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Abstract 9 

Mass-transport complexes in a salt minibasin of the Espírito Santo Basin (SE Brazil) are investigated 10 

using a high-quality 3D seismic volume and borehole data. A series of six (6), stacked MTCs were 11 

identified from the sea floor down to an approximate depth of 1.5 kilometres. These MTCs exhibit a 12 

high variability in size and internal structures. Three of the MTCs contain single, discrete landslide 13 

deposits while the other three MTCs contain multiple, contemporaneous landslides that merge to span 14 

the entire salt minibasin. The data in this work show that Area/Length relationships and the number 15 

of contemporaneous landslide deposits within an MTC are random, revealing no obvious relationship 16 

with relative location or depth. As such, there are no clear stacking patterns for the MTCs in this 17 

minibasin. This implies that landslide deposits can be encountered anywhere within a salt minibasin 18 

and, furthermore, the extent of the slope failure and its internal structure are unpredictable. This work 19 

concludes that slope instability can be the dominant process of sediment filling Miocene salt 20 

minibasins on the continental slope of Espírito Santo. Moreover, there is a strong link between 21 

halokinesis and the triggering of landslides in the salt minibasins, but the identification of MTCs 22 
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becomes challenging with increasing depth and there is the potential for them to be misrepresented.  23 

The identification of basal ramps therefore becomes critical in any analysis; except for the youngest 24 

MTC 1, all other complexes show clear basal ramps, and for one of the MTCs the basal ramp is its 25 

sole identifying character.  26 

Keywords: South Atlantic Ocean; SE Brazil; geomorphology; mass-transport complexes; salt 27 

minibasins. 28 

1 Introduction 29 

Submarine landslides are common features on continental slopes, forming where the downslope 30 

driving stress (gravity) exceeds the resisting strength of the sediment (Hampton et al., 1996). The 31 

rapid accumulation of sediment, local and far-field earthquakes, tectonic oversteepening of the sea 32 

floor, and excess pore fluid pressure, all contribute to triggering submarine landslides and associated 33 

sediment gravity flows (Locat et al., 2002). Resulting strata, commonly named mass-transport 34 

deposits (MTDs), are thus found in fjords, active deltas, submarine canyon-fan systems, oceanic-35 

volcanic islands and near salt diapirs (Hampton et al., 1996). In these latter structures, halokinesis 36 

steepens the flanks of salt minibasin walls to generate local tectonic activity and fractures, all of which 37 

combine to make them a prime area for slope instability (Hampton et al., 1996; Doughty-Jones et al., 38 

2019; Gamboa et al., 2019). 39 

Differences between subaerial and submarine landslides are well documented in the literature. In 40 

particular, the ratio between headwall length and runout distance is markedly different between 41 

submarine and subaerial landslides; hydroplaning at the base of submarine landslides possibly 42 

causing an increase in their runout length in the submarine realm (McAdoo et al., 2000). One of the 43 

largest subaerial landslides ever recorded is the debris avalanche adjacent to Mount Shasta 44 

(California), which covers an area of approximately 450 km2 for a maximum length of 43 km and an 45 

estimated volume of 26 km3 (Crandell et al., 1984; Schuster and Highland, 2001). When compared 46 
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to subaerial landslides, submarine MTDs can be several orders of magnitude larger than subaerial 47 

landslides, as in the case of the Storegga Slide (offshore Norway), which affected an area of 48 

approximately 95,000 km2 and displaced a mass of sediment with a volume of 2400 km3 to 3200 km3 49 

(Haflidason et al., 2005). Large, recurrent landslides are also known offshore the Bay of Bengal and 50 

the Grand Banks (Newfoundland), and have recorded the rapid transport of dense gravity flows 51 

through vast areas of the continental slope (Calvès et al., 2015; Schulten et al., 2019; Yamamoto et 52 

al., 2019).   53 

The widespread use of sidescan-sonar and 2D seismic data has driven the compilation of large 54 

databases of MTDs around the world. The COSTA project (Continental Slope Stability project, 55 

spanning April 2000 to March 2004) measured submarine landslides across Europe to find that the 56 

largest slides lie on open continental slopes, while the smallest slides are in semi-enclosed basins with 57 

restricted sediment flow (Canals et al., 2004). A morphological analysis of slope failure around the 58 

US continental slope using GLORIA (Geological Long Range Inclined Asdic) revealed that the 59 

largest percentage of surface area affected by slope instability occurs in the Gulf of Mexico, 60 

specifically in the region adjacent to the Mississippi Canyon, with landslides within salt minibasins 61 

being the smallest (McAdoo et al., 2000). Moscardelli and Wood (2016) compiled a database of 332 62 

MTDs from a wide range of geological settings. Their results show a relationship between geological 63 

setting and the geometry of MTDs, with the latter deposits falling into two categories: attached (being 64 

proximal to the shelf and upper slope) and detached (distal from the shelf and associated with 65 

localised slope failure), with the former being the larger (MTD area being greater than 100 km2). The 66 

authors also found a high correlation between length and area of MTDs. A study of MTDs in the 67 

Rockall trough (west of Ireland the UK) also related MTD geometry to slope morphology and 68 

sediment supply (Georgiopoulou et al., 2014). The relationship between length and area of an MTD 69 

was also identified by Katz et al, (2015) in an analysis of over 400 MTDs on the continental slope of 70 

Israel, with MTD deposits comprising 20%of the studied continental slope. On the convergent 71 
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continental margin setting of offshore Chile, approximately 5.7% of the studied slope was affected 72 

by MTDs (Völker et al., 2012), with the observed MTDs falling into four categories (canyon wall, 73 

open slope, lower slope and superscale slides), each controlled by different failure mechanisms. 74 

Newer classifications of mass-wasting deposits have focused on the characterisation of their source 75 

areas and resulting gravity-driven deposits (Mulder et al.,1996; Moscardelli et al., 2008), their 76 

detailed morphology on near-seafloor data (Frey-Martínez et al, 2006; Baeten et al., 2013), or on the 77 

seismic-morphological dimensions of failed strata and adjacent slope deposits (Alves et al., 2010; 78 

Clare et al., 2018; Ward et al., 2018; Gamboa et al., 2019). Nevertheless, when compared to open 79 

continental slopes, little is known about MTD morphology or predictability in offshore salt 80 

minibasins, (Beaubouef and Abreu, 2010; Jackson, 2012; Gamboa and Alves, 2016; Wu et al., 2020), 81 

in part due to the inherent resolution limits of sidescan imagery of the sea floor (Johnson et al., 1990). 82 

There are also few studies on MTDs in salt minibasins that use modern seismic data. Gamboa et al. 83 

(2010) used 3D seismic data to interpret a sequence of stacked MTDs offshore Espírito Santo Basin, 84 

SE Brazil. They have recognised a dominant source direction from the north and northwest, reflecting 85 

a non-uniform distribution of MTDs controlled by slope topography and adjacent salt structures. This 86 

fits well with the findings of Tripsanas et al. (2004), which identified salt-structures controlling MTD 87 

distribution. Gamboa et al. (2016) also interpreted a bi-modal geometry of MTDs within a salt-88 

withdrawal minibasin, based on the ratio of headwall length to downslope length, concluding that salt 89 

structures are not a unique control on MTD geometry; basin confinement should also be taken in 90 

consideration. Mass-transport deposits in salt minibasins are thus underrepresented in the literature, 91 

and yet they have a significant impact on hydrocarbon exploration. Depending on sediment supply, 92 

MTDs can form extensive reservoirs (Shanmugam et al., 2009), act as competent seal intervals 93 

(Moscardelli, 2006) or, in some instances both supplement and erode reservoir leading to 94 

compartmentalisation (Cardona et al., 2016; Henry et al., 2018). 95 
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Differentiating between MTDs (mass-transport deposits) and MTCs (mass-transport complexes) is 96 

not straightforward when interpreting subsurface structures in seismic data. Pickering et al. (1986) 97 

recommend the term MTD to be used wherever a single landslide event is apparent, while multiple, 98 

stacked mass-wasting deposits should be named as part of an MTC. However, the term MTC is also 99 

used in the published literature to name the deposits formed by a succession of related gravity-driven 100 

processes such as slides, slumps, debris flows and turbidity currents, in which the vertical stacking of 101 

multiple flow events may not have occurred (Pickering et al., 2005). This work identifies discrete 102 

MTDs and multiple, contemporaneous MTCs, all of which are stacked in a thick succession of 103 

Cenozoic strata. For simplicity, the definition of Weimer et al. (2004) is applied, with all mass-104 

wasting deposits being called MTCs in this work. 105 

The aim of this paper is to describe MTCs deposited within a salt-withdrawal minibasin in the Espírito 106 

Santo basin, SE Brazil, based on their relative location, geometry, transport direction and inferred 107 

source areas (Fig. 1). We aim to address the geometrical and temporal relationships between the 108 

MTCs and surrounding salt diapirs. As such, this work will focus on the following research questions: 109 

 What is the geometry and distribution of discrete landslide deposits within a stacked mass-110 

transport complex in a salt minibasin? 111 

 Is it possible to predict the stacking pattern of MTCs in salt minibasins based only on seismic 112 

data?  113 

 Do MTCs record the discrete periods of halokinesis within a salt minibasin, thereby acting as 114 

a chronological proxy for salt-structure growth?  115 

This work studies the evolution of a salt minibasin from the Miocene to Holocene in terms of MTC 116 

infill direction and remobilisation. We have analysed strata filling the salt minibasin of interest, 117 

approaching ~ 1.5 km in thickness, the majority of which comprises mass-transport deposits (Figs. 1 118 

and 2). 119 
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2 Data and Methods 120 

This work uses a full-stack 3D seismic volume covering an area of 1670 km2 in the Espírito Santo 121 

Basin, SE Brazil (Fig. 1). Water depth ranges from 100 m to 1800 m, and the seismic data was 122 

acquired with 12.5 m × 12.5 m grid spacing using a 6×5.700 m array of streamers. The acquired 3D 123 

seismic volume was prestack time-migrated following the Kirchhoff method. A TAU-P linear noise 124 

attenuation and domain deconvolution preceded data processing. Data was acquired with a 2 ms 125 

sample rate and resampled to 4 ms with an anti-aliasing filter, being zero-phased with SEG polarity. 126 

An increase in impedance is represented by a black peak.  127 

A regional map of the Top Salt reflection was interpreted in detail and used to define the boundaries 128 

of the salt minibasin considered in this study. The minibasin of interest is surrounded by salt structures 129 

and is roughly spherical with a diameter of ~8 km. Within this salt minibasin, six (6) stacked MTCs 130 

were interpreted and labelled MTC 1 to MTC 6. The youngest MTC 1 was interpreted using a single 131 

horizon picked on a seismic reflector; the other MTCs are thicker and were constrained by identifying 132 

upper and lower horizons that represent the envelope of deformation. Where multiple slope failures 133 

are present, and recognised within a single MTC, they are labelled i, ii, iii and so on.  134 

Seismic isochron and attribute maps were used to image the interpreted MTCs with attribute 135 

extractions made on their boundary horizons, and RMS (Root-Mean Square) calculations for the 136 

seismic interval between the horizons bounding an MTC. Computed maps include: a) isochron 137 

thickness maps, representing the two-way time thickness in milliseconds (ms TWT) between the 138 

upper and lower horizons defining an MTC; b) variance time-slices and maps, a measurement of the 139 

continuity of the seismic data, scaled 0 to 1 with 0 being maximum similarity (Van Bemmel et al., 140 

2000); c) amplitude maps showing the amplitude of a seismic reflector as being proportional to the 141 

acoustic impedance (or hardness) contrast of the boundary that generated it. Combining these attribute 142 
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extractions to create a merged attribute map enhances the imaging of the MTCs interpreted in this 143 

study. 144 

Three wells lie immediately to the north and east of the seismic volume and have been used in 145 

conjunction with the literature to provide a regional stratigraphic model (Fig. 1). Furthermore, 146 

detailed measurements were taken for each discrete landslide within each MTC; area (km2), length 147 

of visible runout distance from head to toe (km) (L in Fig. 3) and flow direction measured as degrees 148 

from north (Fig. 3). For MTCs 1, 3 and 5, these measurements represent the absolute length and area 149 

of discrete landslides (L in Fig. 3). In turn, MTCs 2, 4 and 6 contain multiple landslides that merged 150 

to span the salt minibasin. For these landslides, minimum measurements were taken using the 151 

confined zone defined by their basal ramps (Lc in Fig. 3). The maximum lengths and areas are the 152 

width and area of the minibasin itself. The lack of imaged headwall scarps in the interpreted MTCs, 153 

combined with their chaotic, seismically-opaque internal structures, made the application of Frey-154 

Martínez et al. (2006) classification, which describes MTCs as being frontally confined or emergent, 155 

relatively easier to apply in the study area than other common classifications. Frontally confined is 156 

defined as having a compressional toe that is buttressed by a ramp; frontally emergent is defined as 157 

having compressional toe regions that have overridden ramps, overthrusting downslope undisturbed 158 

strata (Frey-Martínez et al, 2006). Using this classification system, all the MTCs found in the study 159 

are defined as frontally emergent and, except for MTC 1, all have basal ramps over which the 160 

landslides have emerged (Fig. 3). 161 

3 Geological Setting 162 

The Espírito Santo Basin is located in SE Brazil and covers an area of approximately 125,000 km2, 163 

with 107,000 km2 lying offshore (Fiduk et al., 2004). The basin is bounded to the north by the 164 

Abrolhos Bank, a magmatic plateau dated 40-50 Ma (Chang et al., 1992), and to the south by the 165 

Campos Basin and the Alto de Vitória (França et al., 2007) (Fig. 1). 166 
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The opening of the South Atlantic was initiated on the Gondwana supercontinent during the Late 167 

Mesozoic, culminating in the separation of what is currently known as the South American and 168 

African plates (Fig. 2). From the Jurassic to the Early Cretaceous, lithospheric extension generated 169 

six rift basins along the eastern margin of present-day Brazil (Chang et al., 1992), which are together 170 

known as the East Brazil Rift System (EBRIS). Rifting progressed from south to north, forming the 171 

Pelotas, Santos, Campos, Espírito Santo (the study area) and Jequitinhonha basins. The evolution of 172 

these rift basins is divided into four phases: Pre-rift, Syn-rift, Transitional and Drift (Ponte et al., 173 

1978; Ojeda, 1982; Chang et al., 1992). The four tectonic phases generated four stratigraphic 174 

megasequences: pre-rift continental, syn-rift fluvial clastic, transitional evaporitic, and a drift 175 

megasequence comprising marine-transgressive and regressive sequences of a smaller order (Fiduk 176 

et al., 2004) (Fig. 2). 177 

Continental rifting started in the Early Cretaceous (Valanginian) in association with the magmatism 178 

in the Serra Geral (Gibbs et al., 2003; Cainelli et al., 1999). The Syn-Rift stage extended from the 179 

Berriasian to the Early Aptian, producing narrow, lacustrine basins with flanking fluvio-deltaic 180 

sediments (Ojeda, 1982; Chang et al., 1992; Gibbs et al., 2003). The end of the Syn-Rift stage is 181 

marked by a Transitional stage of evaporitic deposition that took place from Early to Late 182 

Aptian/Albian (Chang et al., 1992). The Transitional stage was dominated by the presence of the 183 

Walvis–São Paulo Ridge, at the time linked to the Florianópolis Fracture Zone, forming a bathymetric 184 

(and volcanic) high restricting the northward expansion of the new South Atlantic Ocean (Chang et 185 

al., 1992). The barrier limited water circulation, generated restrictive saline conditions north of the 186 

Pelotas Basin, and culminated in the accumulation of anhydrite and halite in excess of 3000 m in 187 

thickness (Chang et al., 1992; Mohriak et al., 2008; Alves et al., 2017). These evaporites were 188 

instrumental in shaping the Espírito Santo basin.  189 

By the Late Aptian/Early Albian, the region entered a Drift phase of prolonged subsidence, a phase 190 

that has been developing until now (Ojeda, 1982). The Walvis–São Paulo Ridge was breached at this 191 
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time and the South Atlantic seaway extended into the basins northwards of the barrier (Chang et al., 192 

1992). As a result, evaporite deposition ended and marine conditions were extended across the entire 193 

Brazilian rift system (Ponte et al., 1978; Ojeda, 1982; Chang et al., 1992). The early Drift phase 194 

records a marine transgression in the Albian, in which carbonate deposition predominated, with marls 195 

and shales deposited in the deeper parts of the basin (Ponte et al., 1978; Ojeda, 1982; Chang et al., 196 

1992). By the end of the Albian, thermal subsidence and flexural loading led to the drowning of 197 

carbonate highs. Late Drift sedimentation started in the Eocene with the deposition of the 198 

volcaniclastic Abrolhos Formation, and continues to this day (França et al., 2007). 199 

Salt structures vary across the Espírito Santo Basin, from salt rollers in its proximal domain, where 200 

salt is the thinnest, to salt diapirs and walls in its central part (Fiduk et al., 2004). In the more distal 201 

parts of Espírito Santo, salt canopies formed with coalesced tongues and turtle-back structures (Fiduk 202 

et al., 2004). During the Aptian, tectonic uplift of the Serra do Mar provided clastic sediment to the 203 

Espírito Santo Basin, loading SE Brazil’s continental margin to trigger the gravitational gliding of 204 

salt and widespread halokinesis (Davison, 2007). This halokinesis has been continuous from the 205 

Aptian through the Cenozoic, also in response to tectonic uplift and regional tilting resulting from the 206 

emplacement of the Abrolhos Bank (Fiduk et al., 2004), a major magmatic plateau that led to the 207 

deposition of a large amount of volcaniclastic sediment into the distal part of the Espírito Santo Basin 208 

(França et al., 2007). The Paleogene uplift of the Serra do Mar, combined with the Abrolhos 209 

volcanism and continued halokinesis created large sediment fairways controlling the deposition of 210 

turbidite deposits throughout the Paleogene (França et al., 2007).  211 

The base of lower Miocene strata is defined by a regional unconformity (França et al., 2007). In the 212 

Early to Middle Miocene, calcarenites of the Caravelas Formation were deposited in proximal and 213 

central parts of the basin, while sandstones of the Rio Doce Formation filled the Rio Doce Canyon 214 

system (França et al., 2007). In more distal parts of the basin, where the study area is located, the 215 

Urucutuca Formation was deposited as a succession of turbiditic shales, minor sandstones, and marls 216 
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in the deepest parts of the basin (França et al., 2007). The MTCs in this study were deposited after 217 

the Abrolhos volcanism, lying above the lower Miocene unconformity (Fig. 2).  218 

3.1 Local stratigraphy 219 

Wells Guarapari-1, Cajú-1 and Dendê-1 provide important stratigraphic data in the study area, 220 

therefore complementing the stratigraphic column of França et al. (2007) (Fig. 4). Well Guarapari-1 221 

drilled 1834 m of Miocene and Eocene strata (Urucutuca Formation) consisting of grey, blocky marls 222 

interbedded with grey to white calcilutite (Fig. 4). Below the Urucutuca Formation, Guarapari-1 223 

drilled through 2443 m of strata within the Abrolhos Formation, consisting of basalt and thin beds of 224 

tuff and volcaniclastic sediments.  225 

Well Cajú-1 found 2669 m of strata in the Urucutuca Formation consisting of thick layers of shales 226 

and marls with minor calcilutite, before reaching a thin layer of tuffs of the Abrolhos Formation (Fig. 227 

4). Below the tuffs, the well penetrated 350 m of massive salt (Aptian Mariricu Formation), inferred 228 

to be a local diapiric intrusion as below the halite lie Eocene shales and a thicker sequence of Abrolhos 229 

Formation volcaniclastics (Fig. 4). These gradually become dominated by shales, before reaching the 230 

Cretaceous Urucutuca Formation.  231 

Well Dendê-1 found 1534 m of strata in the Urucutuca Formation, mostly shales with an increasing 232 

presence of marl with depth. Below this portion of the Urucutuca Formation, Dendê-1 encountered 233 

150 m of massive halite (Aptian Mariricu Formation), inferred to be diapiric as it lies above Eocene 234 

strata in the Urucutuca formation. Below the halite, Dendê-1 penetrated 1531 m of Eocene and 235 

Cretaceous strata belonging to the Urucutuca Formation, with the Cretaceous section being dominated 236 

by sandstones with minor shales. The absence of the Abrolhos Formation in Dendê-1 is interpreted 237 

to result from the well drilling through several faults. However, this cannot be confirmed as the well 238 

lies just outside the interpreted seismic survey (Fig. 1). 239 
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The three wells confirm França et al. (2007) proposition that the Cenozoic Urucutuca Formation is 240 

dominated by shales and marls in distal areas of the Espírito Santo Basin, comprising little or no sand, 241 

unless transported by canyon systems, of which there is no evidence in the studied minibasin. 242 

Although the MTCs interpreted in this work are not penetrated by any wells, they are stratigraphically 243 

younger than the regional Abrolhos Formation (H1), and are expected to comprise strata in the Upper 244 

Urucutuca Formation, itself dominated by shales and marls, as these lithologies predominate 245 

regionally throughout the continental slope of Espírito Santo. The p-wave (Vp) wireline curves in the 246 

wells confirm the Abrolhos Formation to be hard in comparison to the softer marls and shales (Fig. 247 

4). Volcaniclastic and interbedded turbidite intervals in the Abrolhos Formation are distinguished by 248 

their high-amplitude, internal reflections in seismic data.  249 

4 Seismic stratigraphy of MTCs 250 

The time-structure map of the Regional Top Salt highlights the complex salt structures found in the 251 

Espírito Santo Basin, and shows the relative location of the studied salt minibasin (Fig. 5). 252 

The regional seismic line in Fig. 6, crossing the salt minibasin, reveals two diapirs (D1 and D2) 253 

bounding it. Horizon H1 is the top of a high-amplitude reflection sequence interpreted as the volcanic 254 

Abrolhos Formation, a regional unit also found in wells Cajú-1 and Guarapari-1 to the north (Fig. 3). 255 

Below the Abrolhos Formation, horizon H2 marks a regional unconformity that is interpreted as 256 

Lower Eocene, i.e. approximately Ypresian in age (Fig. 6). Horizon H3 is interpreted as the Top 257 

Cretaceous boundary within the Urucutuca Formation. The MTCs in this study lie within the Miocene 258 

to Holocene Urucutuca Formation and are expected to consist of shales and marls. (Fig. 4). 259 

4.1 Structure and distribution of MTCs 260 

A series of six (6), stacked MTCs were interpreted down to a depth of approximately 3.4 s TWT as 261 

described in Table 1. These MTCs were labelled from youngest to oldest as MTC 1 to MTC 6 (Fig. 262 
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7). Measurements of MTC area, length, flow direction and relationship to the diapirs D1-D4 are found 263 

in Table 2. 264 

4.1.1 MTC 1 265 

MTC 1 is the youngest in the study area, lying just below the sea floor. On seismic sections, multiple 266 

landslides appear as low-amplitude breaks within one positive (black) reflection (Fig. 8). Horizon H1 267 

defines the MTC (it is too thin to be defined by two horizons) and is interpreted on a peak. Figure 8 268 

shows a variance map of horizon H1 within which six (6) discrete landslides are visible and labelled 269 

as i, ii, iii, iv, v, vi. The landslide edges are defined by high-variance values, with chaotic high-270 

variance infill. Headwall scarps are not visible, the travel direction is inferred from the geometry of 271 

the landslide deposits; i and ii are sourced from the northwest, four (4) other landslides are sourced 272 

from the east and northeast (Fig. 8). Discrete landslides exhibit a range of geometries, their 273 

Width/Length (runout length) ratios being bi-modal with ii and iv approximately as wide as they are 274 

long, and i, iii, iv and vi having low W/L ratios being longer than they are wide. Comparable 275 

measurements of width are not included, as headscarps are not imaged and width varies with runout 276 

length. The same variance map in Fig. 8 gives an indication of internal structure, landslides ii, iv, v 277 

and vi having highly chaotic, high variance infill. In contrast, landslide i has low-variance infill and 278 

landslide iii shows high-variance in its toe zone. 279 

4.1.2 MTC 2 280 

MTC 2 is bounded by horizons H2a and H2b (Fig. 9). This MTC is interpreted to contain multiple 281 

landslide deposits that merged to span the salt minibasin. Its internal structure is highly chaotic but 282 

with clear basal ramps as imaged in Fig. 9. In the central part of the basin there is a flat (or platform) 283 

of undeformed, in-situ strata with high-amplitude reflections parallel to the underlying strata (Fig. 9). 284 

This flat is ~ 900 m wide at its narrowest point which is in the section shown in Fig.9 and widens to 285 

~ 2300 m in the centre of the basin. Discrete landslides thicken against this platform and emerge over 286 
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it onto the basin floor, as shown by the high-amplitude area highlighted in Fig. 9. This high-amplitude 287 

zone is interpreted as a deformed slide-block of older (high amplitude) strata that has been transported 288 

over the ramp, emerging onto the flat. The curvature of the ramps is interpreted as a kinematic 289 

indicator, orthogonal to the direction of movement of MTCs, which combined with the over-ramp 290 

slide block and isochron map were used to interpret two (2) landslides (i and ii) sourced from the 291 

southwest and southeast. 292 

4.1.3 MTC 3 293 

MTC 3 is bounded by horizons H3a and H3b and contains one single landslide deposit (Fig. 10). This 294 

landslide is well defined using a combination of the isochron and variance data extracted from the 295 

base horizon H3b, and an average RMS variance extraction between H3a and H3b, as shown in Fig. 296 

10. The landslide is sourced from the west and thickens against two basal ramps. These basal ramps 297 

are orthogonal to the flow direction, have a vertical displacement of ~ 30m, and define where the 298 

landslide incised into older strata. Internal seismic reflections onlap the basal ramps and show it as 299 

emerging onto the basin floor (Fig. 10). This emergent section and the toe of the landslide are imaged 300 

by an RMS variance extraction between H3a and H3b, with the toe having a high variance fill that 301 

contrasts with the continuous reflections of surrounding, undisturbed strata. 302 

4.1.4 MTC 4 303 

MTC 4 is bounded by horizons H4a and H4b, (Fig. 11). The interval between H4a and H4b is 304 

seismically transparent, with almost no reflectivity, as shown by the seismic sections and RMS map 305 

in Fig. 11. There are indications of compressional ridges on the variance map. The base of MTC 4 306 

contains the only visible structures: two curved basal ramps that span the minibasin, striking 307 

approximately north south, and forming the edges of a central flat (or platform) that is ~ 5200 m long 308 

(north-south), and ranges from ~ 2000 m to ~ 675 m in width (east-west). The flat exhibits high-309 

amplitude internal reflections that are concordant with the underlying units and is interpreted as 310 
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undeformed strata. The insert in Fig. 11 shows a tilted block on the western edge of the flat. This 311 

tilted block has not been transported, is approximately 380 m wide (north-south) and 215 m long 312 

(west-east). We interpret this feature as recording deformation of the basal ramp, where a small block 313 

of the in-situ flat rotated as the MTC flowed up the ramp and emerged onto the flat. The deformation 314 

of the basal ramp and flat, combined with the isochron and indications of compressional ridges on 315 

the variance map are used to infer the presence of two distinct MTCs. However, the low reflectivity 316 

between H4a and H4b is a limitation and there may be alternative interpretations for this structure. 317 

4.1.5 MTC 5 318 

MTC 5 is bounded by horizons H5a and H5b, (Fig. 12) and contains one single landslide deposit, 319 

which is also the largest identified in this work with a length of 6.2 km and an area of 15,475 m2. Its 320 

lateral boundaries and toe are well defined in seismic data by using a combination of variance time-321 

slices and isochron maps (Fig. 12). The toe shows a hummocky and chaotic internal structure, with 322 

compressional ridges imaged by the isochron map (Fig. 12). Close to the source there is a significant 323 

ramp, orthogonal to the flow direction of MTCs, showing a maximum throw of 75 ms (approximately 324 

70 m). This is the largest ramp in the whole salt minibasin. The landslide heavily incised into older 325 

strata and thickens significantly to the northeast of the basal ramp (Fig. 12). The lateral edges of the 326 

MTC are interpreted on both the isochron map and the variance map, with the internal structure 327 

having high variance in comparison to the surrounding strata. The landslide is emergent onto the 328 

centre of the basin, and just like MTC 3, is preserved with the toe intact and clearly imaged (Fig. 12).  329 

4.1.6 MTC 6 330 

The lowermost MTC 6 is bounded by H6a and H6b (Fig. 13). The interval has low, internal 331 

reflectivity, with chaotic internal structures on the seismic sections. The base (H6b) has multiple, 332 

basal ramps that incise into older strata of high-amplitude reflectivity. These basal ramps are 333 

highlighted in the variance and isochron maps (Fig. 13) and are interpreted as a series of multi-334 
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directional landslides. The combined attribute map in Figure 13 shows five (5) discrete landslides, 335 

defined by basal ramps with thickening of the sediment mass against the ramps. All landslides are 336 

emergent in the study area, coalescing to fill the minibasin. The landslides are sourced from a range 337 

of directions: southeast, east and northeast. Two of the landslides (labelled iii and iv in Fig. 13) 338 

overlap and are interpreted as being regressive landslides. Due to the poor seismic reflectivity, there 339 

is a possibility of alternative interpretations of the number of MTCs. 340 

5 Morphometric analysis of MTCs 341 

Table 2 contains a detailed breakdown of the discrete landslides within each MTC, with 342 

measurements for length, area, flow direction and inferred source diapir. For MTCs 1, 3 and 5, each 343 

discrete landslide has a discernible toe. MTCs 2, 4 and 6 contain multiple landslides that are 344 

amalgamated with no discernible toes. For these, measurements for length and area are based on the 345 

detailed mapping of basal ramps and thickness variations on seismic sections and isochron maps (Fig. 346 

3). The landslides range in length from 0.9 km to 6.2 km and 1023 km2 to 15,475 km2 in area. A high 347 

positive correlation (0.74) is observed between length and area for all measurements. There is no 348 

correlation between flow-direction and length/area.  349 

The cross-plot in Figure 14 displays the measurements of Length vs. Area found in Table 2. The data 350 

in the plot fall into two groups: emergent MTCs with defined toes (Fig. 15a and 15b), and confined 351 

MTCs that are merged with no visible toes (Fig. 15c). For all the MTCs, the most frequently found 352 

are small in area and length.  353 

The main finding of this paper is that MTCs are ubiquitous in the interpreted minibasin and comprise 354 

one of the main processes of sediment transport into salt-rich basins, which is consistent with previous 355 

studies (Beaubouef and Abreu, 2010; Wu et al., 2020) (Fig. 15). Nevertheless, the six (6) MTCs 356 

mapped in this work display a wide range of geometries and morphologies. Figure 16a shows the six 357 

MTCs stacked on top of each other in the minibasin. The basin is surrounded by salt structures and 358 
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underlain by a salt weld. The evacuation of the salt that led to the salt weld generated continuous 359 

accommodation space for sediment. The tectonically active salt structures that surround the minibasin 360 

resulted in unstable and continuously steepening basin slopes (Giles and Lawton, 2002; Giles and 361 

Rowan, 2012; Mianaekere and Adam, 2020), which combined with a high sediment input into the 362 

Espírito Santo basin (Gamboa et al., 2010), triggered recurrent submarine landslides that sourced the 363 

MTCs interpreted in this work. Where MTCs have been analysed in salt minibasins, many have been 364 

limited by only having near-surface data (bathymetric and side-scan sonar images), as in the case of 365 

the Bryant Canyon, Gulf of Mexico (Tripsanas et al., 2004). Where 3D seismic has been used, the 366 

MTCs analysed are discrete slope failures, e.g. offshore Angola (Lackey et al, 2018) and in the Santos 367 

Basin (Jackson, 2012). Stacked MTCs in salt minibasins are underrepresented when compared to 368 

open-slope continental shelf MTDs; Omosanya et al. (2013) focused on the provenance of MTCs, 369 

Beaubouef and Abreu, (2010) considered MTD placement implications for hydrocarbon exploration, 370 

and Wu et al. (2020) ;analysed stacked MTDs in the Gulf of Mexico. Close to the study area, Gamboa 371 

et al. (2016) studied stacked MTCs, finding a bi-modal deformation styles defined by headwall width 372 

/ distance-to-toe length ratios, with Type 1 W/L < 1, and Type 2 W/L > 1. This bi-modal morphology 373 

is especially clear in the youngest MTC in this study (MTC 1), with two adjacent MTCs (labelled i 374 

and ii in Fig. 8) having differing Width/Length ratios. 375 

Rafted, or slide blocks are frequently observed within MTCs in salt minibasins, for example offshore 376 

Angola (Gee at al., 2006) and within the Espírito Santo Basin (Omosanya and Alves, 2013; Alves, 377 

2015; Gamboa and Alves, 2016). However, in this study no well-defined, transported blocks have 378 

been found. The lack of slide blocks in the study area might be related to the high sedimentation rates 379 

and frequency of slope failure, leading to soft and unlithified sediments being transported in the 380 

landslides, not hardened sediment and rock. An alternative hypothesis is slope failures being so 381 

destructive that blocks were not preserved. Evidence of this is MTC 4, which contains a tilted block 382 

on the edge of the preserved flat, interpreted as deformation of the basal ramp (Fig. 11). The presence 383 
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of this tilted block suggests that ripping up and shifting older strata was the process in which the 384 

landslide deformed and mobilised pre-existing strata, with the lack of preserved rafts elsewhere in 385 

MTC 4 suggesting they were broken up. In parallel, MTC 2 contains a high-amplitude zone adjacent 386 

to a basal ramp and, although highly deformed, may have initially been a slide block. As a result of 387 

this interpretation, the second main finding of this work includes the realisation that the interpreted 388 

MTCs fall into three categories, as summarised in Fig. 15: 389 

1. Type 1, comprising discrete landslide deposits with defined toes but no basal ramps; 390 

2. Type 2, represented by discrete landslide deposits with defined toes and basal ramps; 391 

3. Type 3, comprising multiple, coalesced landslide deposits with different source locations, no 392 

toes, and basal ramps. The landslides have merged and span the entire minibasin. 393 

Type 1 is only found in the youngest MTC 1, with Types 2 and 3 alternating with depth in the 394 

interpreted salt minibasin (Table 3). 395 

6 Discussion 396 

6.1 A depositional model for MTCs filling salt minibasins 397 

MTC 1 is distinct from the other five MTCs; it is the only MTC without basal ramps and, unlike 398 

MTCs 2, 4 and 6, landslides in MTC 1 have defined toes and do not merge. MTC 1 may therefore 399 

represent an initial failure state prior to burial and compaction. Alternatively, MTC 1 may be unique 400 

due to differences in lithology and slope morphology in comparison to the older MTCs. The latter 401 

model seems less likely, as there is no evidence for significant stratigraphic variations between MTC 402 

2 and MTC 1 – the Miocene-Holocene Urucutuca Formation is composed of marls and shales in 403 

nearby wells. The presence of MTC 2 directly underneath MTC 1 suggests there were no significant 404 

changes in slope gradient or lithology between the two events. We therefore prefer the first 405 

explanation above, with MTC 1 representing the early stages of MTC emplacement, before its burial. 406 
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MTC 3 contains a single landslide with clear basal ramps (orthogonal to flow), thickening within the 407 

confined zone defined by the ramps, and showing a thin over-ramp emergence that forms the defined 408 

toe. We propose that MTC 3 represents a landslide preserved at the point of emergence on the basin 409 

floor.  410 

MTCs 3 and 5 contain discrete landslide deposits with defined toes and visible internal structures. 411 

They both contain basal ramps that are orthogonal (or near-orthogonal) to the landslide flow 412 

directions. In the case of MTC 5, its significantly larger ramp and thick confined zone (Lc in Fig.3) 413 

may be related to remobilisation triggered by movement of a large fault close to the head of the 414 

landslide, which was putatively active until MTC 1 was emplaced (Fig. 12). The size of the ramp and 415 

the presence of the fault suggests that frequent slope failure around active faults were able to erode 416 

into older strata.  417 

For MTC 4 there is no internal seismic reflectivity, so the curvature of the ramps, combined with the 418 

tilted platform block are used as kinematic indicators. This allows us to infer two MTCs sourced from 419 

the west-southwest and east-northeast, respectively, as shown by the red arrows in Fig. 11.  420 

Basal ramps form the boundaries of flats (or platforms) of older, in-situ strata in MTCs 2 and 4. In 421 

both MTCs, the flats are in the centre of the minibasin. This preservation of pre-existing sediment 422 

may be explained by landslides losing energy the farther they travelled down dip. By the time they 423 

reached the central part of the basin they were no longer able to rip-up and deform in-situ beds, 424 

resulting in the preservation of a central platform, or flat. As basal ramps are related to sediment 425 

remobilisation in the study area, we propose a three-phase model of MTC growth: 426 

1. Initial slope failure with no ramping, possible multiple slope failures occur in a similar seismic 427 

time scale, e.g. MTC 1. This process produces Type 1 MTCs. 428 

2. Burial, compaction, basin-wall steepening and fault movements trigger the remobilisation of 429 

mass-transport deposits. The confined state of the movement leads to deepening of the failure 430 
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plane, with older strata being amalgamated into one MTC. Where the failure plane can no 431 

longer deform older strata, a ramp forms and the remobilised mass emerges over it. The final 432 

emergence over a ramp is onto the basin floor, as shown by MTCs 3 and 5. This process 433 

produces Type 2 MTCs. 434 

3. Where multiple slope failures have occurred at similar times, the same processes of burial, 435 

compaction, basin-wall steeping and possible fault movements lead to a similar remobilisation 436 

as in Phase 2 but, in this particular case, there would be multiple emergences of remobilised 437 

masses onto the basin floor that merge. The result is a minibasin-wide amalgamated mass 438 

comprising multiple MTCs, for example MTCs 2, 4 and 6. This process produces Type 3 439 

MTCs. 440 

It is important to note that MTCs 4 and 6 are seismically transparent, with no internal reflections. 441 

They are distinguished solely by the presence of clear basal ramps on seismic data, but deeper and 442 

more deformed MTCs may not have recognisable ramps due to the natural resolution limits of seismic 443 

data. This steepening of the basin walls and associated deposits may also lead to basal ramps being 444 

misinterpreted as faults. The lack of examples of stacked MTC sequences in salt minibasins may be 445 

due to them being under-interpreted in vintage seismic data. 446 

6.2 Do MTCs record distinct pulses of halokinesis, thereby acting as a 447 

chronological map of salt-structure growth? 448 

Within the MTCs containing multiple, contemporaneous landslides (MTCs 1, 2, 4 and MTC 6) the 449 

question of dating discrete slope instability events is challenging. MTCs 2, 4 and 6 contain multiple 450 

slope failures with low to no seismic reflectivity, making the relative dating of slope failures very 451 

hard to achieve. MTC 6 is the interval interpreted to contain an apparent retrogressive series of 452 

failures (iii and iv in Fig. 13d); therefore, the failure sequence can be estimated as iii then iv, assuming 453 

slope failure progresses up dip (Varnes, 1978; Hampton at el., 1996). 454 
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MTC 1 is unique in the study area, containing multiple discrete landslides that have not coalesced 455 

into one large MTC. Each landslide deposit within the complex is well imaged, including their frontal 456 

toe areas. They lie on the same seismic reflector, effectively being contemporaneous (Fig. 8). Hence, 457 

is it likely that all six landslides occurred at the same time? One interpretation is that an event occurred 458 

that caused widespread slope failure, i.e. an earthquake. An alternative explanation is that a series of 459 

halokinetic pulses caused a cascade of slope failures that were not instantaneous but appear so on 460 

seismic data.  461 

Although there is a seeming lack of stacking patterns or predictability in the MTCs, a dominant flow 462 

direction is evident in seismic data, as shown in Fig. 16b. We interpret this bimodal distribution as 463 

being related to the salt structures surrounding the minibasin, and suggest three distinct models for 464 

the distribution of MTCs: 465 

A) Salt tectonism is the dominant trigger mechanism for slope failure 466 

B) Salt tectonics and a secondary factor such as regional earthquakes act as triggering mechanisms. 467 

C) Slope failure is random and unrelated to salt movement. 468 

We favour Model A, in which salt movement is the major trigger for slope failure in this minibasin. 469 

The analysis in this work shows two dominant source directions, northeast and southwest, shown in 470 

the rose diagram in Figure 16b. These bimodal flow directions suggest slope failure was not randomly 471 

distributed. These flow-directions directly relate to two diapirs: D2 (east to northeast of the minibasin) 472 

and D4 (west to southwest of the minibasin), leading us to conclude that movement on these diapirs 473 

caused this bimodal failure distribution. Chronologically, MTCs have been sourced from the 474 

northeast and southwest continuously throughout the Miocene to Holocene. It is possible to infer that 475 

diapirs D2 and D4 have been active throughout this time (Fig. 16c). Rapid variations in source 476 

location between MTCs lends weight to the argument that salt tectonics is the dominant mechanism 477 

triggering MTCs. For example, MTCs 1 and 2 have no correlation between flow-direction, with MTC 478 
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1 being sourced from diapirs D1 and D2, and MTC 2 by D3 and D4. This almost 180o flip in sources 479 

is interpreted as periods of time in which different diapirs were moving, with pulses of salt-tectonic 480 

activity triggering slope failure.  481 

It is nevertheless problematic to overlook Model B completely; regional earthquakes may have been 482 

the trigger for some of the slope failures. Interpretation and analysis of slope failures at a regional 483 

scale would be required to determine if slope failures occurred at the same time, triggered by an 484 

earthquake (Assumpção et al., 2011) or major storm (Locat and Lee, 2002), for example – such an 485 

analysis is beyond the scope of this work. The repeated, stacked MTCs found in this work suggests 486 

it would be unlikely for an external trigger to occur so frequently. 487 

The emplacement of MTCs 1 to 6 is therefore interpreted to be driven by salt tectonics, with pulses 488 

of movement in diapirs being the trigger for slope failure. Detailed interpretation of stacked MTCs 489 

creates a map of salt-movement over time, in effect slope failures act as proxies for halokinesis. The 490 

reverse of this is observation is potentially also true, that if the relative chronology of salt-diapir 491 

movement was known, reasonable estimates could be made for flow-direction during MTC 492 

emplacement. However, a key unequivocal conclusion of this work is that no clear stacking patterns 493 

are observed for the MTCs in the interpreted minibasin. This implies that landslide deposits can be 494 

encountered anywhere within a salt minibasin and, furthermore, the extent of slope failures and the 495 

internal structure of resultant MTCs are unpredictable. 496 

6 Conclusions 497 

Submarine landslides are known to occur in salt minibasins, with salt diapirism steepening the flanks 498 

of the minibasin walls, generating at the same time local tectonic activity and fractures. All these 499 

processes contribute to triggering slope failures. Mass-transport complexes (MTCs) in a salt 500 

minibasin of the Espírito Santo Basin (SE Brazil) were investigated and recognised as a series of six, 501 
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stacked MTCs identified from the sea floor down to an approximate depth of 1.5 kms. The main 502 

conclusion from this study are as follows: 503 

a) Slope-failure is the dominant process of Miocene sediment infill within the investigated salt 504 

minibasin, offshore SE Brazil; 505 

b) Although ubiquitous, the MTCs in this study exhibit a high variability in number of landslide 506 

events within an MTC, its size, location, and internal structure; 507 

c) The MTCs in this minibasin do not exhibit any stacking patterns or predictability in terms of their 508 

distribution. Thus, an MTD can be encountered at any depth or location within this minibasin; 509 

d) There is, however, one common denominator for the MTCs, basal ramps are present in all of them, 510 

bar the youngest. Basal ramps form where the failure plane can no longer deform older strata, the slip 511 

plane becomes discordant with underlying strata and the MTC emerges over the ramp. For one of the 512 

interpreted MTCs (MTC 3), the basal ramp is the sole identifying factor; 513 

e) The lack of clear, post-burial seismic markers for MTCs means that the identification of MTCs 514 

becomes increasingly challenging with depth. As a result, MTCs may be misinterpreted in similar 515 

basins. 516 

In essence, no clear stacking patterns are observed for the MTCs in the salt minibasin investigated in 517 

this work. This implies that landslide deposits can be encountered anywhere within a salt minibasin 518 

and their internal structure is unpredictable. However, despite their unpredictability there is a strong 519 

link between halokinesis and the triggering of landslides in the study area and we propose that mapped 520 

MTCs can be used as a proxy for characterising, and dating, salt tectonism.  521 

Figure Captions 522 

Figure 1. (a) Map of South America and Brazil showing the relative location of the study area in the 523 

inset map. b) Location of the Espírito Santo Basin and the study area, showing bathymetric contours 524 
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at 1000 m intervals. AS: Almirante Saldanha seamount; CF: Cabo Frío Arc; FFZ: Florianópolis 525 

Fracture Zone; RJFZ: Rio de Janeiro Fault Zone, RC: Royal Charlotte seamount. (c) Variance time-526 

slice at 3.6 s showing the location of the three wells Guarapari-1, Cajú-1 and Dendé-1 and the salt 527 

minibasin analysed in this study. 528 

Figure 2. Stratigraphic column for the Espírito Santo Basin adapted from Mattos et al. (2018). 529 

Regional horizons and the MTC sequence interpreted in this work are shown in the figure. 530 

Figure 3. Detailed description of the MTC geometrical properties measured in this work. S - zero 531 

thickness proximal edge of an MTC, T - toe of a landslide, R - top of ramp defining the end of 532 

confined zone, L - length of mass deposit with defined toe, Lc - length of confined zone from S to R. 533 

(a) Discrete landslide deposit with defined toe region. (b) MTC containing multiple landslides 534 

sourced from different source locations and reflecting distinct flow directions. The landslides have 535 

merged to form an MTC that spans the whole of the salt minibasin.  536 

Figure 4. Correlation panel for Wells Dendê-1, Cajú-1 and Guarapari-1 flattened on the Urucutuca 537 

Formation D45 well marker. Information displayed in the figure are lithology, Gamma-Ray (GR) and 538 

Vp (p-wave) wireline curves.  539 

Figure 5. a) Regional map of the Top Salt horizon in milliseconds two-way time (TWT) showing the 540 

locations of exploration wells and the outline of the salt minibasin analysed in this study. b) Regional 541 

Top Salt TWT grid, computed with a contour interval of 100 ms. The location of the seismic sections 542 

used in this work are shown in the figure. Salt diapirs are labelled D1 to D4. 543 

Figure 6. a) Uninterpreted regional seismic line crossing the studied salt minibasin. 544 

Figure 6. b) Interpreted regional seismic line. Horizon H1 marks the top of the Abrolhos Formation, 545 

H2 is an Eocene Unconformity and H3 is the Top Cretaceous. The sea floor down to H1 comprises 546 

the upper part of the Urucutuca Formation with marls and shales of Miocene to Holocene age. The 547 
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Abrolhos Formation, spanning the interval from H1 to H3, comprises volcanic and tuffaceous 548 

sediments of Eocene age. The lower part of the Urucutuca Formation is imaged from H3 down to 549 

Top Salt. It comprises marls and shales of Cretaceous age. The inset box highlights the area of interest 550 

containing the MTCs of Miocene to Holocene age (Fig. 7) 551 

Figure 7. a) Uninterpreted section of the seismic profile in Figure 6a. b) Geological model of the 552 

uninterpreted seismic line in a). Horizon H1 is the top of the Abrolhos Formation, H2 is a regional 553 

Eocene Unconformity, H3 is the Top Cretaceous. The MTCs interpreted in this minibasin are 554 

displayed, from the sea floor down to ~ 3500 s. c) Location of the seismic section on a time-structural 555 

map of the Top Salt.  556 

Figure 8. a) Seismic section in the eastern side of the studied minibasin and showing horizon H1 as 557 

containing low-amplitude segments interpreted to be MTC 1. b) Top Salt TWT grid and variance 558 

map extracted from H1. c) variance extracted from H1 revealing six landslide deposits, numbered i 559 

to v. Red arrow shows the transport direction of discrete landslides.  560 

Figure 9. a) Section of an east-west seismic profile in the south of the minibasin. The section shows 561 

MTC 2 bounded by horizons H2a and H2b. The highlighted area contains a deformed slide block that 562 

consists of the same high-amplitude strata as the central flat. This slide block was thrust up the ramp 563 

and emerged onto the flat. Two ramps forming the edges of the central flat with the two MTCs 564 

emerging over it and merging together. b) RMS variance average between H2a and H2b showing the 565 

location of section over a Top Salt TWT grid. c) Variance map merged with the isochron thickness 566 

of MTC 2 (TWT thickness between H1a and H1b). Transport direction is shown by the red arrows. 567 

d) Merged variance and RMS amplitude maps between horizons H2a and H2b. The high-amplitude 568 

over-ramp emergence indicated on the seismic section is highlighted in the figure. 569 

Figure 10. a) Seismic section showing a portion of an east-west profile through the centre of the 570 

minibasin. The figure shows MTC 3 to be bounded by horizons H3a and H3b. There are two basal 571 
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ramps in this region, as highlighted in the section. The inset box shows a zoomed portion of the MTC 572 

onlapping the ramp and the undeformed central part of the minibasin where the MTC emerged onto 573 

the basin floor. b) Isochron map of the succession between horizon H3a and H3b. c) Variance map 574 

of horizon H3b (base of MTC 3) merged with the isochron map in b). d) Variance map between H3a 575 

and H3b merged with the isochron map in b). The transport direction of MTD 3 is shown by a red 576 

arrow, while its edge is highlighted by a dashed white line. 577 

Figure 11. a) Seismic section of an east-west profile crossing the centre of the minibasin. The figure 578 

shows MTC 4 to be bounded by horizons H4a and H4b. There are two basal ramps that span the 579 

minibasin, bounding a central flat of undeformed strata. The inset box highlights this flat, the western 580 

side of which is tilted and no longer fully in-situ. b) Isochron map of the interval between horizons 581 

H4a and H4b. c) Variance map of horizon H4b (base of MTC 4) over the isochron map in b). The 582 

two basal ramps are labelled A and B. d) Variance map of horizon H4b merged with the isochron 583 

map shown in b). Two MTCs are interpreted using the basal ramps and thickening of the isochron, 584 

labelled i and ii, with inferred transport directions shown by red arrows. 585 

Figure 12. a) Seismic profile oriented SW – NE showing MTC 5 and horizons H5a and H5b bounding 586 

it. A large fault cuts across the MTC close to a large basal ramp over which the MTC emerges onto 587 

the minibasin floor. b) NW-SE seismic section cuts across MTC 5, showing the upper and horizons 588 

as being highly rugged. MTC 5 shows discontinuous reflections in its interior. c) Isochron map 589 

between H5a and H5b) with the edge of the MTC highlighted by a dashed-white line. d) Variance 590 

map between H5a and H5b. Direction of flow indicated by a red arrow, with the salt diapir D1 being 591 

highlighted in the figure. 592 

Figure 13. a) Seismic section crossing the centre of the minibasin and showing MTC 6 as bounded 593 

by horizons H6a and H6b. b) Isochron map between H6a and H6b, showing that MTC 5 eroded into 594 

MTC 6 – as highlighted by the black polygon. c) Variance map of horizon H6b (base of MTC 6), 595 
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showing basal ramps, from which the most continuous is Ramp A (also shown on the section). d) 596 

Variance map of horizon H6b merged with the isochron map in b). Here, multiple landslide deposits 597 

are interpreted to have emerged over the ramps to merge together and span the entire minibasin. Five 598 

(5) landslide deposits have been interpreted using the attribute maps, and are outlined with dashed-599 

white polygons and labelled i to v, with their transport directions indicated by red arrows. Landslides 600 

iii and iv are interpreted as retrogressive, with iv being the youngest. 601 

Figure 14. Cross plot of area vs. length for each discrete MTC interpreted in the study area (see Table 602 

2). The data plotted in the graph falls into two clusters: 1) emergent MTCs with defined toes (MTC1 603 

MTC3 and MTC5) and 2) MTCs with multiple landslides that merged inside the minibasin, so that 604 

measurements are taken using the confined zones Lc (Fig.3) defined by basal ramps and isochron 605 

maps (MTC2 MTC4 and MTC6). Polynomial trends are shown for each group; emergent and 606 

confined. 607 

Figure 15. Types of MTC found interpreted in the study area: a) Type 1: MTC containing discrete 608 

landslides with defined toes and no basal ramps. b) Type 2: MTC containing discrete landslides with 609 

defined toes and basal ramps. c) Type 3: MTC comprising multiple, coalesced landslides that have 610 

merged to span the entire salt minibasin, with basal ramps. 611 

Figure 16. a) Top Salt TWT map with all six MTCs superimposed on one another, coloured by MTC. 612 

Individual salt structures are labelled D1 to D4. There is no apparent relationship between the size of 613 

an individual landslide deposit, or MTC, and its flow direction. Landslide deposits with different 614 

geometries may also have the same sources and flow directions. The stacking pattern of the MTCs 615 

illustrates their ubiquitous nature in the studied salt minibasin. b) Flow direction chart for all MTCs, 616 

bin size 20o. The two most dominant directions are NE and SW, and are interpreted as resulting from 617 

the effect of diapirs D2 and D4 as triggers of most MTCs in the study area. c) Relationship between 618 
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diapirs D1 to D4, MTCs 1 to 6, and depth (or age). D2 and D4 are the most active, triggering MTCs 619 

nearly continuously throughout this period. 620 

 621 

Table Captions 622 

Table 1. List of horizons interpreted and their associated MTCs. Apart from MTC1, each MTC is 623 

defined by a clear upper and lower horizon.   624 

Table 2. Analysis of the six MTCs, with measurements for area, length, flow direction and 625 

relationship to a diapir. The measurements taken within confined zones (Fig.3b) of interpreted MTCs 626 

(using ramps as limits to the MTC) are in grey. The MTCs with defined toes (Fig.3a) are in black. A 627 

positive correlation is seen between area and length. 628 

Table 3. Summary of the interpreted MTCs and corresponding classifications based on Figure 16: 629 

Type 1 - discrete MTDs without basal ramps. Type 2 - discrete MTDs with basal ramps. Type 3 - 630 

multiple, merged MTDs with basal ramps. 631 

  632 
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Figures 633 
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Figure 2 640 
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Figure 3 644 
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Figure 4 648 
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Figure 5 652 
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Figure 6a 655 
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Figure 6b 658 
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Figure 10 666 
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Figure 11 669 
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Figure 12 673 

  674 



41 

 

Figure 13 675 
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Figure 14 678 
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Figure 15 681 
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Figure 16 685 
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Tables 690 

Table 1 691 

MTC Horizon MTC Description 
No of 

MTCs 
Basal 

Ramps 
Merged 

MTCs 

MTC 1 H1 
Six well defined MTCs with varied source directions and 

distinct edges including the toe. All MTCs appear on a single 

seismic reflector. 
6 No No 

MTC 2 
H2a Interpreted as 2 MTCs that have merged to span the basin. 

Basal ramps present, seismically opaque, except for high 

amplitude over-ramp emergence onto a central platform. 

Thickest in confined zones adjacent to ramps.  
2 Yes Yes 

H2b 

MTC 3 
H3a Single MTC with a clearly defined toe. Multiple basal ramps, 

MTC is emergent onto the basin floor and is thickest near the 

source, in the confined zone. Internal structures are imaged on 

the seismic. 
1 Yes No 

H3b 

MTC 4 
H4a 

Merged MTCs that fill the minibasin. No internal structure 

visible, two curved basal ramps bound a platform striking 

approximately N-S. MTC is thickest near the basin centre, 

adjacent to the ramps. The edge of the platform contains a 

tilted-block, deformed by the MTC. 

2 Yes Yes 
H4b 

MTC 5 
H5a Single MTC with clearly boundaries and toe. MTC has one, 

large basal ramp, is emergent and is thickest near the source, in 

the confined zone. Internal structure is visible. 
1 Yes No 

H5b 

MTC 6 
H6a Multiple MTCs with varied source directions that have merged 

to span the basin. MTCs have multiple basal ramps, thickest 

sections are adjacent to the ramps.  Some internal structure is 

imaged on the seismic.  
5 Yes Yes 

H6b 

  Total 17   

 692 

 693 

  694 
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Table 2 695 

MTC Individual MTC Area km
2

 Length km 
Flow Direction 
o
 from N 

Diapir             

(D1 to D4) 
MTC 1 MTC1_i 1.20 2.4 132 1 

MTC1_ii 2.66 1.5 138 1 
MTC1_iii 1.97 3.2 233  
MTC1_iv 4.14 2.5 252 2 
MTC1_v 1.70 2.3 282 2 
MTC1_vi 2.27 2.7 278 2 

MTC 2 MTC2_i 7.78 2.5 310 4 
MTC2_ii 5.57 1.8 56 3 

MTC 3 MTC3_i 5.32 3.6 90 4 
MTC 4 MTC4_i 7.39 2.6 60 4 

MTC4_ii 11.93 2.7 244 2 
MTC 5 MTC5_i 15.47 6.2 213  
MTC 6 MTC6_i 1.52 1.3 62 4 

MTC6_ii 7.05 2.9 43 4 
MTC6_iii 2.12 1.1 295 2 
MTC6_iv 1.44 1.1 268 2 
MTC6_v 1.02 0.9 236 2 

       

Correlation for all Area to Length 
0.74   

Correlation for emergent Area to Length 
0.92   

Correlation for confined Area to Length 
0.91   

 696 

  697 
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Table 3 698 

MTC MTC Summary MTC Type 
 1 to 3 

MTC 1 Six discrete MTDs with defined toes. No basal ramps 1 

MTC 2 Multiple MTCs, merged to span the minibasin. 2 MTDs are 

interpreted within the MTC. Basal ramps present. 3 

MTC 3 One discrete MTD with defined toe. Basal ramps 2 

MTC 4 Multiple MTCs, merged to span the minibasin. 2 MTDs are 

interpreted within the MTC. Basal ramps present. 3 

MTC 5 One discrete MTD with defined toe. Basal ramps 2 

MTC 6 Multiple MTCs, merged to span the minibasin. 5 MTDs are 

interpreted within the MTC. Basal ramps present. 3 

 699 

700 
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