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Abstract 18 

Mass transport deposits (MTDs) contain deformation structures that are often used to 19 

determine the kinematics of palaeo-mass flows and hence the orientation of the 20 

original slope or gradient upon which the mass flow developed. When integrated with 21 

stratigraphic data, the azimuth of the palaeogradient can help elucidate the 22 

depositional evolution and palaeogeography of a region. However, most studies have 23 

defined palaeoslope from well-exposed MTDs, which raises some questions regarding 24 

the validity of establishing palaeoslopes where MTDs are poorly exposed. We examine 25 

MTDs of the Itararé Group (Paraná Basin), in southern Brazil, that are only partially 26 

exposed, but widely distributed both vertically and horizontally. Datasets and transport 27 

directions obtained from different structures, variable methods and multiple 28 

stratigraphic levels and geographic localities were statistically evaluated to verify the 29 

robustness of the methodology. This allows the orientation of local palaeoslopes to be 30 

established for different time intervals, even from disconnected outcrops. Faults and 31 

folds, that are the main structures used to define palaeoslopes, display the greatest 32 

potential to accurately determine transport direction in the examined MTDs. The use 33 

of other structures such as asymmetric boudins, quarter structures and injectites, helps 34 

to clarify flow kinematics. The integration of palaeoflow data with palaeocurrent data 35 

from associated deposits gives additional support for determining the orientation of the 36 

palaeoslope. 37 

 38 

 39 

 40 

 41 

 42 
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1. Introduction 43 

Mass transport deposits (MTDs) derive from the collapse and downslope 44 

remobilization of rock and sediment via slides, slumps and debris flows (e.g., Martinsen 45 

1994; Posamentier and Martinsen, 2011). As shear stresses originate from 46 

gravitational forces, deformation within MTDs is considered to reflect the orientation of 47 

the main parental slope. Therefore, flow kinematics deduced from ancient deposits can 48 

help to interpret sediment dispersal patterns and palaeogeography, particularly in deep 49 

water settings (e.g., Martinsen, 1994; Strachan and Alsop, 2006; Bull et al., 2009; 50 

Posamentier and Martinsen, 2011; Alsop et al., 2016; Sobiesiak et al., 2017; Jablonská 51 

et al., 2016, 2018).  52 

Since the pioneering work of Jones (1939), several studies have employed folds 53 

and other soft-sediment structures generated by mass flow to define the orientation of 54 

palaeoslopes (e.g., Lewis, 1971; Woodcock, 1976a,b, 1979; Farrell, 1984; Maltman, 55 

1984, 1994a,b; Debacker et al., 2001, 2009; Strachan and Alsop, 2006; Ogata et al., 56 

2014b; Sharman et al., 2015; Alsop et al., 2016; Sobiesiak et al., 2016; Jablonská et 57 

al., 2018). Some of these studies have also discussed the usefulness and robustness 58 

of several different techniques to define slope directions (e.g., Woodcock, 1976a,b, 59 

1979; Debacker et al., 2001, 2009; Strachan and Alsop, 2006; Alsop and Marco 2012; 60 

Sharman et al., 2015; Alsop and Weinberger, 2020). 61 

However, the complex orientation and kinematics of MTD-related structures can 62 

complicate flow determination. For instance, folds can initiate at variable angles to flow 63 

including parallel, oblique and normal to the dip azimuth of the palaeoslope (Alsop et 64 

al. 2020). In addition, fold hinges and axial planes may subsequently rotate toward the 65 

transport direction and local backthrusts and folds verging upslope may also exist (e.g., 66 

Hansen, 1971; Woodcock, 1979; Farrell and Eaton, 1987; Strachan and Alsop, 2006; 67 
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Alsop et al., 2017). Further complications may include irregular palaeoslope and sea-68 

floor topography, MTD frontal and lateral confinement and transport directions that 69 

change through time, together with overprinting relationships between adjacent MTDs, 70 

and other factors (e.g., Frey-Martinez et al. 2006; Gee et al., 1999; Bull et al., 2009; 71 

Alves and Cartwright, 2010; Ogata et al. 2019). Disaggregation and mixing of 72 

remobilized sediments may obliterate structures generated during earlier stages of the 73 

mass flow (Rodrigues et al., 2020). Furthermore, defining the palaeoflow of MTDs will 74 

also depend on data sampling and, therefore, ultimately on the degree of exposure 75 

(Debacker et al., 2009). 76 

In order to test the accuracy and limitations of MTD structures as potential 77 

indicators of palaeoslopes, we have undertaken a systematic structural analysis of 78 

deformation from late Paleozoic MTDs that outcrop in the Paraná Basin (Itararé Group; 79 

southern Brazil). We then compare our results with a large published database of 80 

fluvial/deltaic and turbidite palaeocurrents from associated, undeformed strata. 81 

Besides applying several methods, the present study evaluates the robustness of 82 

structural datasets and the calculated transport directions obtained from each 83 

structure, thereby aiming to better understand the reliability and constraints of each set 84 

of structures.  85 

 86 

2. Data and methods 87 

2.1. Geological setting 88 

This research was conducted in 17 outcrops of the Itararé Group (Fig. 1), which 89 

forms the glacially-related lower half of the Permo-carboniferous supersequence in the 90 

Paraná Basin (Holz et al., 2010). The studied MTDs cover three broad time intervals 91 

(Fig. 1), herein referred to as T1 (early Pennsylvanian), T2 (late Pennsylvanian) and 92 
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T3 (early Cisularian). These intervals correlate with the three palynozones as defined 93 

by Souza (2006) and also correspond to previously defined formations (Schneider et 94 

al.,1974; França and Potter, 1991). 95 

The sediments of the Itararé Group largely accumulated in marginal to relatively 96 

deep marine environments during multiple stages of deglaciation associated with the 97 

late Paleozoic ice age in southwestern Gondwana (e.g., França and Potter, 1991; 98 

Vesely and Assine, 2006). As the Itararé Group also contains evidence of glacio-99 

tectonism, localities for this study were carefully chosen to avoid direct glacial 100 

influence. Typical glaciotectonised facies are restricted to where glacio-continental 101 

strata lie on the preglacial substrate and are associated with subglacial diamicite 102 

and/or glacially striated/grooved surfaces e.g., Fedorchuk et al, 2019; Rosa et al., 103 

2019). Our database is specifically derived from deltaic to offshore deposits where 104 

direct glacial influence is absent.  105 

After deposition of the Itararé Group, the Paraná Basin experienced several 106 

tectonic events resulting from the reactivation of ancient basement faults by tensional 107 

forces associated with the active margin of the South American Plate, and opening of 108 

the Atlantic Ocean (e.g. Zalán et al., 1990; Soares, 1991; Milani, 1997, 2004). The 109 

eastern flank of the Paraná basin, where this study is situated, was affected by 110 

fracturing and basic magmatism during the opening of the South Atlantic and 111 

subsequent evolution of the South American margin (Milani and Zalán, 1999). We 112 

distinguish post-depositional tectonism from that related to mass-transport, as the 113 

former manifests as subvertical fractures crosscutting multiple deposits (including 114 

underlying and overlying sequences to the MTDs) and is associated with major fault 115 

zones (e.g., Rostirolla et al., 2003; Trzaskos et al., 2006). Post-depositional tectonic 116 

deformation is characterized by brittle features including fractures, cataclasites, and 117 
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deformation bands in sandstones. Furthermore, these structures commonly display 118 

transcurrent kinematics associated with the regional tectonic process, which are quite 119 

different to the kinematics indicated by mass-transport structures (for a general review 120 

into distinguishing tectonic from soft sediment deformation see Alsop et al., 2019).  121 

In recent studies, deposition of MTDs in the Itararé Group have been associated 122 

with instabilities caused by high sedimentation rates linked with deglaciation (e.g., 123 

Suss et al., 2014; Carvalho and Vesely, 2017; Fallgatter and Paim, 2017; Valdez et 124 

al., 2017; Mottin et al., 2018) or rapid base-level fall due to isostatic rebound (Mottin et 125 

al., 2018). The patterns of sediment dispersal in the Itararé Group are relatively well 126 

known as several recent papers have reconstructed the paleogeography of the Paraná 127 

Basin and have produced a large amount of palaeocurrent, palaeo-ice flow and detrital 128 

provenance data (e.g., França et al., 1996; Gesicki et al., 2002; Vesely and Assine, 129 

2006; Suss et al., 2014; Carvalho and Vesely, 2017; Fallgatter and Paim, 2017; Mottin 130 

et al., 2018). In general terms, sediment transport toward the NNW prevailed during 131 

T1 and T2, with local variations to the W and NE. This direction changed during T3, 132 

with palaeocurrents turning toward the SW in the central-northern sector of the basin, 133 

while in the south a more complex pattern started to operate feeding sediment 134 

centripetally into a subsiding area known as the “Rio do Sul” sub-basin (e.g., Castro, 135 

1991). 136 

Examined MTDs consist of large remobilized sedimentary blocks (intrabasinal 137 

clasts - IC), deformed slabs of sandstone, rhythmite and shale, and heterogeneous 138 

(banded) to homogeneous (massive) diamictites with IC. In a previous descriptive 139 

study, Rodrigues et al. (2020) grouped these into three main deformational facies 140 

(incipient – DF-1, mature – DF-2 and evolved – DF-3; Fig. 1 and Table 1). This was 141 

based on the relative proportion of coherent intrabasinal clasts and matrix, and on the 142 
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linkage between different structures, that indicate variable degrees and stages of mass 143 

disaggregation and mixing during the flow. These deformational facies correspond, 144 

respectively, to coherent slide to slump facies, slump to blocky-flow facies (with low 145 

matrix content), and blocky-flow to debris-flow facies (with high matrix content) (e.g., 146 

Ogata et al., 2012a,b). The deformational facies do not seem to have a stratigraphic 147 

relationship as they are developed during different time intervals (Fig. 1; Rodrigues et 148 

al., 2020). The limits and thickness of a single MTD are usually difficult to assess due 149 

to limited exposure of the Itararé Group. The thickness of the studied MTDs generally 150 

ranges from about 5 m to 10s of meters (Carvalho and Vesely, 2017; Mottin et al., 151 

2018; Schemiko et al., 2019). Where exposed, boundaries between MTD and non-152 

MTD strata are sharp and the base of MTDs is usually erosive and irregular. The top 153 

surfaces of MTDs, when identified, are generally flat but low amplitude relief is reported 154 

locally, onto which overlying fine-grained facies may be ponded. 155 

MTD-related structures include folds (Fig. 2A and B), faults (Fig. 2D to H), 156 

injectites (Fig. 2I), asymmetric boudins (Fig. 2J), slickenlines along intrastratal 157 

detachment surfaces, aligned intrabasinal and extrabasinal clasts (Fig. 2K), 158 

grooves/scratch marks (Fig. 2L), sigma structures, quarter structures (Fig. 2M), 159 

shearing features at the borders of intrabasinal clasts, and matrix banding (Fig. 2N). 160 

Asymmetric folds associated with diapirs (here called diapiric folds; Fig. 2C) were also 161 

studied. Although these diapiric folds are associated more with in situ deformation 162 

rather than classic mass movement, they display preferential vergence. The rhythmite, 163 

where these diapirs were developed, occurs under a fluvio-deltaic sandstone within a 164 

sequence with little or no direct glacial influence (e.g., ?). Compressional and 165 

extensional structures may occur in the same outcrop. Temporal relationships suggest 166 

that folds generally predate faults and boudins, as they are often modified by the latter 167 
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two structures (e.g., Farrell 1984, Martinsen 1989, 1994, Martinsen & Bakken 1990, 168 

Strachan & Alsop 2006, Alsop & Marco 2014, Ogata et al. 2014a,b; Rodrigues et al., 169 

2020 170 

Location for Figs. 1 and 2. 171 

Location for Table 1.  172 

2.2. Characterization of structures and methods for palaeoflow definition 173 

Structural orientation data, such as fold geometries (hinge plunges and trends, 174 

limb orientations, vergence and facing), fault orientation and kinematics, asymmetric 175 

boudin geometries (axis, faults and kinematics), kinematics of quarter structures and 176 

others (see Section 3.5. below) were measured in outcrops during field work and from 177 

oriented samples. Although some fold orientations were measured directly in the field, 178 

most hinge orientations (line of intersection of fold limbs or in a few cases the β or π 179 

axis; e.g., Fossen, 2016), axial plane orientations (the plane that bisects the fold limbs), 180 

fold facing orientations (Holdsworth, 1988) and interlimb angles were calculated 181 

stereographically. 182 

Traditional classification schemes established in structural geology were 183 

employed for faults, boudins (Goscombe et al., 2004) and folds (e.g. Fleuty, 1964; 184 

Ramsay, 1967; for more information see Twiss and Moores, 2007; Fossen, 2016). In 185 

addition, we apply the flow perturbation fold model initially developed in metamorphic 186 

rocks (e.g., Holdsworth, 1990; Alsop and Holdsworth, 1993, 2007) but subsequently 187 

applied to folds in MTDs (e.g., Strachan and Alsop, 2006; Sobiesiak et al., 2016; 188 

Jablonská et al., 2018). This model considers that layer-parallel shear folds (LPS) are 189 

generated by velocity gradients in the downslope direction and layer-normal shear 190 

folds (LNS) are created by along-strike velocity gradients (Alsop et al., 2020). Some 191 

structures were named by importing non-generic terminology used to describe features 192 
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in ductile shear zones in metamorphic rocks (e.g., Passchier and Trouw, 2005; Ogata 193 

et al., 2016). 194 

The methods of palaeoslope definition were selected based on field observation 195 

and analysis of stereographic projections. One or more methods were applied to each 196 

kind of structure to define palaeoflow (Table 2; Fig. 3 to 6). For folds, at least one 197 

method was applied for each structural element (hinge, axial plane and facing), 198 

including mean axis method (MAM), downslope average axis method (DAM), 199 

separation arc method (SAM), mean axial plane strike method (MAPS), mean axial-200 

planar dip method (MAD), axial-planar intersection method (AIM) and fold facing 201 

direction (FFD), (Table 2; see also Alsop and Weinberger 2020 and references 202 

therein).  203 

Faults and asymmetric boudins containing faults were treated via the application 204 

of the mean fault orientation method (MFOM and MFOM’, respectively) and fault 205 

intersection method (FIM and FIM’, respectively) (Table 2; see also Debacker et al., 206 

2009). The mean orientation of slickenlines (SM) associated with faults is a 207 

complementary method suggested in this research for faults (Table 2). For boudin 208 

axes, we considered their orientation in relation to other features and hence the flow 209 

direction (parallel or normal, see Table 2; Festa et al., 2013). Mean orientation of 210 

slickenlines of intrastratal detachment surfaces, major axes of oriented extrabasinal 211 

and intrabasinal clasts (based on Sobiesiak et al., 2016) and grooves/scratch marks 212 

of intrabasinal clasts (based on Ogata et al., 2014b) have also been used to define the 213 

mass-transport direction (Table 2). The orientation of injectites was also considered 214 

with caution and based on their temporal and spatial relationship with other structures, 215 

such as faults and folds. Injections may help identify the orientation of the extension 216 

direction and with which MTD stage (initiation, translation, cessation and relaxation) 217 
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they are potentially related (Table 2). Therefore, injections may define if the extension 218 

is parallel, normal or oblique to the palaeoflow. The preferential orientation of bedding 219 

and banding in heterogeneous matrix was used for mean bedding strike method 220 

(MBSM; Table 2) as suggested by Sharman et al. (2015). 221 

The transport direction obtained from each method applied to faults, folds, 222 

injectites and asymmetric boudins (axis and faults) were defined using the mean 223 

calculated vector (standard mean vector calculation). For this, a confidence interval of 224 

95% (the semi-apical angle of confidence cone for a given confidence level) calculated 225 

on the Fisher Vector Distribution was applied (Woodcock and Naylor, 1983). Other 226 

structures, such as intrabasinal and extrabasinal clast orientations, slickenlines of 227 

intrastratal detachment surfaces and grooves/scratch marks in intrabasinal clasts, 228 

were plotted on rose diagrams and the transport direction was obtained through Von 229 

Mises distribution (Allmendinger et al., 2013; Cardozo and Allmendinger, 2013).  230 

An average transport direction and respective confidence interval (95%) were 231 

obtained for each studied locality through Fisher Vector Distribution analysis of all 232 

transport directions established by the various methods used to define palaeoflow 233 

(Table 2). In a few cases, two possible transport directions were obtained due to 234 

alternative interpretations of some structures. The average transport directions were 235 

considered to be the mass-transport palaeoflow direction in the corresponding location. 236 

The kinematics indicated by fold, faults, quarter structures, shearing of intrabasinal 237 

clasts and SC-like structures, were also considered as palaeoflow indicators.  238 

Published palaeocurrent data from the same region (Vesely and Assine, 2006, 239 

Suss et al., 2014; Fallgatter, 2015; Juk, 2016; Carvalho and Vesely, 2017; Fallgatter 240 

and Paim, 2017; Mottin et al., 2018; Schemiko et al., 2019) were used to compare the 241 

directions of sediment dispersal with MTD kinematics. These data include the dip 242 



11 
 

azimuth of cross-stratification in fluvial or fluvio-deltaic facies and the orientation of 243 

current ripples and flute casts in turbidites, both located in undeformed strata 244 

stratigraphically above and below the MTDs. The final calculated transport direction for 245 

each palaeoflow was compared with each other and with palaeocurrents from the 246 

same region and stratigraphic level to determine the robustness of the palaeoflow 247 

analysis. 248 

Location for Table 2.  249 

2.3. Statistical methods 250 

Datasets of the different structures were statistically evaluated based on the 251 

amount of data, the preferential orientation (Woodcock and Naylor, 1983) according to 252 

the strength parameter C (Woodcock, 1977), and a confidence interval of 95% (see 253 

Appendix A). The amount of data was evaluated because some structural datasets 254 

comprise fewer measurements (less than 20) which can affect the reliability and 255 

robustness of the results. The strength parameter (C value) was obtained through 256 

structural geology software (such as: Stereo32 1.0.3 - Röller and Trepmann, 2003; and 257 

Stereonet 10.1.6 - Allmendinger, 2011) for datasets where N=5 or more measurements  258 

(minimum amount of data to obtain a C value) and calculated from eigenvalues defined 259 

by Bingham distributions (C = ln (eigenvalue 1/eigenvalue 3); Woodcock, 1977). The 260 

preferential orientation of each data cluster was defined from the strength parameter 261 

C (based on Woodcock and Naylor, 1983), which is here considered as none for C ≤ 262 

1, weak when 1 > C ≤ 3, moderate when 3 > C ≤ 6 and strong for C > 6. The final 263 

robustness classification of each structural dataset was obtained from the mode or 264 

mean (where no clear mode existed) of classification values given for the cited 265 

parameters (see Appendix A). 266 
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To evaluate the palaeoflow established by each kind of structure, we considered 267 

the number of methods and the confidence interval (95%) of the average palaeoflow 268 

defined from these various methods (see Appendix B). The evaluation of the final 269 

palaeoflow direction (corresponding to the parental palaeoslope) for each outcrop 270 

considered structural datasets (Appendix A), transport direction by structure (Appendix 271 

B), the total number of methods applied by outcrop (NM in Appendix B) and confidence 272 

intervals (95%) of the final transport direction (Appendix B). The final robustness 273 

classification of each palaeoflow direction by structure and final palaeoflow or 274 

palaeoslope direction in each outcrop were also obtained from the mode or mean of 275 

classification values given for the cited parameters (see Appendix A and B). The values 276 

used for classification represent the degrees of robustness of the evaluated 277 

parameters, structural datasets, structural transport direction and the final transport 278 

direction (more details in Appendixes A and B).  279 

  280 

3. Analysis and results 281 

3.1. Folds  282 

3.1.1. Description and palaeoflow definition 283 

Folds were classified as gentle to tight (based in Fleuty, 1964; Fig. 2A and B), 284 

rounded, cylindrical to gently curvilinear, and symmetrical or asymmetrical S or Z folds 285 

(Rodrigues et al., 2020; Fig. 2A-D). The variety of fold geometries, from simple to 286 

complex, identified during field work is highlighted for some selected cases (Fig. 3A-287 

E). These cases are associated with progressive deformation and variable shearing 288 

associated with mass flow, which can be either parallel or at higher-angles (normal) to 289 

the flow direction. 290 

3.1.1.1. Folds generated by LPS 291 
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Folds associated with layer-parallel shear (LPS) tend to display variable 292 

interlimb angles, cylindrical geometry and unimodal orientation data (hinge, axial plane 293 

and facing; Fig. 3A and 3B). The datasets range from symmetrical folds with gentle 294 

interlimb angles (Fig. 3A), to more complex folds (symmetrical to asymmetrical) with a 295 

fanning distribution of axial planar dips. Decreasing axial planar dips are associated 296 

with a reduction in interlimb angles and some hinge rotation (Fig. 3B). This variation in 297 

geometry and orientation seems to result from progressive deformation. In general, 298 

LPS fold hinges and axial planar strike are normal to the flow direction while fold facing 299 

is parallel to flow (see Alsop and Marco 2011). Thus, these folds were analysed 300 

through MAM, MAPS and FFD (Fig. 3A and 3B, and Table 2). MAD and MAD-AP were 301 

also applied to LPS folds with progressive deformation to avoid the influence of more 302 

rotated data (see Table 2) and confirmed the general flow trend indicated by other 303 

methods (Fig. 3B). MAD-AP also providerd a clear sense of flow that agrees with fold 304 

vergence (Fig. 3B). 305 

3.1.1.2. Folds generated by LNS 306 

Folds generated by LNS are characterized by bimodal orientation data (Table 307 

2; more information in Table 1 of Alsop and Marco, 2011); however, the progressive 308 

deformation of these folds may also result in data rotation. Here, LNS folds tend to be 309 

asymmetrical, inclined to recumbent, and display variable interlimb angles and 310 

bimodality of at least 2 elements (e.g., axial plane and facing or hinge and facing - Fig. 311 

3C and 3D, respectively) with little overlap of S and Z folds. The unimodality of one 312 

element (e.g., axial plane or hinge – Fig. 3C and 3D, respectively) and overlap between 313 

S and Z folds seem to be related to rotation of data possibly associated with some 314 

progressive deformation. In general, LNS folds show hinge trends and axial planar 315 

intersections sub-parallel to flow, with some axial planes striking oblique to flow and 316 
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fold facing generally normal to the flow direction (see Alsop and Marco 2011). Methods 317 

applied include AIM, MAPS, FFD, DAM or SAM and, sometimes, MAM (Table 2 and 318 

Fig. 3C and 3D). Hinge distribution of the recumbent folds (Fig. 3D) allowed the 319 

application of SAM, which indicated a similar flow direction to MAM. Sub-horizontal 320 

axial planes of the recumbent folds may not precisely indicate the flow direction and 321 

results of MAPS may diverge from the main direction of flow (Fig. 3D). However, the 322 

intersection between the mean axial planes of S and Z folds (AIM; Table 2) show a 323 

more consistent flow direction (Fig. 3D). In other cases, MAPS was applied for all axial 324 

plane data (S and Z folds); and although this may not represent the real axial plane 325 

orientation of LNS folds, the dip direction of the mean axial plane is subparallel to AIM 326 

(Fig. 3C). 327 

3.1.1.3. Diapiric folds  328 

Diapiric folds may show quite complex geometries and consequently display a 329 

high data dispersion (Fig. 3E). However, some preferred orientation was identified (Fig. 330 

3E), which indicates that most diapirs have an elongated shape. Elongated diapirs are 331 

expected to be more or less parallel to the strike of the palaeoslope. The relationship 332 

between interlimb angle and axial planar dip suggests a component of progressive 333 

deformation (Fig. 3E), and may be evidence that these diapirs and diapiric folds 334 

originated by local mass flows. For these folds, MAM, MAPS, FFD, MAD and MAD-AP 335 

were applied and indicate similar flow directions (Fig. 3E).  336 

3.1.2. Statistical analysis 337 

In general, fold datasets tend to show variable dispersion independent of the 338 

amount of data, as well as preferential orientation, confidence interval and robustness 339 

(Table 3 and Fig. 3F). Yet, fold hinge, axial plane and fold facing datasets show roughly 340 

similar preferential orientation and a narrow confidence interval (less than ± 20°) (Fig. 341 
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3F, Table 3 and 4). The ridges identified in folded injectite sills display a strong 342 

preferential orientation, narrow confidence interval (95%) of ± 4.4° and are parallel to 343 

fold hinges (Fig. 3D). The majority of averaged palaeoflow from folds show narrow 344 

confidence intervals (less than ± 20°; Fig. 3G and Table 4) and were classified with 345 

moderate to very strong robustness (Table 3 and Appendix B).  346 

Location for Fig.3. 347 

3.2. Faults 348 

3.2.1. Description and palaeoflow definition 349 

Faults occur as individual planes or clusters with straight, wavy or anastomosing 350 

geometries (Fig. 2D-H), as well as reverse (Fig. 2D and 2H), normal (Fig. 2E and 2G) 351 

or undefined kinematics, due to a lack of reliable markers (Rodrigues et al., 2020). 352 

Some faults display sheared muddy cores of centimetric thickness, continuous clay 353 

smear (Fig. 2F and 2H), discontinuous clay smear and form ‘S-C’ features (Fig. 2G; 354 

Rodrigues et al., 2020). Normal faults typically show moderate dips with ‘S-C’ features 355 

or anastomosing sets, up to high dip angles (Fig. 4A-4E). Faults with unclear 356 

kinematics generally show moderate to low dip angles (Fig. 4D-4F), while reverse 357 

faults usually show low to moderate dip angles (Fig. 4D-4F).  358 

For faults with a single cluster, only the MFOM was applied (Fig. 4A and Table 359 

2). Some datasets show conjugate faults with sub- to parallel strikes (Fig. 4B and 4F) 360 

while others display oblique strikes (Fig. 4C), with faults that dip in opposing or two 361 

different directions, respectively. In some localities we identified normal and reverse 362 

faults with parallel to sub-parallel strike and opposing dip directions (Fig. 4D and 4E), 363 

and unidentified faults with subparallel or oblique strike (Fig. 4D and 4E). For these 364 

cases and the conjugate sets, MFOM was calculated for each cluster (Fig. 4B-4F). In 365 

addition, FIM was estimated for the intersection of the conjugate sets and also between 366 
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the mean planes of the normal and reverse faults, which were interpreted to be normal 367 

to the flow direction (Fig. 4D and 4E). 368 

Slickenlines occur along some faults (Fig. 2F, 4C-4F), mainly in clay smear that 369 

displays detachment surfaces or faults generated in mudstones. However, these may 370 

not display clear kinematic indicators resulting in faults of unidentified kinematics (Fig. 371 

4F). The mean orientation of the slickenlines was calculated and considered to be 372 

parallel to the flow direction (Table 2 and Fig. 4C-4F). 373 

3.2.2. Statistical analysis 374 

Faults and slickenlines display variable dispersion, independent of the amount 375 

of data; as well as, variable confidence intervals which tend to be narrow (less than ± 376 

20°; Table 4 and Fig. 4G). The preferential orientation of faults is generally weak to 377 

moderate, while it is weak for slickenlines (Table 3 and Appendix A). Fault average 378 

transport direction shows variable confidence intervals, but are mostly narrow (less 379 

than ± 20°; Fig. 4H and Table 4). Fault datasets were mostly classified with weak to 380 

moderate robustness, while fault palaeoflows generally display moderate to very 381 

strong robustness (Table 3, Appendix A and B).  382 

Location for Fig.4. 383 

3.3. Injectites 384 

3.3.1. Description and palaeoflow definition 385 

Injectites consist of sand injections that occur as dikes (Fig. 2I), with tabular to 386 

anastomosing geometry or en echelon patterns, or tabular sills parallel to preserved 387 

bedding or well-defined banded matrix (Fig. 2I; Rodrigues et al., 2020). The use of 388 

injectites to define transport directions was applied to MTDs by Ogata et al. (2014), 389 

and depends on their interpretation (how and when they were formed) and orientation 390 

with respect to other structures.  391 
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In the MTD of locality 1, sills are folded together with banded matrix. The dikes 392 

that connect these sills (Fig 5A - dikes I; locality 1) show two main strike directions that 393 

are sub-parallel to each other with opposing dip directions and moderate to subvertical 394 

dip angles. A second phase of injection generated thin dikes (mm thickness; Fig. 5A – 395 

Dikes II) that cut the folded banded matrix, sills and early dikes (I) in locality 1. These 396 

dikes show a single main orientation and are subvertical (Fig. 5A). Comparing the 397 

orientation of the dikes I with folding, which is the main type of deformation in this MTD, 398 

it seems that dikes I originated either sub-parallel or sub-normal to the flow direction, 399 

while dikes II were generated normal to the flow direction. 400 

Injectites parallel to continuous clay smear were observed in locality 8. These 401 

injectites consist of dikes that intruded the heterogeneous, banded matrix and display 402 

a clear preferred orientation with moderate dip angles (Fig. 5B). In this case, the 403 

injection was interpreted to occur normal to the flow direction as indicated by other 404 

structures. Other injectite datasets were collected in the MTD at locality 13 and consist 405 

of subvertical dikes associated with a few sub-horizontal sills (Fig. 5C). These dikes 406 

are more or less parallel to faults, oblique to folding and oblique to normal to the flow 407 

direction.  408 

 409 

3.3.2. Statistical analysis 410 

In our study, injectites show preferential orientation and quite narrow confidence 411 

intervals (95%; ±20° or less; Fig. 5D; Table 3; Appendix A). However, the confidence 412 

interval (95%) of the transport direction calculated from injectites ranges widely (Fig. 413 

5E) due to the complexity displayed by some datasets (Fig. 5A-5C). The injectites show 414 

weak to strong robustness despite the weak preferred orientation, which indicates that 415 

data dispersion has no, or only limited, influence (Table 3 and Appendix A). Instead, 416 
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the robustness of injectite datasets is linked to the number of measurements (Fig. 5A-417 

5C; Appendix A). 418 

Location for Fig. 5. 419 

3.4. Bedding and matrix banding 420 

3.4.1. Description and palaeoflow definition 421 

The studied MTDs may show preserved bedding (Fig. 2B, 2C, 2E, 2J and 2M) 422 

and/or matrix (Fig. 2A, 2D, 2F, 2G, 2H, 2I, 2K, 2L and 2N). The matrix can be 423 

heterogeneous, with relicts of original bedding (Fig. 2A, 2G, 2I and 2N), or 424 

homogeneous (Fig. 2D, 2F, 2H, 2K and 2L) (Rodrigues et al. 2020). The 425 

heterogeneous matrix consists of mm-to dm-thick compositional/textural bands 426 

(banded matrix) that can be well-defined (Figs. 2A and 2I) to subtle (Fig. 2N).  427 

Bedding may reflect the orientation of the palaeoslope (Jones, 1939; Sharman 428 

et al., 2015) and was therefore analysed in the present study, along with the orientation 429 

of banded matrix. MBSM was applied to those MTDs with some preservation of 430 

bedding or heterogenous matrix with compositional/textural banding (Table 2). When 431 

bedding and banded matrix transport directions are compared to transport directions 432 

derived from other structures (or average transport direction), both may sometimes 433 

show considerable differences in orientation (Fig. 6A and Table 5). In the case study, 434 

the use of the mean orientation of bedding or banded matrix (MBSM) resulted in little 435 

or no significant change in the final transport direction (Fig. 6B and Table 5).  436 

3.4.2. Statistical analysis 437 

Both bedding and banded matrix show narrow confidence intervals (95%; up to 438 

±20°, Table 4), although bedding tends to display a better preferred orientation than 439 

banded matrix (Fig. 6C, Table 3 and Appendix A). In terms of robustness, bedding and 440 

banded matrix both tend to display datasets with moderate to strong robustness, while 441 
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the robustness of the transport direction is moderate for both (Table 3 and Appendix 442 

B). However, bedding shows the most datasets with strong robustness, while banded 443 

matrix datasets display mainly moderate robustness (Table 3 and Appendix A). 444 

The weak preferential orientation of the banded matrix datasets is possibly 445 

related to the nature of the structures, which results from deformation and modification 446 

of the original bedding. The bedding datasets with weak preferential orientation may 447 

relate to data dispersion linked to deformation, such as folds associated with diapirs, 448 

LNS folds and normal faults (localities 3, 4 and 7, respectively; Appendix A). In some 449 

cases, the dispersion of data was compensated by a large number of data allowing the 450 

dataset to be classified as having strong robustness (e.g., locality 3; Appendix A).  451 

The use of the mean orientation of bedding or banded matrix (MBSM) resulted 452 

in little or no significant change of the confidence interval of the final palaeoflow of each 453 

locality (Fig. 6D to E and Table 5).  454 

 Location for Fig. 6. 455 

3.5. Other structural indicators 456 

3.5.1. Description and palaeoflow definition 457 

Other analysed structures include asymmetric boudins, slickenlines identified in 458 

intrastratal detachment surfaces, grooves and scratch marks, and intrabasinal and 459 

extrabasinal clasts. The asymmetric boudins (Fig. 2J) consist of shearband boudins 460 

(Rodrigues et al., 2020), which show backward vergence resulting from antithetic 461 

rotation with respect to shearing. Boudin faults show a preferred strike direction, which 462 

are more or less parallel to the boudin axis. These faults display normal and reverse 463 

kinematics and are distributed in two clusters of opposing dip directions, as result of 464 

gentle folding of the bedding containing these boudins. Both normal and reverse faults 465 

indicate kinematics towards the NW (Fig. 7A), which agrees with the flow direction 466 
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deduced from other kinematic indicators. Therefore, the extension that generated 467 

these boudins was considered to be subparallel to the flow direction indicated by 468 

normal faults (Fig. 4B) and so the boudin axis (MAM) and strike direction of boudin 469 

faults (MFOM and FIM) is normal to the flow direction (Fig. 7A and Table 2). 470 

The slickenlines of intrastratal detachment surfaces were developed along 471 

shale laminations, or muddy laminations in rhythmites, and may be related to faulting 472 

or folding (Rodrigues et al., 2020). These features show a main trend (Fig. 7B) that is 473 

oblique in relation to palaeoflow from other structures analysed in the same MTD (Fig. 474 

4B and 7A). The main trend for oriented clasts (elongated intra- and extrabasinal 475 

granules to blocks; Rodrigues et al., 2020) (Fig. 2K) were defined through rose 476 

diagrams of their major axes (e.g., Sobiesiak et al., 2016; Table 2). Both extrabasinal 477 

and intrabasinal oriented clasts tend to show a main trend in the same MTD (Fig. 7C 478 

and 7D, respectively), which is oblique in relation to each other (30°), but with general 479 

E-W orientation. Intrabasinal clasts may also show deformation at their borders, such 480 

as grooves and scratch marks (Fig. 2L; Rodrigues et al., 2020). These features were 481 

analysed as axes on rose diagrams (as in Ogata et al., 2014b; Table 2), which indicate 482 

a main trend (Fig. 7E) subparallel to palaeoflow of faults in the same MTD. 483 

3.5.2. Statistical analysis 484 

For these analysed structures, no robustness trend was defined due to the small 485 

datasets (Fig. 7A to F, Table 3 and Appendix A). Between these structures, boudins 486 

(Fig. 7A) seem to be the more reliable with moderate preferred orientation, moderate 487 

dataset robustness and transport direction with strong robustness and narrow 488 

confidence interval (95%; Fig. 7F, Table 3 and 4) 489 

The other structures show confidence intervals (95%) a little larger than boudins 490 

(Fig. 7F and Table 4), weak preferential orientation, datasets and transport direction 491 
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with weak to moderate robustness, of which the number of measurements tends to 492 

compensate the dispersion (Fig. 7B to 7E; Table 3; Appendix A and B).  493 

 Location for Fig. 7. 494 

Location for Tables 3, 4 and 5. 495 

4. Discussion 496 

4.1. Do MTD structures show robustness for defining palaeoflows? 497 

According to previous work, MTDs may show variations in palaeoflow due to 498 

several different situations associated with structural generation and modification 499 

during the flow, such as: i) difference in flow directions indicated by folds and thrusts 500 

at the lateral portions of MTDs (e.g. Alsop and Marco, 2012, 2013) or due to fanning 501 

of structures around the toe of MTDs (e.g. Strachan and Alsop, 2006; Alsop et al., 502 

2020); ii) variable angles of fold initiation (Alsop and Marco, 2014); fold hinge and axial-503 

planar rotation (Alsop and Marco, 2014); iii) overprinting between deformation of 504 

adjacent MTDs or between flow cells within individual MTDs (Alsop et al., 2020); 505 

among others. Some of these situations can be related to the development of 506 

structures in different domains of the MTD (extensional, translational, compressional 507 

and transcurrent) related to different regions of the flow (at the head, central, frontal or 508 

toe and lateral zones, respectively) and radial spreading of the flow (e.g., Alsop and 509 

Marco, 2012; Sharman et al., 2015). In addition, MTDs can be laterally confined or 510 

unconfined, and frontally confined or emergent (e.g., Frey-Martínez et al., 2006; Ogata 511 

et al., 2019). These conditions may result in lateral and vertical strain partitioning within 512 

the MTD that can create local variation of flow (Ogata et al., 2019).  513 

Other local irregularities in the slope and sea-floor morphology can also result in 514 

variations of palaeoflow, such as: i) irregular morphology of previously deposited MTDs 515 

(e.g., Amerman et al., 2011; Alsop and Marco, 2014; Alves, 2015); ii) presence of 516 
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tectonic features like folds and faults (e.g., Dalla-Valle et al., 2015); iii) salt tectonics 517 

(e.g., Alves and Cartwright, 2010); iv) mud diapirism (e.g., Alfaro and Holz, 2014); v) 518 

variable orientation of the head scarp with respect to the intrabasinal slope gradient 519 

(e.g., Armandita et al., 2015; Jablonská et al., 2016); vi) orientation and distance of the 520 

locality of origin (i.e. structural highs or coastal areas) of a MTD with respect to the 521 

depocenters (Ogata et al., 2012b). The limitations of MTD exposure resulting in non-522 

representative datasets may also result in different estimates of palaeoflow (Debacker 523 

et al., 2009). 524 

One main aspect of the studied area is the limited exposure that results in 525 

disconnected or isolated outcrops. As this affects data collection and its 526 

representativity, the different structural datasets and respective estimates of 527 

palaeoflow were analysed statistically. The structural datasets and related palaeoflow 528 

have variable robustness classification (Table 3, Appendixes A and B), but the majority 529 

typically show moderate robustness. In several cases, the datasets tend to show weak 530 

to moderate preferred orientation, which indicates data more or less dispersed and can 531 

be related to the nature or complex geometry of the structures. However, data 532 

dispersion tends to be compensated by number of data and the methods applied for 533 

determining palaeoflow. In general, structural datasets and respective palaeoflow 534 

show confidence intervals (95%) of less than 20° (Table 3; Appendix A and B; Fig. 3A, 535 

3B, 4A, 4B, 5A, 5B, 6A and 7A). The confidence interval comprises the range of values 536 

where the true mean orientation lies, and tends to be influenced by the data dispersion 537 

and the number of measurements (e.g., Woodcock and Naylor, 1983). Therefore, we 538 

consider that the main orientation of structural datasets and related palaeoflow may 539 

vary 20° or less with respect to mean vectors obtained.   540 
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Faults and folds are the main structures in several studied outcrops and tend to 541 

show datasets and transport directions with moderate to strong robustness. 542 

Considering that they are also the most common structures in MTD, the robustness 543 

classification reassures their applicability in defining palaeoflows. Injectite datasets and 544 

palaeoflow may also show moderate to strong robustness. However, their applicability 545 

depends on the interpretation (how and when they were formed) and orientation with 546 

respect to other structures. Symmetrical and asymmetrical boudins are also relatively 547 

common in MTDs (e.g., Festa et al., 2013; Ogata et al., 2014b, 2016; Alsop et al., 548 

2020; Rodrigues et al. 2020). Here, the dataset of asymmetric boudins have moderate 549 

and strong robustness, and a palaeoflow relatively close to palaeoflow estimated from 550 

other structures. 551 

The weak preferential orientation and weak or moderate robustness of datasets 552 

and palaeoflow of the oriented clasts, and grooves/scratch marks on clast borders, is 553 

possibly related to the nature of these structures. These features are related to clasts 554 

dispersed in the matrix (diamictite) and, therefore, the data orientation depends on how 555 

shear is distributed within the matrix and how it affects the clasts (e.g., Ogata et al., 556 

2014b; Sobiesiak et al., 2016). Transport directions estimated from the intrastratal 557 

slickenlines, oriented clasts, and grooves and scratch marks are slightly oblique to 558 

oblique to folds and/or faults in the same MTDs. Although these features are less 559 

common, their analysis may be an important complementary method for palaeoflow 560 

definition, or even the main method in cases where folds and faults are lacking, as in 561 

some debris flows (evolved MTDs - DF-3). However, as there are few datasets where 562 

intrastratal slickenlines, oriented clasts, grooves and scratch marks and boudins were 563 

analysed, further studies are required to verify their applicability in defining 564 

palaeoflows. 565 
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In more or less coherent/cohesive MTDs (slide/slump to blocky-flow - DF-1 and 566 

DF-2), bedding orientations are relatively easy to collect data, while within diamictite 567 

MTDs (debris flow - DF-3) banded matrix can be an important feature that acts as a 568 

marker for other deformation (folds, faults, and others). In some localities, tilted 569 

bedding and banded matrix may be the main features indicative of deformation in the 570 

MTD. Therefore, we suggest that they should be analysed with caution, and preferably 571 

only in combination with other structural data for palaeoflow analysis. 572 

The palaeoflows indicated by different structures in the same MTD outcrop may 573 

be parallel or normal (Fig. 8A); however, in most cases the palaeoflows tend to be 574 

parallel to oblique (≤45°). These include outcrops with two or more analysed structures; 575 

for the latter case the angular relationship between palaeoflows may vary little or 576 

widely. In most outcrops, no clear lateral or vertical variation of structural distribution 577 

and orientation were identified. Alternatively, the compared palaeoflows may be 578 

obtained from structures that occur in the same interval of an outcrop. The palaeoflow 579 

of the MTD from outcrop 4 is the only transport direction defined from structural 580 

datasets analysed in two different intervals of one MTD, that include the lower (base; 581 

including overlapping interval deformed at the contact) and median intervals (middle). 582 

In general, the palaeoflows from different structures are slightly oblique, ranging from 583 

parallel to oblique. However, at the base interval the palaeoflows from faults and folds 584 

are parallel with each other and oblique to the bedding palaeoflow. While in the middle 585 

interval, the palaeoflow from different structures are parallel to subparallel. The 586 

resulting palaeoflow corresponds to the ‘general’ or main palaeoflow (toward 240°) for 587 

the MTD at locality 4 (Fig. 9). Whereas, when each interval is analysed separately the 588 

resulting palaeoflows are slightly oblique (toward 250° and 229° at the base and middle 589 
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intervals, respectively) and indicate a vertical variation of flow within the MTD, although 590 

both show a general trend toward the SW.  591 

Strain variations within the MTD created during the flow  may be associated with 592 

slope and sea-floor morphology (e.g. Ogata et al., 2019), together with modification 593 

and rotation of structures during flow (e.g., Alsop and Marco, 2012, 2013, 2014). The 594 

nature and/or geometry of structures such as oriented clasts depends on shear 595 

distribution in the matrix (e.g., Ogata et al., 2014b; Sobiesiak et al., 2016) and may 596 

also explain the variations of palaeoflow indicated by different structures.  597 

The vertical variation of palaeoflow identified in the MTD of locality 4 suggests 598 

a vertical strain partitioning related to vertical difference of flow and shearing as a result 599 

of the style of basal interaction beneath the MTD (e.g., Cardona et al., 2020). The 600 

interaction between the base interval of the MTD at locality 4 and the overlying deposit 601 

is similar to continuous no-slip substrate deformation of Sobiesiak et al. (2018), which 602 

may result in differences of shear stress, flow velocity and direction between the basal, 603 

middle and upper interval of a MTD (e.g., Strachan, 2008; Cardona et al., 2020). Most 604 

of the strain during mass flow is believed to accumulate where maximum shear stress 605 

develops at the basal interval (e.g. Middleton and Hampton, 1976; Elverhøi et al., 606 

1997). However, the representativity of datasets of some structures must be 607 

considered in some cases. Here, the evaluation of structures and related palaeoflow 608 

robustness through the number of data, preferential orientation, and number of 609 

methods may help qualify the representativity of some datasets. 610 

Simple models of MTDs consider that the head (extensional) and toe 611 

(contractional) zones show relatively uniform displacement along the strike of the 612 

structure related to layer-parallel shear (LPS), while the lateral margins are marked by 613 

pronounced along-strike variation in displacement related to layer-normal shear (LNS) 614 
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(e.g., Farrell, 1984; Farrell and Eaton, 1987; Alsop and Marco, 2011, 2014; Armandita 615 

et al., 2015; Alsop et al., 2020). Although folds at two outcrop localities (localities 1 and 616 

4) were identified as being the result of LNS, the criteria for recognizing lateral margins 617 

of MTDs proposed by Debacker et al. (2009) are not satisfied by the limited dataset of 618 

folds and/or faults. In addition, MTDs may develop secondary flow cells related to 619 

variations in rates of downslope movement, which may generate local areas of LNS 620 

within MTDs (Alsop and Marco, 2014). Therefore, lateral margins of MTDs were not 621 

identified due to the limited exposure of outcrops.  622 

In general, the application of as many methods as possible will better constrain 623 

the palaeoslope from MTD structures (e.g. Woodcock, 1979; Strachan and Alsop, 624 

2006; Debacker et al., 2009; Alsop and Marco, 2012; Sharman et al., 2015). 625 

Furthermore, some studies have concluded that the analysis of more than one kind of 626 

structure also improves the reliability of palaeoslope definition (e.g. Debacker et al., 627 

2009; Sharman et al. 2015). Through a careful analysis of the geometry, spatial 628 

relationships and kinematics of the structures, and the application of several methods 629 

at the same locality, it was possible to obtain reasonable estimates of palaeoflow. 630 

However, due to the limited exposure it was not possible to study different portions or 631 

the MTDs as a whole. Therefore, the palaeoflow obtained in each locality is considered 632 

a local trend of the respective MTD. These palaeoflows display mostly narrow 633 

confidence (70% with confidence interval 95% of ±20° or less; Fig. 8B) and moderate 634 

robustness (about 70%; Fig. 9 and Appendix B). The number of structures analysed 635 

and methods applied compensated the number and/or dispersion of data, the 636 

complexity of deformation and variation of palaeoflow obtained from each structure.  637 

The palaeoflow of different MTD outcrops in the same region and stratigraphic 638 

level may display similar general trends. Within the T1 interval, localities 4 and 5 show 639 
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MTDs with oblique palaeoflows, yet they show moderate robustness and indicate a 640 

general flow towards the W (Fig. 9). The MTD of locality 6 revealed a palaeoflow with 641 

moderate robustness towards the SW, which is slightly oblique to the palaeoflow 642 

direction obtained by Amato (2017) using anisotropy of magnetic susceptibility (AMS) 643 

in the same diamictite (Fig. 9). Two MTD localities (3 and 8) within T2 were analysed 644 

in the northern and central regions of the studied outcrop belt respectively. Both MTDs 645 

show good robustness (locality 3 with strong and locality 8 moderate robustness) and 646 

a general flow towards the N (NE and NNW, respectively), though the localities are 647 

positioned several hundreds of km apart (Fig. 9). 648 

 In the northern region, two separate MTD units (localities 1 and 2) from the T3 649 

interval have slightly oblique palaeoflows, with a general transport direction towards 650 

the SW (Fig. 9), both with moderate robustness. Within T3 in the central region, locality 651 

7 show asymmetric folds and sigma structures (sheared intrabasinal clasts) that 652 

suggest a mass-flow direction to the SW (Fig. 9). However, this palaeoflow is 653 

considered non-robust, as fewer structures were described and these are inaccessible 654 

for direct measurement. On the other hand, at locality 9, the inferred palaeoflow 655 

direction is toward the NE and this shows strong robustness. 656 

In the southern region (between Aurora and Witmarsum; Fig 9), MTDs from 657 

localities 10 to 12 (T3 interval) have palaeoflows with moderate to strong robustness 658 

ranging from the NE and NW that suggest a general flow towards the N. The AMS 659 

results from Amato (2017) for the MTD of locality 12 also indicate palaeoflow toward 660 

NNW, which is oblique (<45°) to the palaeoflow defined from structures. MTDs from 661 

localities 13 to 17 (T3 interval), further to the south, display a radial palaeoflow pattern 662 

ranging from WNW to SW (Fig. 9) with mostly moderate robustness, which indicate a 663 
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general trend towards the W in agreement with other MTD palaeflows derived from 664 

AMS data (Amato, 2017).  665 

Considering that each MTD outcrop palaeoflow corresponds to a local transport 666 

direction, the variations of palaeoflow between MTDs in the same region and 667 

stratigraphic interval may result from the different factors and conditions previously 668 

cited. This includes structural generation and modification during the flow in different 669 

regions of the MTD and conditions of confinement, which may result in lateral and/or 670 

vertical strain partitioning (e.g., Frey-Martínez et al., 2006; Strachan and Alsop, 2006; 671 

Alsop and Marco, 2012, 2013, 2014; Sharman et al., 2015; Ogata et al., 2016, 2019; 672 

Sobiesiak et al., 2016; Alsop et al. 2020). These variations in palaeoflow can result 673 

from local irregularities in the slope and sea-floor morphology (e.g., Amerman et al., 674 

2011; Ogata et al., 2012b, 2019; Alsop and Marco, 2014; Alves, 2015; Dalla-Valle et 675 

al., 2015; Jablonská et al., 2016). Dataset representativity related to limitations of MTD 676 

exposure were qualified through statistical analysis, which may explain some of the 677 

wider divergences in estimated palaeoflow identified between MTDs in the same 678 

region and stratigraphic level (i.e., localities 7 and 9). Nevertheless, the close 679 

orientation between palaeoflows of different MTDs in the same region and stratigraphic 680 

interval may represent the general gradient of the palaeoslope or sea-floor with respect 681 

to the depocenter. Therefore, this possibility must also be considered, especially in 682 

palaeogeographical studies. 683 

 With regard to the deformational facies, though the coherent slide MTD 684 

(incipient – DF 1) of locality 15 shows a palaeoflow with weak robustness due to the 685 

small dataset, no clear relationship between the robustness of data and flows was 686 

identified. However, the palaeoflow definition may depend on the diversity and amount 687 

of deformation structures within the MTD, which is related to the degree of deformation 688 
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and disaggregation of the remobilized sediments (e.g., Martinsen, 1994; Ogata et al., 689 

2012a). Slumps (incipient - DF-1 and mature – DF-2) and blocky-flows (mature - DF-2 690 

and evolved – DF-3) tend to show a large amount and variety of structures compared 691 

to slides due to degree of deformation. Blocky-flows rich in matrix and debris flows 692 

(evolved DF-3) also tend to show a large variety of structures, but smaller amounts as 693 

sediment disaggregation may obliterate initially formed structures. 694 

Location for Fig. 8. 695 

4.1.1. Folds versus faults, which is more reliable and robust for palaeoflow definition? 696 

Folds are the most commonly used structure to define palaeoslope from MTDs 697 

and are generally considered the most reliable (e.g., Jones, 1939; Woodcock, 1979; 698 

Strachan and Alsop, 2006; Debacker et al., 2009; Alsop and Marco, 2012; Ogata et 699 

al., 2014b; Sharman et al., 2015; Alsop et al., 2016; Sobiesiak et al. 2016; Jablonská 700 

et al., 2018; Naji et al., 2018). Faults are the second most commonly used structure to 701 

define palaeoslope (e.g., Farrell, 1984; Debacker et al., 2009; Ogata et al., 2014b; 702 

Sharman et al., 2015; Alsop et al., 2016; Jablonská et al., 2016, 2018; Sobiesiak et al., 703 

2016).  704 

The palaeoflow orientation obtained from folds shows confidence intervals with 705 

similar ranges to the palaeoflow derived from faults, with both cases being derived from 706 

one or more methods (Table 4). Datasets of fault and fold elements show similar 707 

degrees of preferred orientation and confidence (Table 3; Fig. 3F and 4G). However, 708 

techniques to determine palaeoflow using folds display narrow confidence intervals 709 

(Fig. 3G) compared to faults (Fig. 4H).  710 

Both folds and faults also show similar and variable datasets and palaeoflow 711 

robustness, although faults are slightly more robust than folds (Table 3). The geometry 712 

of folds and their associated complexity has no clear influence on the robustness of 713 
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the dataset or palaeoflow; however, the combination of preferential orientation and the 714 

number of measurements is important for the reliability of the results. Some datasets 715 

of different kinds of folds show similar robustness, such as the simple LPS upright 716 

symmetrical folds of locality 17 and the more complex LNS folds of locality 1 (Fig. 3A 717 

and 3C, respectively; Appendix A). However, the palaeoflow of localities 1 and 17 show 718 

strong and moderate robustness, respectively (Appendix B). Furthermore, folds of 719 

locality 11 (Fig. 3D) show a similar number of measurements and dataset robustness 720 

to locality 17, but palaeoflow displays strong robustness against moderate robustness 721 

of locality 11 (Appendix A and B). These variabilities seem to relate to the number of 722 

methods applied rather the number of measurements. Alternatively, the diapiric folds 723 

of locality 3 (Fig. 3E) show strong robustness despite a lower preferential orientation 724 

compared, for instance, with the folds of localities 13 and 17 with moderate robustness 725 

(Fig. 3A and 3B). This seems to be the result of a larger dataset that compensated for 726 

the weak preferred orientation (Appendix A). Although more complex folds (as from 727 

locality 1 and 3, Fig. 3C and E) tend to show weaker preferred orientation than simple 728 

folds (as from locality 13 and 17, Fig. 3A and 3B), more methods can be applied to the 729 

complex folds. Many authors recommend the application of several techniques (e.g., 730 

Debacker et al., 2009; Alsop and Marco, 2012; Sharman et al., 2015), and this 731 

increased number of methods may control the confidence interval (95%).  732 

Fault datasets and palaeoflow robustness is controlled by the number of data 733 

and preferential orientation associated with geometry (as straight and subparallel, 734 

conjugated, anastomosing clusters), instead of kinematics (normal, reverse or 735 

undefined; Fig. 4A-4F; Appendix A). Fault sets with simpler patterns tend to show 736 

better robustness, such as faults from localities 10 (Fig. 4B) and 17 (Fig. 4A) compared 737 

to faults of locality 16 (Fig. 4C). However, fewer methods can be applied to some 738 
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simpler datasets (as from locality 17; Fig. 4A) when compared to more complex 739 

datasets (as from localities 9 and 12; Fig. 4D and 4E), and this may affect the 740 

robustness of the transport direction and its confidence interval. 741 

Faults generally seem to be an easier structure to analyse compared to folds, 742 

and methods of fault analysis typically indicate a broad transport sense (cf. Debacker 743 

et al., 2009). Normal faults within the toe and central zone of MTDs tend to be at high 744 

angles to the transport direction, but may also be generated parallel to flow (Alsop and 745 

Marco, 2011). Folds on the other hand may show complex orientation patterns and 746 

require careful analysis and, even then, may result in more than one interpretation. 747 

This can be related to several factors, such as variable angles of fold initiation, variable 748 

amounts of fold hinge and axial plane rotation, interaction between adjacent MTDs 749 

(Alsop et al., 2020), second-order flow cells (see Alsop and Marco, 2014), and variable 750 

gradient or transport directions that may change with time (Alsop et al., 2020).  751 

The orientation of faults and folds with respect to each other was analysed using 752 

a different approach. For cases where folds show more than one possible 753 

interpretation, we analysed their orientation with respect to normal and reverse faults 754 

that share parallel strikes and opposing dip directions. This arrangement of faults is 755 

here considered more likely to represent the sense and direction of transport, where 756 

the fault strike is sub- parallel to the gradient strike. This analysis allowed us to reduce 757 

the possible interpretation for folds in the same locality, as well as, to define with more 758 

confidence the sense and direction of transport even in localities where just faults were 759 

identified. 760 

By comparing the orientation of palaeoflow derived from faults and folds from the 761 

same locality, we verified a wide range of differences in orientation (Fig. 4I). However, 762 

in most cases this angle is less than 30° (Fig. 4I), therefore most folds and faults 763 
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palaeoflow are parallel or only slightly oblique to one another. These difference in 764 

orientation may result from structural generation and modification during the flow (e.g., 765 

Frey-Martínez et al., 2006; Strachan and Alsop, 2006; Alsop and Marco, 2012, 2013; 766 

Ogata et al., 2019; Alsop et al., 2020), which can be influenced by local irregularities 767 

in the slope and sea-floor morphology (e.g., Alves and Cartwright, 2010; Amerman et 768 

al., 2011; Ogata et al., 2012; Alsop and Marco, 2014; Alves, 2015; Armandita et al., 769 

2015; Dalla-Valle et al., 2015; Jablonská et al., 2016). 770 

Based on all these observations, the conclusion is that, in general, folds and faults 771 

display similar quality and robustness. Differences in robustness and palaeoflow 772 

orientation between these structures may depend on sampling (e.g., Debacker et al., 773 

2009), which may affect the interpretation. Careful analysis of structures permits the 774 

palaeoflow to be obtained with equal significance from both structures. However, as 775 

fold geometry is more complex than faults, the selection of appropriate methods of 776 

palaeoflow definition may be more difficult for folds. 777 

 778 

4.2. Meaning of MTD palaeoflow for palaeographic studies 779 

Several studies have defined the orientation of a parental palaeoslope by using 780 

MTD structures (e.g., Farrell, 1984; Farrell and Eaton, 1987; Martinsen, 1989; 781 

Strachan and Alsop, 2006; Debacker et al., 2009; Alsop and Marco, 2012; Sharman et 782 

al., 2015; Alsop et al., 2016; Jablonská et al., 2016, 2018; Naji et al. 2018).However, 783 

MTDs may show a main flow direction combined with local variations related to 784 

different factors, such as the previously mentioned structural generation and 785 

modification and/or slope and sea-floor morphology (Fig. 10) (e.g., Strachan and 786 

Alsop, 2006; Alves and Cartwright, 2009; Ogata et al., 2012b; Alfaro and Holz, 2014; 787 

Alsop and Marco, 2014; Alves, 2015; Dalla-Valle et al., 2015; Jablonská et al., 2016; 788 
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Ogata et al., 2019; Alsop et al., 2020). For instance, some studies demonstrate that 789 

regional variation of MTDs palaeoflow within the same stratigraphic level is associated 790 

with palaeogeography and palaeoslope orientation (e.g., Alsop and Marco, 2012). 791 

Regional to local variation of MTDs palaeoflow through a sequence in the same 792 

stratigraphic level may reflect temporal or spatial changes in flow, or the sampling of 793 

variably oriented structures associated with the frontal and lateral margins of broadly 794 

elliptical-shaped failures (Alsop et al., 2020).  795 

MTDs can result from gravitational mass flows with long runout distances (e.g., 796 

Elverhøi et al., 2002; Lamarche et al., 2008; De Blasio and Elverhøi, 2011). Such flows 797 

may lose the influence of palaeoslope azimuth and reorient because of sea-floor 798 

topography or depocenter location (Fig. 10) (e.g., Gee et al., 1999; Bull et al., 2009; 799 

Alves and Cartwright, 2010). They may travel over more or less flat areas of the 800 

seafloor (e.g., Lamarche et al., 2008; Joanne et al., 2013), or even show some upslope 801 

movement (i.e., in the toe region) due to flow towards an obstacle (Fig. 10) (i.e., mud 802 

diapir; e.g., Alfaro and Holz, 2014). Therefore, MTD flow may or not represent the 803 

palaeoslope azimuth, as well as other gradients related to the slope and/or seafloor 804 

morphology (Fig. 10). When gravitational mass flows are transported (partially or 805 

totally) down gentle gradients and over flatter areas, the flow direction may or may not 806 

indicate the original slope. This will depend on various situations, such as: lateral 807 

confinement of the mass flow (e.g., Ogata et al., 2019); presence of obstacles (i.e., 808 

structural highs, mud or salt diapirs, and others) that may change the flow direction 809 

(e.g., Storegga Slide; Lamarche et al., 2008; Dalla-Valle et al., 2015). The 810 

coherency/cohesion of mass flows which may vary from slides and slumps to less 811 

coherent debris flows (e.g., Ogata et al., 2012a), may result in less coherent mass 812 

flows spreading more easily in the downslope toe zone, or in non-confined areas 813 
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(e.g.,Lucente and Pini, 2003; Frey-Martinez et al., 2006; Lamarche et al., 2008; Bull et 814 

al. 2009). 815 

As individual MTDs may show variation in palaeoflow, it is advisible to consider 816 

the palaeoflow as an indicator of local gradient rather than using it to define the regional 817 

slope. The definition of the regional gradient requires the study of several MTDs in the 818 

same region and stratigraphical interval, together with stratigraphic data (such as 819 

paleocurrents, facies association, contact with other deposits) and, when possible, 820 

tectonic data, as tectonic structures may have been active during deposition of MTDs. 821 

Only a few studies have integrated MTD structures with paleocurrents of associated 822 

deposits, for example, to better define the palaeoslope and its paleogeographic 823 

implications (e.g., Strachan and Alsop, 2006).  824 

Where MTDs are well-exposed, the collection of structural data from different 825 

parts of the same MTD may allow a consistent definition of palaeoflow and related local 826 

palaeoslope. However, where MTDs are exposed in disconnected or isolated outcrops, 827 

as is the case of the present study, it is usually impracticable to analyse each of them 828 

as a whole or even different parts of an MTD. In such cases, we suggest that each 829 

outcrop dataset is analysed separately; and the data then integrated between different 830 

outcrops that can be correlated. The palaeoflow results obtained in each MTD outcrop 831 

should be considered as local indicators that may represent the local palaeoslope. In 832 

this scenario, the study of several outcrops of MTDs, within a region and similar 833 

stratigraphic level, together with the evaluation of datasets and respective palaeoflow 834 

robustness, may help to define the regional palaeoslope and local variations with some 835 

reliability. The results allow some general inferences about the palaeogeography and 836 

palaeogeomorphology, although the origin of variations in palaeoflow such as flow 837 
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blocking by structural or frontal/lateral confinement will depend on the amount of 838 

exposure. 839 

In some regions and stratigraphic intervals studied here, there are few MTD 840 

outcrops with preserved structures (outcrop localities: 4, 5 and 6 in T1; 3 and 8 in T2; 841 

7 and 9 in T3), so for these cases it is not possible to infer the orientation of the regional 842 

palaeoslope or seafloor. Even so, the palaeoflow of most of these MTDs outcrops is 843 

considered to reliably indicate the local palaeoslope, with the datasets showing mostly 844 

moderate robustness. In the region of Alto do Amparo, localities 4 and 5 within the T1 845 

interval (Fig. 9) palaeoflows with a normal to slightly oblique orientation with respect to 846 

nearby turbidites. These turbidites show palaeocurrents mostly towards the NW with 847 

some NE dispersion, that may be related to irregularities of the palaeomorphology 848 

(Juk, 2016). Considering that MTD of locality 5 is overlain by MTD outcrop 4 and both 849 

were locally analysed, the difference in palaeoflow between these two MTD outcrops 850 

can be the result of irregular physiography, which could be created by MTD 5. 851 

However, these differences in palaeoflow may also relate to other aspects including 852 

internal flow variations related to structural generation and modification within different 853 

portions of the MTD (e.g., Alsop et al. 2020), conditions of confinement of the 854 

sediments during the flow (e.g., Ogata et al., 2019), and limited data collection (e.g., 855 

Debacker et al., 2009). Although, no variation in structural orientation or evidence of 856 

confinement was identified, a general trend towards the W can be indicated for the 857 

local palaeoslope. Further south, the MTD of locality 6 within T1 (Fig. 9) shows 858 

palaeoflow toward the SW that diverges widely from palaeocurrents in the fluvial-859 

deltaic deposits in the surrounding area, that indicate flows going towards the N and 860 

NW (Beraldin, 2014; Rosa et al., 2019). This divergence in orientation may indicate 861 
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some local variation in the palaeomorphology, although further investigation is 862 

required. 863 

The local palaeoflow of MTD 8 (within T2; Fig. 9) is subparallel or slightly oblique 864 

to palaeocurrents indicated by cross-stratified sandstones interpreted as proglacial 865 

fluvial and delta-plain deposits (Suss et al., 2014; Carvalho and Vesely, 2017). 866 

According to Carvalho and Vesely (2017), the MTDs (commonly containing sandstone 867 

blocks of fluvial and deltaic origin) result from mass-failures triggered by sediment 868 

supply and loading. This develops during base-level rise and is related to progradation 869 

of deltaic systems (e.g., Suss et al., 2014) with stacking patterns indicative of normal 870 

regression. The general similarity between the palaeoflow of MTD 8 and the fluvio-871 

deltaic palaeocurrents may indicate that the mass-flow was influenced by the deltaic 872 

clinoform at the studied locality. 873 

At locality 3, the local palaeoflow indicated by diapiric folds in rhythmite (within 874 

T2; Fig. 9) is oblique or normal to palaeocurrents of proglacial fluvial and delta-plain 875 

deposits that lie directly on the deformed deposit (Vesely and Assine, 2006). Although 876 

it is not a fully-developed MTD, folds in this deformed deposit show vergence toward 877 

the N and NE and suggest a local mass movement. The difference in flow orientation 878 

with palaeocurrents may be related to the nature and development of the diapiric folds, 879 

which may not precisely reflect the palaeoslope, and/or data collection being limited to 880 

the exposure area. These diapiric folds are considered to result from local shear 881 

stresses influenced by loading. 882 

Within the T3 interval in the central region of the studied outcrop belt, MTDs of 883 

localities 7 and 9 show an opposed palaeoflow direction towards the SW and NE, 884 

respectively (Fig. 9), The palaeoflow of MTD 9 is much more reliable than MTD 7 as it 885 

displays a strong robustness compared to the non-robust MTD 7. However, fluvio-886 
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deltaic palaeocurrents near locality 9 are not available for this time interval. The nearest 887 

data are westward-directed current ripples and flute casts from underlying turbidites 888 

which are exposed 60 km to southwest, and which were deposited on a west-directed 889 

slope (Fallgatter, 2015). The distance between these deposits weakens any 890 

correlations, which are also complicated by the MTD palaeoflow being influenced by 891 

the previously cited situations such as irregular physiography and data collection. 892 

The correlation between palaeoflow of MTDs and information gained from the 893 

depositional evolution of adjacent sediments may allow inferences about the regional 894 

palaeoslope to be made, even where few cases were analysed. MTDs of localities 1 895 

and 2, in the northern region (within T3; Fig. 9) show palaeoflows that are in agreement 896 

with palaeocurrents from outwash and fluvio-deltaic facies formed both below and 897 

above the MTDs (Mottin et al., 2018). Both outcrops are part of the stratigraphical and 898 

palaeogeographical study presented by Mottin et al. (2018). These authors suggest 899 

that the emplacement of mass-transport deposits at different times results from 900 

instabilities related to isostatically-driven tectonic forces and associated base-level fall 901 

that caused the remobilization of previously accumulated glaciomarine deposits. 902 

Although, the palaeoflow of MTDs represents the local palaeoslope, the similarity of 903 

flow with other associated deposits allows us to suggest a general palaeoslope toward 904 

SW for that particular interval. 905 

Several outcrops of different MTDs from the T3 interval were analysed in the 906 

southern region (between Witmarsum and Alfredo Wagner; Fig. 9) and significant 907 

variation in the orientation of palaeoflows was identified, most of them with moderate 908 

robustness. Although a larger number of MTD outcrops would be more revealing for 909 

such a large region, some patterns emerged and suggest the main trends for the 910 

northern and southern portions of the region. Within this interval, all outcrops (except 911 
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for locality 11) are placed above the Lontras shale and may comprise a MTC (mass 912 

transport complex, sensu Ogata et al., 2014a) in the upper Rio do Sul Formation. 913 

These MTDs can be divided in three groups of observed palaeoflow patterns, namely, 914 

from south to north: ranging from SW to the WNW (localities 13 to 17), to the NW and 915 

NE (localities 10 and 12) (Fig. 9). The MTD of locality 11, below the Lontras Shale, 916 

shows paleoflow toward the NNE, a trend close to MTDs deposited above this shale, 917 

between Witmarsum and Aurora (Fig. 9). Palaeoslopes dipping to the W and SW 918 

correspond well with a depocenter located in Santa Catarina state at that time (Rio do 919 

Sul sub-basin), where isopachs of T3 (Rio do Sul-Taciba Formation) reach a 920 

maximum. In this southern region, fluvial and delta-plain palaeocurrents developed 921 

above the MTC are preferentially toward the W, with some variations to the SSW and 922 

NW (Schemiko et al., 2019), whereas turbidity currents from below the MTC flowed 923 

toward the NW with local variation to the SW (Fallgatter, 2015; Schemiko et al., 2019). 924 

Therefore, MTDs with palaeoflow to SW and W are in agreement with fluvial/deltaic 925 

palaeocurrent patterns, suggesting a close relationship between shoreline 926 

progradation and subaqueous slope development (Fig. 10A, 10B, 10D and 10E). 927 

However, MTD palaeoflows toward the N (NW and NE) may reflect local changes in 928 

mass flow paths, which could be related to topographic control (Fig. 10F), but may also 929 

have acted in a more regional way since this flow trend occurs in the northern portion 930 

of the southern region (Fig. 9). Another aspect identified in this region is the similar 931 

orientation between paleocurrents of fluvio-deltaic deposits and the palaeoflow of 932 

slide/slump to blocky-flow MTDs (incipient to mature MTDs – DF-1 and DF-2; Fig. 9 – 933 

localities 13, 15, 16, 17). Conversely, the palaeoflow of some blocky to debris-flow 934 

MTDs (mature and evolved MTDs – DF-2 and DF-3; Fig. 9 – localities 10, 12, 14) 935 

diverges from the fluvio-deltaic paleocurrents. Although the palaeoflows consist of local 936 
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indicators, these observations can be related to the runout aspect of mass-flows, 937 

where debris flows may show long runout distance (e.g., De Blasio and Elverhøi, 2011) 938 

and have their orientation controlled more by sea-floor topography or depocenter 939 

location rather than the palaeoslope azimuth (Fig. 10G; e.g., Gee et al., 1999; Bull et 940 

al., 2009; Alves and Cartwright, 2010). Even so, the variations in palaeoflow observed 941 

in the southern region may be related in some degree to different factors, including the 942 

limited degree of exposure, structural generation and modification during mass flow, 943 

radial spreading characteristics of MTDs, lateral/frontal confinement and local changes 944 

in the topography. 945 

Location for Fig. 10 here. 946 

5. Conclusions 947 

Our study of deformational structures within MTDs of the Itararé Group has 948 

enabled us to evaluate their use in defining MTD palaeoflow in areas of limited 949 

exposure. In addition, we were able to define the local palaeoslope orientation for each 950 

locality, outline some implications for palaeogeography and enhance ongoing 951 

discussions about the evolution of the Paraná Basin during deposition of the Itararé 952 

Group. The following points highlight this in greater detail.  953 

1) Through careful analysis of the geometry and orientation of deformational 954 

structures generated in gravity-induced mass flows (including coherent 955 

slide/slumps to debris flows), it is possible to define the orientation of the original 956 

palaeoslope. Limitations are related to outcrop exposure and palaeoflow 957 

variation within MTDs, which may be related to structural generation and 958 

modification during flow, lateral/frontal confinement and irregularities in slope 959 

and seafloow morphology. However, we consider the data from structures in 960 
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MTDs with limited exposure to indicate the orientation of the palaeoslope at a 961 

local scale.  962 

2)  Field observations including structural geometry and a large number of 963 

measurements are important to guarantee representativity of datasets, 964 

particularly for MTDs with limited exposure. In many cases, the dataset 965 

limitations related to number of data was compensated by preferential 966 

orientation (usually related to structural geometry), and vice-versa. The 967 

combination of statistical analysis of structural datasets, palaeoflow from each 968 

kind of structure and each MTD outcrop palaeoflow allowed us to define data 969 

reliability.  970 

3) Fault and fold datasets from the same locality allow the azimuth of the 971 

palaeoslope to be calculated with similar robustness. However, the complexity 972 

of the data collected (folds and/or faults) related to the geometry and orientation 973 

of the structure may affect the selection of appropriate methods of palaeoflow 974 

definition and the robustness.  975 

4) Beside faults and folds, the orientation data and/or kinematics of other 976 

structures such as boudins, oriented intrabasinal and extrabasinal clasts, and 977 

quarter structures may aid understanding of the flow and help define the 978 

parental palaeoslope. For studies of MTDs with limited exposure, the sampling 979 

of as many structures as possible may be essential to avoid ambiguous 980 

interpretations sometimes provided by folds or faults alone. In mature MTDs 981 

(DF3) or debris flows, other structures may be the only indicators of flow and 982 

may display reasonably good robustness for defining palaeoslopes.  983 

5) The analysis of MTD structures allows us to reliably define local palaeoslope 984 

azimuths for different localities in different stratigraphic levels of the Itararé 985 
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Group. The MTD palaeoflows when combined with the palaeocurrents allows 986 

us to establish some general regional patterns for the palaeoslope in some 987 

regions. At the northern region studied, palaeoflow of T3 indicates a general 988 

orientation toward the SW. In the southern region, MTD palaeoflow ranges from 989 

SW to NNE from south to north across this region, with a general orientation 990 

toward the W. There is a depositional relationship between mass-transport 991 

deposits and progradational fluvio-deltaic systems identified in the southern 992 

region by Schemiko et al. (2019). Therefore, we can suggest that the MTD 993 

palaeoflow of this region tends to reflect the general azimuth of the palaeoslope, 994 

which corresponds to the progradational-aggradational clinoform system.  995 

6) For palaeogeographic studies, it is recommended that several MTDs, at the 996 

same stratigraphic interval and region, are analysed regardless of exposure. 997 

Through the information gained from several MTDs, it is possible to more 998 

concisely define the main orientation of the original palaeoslope. In addition, 999 

some local variations in palaeoslope orientation and possible controls may be 1000 

identified. 1001 

7) For the analysis of MTD kinematic indicators we suggest the term palaeoflow 1002 

rather than palaeoslope. MTDs can be generated on the slope or gentle 1003 

gradients on the seafloor and influenced by irregularities in the physiography. 1004 

Thus, MTD palaeoflow should be discussed as the palaeoslope indicator. When 1005 

compared to other kinds of data such as palaeocurrents of associated deposits, 1006 

stratigraphical relationship with other deposits, isopach maps, tectonic 1007 

structures, the palaeoslopes defined from MTDs palaeoflow can be identified as 1008 

the palaeoslope and indicate irregularities in their morphologies. Therefore, 1009 
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MTDs palaeoflow are a potential palaeomorphological and palaeogeographical 1010 

tool. 1011 
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Fig. 1: Location map and stratigraphic setting of the study area in the Paraná Basin of 1302 

southern Brazil (Modified from Rodrigues et al. 2020). The geographic location, 1303 

stratigraphic position and type of deformation facies of each examined mass-transport 1304 

deposit are indicated by numbers and symbols respectively.  1305 
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Fig. 2: Different types of structures associated with mass movements. A) Open and 1307 

asymmetrical fold (Locality 1). B) Closed and asymmetrical fold (Locality 11). C) 1308 

Diapiric folds with preferential vergence resulting from loading of sandstone over 1309 

rhythmite combined with shearing (Locality 3; modified from Vesely, 2006). D) Reverse 1310 

fault with associated drag fold (Locality 12). E) Normal faults (Locality 17). F) 1311 

Displacement surface with slickenlines in continuous clay smear (Locality 8). G) Clay-1312 

sand smear with SC-like feature (Locality 9). H) Reverse anastomosed fault zone 1313 

(Locality 12). I) Sandy injectites in the form of sills and dikes (Locality 1). J) Asymmetric 1314 

boudins (Locality 10). K) Oriented sandstone clasts (Locality 14). L) Grooves/scratch 1315 

marks at the margin of intrabasinal clasts (Locality 6). M) Quarter structure around a 1316 

granite clast (Locality 10). N) Heterogeneous matrix with discrete 1317 

textural/compositional banding (banded matrix; Locality 8). Photographs B, C and E 1318 

represent incipient MTDs (DF-1); photographs A, I, J and M are examples of mature 1319 

MTDs (DF-2); and photographs D, F, G, H, K, L and N correspond to evolved MTDs 1320 

(DF-3). Refer to Fig. 1 for locations. 1321 

 1322 

Fig. 3: Example of fold sets studied with stereograms and graphs (axial planar dip 1323 

angle versus interlimb angle), with indication of transport direction (shown in the 1324 

stereograms by arrows) obtained through each applied method (as indicated by 1325 

acronyms): A) Gentle and symmetrical folds generated by LPS (locality 17); B) 1326 

Asymmetrical folds generated by LPS with positive relationship between axial planar 1327 

dip and interlimb angle indicating possible progressive deformation (locality 13); C) 1328 

Asymmetrical folds generated by LNS with relatively positive relationship between axial 1329 

planar dip and interlimb angle indicating possible progressive deformation (locality 1); 1330 

and D) Recumbent folds, with close interlimb angle, generated by LNS (locality 11). E) 1331 
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Diapiric folds that show a positive relationship between axial planar dip and interlimb 1332 

angle indicating progressive deformation (locality 3). The number of data (N) is 1333 

indicated next to each stereogram. Histograms of all fold datasets: F) indicating the 1334 

confidence interval (95%) of fold elements (hinge, axial plane and facing); and G) 1335 

indicating the confidence interval (95%) of the average transport direction of each fold 1336 

dataset (each locality). For some fold datasets it was not possible to obtain  confidence 1337 

intervals (95%) due to limited number of measurements: 23% of hinges, 22.2% of axial 1338 

planes and 11.1% of facing; and 21.4% of folds average transport direction.   1339 

 1340 

Fig. 4: Example of fault datasets stereograms: A) Normal faults with single cluster 1341 

(locality 17), possible antithetic faults (with respect to regional information from  1342 

palaeocurrents of adjacent deposits) associated with major normal fault; B) Normal 1343 

faults with conjugate parallel patterns (locality 10), in which the main cluster was 1344 

identified as the synthetic faults with respect to other kinematic indicators; C) Normal 1345 

faults with conjugate oblique patterns (locality 16); D) Normal, reverse and unidentified 1346 

faults that show more or less parallel strike, while normal and reverse faults show 1347 

opposing dip directions that indicate flow toward the NE (locality 9); E) Normal, reverse 1348 

and unidentified faults, of which normal and reverse faults show parallel strike and 1349 

opposing dip directions indicating flow toward the NE (locality 12); F) Reverse fault and 1350 

faults of unidentified kinematics (some intrastratal) with slickenlines (locality 4). 1351 

Histograms of all fault datasets: G) indicating the confidence interval (95%) of faults 1352 

and slickenlines; and H) indicating the confidence interval (95%) of the average 1353 

transport direction of each fault dataset (each locality) from transport directions 1354 

obtained through different methods of palaeoslope definition (indicated in the 1355 

stereograms by arrows and method by acronym). For some fault datasets it was not 1356 
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possible to obtain  confidence intervals (95%) due to limited number of measurements: 1357 

9.5% of fault datasets; and 6.7% of fault average transport directions. I) Histogram of 1358 

angle between the orientation of average transport directions of faults and folds from 1359 

the same locality (N = 13) with indication of the range of variation. The number of data 1360 

(N) is indicated next to each stereogram. 1361 

 1362 

Fig. 5: Stereograms of injectite datasets: A) Injectites associated with continuous clay 1363 

smear and normal kinematics (locality 8); B) Dikes and associated sills (locality 13); C) 1364 

Sill and associated thicker dikes (I) generated in a first stage and thinner dikes (II) 1365 

generated during a second stage (locality 1). The number of data (N) is indicated next 1366 

to each stereogram. Histograms of injectite datasets: D) indicating the confidence 1367 

interval (95%) of injectite clusters; and E) indicating the confidence interval (95%) of 1368 

the average transport direction of injectite datasets of each locality from transport 1369 

directions obtained by comparison with other structures (indicated in the stereograms 1370 

by arrows). 1371 

 1372 

Fig. 6: Histograms of: A) the angle between the transport direction of bedding and 1373 

banded matrix with the transport direction calculated from structures; B) the angle 1374 

between the final transport direction of each locality with and without the transport 1375 

direction of bedding and banded matrix (MBSM); C) the confidence interval (95%) of 1376 

datasets of bedding and banded matrix; D) the confidence interval (95%) of the final 1377 

transport direction of each locality without MBSM - for 11.1% of cases no confidence 1378 

interval (95%) was obtained due to the limited number of measurements 1379 

(corresponding to locality 15); and E) the confidence interval (95%) of the final transport 1380 

direction of each locality with MBSM. 1381 
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 1382 

Fig. 7: A) Stereogram of asymmetric boudins with boudin faults and axes plotted and 1383 

transport directions (indicated in the stereograms by arrows) calculated from different 1384 

methods of palaeoslope analysis (indicated by acronyms; locality 10). B) Rose diagram 1385 

of slickenlines of intrastratal detachment surfaces with transport direction (indicated in 1386 

the stereograms by arrows; locality 10). C) Rose diagram of oriented extrabasinal 1387 

clasts with transport direction (indicated in the stereograms by arrows; locality 14). D) 1388 

Rose diagram of oriented intrabasinal clasts with transport direction (indicated in the 1389 

stereograms by arrows; locality 14), E) Rose diagram of grooves and scratch marks at 1390 

intrabasinal clasts with transport direction (indicated in the stereograms by arrows; 1391 

locality 6). The number of data (N) is indicated next to each stereogram or rose 1392 

diagram. F) Graph with the confidence intervals (95%) of each element of asymmetric 1393 

boudins (faults and axis) and the average transport direction of asymmetric boudins, 1394 

as well as, the confidence interval of the datasets of oriented intrabasinal and 1395 

extrabasinal clasts, grooves/scratch marks and intrastratal slickenlines. 1396 

 1397 

Fig. 8: A) Angle between the palaeoflows obtained from each structure from the same 1398 

outcrop. B) Histogram of the confidence interval of palaeoflows from the studied MTDs 1399 

(N = 16) with indication of range of variation. 1400 

 1401 

Fig. 9: Maps displaying the palaeoflow of studied MTDs, in each stratigraphic level (T1 1402 

to T3) that correspond with the azimuth of the local palaeoslope, together with 1403 

indications of confidence intervals. NM is the number of methods applied. The 1404 

palaeoflow of locality 7 shows none robustness and confidence interval, because it 1405 

was inferred from kinematic indicators, such as asymmetric folds and sigma structures, 1406 
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with the structures being inaccessible for measurements. The maps also highlight the 1407 

palaeocurrents of fluvial deltaic deposits and turbidites described in several studies 1408 

(e.g. Vesely and Assine, 2006; Beraldin, 2014; Suss et al., 2014; Juk, 2016; Amato, 1409 

2017; Carvalho and Vesely, 2017; Fallgatter and Paim, 2017; Mottin et al., 2018; 1410 

Schemiko et al., 2019; Rosa et al., 2019). 1411 

 1412 

Fig. 10: Schematic block diagram that illustrates some of the possible orientations of 1413 

MTD palaeoflow with respect to the main orientation of the parental palaeoslope and 1414 

the depocenter. In addition, some possible morphological controls in the palaeoslope 1415 

and seafloor are also shown. A) and B) Incipient and mature MTDs (DF-1 to DF-2 – 1416 

slide/slump to blocky-flows), respectively, with general palaeoflow parallel to the main 1417 

palaeoslope orientation. C) Incipient to mature MTD (DF-1 to DF-2 – slide/slump to 1418 

blocky-flows), with palaeoflow oblique to main palaeoslope orientation. D) and E) 1419 

Incipient to mature MTD and evolved MTD (DF-1 to DF-3 – slide/slump to debris flows), 1420 

respectively, with general palaeoflow parallel to the main palaeoslope orientation. F) 1421 

Incipient to evolved MTD (DF-1 to DF-3 – slide/slump to debris flows) with proximal 1422 

palaeoflow orientation parallel to the main palaeoslope orientation, and the distal 1423 

portion reoriented by a structural high. G) Mature to evolved MTD (DF-2 to DF-3 – 1424 

slump to debris flows) with proximal palaeoflow parallel to the main palaeoslope 1425 

orientation and the distal portion reoriented toward the basin depocenter. H) Incipient 1426 

to mature MTD (DF-1 to DF-2 – slide/slump to blocky-flows) developed on a slope 1427 

related to a morphological irregularity in the seafloor. F.D.D. are fluvial-deltaic deposits; 1428 

S.D. are slope deposits; and, D.M.D. are deep-marine deposits. 1429 

 1430 
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Table 1: Deformational facies based on matrix proportion, intrabasinal clasts and 1431 

deformation structures identified in the localities studied. 1432 

 1433 

Table 2: Summary of methods used to define palaeoslope orientations. 1434 

 1435 

Table 3: Structural datasets of preferred fold orientations based on Strength parameter 1436 

C and datasets, transport direction and general classification based on different 1437 

parameters indicated in Appendices A and B. 1438 

 1439 

Table 4: Confidence interval (95%) of structural datasets and transport direction 1440 

defined by methods applied to each structure. 1441 

 1442 

Table 5: Evaluation of bedding and banded matrix with respect to transport direction 1443 

defined from structures and final transport direction of each MTD. 1444 

 1445 

Appendix A 1446 

Table with evaluation of structural datasets from each outcrop locality studied (O). 1447 

Parameters analysed: number of data measured (N.d.); strength parameter C and 1448 

respective preferential orientation (P.o.); and confidence interval of 95% (c.i. ±; in 1449 

degrees). For each parameter, a classification value (c.v.) was given from which an 1450 

average classification value (c.v.’) was obtained by dataset. For each outcrop 1451 

structure, a classification value (S.D. – Structural dataset classification) from all 1452 

datasets of the same structure was obtained. From all S.D. of a locality, the outcrop 1453 

classification (O.C.) was defined, which was used in the final classification. Average 1454 

classification value (c.v.’) by dataset, structural dataset classification (S.D.) and 1455 

outcrop classification (O.C.) were obtained through mode or mean (where no clear 1456 
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mode existed) of classification values for the cited parameters or classification values. 1457 

Number of measurements and respective c.v.: N.d. ≤ 5 = 1; 5<N.d.≥10 = 2; 10<N.d.≥20 1458 

= 3; 20<N.d.≥30 = 4; 30<N.d.≥40 = 5; N.d. > 40 = 6. P.o. and respective c.v.: none = 1459 

1; weak = 2; moderate = 3; and strong = 4. Classification value for confidence interval 1460 

(95%): c.i. ≤ 10° is 5; 10º< c.i. ≥20° is 4; 20°< c.i. ≥30° is 3; 30°< c.i. ≥40° is 2; and 1461 

c.i. >40° is 1. The degrees of robustness consist of: a) no robustness (cv = 0); b) very 1462 

weak robustness (cv = 1); c) weak robustness (cv = 2); d) moderate robustness (cv = 1463 

3); e) strong robustness (cv = 4); f) very strong robustness (cv ≥ 5). 1464 

Appendix A table here. 1465 

 1466 

Appendix B 1467 

Table with evaluation of structural transport direction and final transport direction from 1468 

each outcrop locality studied (O). Parameters analysed: number of methods (N.M.) 1469 

and confidence interval of 95% (c.i. ±; in degrees). The number of methods here was 1470 

considered as a classification value and for c.i. was given a classification value (c.v.). 1471 

From these parameters of structural transport direction and the dataset classification 1472 

value (S.D.) an average classification value (c.v.’) was obtained by dataset. For each 1473 

outcrop structure a classification value (c.v.”) from all datasets c.v.’ of the same 1474 

structure was obtained. From all c.v.” of a locality an outcrop classification value 1475 

(O.C.’), which was used in the final classification was defined. From the c.v. of number 1476 

of methods applied in each outcrop and c.i. (95%) of the final transport direction an 1477 

outcrop classification (O.C”) was defined. The final classification (F.C.) considers 1478 

structural dataset classification (O.C. in Appendix A), structural transport direction 1479 

classification (O.C.’) in the structural transport direction section) and final transport 1480 

direction classification (O.C.” in the final transport direction section). The classification 1481 

value for confidence interval (95%) is the same applied in Appendix A. Each outcrop 1482 
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structure classification value (c.v.”), outcrop classification value (O.C.’), final transport 1483 

direction classification (O.C.”) and final classification (F.C.) were obtained through 1484 

mode or mean (where no clear mode existed) of classification values for the cited 1485 

parameters or classification values. The classification value for all methods applied in 1486 

each outcrop (N.M.’) is: c.v. = 1 for 1 method; c.v. = 2 for 2 to 3 methods; c.v. = 3 for 4 1487 

to 6 methods; c.v. = 4 for 7 to 10 methods; and c.v. = 5 for more than 10 methods. The 1488 

degrees of robustness consist of: a) no robustness (cv = 0); b) very weak robustness 1489 

(cv = 1); c) weak robustness (cv = 2); d) moderate robustness (cv = 3); e) strong 1490 

robustness (cv = 4); f) very strong robustness (cv ≥ 5).  1491 

Appendix B table here. 1492 
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