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Abstract9

Salt giants are viewed as competent seals for sub-salt fluids. Yet, salt can reveal10

large inter-crystalline and polyhedral permeability when deeply buried and a certain11

fluid pressure threshold is reached. This work uses high-resolution three-dimensional12

(3D) seismic data to explain the processes favouring fluid flow in areas affected by13

salt tectonics, with emphasis on deformed salt structures offshore Espírito Santo (SE14

Brazil). Documented fluid flow features include pockmarks, dissolution related15

pockmarks on the crest of salt structures, gas chimneys, bright spots, polygonal fault16

systems, and pushed-down reflections within salt structures. Offshore Espírito Santo,17

fluid was sourced: a) from sub-salt compartments, b) through hydrite dewatering18

processes, c) through slabs in salt-withdraw basins, d) from deformed strata within19

salt structures, and e) from supra-salt fluids that migrated through the flanks of salt20

structures. Focused fluid flow on the crests of salt giants may evolve to active salt21

intrusion when overburden rocks are < 1200 m thick, depending on the intensity of22

regional halokinesis. The crests of salt structures are also important fluid flow paths,23

particularly when developing closely-spaced fault families. As a corollary, the24
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interpreted data show that salt dissolution and intra-salt deformation are important25

processes accompanying the migration of fluid into faulted supra-salt strata or26

evolving into active diapirism. Our study has important implications to understand27

salt seal breaching mechanisms around the globe.28

29

Keywords: SE Brazil; Salt giants; Fluid flow; Deformed salt; Dissolution;30

Hydrocarbon migration.31

32

Introduction33

Salt giants, comprising thick and vast volumes of evaporites (Hübscher et al.,34

2007), often show acoustically transparent internal reflections in seismic data and, as35

a result, have been previously regarded as lithological homogeneous (Schoenherr et36

al., 2007). With new, state-of-the-art seismic data acquisition and processing, the37

internal character of salt giants has been addressed in more detail for the past few38

years (Van Gent et al., 2011, Fiduk and Rowan, 2012, Bertoni and Cartwright, 2007,39

Jackson et al., 2014, Kirkham et al., 2022). Recent studies on salt tectonics indicate40

that salt rock is impure (Schoenherr et al., 2007, Davison, 2009, Warren and Keith,41

2016, Szatmari et al., 2021), and hydrocarbon residuals occur in fractures offsetting42

these ‘impure’ evaporite intervals (Van Gent et al., 2011, Grishina et al., 1998,43

Schoenherr et al., 2007). New seismic data have also revealed seismically resolved44

strata and internal deformation within salt giants (Rowan et al., 2019, Alves et al.,45

2017; Feng et al., 2017, Alsop et al., 2015; Jackson et al., 2014, Strozyk et al., 2012).46

As proposed by Rowan et al. (2019), layered evaporite sequences (LESs), rather than47

pure evaporites, better define salt-rich intervals, as proven by many a borehole drilled48
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in salt-bearing sedimentary basins (Feng et al., 2016, Teixeira et al., 2020). High-49

amplitude intra-salt reflections are thus thought to comprise evaporites with distinct50

mineralogical compositions (Jackson et al., 2014, Koyi, 2001), or, instead, clastic or51

carbonate intervals (Rowan et al., 2019).52

The clearer imaging of salt structures in new, state-of-the-art 3D seismic data has53

also revealed their complex internal deformation (Pontes et al., 2022), at the same54

time stressing that laboratorial experiments using homogeneous materials do not fully55

represent the lithological and rheological variability of salt giants. Laboratory56

experiments indicate that the permeability of salt rock reaches values of nanodarcy57

(nD) or less (Popp et al., 2001, Kern, 2001). However, with increasing burial depths58

and elevated temperatures, intercrystalline or polyhedral permeability in rock salt is59

able to reach that of sandstone at lithostatic fluid pressures (Lewis and Holness, 1996,60

Hovland et al., 2006, Ghanbarzadeh et al., 2015). Furthermore, dilatancy is promoted61

in salt intervals that record increasing pore pressures and decreasing effective stress62

(Davison, 2009). Confirming the results in Borchert and Muir (1964), recent data63

suggest that leaky salt units may actually prevail in some regions experiencing64

significant salt tectonics under specific geological conditions. This is the case of65

regions with important hydrothermal processes (Oppo et al., 2020, Hovland et al.,66

2006, Hovland et al., 2015, Hovland et al., 2019, Kirkham et al., 2020, Bertoni et al.,67

2017, Warren and Keith, 2016, Bertoni and Cartwright, 2015) or magma-salt68

interactions (Magee et al., 2021). Hence, published seismic examples provide69

evidence for cross-salt fluid leakage in seismic data such as mud volcanos piercing70

though salt structures, linear fluid chimneys, intra-salt pipe trails, pockmarks at both71

the base and top of salt structures, and stacked pockmarks (Kirkham et al., 2017,72

Oppo et al., 2020, Kirkham et al., 2020, Ho et al., 2018, Bertoni et al., 2017, Bertoni73
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and Cartwright, 2015, Davison, 2009, Cartwright et al., 2018, Cartwright et al., 2021).74

Salt mines have also documented bitumen residuals and hydrocarbon fluid inclusions,75

indicating that significant fluid migration can occur within salt structures after being76

sourced from sub-salt intervals (Grishina et al., 1998, Schoenherr et al., 2007),77

Fluid flow in sedimentary basins attracts a wide research interest due to its close78

association with groundwater flow systems, petroleum migration, geothermal79

reservoirs, ore-forming processes and seabed ecosystems (Dando et al., 1991,80

Hovland et al., 2010, Hovland and Judd, 1988). The processes behind the release of81

fluid in sedimentary basins can be instantaneous and catastrophic, or last millions of82

years to encompass multiple geological processes, including those associated with83

sediment mobilization, which may last millions of years (Huuse et al., 2010, Andresen,84

2012). Fluid flow features are typically identified in seismic data as amplitude85

anomalies that occur together with a wide range of structures such as pockmarks, mud86

volcanoes, gas hydrates, chimneys, pipes, sediment injection, carbonate mounds,87

seeps and related diagenetic phenomena (Cartwright et al., 2007, Løseth et al., 2009,88

Huuse et al., 2010, Andresen, 2012). Hence, fluid flow features can be classified89

according to their geometry, lithology, the type of impact on the hosting sediment, as90

well as after taking into account the mechanisms responsible for their formation (e.g.91

Andresen, 2012, Huuse et al., 2010, Løseth et al., 2009, Cartwright et al., 2007).92

Three main groups of seismic scale fluid-flow features, divided according to their93

formation mechanisms, were summarised by Andresen (2012) as: a) subsurface94

sediment remobilization, b) vertically focused fluid flow, and c) laterally extensive95

fluid flow.96

The aim of this study is to document intra- and supra-salt fluid flow features in97

SE Brazil to understand the mechanisms promoting fluid flow in salt-bearing98
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sedimentary basins. We show robust evidence for fluid flow both within deformed99

salt structures and in supra-salt sediments offshore the Espírito Santo Basin (Fig. 1).100

Comprehensive models of fluid flow in salt-bearing sedimentary basins are suggested101

and shown to be potentially applicable to other regions in the world affected by salt102

tectonics.103

104

Data and methods105

The interpreted seismic volume has a high resolution, covering an area of ~ 1890106

km2 in SE Brazil (Fig. 1). Seismic data processing included resampling, spherical107

divergence corrections and zero-phase conversions, which were undertaken prior to108

stacking, 3D pre-stack time migration using the Stolt algorithm (Stolt and Benson,109

1986) and one-pass 3D migration. The vertical sampling rate for the interpreted110

seismic volume is 2 ms, for a bin spacing of 12.5 m. With a dominant frequency < 40111

Hz, the vertical resolution is estimated to be between 5 and 8 m near the seafloor, and112

20 m at the maximum depth of strata investigated in this work (Fig. 2). Constraints on113

the age of the interpreted horizons are based on the published literature (Fiduk et al.,114

2004, França et al., 2007, Alves et al., 2009). Key supra-salt stratigraphic markers115

include: a) an interval of continuous high-amplitude seismic reflections comprising116

volcaniclastic strata deposited from Eocene to the Late Oligocene (Unit 3), b) a117

regional Eocene unconformity present throughout the study area (horizon H3), and c)118

a late Oligocene unconformity of regional expression (horizon H4) (Ze and Alves,119

2016, Fiduk et al., 2004) (Fig. 2).120

Primary-wave velocity data (Vp) from the Deep-Sea Drilling Program (DSDP)121

Site 516 are used in this work to calculate the minimum thickness of supra-salt122
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overburden units (Barker, 1983, Alves et al., 2009) (Figs. 1, 3, and 4; Table 1).123

Overburden strata comprise four units, with the uppermost one showing thick mass-124

transport deposits (MTDs) (Figs. 3 and 4). An average velocity of 2.5 km/s is used to125

calculate the thickness of Units 1 and 2 (Fig. 2), which represents strata spanning126

from the crests of salt structures to the base of the volcaniclastic deposits (Fig. 2). An127

average Vp velocity of 3.0 km/s is assumed for the volcaniclastic deposits in the study128

area (Unit 3, Fig. 2). A Vp velocity of 1.6 km/s is assumed for the MTDs, and 2.1129

km/s is used for the rest of Unit 4 (Fig. 2).130

131

Regional geological background132

The Espírito Santo Basin (ESB) is located on the SE Brazilian continental margin,133

which was formed in association with Late Jurassic-Early Cretaceous rifting and134

break-up of the Gondwana supercontinent (Fig. 1). The syn-rift succession in the ESB135

comprises fluvial-lacustrine strata, including main source rocks in the study area136

(Fiduk et al., 2004) (Fig. 2). Above this succession, more than 2000 m of Aptian salt137

were deposited and overlain by Albian carbonates and open marine strata comprising138

shales, turbidites and MTDs (Chang et al., 1992, Tedeschi et al., 2017, França et al.,139

2007) (Fig.2).140

The supra-salt structure of the ESB was largely influenced by halokinesis, and141

three domains of extension, diapirism and compression are identified on regional142

seismic profiles (Fiduk et al., 2004). Halokinesis peaked during the late Cenozoic in143

most of the Espírito Santo Basin, particularly in its intermediate and distal continental144

slope where salt diapirs, allochthonous salt canopies, and fairways occur and deform145

the seafloor (Fiduk et al., 2004) (Fig. 2).146
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The study area is located in the compressional domain, with salt diapirs, ridges147

and walls and overhangs comprising primary structures (Fig. 1). The height of148

interpreted salt structures can reach over 4000 m, and they are actively growing at149

present (Ze and Alves, 2016). Salt successions can be divided into various units, or150

layered evaporite sequences (Rowan et al., 2019). Four units of layered evaporite151

sequence are usually documented in SE Brazil, revealing variable composition and152

bulk density in salt (Jackson et al., 2015). Intra-salt deformation in these thick salt153

successions comprise faults and folds with variable limb angles (Davison, 2009,154

Jackson et al., 2015; Alves et al., 2017).155

156

Seismic stratigraphy157

Strata in the study area are divided into four seismic stratigraphic units, which are158

bounded by five horizons (H1 to H5) (Fig. 2). Horizon H1 represents the top of the159

Aptian salt, whereas H5 represents the seafloor, with its strong and continuous160

reflector (Fig. 2). In addition, seismic horizons H1a and H1b are interpreted in Fig. 3e161

to represent the basal and top surfaces of a salt overhang interpreted in the study area162

(Fig. 3e). Seismic stratigraphic interpretations were extended to the adjacent salt163

withdrawal basin in order to constrain the age of the strata on the crest of the salt164

ridge.165

166

Unit 1 (Late Cretaceous)167

Unit 1 is bounded by Horizon H2 at its top and Horizon H1 at its base. It shows168

strong to moderate amplitude internal reflections, chaotic in places (Fig. 2). The base169

of Unit 1 is hardly identified in the adjacent salt-withdrawal basins. Its top (H2)170
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coincides with a regional unconformity of early Paleocene (Fiduk et al., 2004,171

Gamboa and Alves, 2015).172

173

Unit 2 (Paleocene - Early Eocene)174

Unit 2 is bounded by a moderate and continuous seismic reflection at its top175

(Horizon H3, Fig. 2). Internal reflections vary in their characters over the salt ridge.176

Unit 2, when compared to the adjacent salt-withdrawal basins (Fig. 3), is177

characterized by its transparent to low amplitude internal reflections above salt178

structures, but shows strong reflections in adjacent salt-withdrawal basins (Figs. 2 and179

3). Unit 2 is composed of prograding sandstones and shales, which are ubiquitous on180

the SE Brazilian margin (Fiduk et al., 2004; França et al., 2007).181

182

Unit 3 (Mid-Eocene - Oligocene)183

Unit 3 is bounded at its base by a mid-Eocene unconformity (H3) and at its top184

by Horizon H4 (Fig. 2). Strata within this unit show sub-parallel, high-amplitude185

internal reflections with good lateral continuity (Fig. 2). High-amplitude reflections in186

this unit are generated by volcaniclastic sediment sourced from the Abrolhos Bank187

during the Middle Eocene-Oligocene (Gamboa et al., 2010, Fiduk et al., 2004). Unit 3188

is faulted on the crest of the salt ridge (Fig. 2) and thickens sharply into the salt189

withdrawal basins (Figs. 3 and 4).190

191

Unit 4 (Late Oligocene - present)192
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Unit 4 shows internal seismic reflections of moderate amplitude and is divided193

into two sub-units (Fig. 2). The lower Unit 4 is bounded at its base by Horizon H4194

(Fig. 2). A large number of crestal faults terminates at the base of the MTDs (Figs. 2195

and 3). The upper Unit 4b comprises the thickest MTDs (over 200 ms twt or 160 m196

considering an average velocity of 1.6 km/s) deposited in the study area (Figs. 2 and197

3).198

199

Fluid flow features on the crest of salt structures200

Bright spots interpreted in seismic data are often fluid accumulations associated201

with multiple fluid sources (Ze and Alves, 2021). Dim zones are often interpreted as202

gas chimneys associated with sub-surface fluid flow (Fiduk et al., 2004). However,203

due to the existence of bright spots lying on top of acoustic transparent zones, seismic204

artifacts might occur in some given examples. The examples in this study are205

interpreted to be gas chimneys due to the fact that the configuration of the interpreted206

acoustic transparent zones and bright spots vary greatly in the study area (Fig. 3).207

Moreover, considering the high-resolution of the seismic data, the shallow burial208

depths of the interpreted features, and that bright spots have too small a scale to209

generate dim zones, gas chimneys are thus interpreted based on the given seismic210

examples (Figs. 3 and 4). Agreeing with previous research by Fiduk et al., (2004),211

bright spots stacking on top of gas chimneys are common fluid flow features in the212

Espírito Santo Basin (Fiduk et al., 2004) (Figs. DR1 and DR2). Circular sags are213

interpreted as dissolution pockmarks and present diameters of 700 m and 400 m,214

respectively (Fig. 3-5 and DR2). Collapsed sediment filled these pockmarks (Fig. 3e),215

and sediment thickness increases where the pockmarks were developed (Figs. 5b and216

5c). The pushed-down reflections in Figs. 2, 3e and 4 are symmetric, and of a smaller217
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scale to the ‘typical’ intra-salt deformation styles of SE Brazil (Figs. 4). The scales of218

the pushed-down reflections also correlate with the presence of dissolution pockmarks219

on the crest of the salt diapir, which are herein postulated to be associated with fluid220

flow (Fig. 4). The pushed-down reflections in the given example also show good221

correlation with the high-amplitude anomalies at their roots, and are closely222

associated with deformed strata in the salt structure (Fig. 4).223

The detailed analysis of the seismic features reveals that fluid flow features in224

this study mostly comprise gas chimneys (Figs. 3, 4 and 6), or are, instead, associated225

with polygonal faults (Figs. 3e and 5a), pockmarks on top of salt structures (Fig. 3e,226

3h, 4, 5 and DR2), bright spots (Figs. 3, 4, 6 and 7), and active salt intrusions (Fig. 8).227

The geometry of supra-salt fluid flow features often reveals pockmarks on the crests228

of salt diapirs, with gas chimneys and bright spots stacking on their tops (Figs. 3e, 3h,229

and DR1).230

Gas chimneys in the study area show cylindrical shapes, with diameters of c. 551231

m, 1406 m, 737 m, and 1077 m respectively (Figs. 3e -3h). In the case of Fig. 3h, the232

diameter at the base of the gas chimney is larger than in its upper part (Fig. 3h). The233

thickness and locations of bright spots lying on top of the gas chimneys vary greatly234

in the study area, with most located directly on top the gas chimneys. In Fig. 3f, bright235

spots stretch further upward (Fig. 3f). In Fig. 3h, bright spots are observed in both the236

western side and top of the latter gas chimney (Fig. 3h).237

Fig. 4 presents an example of a fluid flow system in which pushed-down238

reflections are observed within the salt structures (Fig. 4), with two pockmarks lying239

directly on top of the same salt structure (Figs. 4 and 5), which were filled by240

collapsed sediment (Fig. 3e). A gas chimney, present on top of the pockmarks on the241

crest of the salt overhang, stretches through the supra-salt successions, and ends in242
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Unit 4 (Fig. 4). A crestal fault system is developed in the supra-salt succession, with a243

polygonal fault system offsetting Units 2 - 3, and terminating in Unit 4 (Figs. 4 and244

5a). Isopach maps of Unit 1 and unit 2 show apparent strata thickening on top of the245

pockmarks (Fig. 5c). The root of the interpreted pushed-down reflections is located on246

top of high-amplitude anomalies within the salt structures, which are part of the247

deformed intra-salt structures (Fig. 4)248

Apart from the fluid flow system shown in Fig. 4, simpler fluid systems with a249

gas chimney lying at the structural high on the crest of salt structures, and bright spots250

lying on top of the gas chimneys are identified throughout the study area (Figs. 3f -251

3h).252

253

Active, buried salt intrusions revealing significant fluid flow254

Figs. 6 and 7 present unique examples of buried salt intrusions, which have a255

minor influence on current seafloor morphology (Figs. 6 and 7). Active salt intrusions256

shaping the modern seafloor are also observed in the study area (Fig. 8). The active257

salt intrusion pierced through supra-salt successions, forming an anticline at the258

modern seafloor (Fig. 8). A crestal fault with a maximum throw value over 100 ms259

twt is interpreted on the north flank of the active salt intrusion (Fig. 8). Internal260

reflections in the latter correlate with the salt diapir lying below the salt intrusion in261

Figs. 6 and 7. However, they show partially continuous internal reflections that are262

parallel to its host supra-salt strata (Figs. 6 and 7). Further north, the salt intrusion in263

Fig. 7 changes into a gas chimney (Figs. 1 and 3g). A tilted gas chimney located in the264

salt withdrawal basin is also identified in Fig. 8.265

266
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Location of fluid flow features267

The study area is located in the compressional zone of the Espírito Santo Basin,268

which is currently experiencing significant halokinesis (Ze and Alves, 2016). As a269

result, most supra-salt strata are highly faulted, with salt flowing towards the seafloor270

(Fig. 8). The observed examples of focused fluid flow are mostly located on top of271

large salt diapirs (Figs. 1, 3, 4 and 6). An important detail is that where the gas272

chimneys occur, the thickness of supra-salt units is relatively similar, approaching273

1600 m (Fig. 3e), 1450 m (Fig. 3f), 1650 m (Fig. 3g), 1750 m (Fig. 3h) and 1450 m274

(Fig. 7), after converting two-way time (twt) thickness to true thickness using velocity275

data from DSDP Site 516 (Barker, 1983) (Table 1).276

Horizon 4 is interpreted to be Late Oligocene in age, with continuous, high-277

amplitude strata below representing volcaniclastic material deposited from the Eocene278

to Late Oligocene (Ze and Alves, 2016, Fiduk et al., 2004) (Fig. 2). Bright spots in279

Figures 3e, 3f, 4, 6 and 7 are observed in Unit 4, and the gas chimney pierced through280

the brittle volcanoclastic unit (Figs. 3e, 3f, 4 and 7, Table 1). In Fig. 3g, bright spots281

are located within the volcaniclastic Unit 3, a character indicating that the marine282

mud-rich succession above comprises a seal interval. However, in Fig. 3h bright spots283

extend from Unit 2 to Unit 4, and show a geometry that is different from other bright284

spots of the same kind (Fig. 3h).285

286

Deformed intra-salt structures and intra-salt anomalies287

Intra-salt seismic anomalies comprise mainly pushed-down reflections (Figs. 3e288

and 4), deformed strata (Figs. 4 and 6), and relatively continuous high-amplitude289

reflections in intra-salt strata (Figs. 8 - 10). High-amplitude intra-salt strata are290
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interpreted to be volcanoclastic/clastic deposits (Fiduk et al., 2004), or rafts (Jackson291

et al., 2014). However, the examples given by Jackson et al. (2015) also indicate that292

high-amplitude reflections are due to different salt compositions. With the example in293

Fig. 6, the highly tilted intra-salt reflections are postulated to be reflections by the294

layered evaporite sequences (Rowan et al., 2019), which are important intra-salt fluid295

migration pathways (Fig. 6).296

Fig. 9 and Fig. 10 present two different types of intra-salt high amplitude297

anomalies (HAAs). In Figure 9, high-amplitude anomalies are continuous in section298

view (Figs. 9a and 9b). In map view, HAAs are confined within the salt structures,299

with their geometries showing strips within the salt structures (Fig. 9c), while in Fig.300

10, HAAs are small circular dots in cross-section and map view (Fig. 10). HAAs of301

these two types are common throughout the Espírito Santo Basin (Fig. 3, 4 and Figs. 6302

- 10).303

304

Discussion305

The study area records significant halokinesis and comprises sub-salt strata that306

form the reservoirs with the largest economic importance in SE Brazil (Fiduk et al.,307

2004). We support the idea that even though salt giants often comprise perfect seals308

for fluid flow, they can also bear sufficient fluid, and act as direct paths for fluid flow309

into shallower successions. As indicated by outcrop data (Schleder et al., 2008) and310

seismic studies (Bertoni and Cartwright, 2015, Davison, 2009, Strozyk et al., 2012), if311

fluid pressure reaches a critical value or a percolation threshold is reached, pore312

networks within salt diapirs become connected, enhancing the permeability of salt313

structures and allowing fluid to be transferred within salt structures (Ghanbarzadeh et314
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al., 2015, Popp et al., 2001, Smodej et al., 2019). Bitumen residuals have been widely315

documented within salt rock (Flambard et al., 1986, Schoenherr et al., 2007).316

Furthermore, internal deformation is prevalent and complex within salt structures317

(Alves et al., 2017, Dooley et al., 2015, Rowan et al., 2019). When deformation of318

more porous layers in salt successions occurs, creating hydraulic-pressure gradients,319

fluid flow is more likely to occur within salt giants. Other fluid flow features piercing320

thick evaporites are also documented in the form of mud volcanoes in the Nile delta,321

and vents in offshore areas of SE Brazil (Kirkham et al., 2020, Kirkham et al., 2017,322

Alvarenga et al., 2016).323

To better understand fluid flow in salt sedimentary basins, this study interprets324

abundant and plentiful fluid flow features in the Espírito Santo Basin. New insights on325

the fluid sources generating these fluid flow features, and the processes and326

mechanisms for fluid flow in both intra- and supra-salt successions, are key to the327

further investigation of fluid flow in salt-bearing basins.328

329

Distinct fluid flow mechanisms in salt-bearing basins330

The 3D configuration of the pre-salt topography high (Fig. DR1), intra-salt high-331

amplitude anomalies, deformed intra-salt strata, pushed-down reflections, dissolution332

pockmarks, polygonal faults and bright spots on top of the gas chimney in this study,333

agree with the inference that fluids forming these focused fluid-flow events were334

often originated from multi-fluid sources, both from pre-, within- and supra-salt335

successions (Fig. 4). With this setting in mind, an interesting and vital question is how336

multiple fluid sources contribute to fluid flow in salt-bearing sedimentary basins?337
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Sub-salt strata bear large volumes of fluid in underlying structural traps in the338

Espírito Santo Basin (Fiduk et al., 2004), a character generating excess pore pressure339

underneath salt diapirs. As shown in Alves et al., (2017), topography highs often340

develop at the base of salt structures, favoring the accumulation of fluids underneath341

thick salt successions (Alves et al., 2017; Fiduk et al., 2004). If the accumulated fluid342

comprise mainly water, dissolution-related fluid migration can pierce through the salt343

structures and form pockmarks both at the base and top of salt diapirs (Bertoni and344

Cartwright, 2015, Kirkham et al., 2017). Mechanisms for such a process are345

summarized in Kirkham et al. (2017, 2020), which focused on analyzing large mud346

volcanoes piercing through thick evaporite seal units. Bertoni and Cartwright (2015)347

also pointed out that dissolution pockmarks might exist at both the base and top of the348

evaporite succession. This mechanism is partially proved by the presence of349

pockmarks on the crests of the salt structures in the study area (Figs. 3e and 3h),350

which direct fed fluid into salt structures and being migrated further upward from pre-351

salt compartments. This, the deformed pre-salt strata could significantly contribute to352

fluid flow (Fig. DR1 and 4). Hydrothermal fluid, including hot brines could have also353

migrated through salt structures in the Espírito Santo Basin (Schoenherr et al., 2007,354

Hovland et al., 2006, Hovland et al., 2015). Sub-salt successions in the Espírito Santo355

Basin are known to trap large reserves of oil and gas (Fiduk et al., 2004). If the356

accumulated fluids comprise mainly oil and gas, a mechanism breaching the pressure357

threshold of the observed salt units may be crucial, as high-magnitude overpressured358

oil and gas will lead to increases in the inter-crystalline and polyhedral permeability359

of salt structures, favoring the transfer of sub-salt fluid into ‘impure’ and ‘deformed’360

salt (Lewis and Holness, 1996, Ghanbarzadeh et al., 2015). The burial depths of the361

salt structure in the Espírito Santo Basin can reach over 7000 m (Fig. 4 and DR1),362
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meaning that the base of salt structures record an overburden loading of over 140 MPa,363

with high temperatures contributing to the breaching of the salt structures. This also364

means that oil, gas and hot fluids (basinal brines and condensation water) could have365

flowed into the salt structures (Hovland et al., 2006, Hovland et al., 2018 a, b,366

Hovland et al., 2019, Ghanbarzadeh et al., 2015, Lewis and Holness, 1996).367

A second possible source of fluid in salt structures relates to dehydration368

processes of gypsum into anhydrite (generating water), and maturation of organic369

matter in intra-salt sediment packages (generating hydrocarbons). Thin layers of black370

shales are known to exist in thick evaporite succession in the Espírito Santo Basin, as371

well as in other basins with significant salt (Fiduk et al., 2004). Rock salt is thermally372

conductive (Barry et al., 1998), indicating that even if organic matter in adjacent salt-373

withdraw basins does not reached the maturation window, organic matter in intra-salt374

strata may be able to generate oil and gas (Fig. 4). Either explanation for the HAAs375

observed within the salt structures, means that large volumes of fluid, including water376

and hydrocarbons, may be generated in salt giants as observed in the study area (Figs.377

3, 4, 9 and 10).378

A third contribution to supra-salt fluid flow relates to fluid generated in supra-379

salt successions, from polygonally faulted intervals to fluids migrating along salt380

flanks and along fault systems formed on these same salt flanks. As salt welds are381

commonly developed in the Espírito Santo Basin, sub-salt fluid might have migrated382

first into supra-salt strata, contributing later to the formation of fluid flow features on383

the crest of salt structures (Hudec et. al., 2007).384

385

A comprehensive fluid flow system in salt tectonics386
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The geometry associated to pushed-down seismic reflections, mega-dissolution387

pockmarks (with a diameter of ~ 1200 m, Figs. 3a, 4 and 5b), circular areas in the388

isochron maps of key stratigraphic units on top of the salt structures (Figs. 5c and d),389

gas chimneys (Fig. 3), polygonal faults (Fig. 5a) and bright spots (Figs. 3, 4, 6 and 7)390

indicate significant fluid flow and a comprehensive fluid flow system in the study391

area. Due to the high-velocity of evaporites, and difficulty in imaging internal salt392

structures, internal salt reflection geometries often return varied interpretations393

(Rowan et al., 2019, Hovland et al., 2018a, b). Pulled-up seismic reflections, rather394

than pushed-down due to velocity contrast between salt deposits and their overburden395

sediments, exist within salt structures (Li and Mitra, 2020). Here, we argue the396

pushed-down reflections within salt structures, and giant pockmarks on the crests of397

these latter, agree with data from the Mediterranean Sea (Bertoni and Cartwright,398

2015), and relate to the localized (dissolution-related) upward migration of fluids399

(Hovland et al., 2015, Hovland et al., 2018a, b, Hovland et al., 2019) (Fig. 4).400

Hydrothermalism, refering to possible contributions of volatiles and metals from401

underlying magma chambers, has been proposed by various case studies as a source402

of fluids migrating into salt structures (Schoenherr et al., 2007, Hovland et al., 2006,403

Hovland et al., 2015, Magee et al., 2021). The Espírito Santo Basin experienced404

various episodes of volcanism, and salt structures in this basin are often associated405

with high heat-flow events and volcanic intrusions. In addition, structural highs were406

often developed beneath salt giants, favoring the focusing of fluid pressure (Fiduk et407

al., 2004; Alves et al., 2017, ) (Fig. DR1). As shown by Fiduk et al. (2004), high408

overpressure may occur beneath the pre-salt topography-high, where sub-salt fluid409

migration into the salt structures occurred. Together with deformed intra-salt strata,410

significant fluid flow may occur, forming the pushed-down reflections observed in411
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this study (Figs. 4 and DR1). Apart from Fig. 3e, Figure 3h presents a mega-412

pockmark with a diameter over 1000 m on the crest of a salt diapir. Internal salt413

deformation in Fig. 3h is associated with pushed-down seismic reflections that,414

similarly to Fig. 3a, suggest fluid flow through salt to be one of the main processes415

contributing to salt seal failure (Fig. 3h).416

Figure 7 presents an example of a salt intrusion with bright spots lying on its top.417

The salt intrusion, moving further north, changes into a gas chimney at the highest418

point of the salt structure (Fig. 3g), indicating that. in this case, the intrusion of salt419

was accompanied by significant fluid flow (Figs. 3g and 7). Pockmarks on the crest of420

the salt giants (Figs. 3e and 3h), pushed-down reflections in salt giants (Fig. 3e), salt421

intrusions accompanied by significant volumes of fluid (Figs. 3g and 7), and the422

known hydrothermal fluid percolating into salt structures (Hovland et al., 2006,423

Hovland et al., 2015), support the idea that fluid flow through salt might be prevalent424

in salt-bearing basins under particular conditions.425

Although fluid flow through the salt is inferred in the study area, we cannot426

ignore the contribution of a significant volume of fluids derived from supra-salt strata.427

Polygonal faults are direct evidence that a significant volume of fluid was expelled428

from the strata bearing these fault systems (Figs. 3e and 5) (Berndt et al., 2003;429

Berndt and Gay, 2007). Thinned strata over supra-salt structures suggest important430

contribution of differential compaction, with polygonal faults contributing to fluid431

flow (Cartwright, 2011, Cartwright et al., 2003, Cartwright and Lonergan, 1996).432

Migration of fluids along the flanks of salt structures, and bypass fault systems along433

salt flanks, are other mechanisms that generating fluid flow features.434

435
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Overburden loading as a key control of focused fluid flow in supra-salt strata436

Based on the results of this study, we propose conceptual models for fluid437

accumulation and flow through giant salts based on the interpreted data from SE438

Brazil (Fig. 11). The first model considers that large volumes of fluid sourced from439

the sub-salt successions flow into the salt giants, a phenomenon promoted by440

processes such as hydrothermal-fluid breaching, dissolution-related fluid breaching441

and pressure-threshold breaching (Figs. 11a and 11b). A second model considers that442

fluid was sourced from within the salt structures, including fluid from dehydration443

processes, maturation of organic matters within intra-salt strata, and the migration of444

fluid from salt-withdrawal basins to porous intervals in the salt structures (Figs. 11c,445

11d and DR1). Seismic features marking these processes include deformed intra-salt446

strata, intra-salt high-amplitude anomalies, pushed-down reflections within the upper447

part of salt structures, pockmarks on the crest of salt structures, gas chimneys on top448

of the dissolution pockmarks, and bright spots on top of the gas chimneys (Fig. 11).449

As indicated previously, focused fluid-flow events were often originated from450

multi-fluid sources, both from pre-, within- and supra-salt successions. Our study451

indicates that fluid flow through salt contributes to the formation of bright spots in452

supra-salt successions, however, fluid flow forming the gas chimney and bright spots453

in the study area should also source from supra-salt fluids from the salt withdrawal454

basins migrating along the salt flanks, or sub-salt fluid migrating through salt welds455

and along salt flanks (Fig. 11d). For example, the relative absence of dissolution456

pockmarks on the crest of salt structures indicate that some of the fluids are from457

supra-salt successions (Figs. 3g and 3h).458

Crestal faults are well developed in the study area (Figs. 3 and 4). This type of459

faults are active conduits for fluid flow. As indicated by Ze and Alves (2016), border460
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faults show the largest throw values within a crestal fault system, and remain active461

during the propagation of crestal fault system. The active salt intrusion in Fig. 8462

presents one of the best published examples of salt using crestal faults on top of the463

salt to intrude younger strata (Fig. 8). The yellow line in Fig. 8 indicates the relative464

location of a main crestal fault with a throw value of over 100 ms (twt). This465

particular crestal fault has an abnormally large throw, a character defining it as a466

border fault on the crest of the salt diapir. In this case, the active salt intrusion is likely467

to have used this crestal fault as a weak point for salt to intrude (Fig. 8). However, as468

indicated in the previous section, salt intrusion is also associated with significant fluid469

flow.470

Regardless of a thermogenic or diagenetic origin for fluid, our seismic471

interpretation and statistics for supra-salt thicknesses suggest that focused fluid flow472

will form gas chimneys above salt giants when at least two critical conditions are473

observed: 1) a minimum thickness of overburden strata occurs on top of the salt474

structures, 2) large crestal fault systems are developed, namely border faults (Ze and475

Alves, 2016). Even though the overburden thickness in which fluid chimneys are476

observed off Espírito Santo reaches values between 1450 m and 1750 m (Table 1),477

these same values should vary elsewhere in SE Brazil. Where active salt intrusions478

occur, overburden loading is ~ 1200 m, a value smaller than that of forming gas479

chimneys (Fig. 8 and Table 1). We therefore postulate that if overburden strata is480

thinner than a certain value, or pressure imposed by growing salt increases, active salt481

intrusion, and associated fluid-flow, should predominate through salt giants (Fig. 8).482

483

Conclusions484
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Our research documents a series of significant fluid-flow features offshore the485

Espírito Santo Basin. Our understandings of these fluid flow features are closely486

associated with salt seal failure, and fluid flow through salt. The main results of this487

paper are summarized as follows:488

1) Fluid flow systems chiefly comprise pushed-down seismic reflections in thick salt,489

dissolution pockmarks on the crest of salt structures, gas chimneys, bright spots,490

and active salt intrusions that accompany fluid flow. These fluid flow features491

have 3D geometries that are vertically stacked.492

2) The source of fluid within salt giants can be: a) subsalt fluids that breaches into493

salt structures either by dissolution or by exceeding a certain salt pressure494

threshold, b) fluids generated by dehydration processes within salt giants, or by495

maturation of organic matter within clastic sediment packages in salt; c) fluid496

migrating from salt-withdrawal basins into strata within salt structures.497

3) It is not feasible to exclude, in the study area, fluid sourced from salt withdrawal498

basins, migrating along salt flanks, or from sub-salt strata that migrate through salt499

welds and along salt flanks into supra-salt successions.500

4) Focused fluid flow will form gas chimneys above salt under, at least, two critical501

conditions: a) a minimum thickness of overburden strata on top of the salt502

structures, b) the generation of large crestal fault systems. With lower overburden503

loading, active salt intrusions will replace the formation of gas chimneys.504

505

Our study proposed models that fluid flow can penetrating thick salt structures,506

however, we also recognized that contributions of supra-salt fluids are significant for507

fluid flow systems in salt-bearing basins. Indications of fluid flow through salt has508

very important meanings to reevaluate how geological processes, such as509
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hydrothermal processes and volcanisms contributes to fluid flow systems in salt510

sedimentary basins. Moreover, salt seal breaching comprises an important risk to511

petroleum exploration in pre-salt successions, especially in areas with thinner, more512

deformed salt. Nevertheless, such a setting also offers opportunities for sub-salt oil513

and gas to accumulate in supra-salt successions via their migration through ‘impure’,514

deformed evaporites.515
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Figure and table captions747

Figure 1. Location of the study area and observed fluid-flow features. a) The red box748

shows the 3D seismic volume used in this study, which is located in the749

compressional domain of Espírito Santo Basin at a water depth ranging from 1500 m750

to 2000 m. b) Variance map of the study area (-3284 ms twt) showing main salt751

structures, i.e. salt ridges stretching in a SW-NE direction and salt diapirs. Yellow752

stars are the locations of where gas chimneys and active salt intrusions are observed.753

Location of seismic sections in the research are marked with the dashed lines.754

Figure 2. Seismic stratigraphy of the study area. Horizon 5 represents a high-755

amplitude positive seismic reflection on the modern seafloor. Horizon 1 represents the756

crest of the salt structure. The upper Unit 4 is a mud-rich succession. Unit 3 represents757

an interval of volcaniclastic material deposited from the Eocene to Late Oligocene.758

Horizons 2, 3 and 4 are main regional unconformities formed during the Paleocene to759

Late Oligocene. Location of the seismic section is shown in Figure 1. P-wave velocity760

data for ODP Site 516 was taken from Barker et al. (1983).761

Figure 3. Uninterpreted (a-d) and interpreted seismic sections (e-h) showing fluid762

flow features in supra-salt successions formed on top of main salt structures and intra-763

salt seismic reflections. Supra-salt fluid flow anomalies comprise gas chimneys (e-h),764

bright spots (some of which are interpreted as free gas accumulations) (e-h),765

dissolution pockmarks on top of salt structures (e and g), and anomalies associated766
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with polygonal faults (a). Intra-salt anomalies comprise dissolution-related (pushed-767

down) seismic reflections (a) continuous strata reflecting impure salt, and continuous768

intra-salt sediment packages of high amplitude (e-h). e) A system of pushed-down,769

high-amplitude reflections within the salt overhang, upright gas chimney, polygonal770

fault system and bright spots on top of the gas chimney. f-g) Upright gas chimney,771

and bright spots on top of the gas chimney. h) Upright gas chimney and bright spots,772

which are located on top and beside the gas chimney.773

Figure 4. Interpreted seismic section showing key geological features in the study area,774

including intra-salt high-amplitude anomalies, pushed-down reflections, pockmarks775

on the crest of salt structures, gas chimneys, polygonal faults, and bright spots.776

Figure 5. Fluid flow features and associated elements associated with the fluid-flow777

system shown in Fig. 3e. a) A polygonal system developed in supra-salt strata. b)778

Dissolution pockmarks on the crest of the interpreted salt structure, with diameters of779

~ 1200 m and ~ 500 m, respectively. c-d) Thickness map of Unit 1 (H1 -H2) and Unit780

2 (H2 - H3) show drastic thinning of areas on top of the dissolution pockmarks, the781

area is sufficiently larger than the size of the dissolution pockmarks.782

Figure 6 Seismic section showing layered, and deformed intra-salt structures, and783

bright spots in supra-salt successions.784

Figure 7. Uninterpreted and interpreted seismic sections show a fluid flow system785

with a buried salt intrusion. Seismic section show clear truncation that salt intrude into786

the supra-salt strata. On top of the salt intrusion, bright spots is observed. Apart from787

the bright spot observed on top of the salt intrusion, this phenomenon is also observed788

in the strata at the same burial depth of ‘free gas’ as determined for the study area.789
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Figure 8. Uninterpreted and interpreted seismic sections showing active salt intrusion790

associated with crestal fault in the study area. Active salt intrusion is revealed to791

follow a main crestal fault developed in the study area (defined as a border fault by Ze792

and Alves, 2016), shaping the modern seafloor. A tilted gas chimney is also observed,793

proving the multi-phased salt activities affecting in the study area. The dashed yellow794

line indicates the relative location of the border fault. The active salt intrusion has a795

smaller overburden thickness than the gas chimneys observed in Figs. 3 and 5.796

Figure 9. Seismic section (a) and root-mean-square (RMS) amplitude maps (b-d)797

showing intra-salt high-amplitude anomalies. High-amplitude and continuous798

reflections within salt are clearly highlighted on RMS amplitude maps, marking the799

presence of clastic sediments or anhydrite layers. Either of these lithologies can800

potentially generate large volumes of fluid, significantly changing the physical801

properties of salt giants.802

Figure 10. Seismic section (a) and root-mean-square (RMS) amplitude maps (b-c)803

showing intra-salt high-amplitude anomalies. High-amplitude reflections within salt804

are clearly presented and interpreted by RMS amplitude maps, which reflect805

lithologically-heterogeneous salt structures.806

Figure 11. Conceptual models for salt seal failure. a) Active subsalt fluid percolation807

into a salt structure through connected pore networks in the lower part of the salt808

structures. b) Oil and gas generated from the maturation of organic matter within the809

salt, and/or water generated from hydrite dewatering process comprise. c) Fluid810

transferred into the salt structures through slabs that extend from the salt withdrawal811

basins. With a significant volume of fluid within salt structures, dissolution-related812

fluid flow into supra-salt strata is the main mechanism for salt-seal failure.813
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