dipping 634	

fault families, reflecting distinct mechanisms for their formation, terminate into the 635	

accommodation zone. After its establishment, the development of the crestal fault system 636	

became controlled by the accommodation zone. 637	
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Figure captions 901	

 902	

Figure 1 Regional maps of Southeast Brazilian margin showing: a) the relative location of the 903	

Southeast Atlantic margin. b) The location of the study area (red box). The dotted line 904	

indicates the limit of Aptian evaporites and the solid line shows the bathymetry (m). c) 905	

Variance map (Z=-3140ms TWT) of the study area. The red box indicates the location of the 906	

studied crestal fault system. d) Enlarged variance map of the studied fault system. 907	
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Figure 2 Simplified regional cross section of Espírito Santo Basin revealing major 908	

depositional sequences. Relative location of the study area is indicated by the black box 909	

(Modified from Fiduk et al., 2004 and Gamboa et al., 2010, 2011). 910	

  911	

Figure 3 TWT structural map depicting the geometry of Opposite-Dipping Fault arrays (Zone 912	

1 and Zone 3) and the Transverse Accommodation Zone (Zone 2) (TAZ). The area 913	

highlighted in the black box is the location of the studied ODF-TAZ system. The interpreted 914	

horizon is H3 (see also Fig. 4 and 6), the numbered faults are subsequently analysed (see Figs. 915	

9-12). The interpreted area of horizon H3 is shown in Figure 1c. 916	

 917	

Figure 4 Uninterpreted seismic sections and enlarged interpreted sections for Zones 1-3. a-b) 918	

Seismic sections of an E-dipping fault array with a few antithetic faults form graben-like 919	

structures (Zone 1). c-d) Seismic sections of a W-dipping fault array dipping uniformly to the 920	

west (Zone 3). e-f) Seismic sections across the transverse accommodation zone in which the 921	

two opposite dipping fault arrays interact (Zone 2). Locations of the seismic sections are 922	

shown in Figures 1d and 3. The different colours represent the four groups of faults 923	

considered in this study. Faults subsequently analysed are also labelled. 924	

 925	

Figure 5 a) Main stratigraphic units on the crest of the interpreted salt ridge. Seven horizons 926	

are interpreted, with H1 representing the top surface of salt diapir and H7 representing the 927	

seafloor. b) Zoomed seismic section of the studied fault system. Location of the seismic 928	

section is shown in Figure 1d. 929	

 930	

Figure 6 Seismic sections illustrating the four groups of faults (Group 1, Group 2, Group 3 931	

and Group 4) interpreted on crest of the salt ridge. a) Un-interpreted seismic section, shown 932	
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in Figure 1d. b) Interpreted seismic section. Faults offset H5 and some propagate towards the 933	

seafloor. Group 2 is bounded by H5 and offsets H4 – the top surface of Unit 2. Faults of 934	

Group 3 all form in Unit 2. Group 4 faults are limited to Unit 2. 935	

 936	

Figure 7 Lower-hemisphere and equal-area projections of poles to fault planes show strike 937	

direction and dip angles of the crestal fault system. a) Average strike direction (354.740 NNW) 938	

and dip angle (35.370) of faults dipping to the east in Zone 1. b) Average strike direction 939	

(20.310 NNE) and dip angle (36.70) of faults dipping to the west in Zone 1. c) Average strike 940	

direction (5.340 NNE) and dip angle (35.940) of faults in Zone 3.  941	

 942	

Figure 8 a) Statistical data for fault density on both hanging wall and footwall blocks of 943	

border fault 1 (Zone 1) as compiled from specific seismic sections in a south to north 944	

orientation. B) Fault density acquired on selected seismic sections in both Zones 1 and 3. 945	

 946	

Figure 9 T-D and T-Z plots for Group 1 faults. Locations of Faults 1A to 1H are labelled in 947	

Figure 3.  The vertical lines a-k in the T-D plots in row 1 and a-n in row 3 indicate the 948	

location of the T-Z plots in rows 2 and 4 respectively. Two episodes of fault reactivation are 949	

identified, which are marked by horizons H3 and H5. 950	

 951	

Figure 10 T-D and T-Z plots for Group 2 faults. Locations of Faults 2A to 2H are labelled in 952	

Figure 3. The vertical lines a-m in the T-D plots in rows 1 and a-k in row 3 indicate the 953	

locations of the T-Z plots in rows 2 and 4 respectively. One episode of fault reactivation, 954	

marked by horizon H3, is recognised. 955	

 956	
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Figure 11 T-D and T-Z plots for Group 3 faults. Locations of Faults 3A to 3H are labelled in 957	

Figure 3. The vertical lines a-l in the T-D plots in row 1 and a-h in row 3 indicate the location 958	

of the T-Z plots in rows 2 and 4 respectively. Reactivation is recorded at horizon H3 in Zone 959	

1. Reactivation in Zone 3 occurs earlier than H3. 960	

 961	

Figure 12 T-D and T-Z plots of faults in Group 4. Locations of Faults 4A to 4D are labelled 962	

in Figure 3. The vertical lines a-h in the T-D plots in row 1 indicate the location of the T-Z 963	

plots in row 2. All the T-Z plots show a typical ‘C’ shape, which indicates that faults were not 964	

reactivated. 965	

 966	

Figure 13 Maximum throw locations of Group 3 and 4 faults in Zone 1 and Group 3 faults in 967	

Zone 3 as tied to seismic stratigraphy units. The figure indicates that the formation of faults 968	

in Zone 3 is earlier than that of Zone 1. 969	

 970	

Fig. 14 Expansion Indexes (EI) for the major faults showing variation in strata thickness 971	

across their hanging-wall and footwall blocks. An EI of >1 implies thickening of strata in the 972	

hanging-wall section, whereas EI < 1 means thinning relative to the footwall block. 973	

 974	

Figure 15 Schematic illustration of the reactivation history of crestal faults in this study. Red 975	

boxes indicate zones of low fault reactivation close to the border faults. Blue boxes indicate 976	

zones of high reactivation away from the border faults. 977	

 978	

Figure 16 Alternative “Isolated model” of fault propagation. Larger faults propagated and 979	

reactivated while small fault segments remain undisturbed until two fault segments are linked 980	
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together. (1-2) map view; (3-4) T-D profile; (5-6) T-Z profile. The larger fault segment can 981	

be either reactivated or non-reactivated. 982	

 983	

Figure 17 Schematic map showing throw-depth plots vs. repeated fault reactivation on crest 984	

of salt ridges. Each reactivation episode is associated with an erosional surface. 985	

 986	

Figure 18 Plan-view of schematic map illustrates formation of a transverse accommodation 987	

zone. Stage 1 - Formation of a W-dipping fault array. Stage 2 - Crestal collapse, which was 988	

controlled by crestal faults creating multiple small-scale faults dipping to the east. West-989	

dipping fault arrays kept propagating at this stage. Stage 3 - Late evolution stage of faults, 990	

with both fault systems intersecting each other to form an accommodation zone. 991	

 992	

Figure 19 Schematic 3D panel showing the relationship between the transverse 993	

accommodation zone (TAZ) and crestal faults in the study area. The strike directions of the 994	

accommodation zone and faults are nearly perpendicular. 995	
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