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Abstract 43 

Emplacement of submarine landslides, or mass transport deposits, can radically reshape the 44 

physiography of continental margins, and strongly influence subsequent sedimentary 45 

processes and dispersal patterns. The irregular relief they generate creates obstacles that 46 

force reorganisation of sediment transport systems. Subsurface and seabed examples show 47 

that channels can incise directly into submarine landslides. Here, we use high-resolution 48 

sedimentological analysis, geological mapping and photogrammetric modelling to document 49 

the evolution of two adjacent, and partially contemporaneous, sandstone-rich submarine 50 

channel-fills (NSB and SSB) that incised deeply (>75 m) with steep lateral margins (up to 51 

70°) into a 200 m thick debrite. The stepped erosion surface mantled by clasts, ranging from 52 

gravels to cobbles, points to a period of downcutting and sediment bypass. A change to 53 

aggradation is marked by laterally-migrating sandstone-rich channel bodies that is coincident 54 

with prominent steps in the large-scale erosion surface. Two types of depositional terrace 55 

are documented on these steps: one overlying an entrenchment surface, and another 56 

located in a bend cut-off. Above a younger erosion surface, mapped in both NSB and SSB, 57 

is an abrupt change to partially-confined tabular sandstones with graded caps, interpreted as 58 

confined lobes. The lobes are characterised by a lack of compensational stacking and 59 

increasingly thick hybrid bed deposits, suggesting progradation of a lobe complex confined 60 

by the main erosion surface. The incision of adjacent and partially coeval channels into a 61 

thick submarine landslide, and sand-rich infill including development of partially confined 62 

lobes, reflects the complicated relationships between evolving relief and changes in 63 

sediment gravity flow character, which can only be investigated at outcrop. The absence of 64 

channel-fills in bounding strata, and the abrupt and temporary presence of coarse sediment 65 

infilling the channels, indicates that the submarine landslide emplacement reshaped 66 

sediment transport systems, and established conditions that effectively separated sand- from 67 

mud-dominated deposits. 68 
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 69 

1 Introduction 70 

Submarine landslides, or mass-transport complexes (MTCs), and submarine channel 71 

systems are common features in deep-water environments, and govern sediment dispersal 72 

patterns (Nardin et al., 1979; Piper and Normark, 1983; Pirmez and Flood, 1995). The 73 

interaction between mass-transport processes and subsequent submarine channel evolution 74 

has been documented in subsurface and modern systems, which have examined i) the 75 

formation of canyons through MTC failure (e.g. Nelson et al., 2011), ii) the capture of 76 

channel systems within a slide scar (e.g. Bart et al., 1999; Sylvester et al., 2012; Kneller et 77 

al., 2016; Qin et al., 2017), iii) the role of MTCs in channel avulsion (e.g. Ortiz-Karpf et al., 78 

2015; Steventon et al., 2021), iv) the initiation and propagation of erosional channel systems 79 

above an MTC (e.g. Qin et al., 2017; Zhao et al., 2019; Bull et al., 2020), and v) the influence 80 

of MTC topography on planform and cross-sectional architecture of channel-levee systems 81 

(e.g. Piper et al., 1997; Moscardelli et al., 2006; Jegou et al., 2008). Seismic reflection data 82 

provide information on the large-scale context where submarine channel systems incise into 83 

MTCs, but only exhumed systems permit flow-scale evolution and internal architecture to be 84 

documented. However, no outcrop studies have examined the interaction of channels that 85 

incised directly into an underlying mass-transport deposit (MTD).  86 

Here, we aim to document an MTD that was incised by two channels, exposed in 87 

northwest Argentina in a deep-water succession that otherwise has a striking absence of 88 

channel-fills. Using detailed, high-resolution sedimentological and stratigraphic analysis, the 89 

objectives are to: (i) investigate the evolution of two channels that incise into the MTD; (ii) 90 

determine lateral and vertical variations in channel-fill architecture, including terrace 91 

deposits, (iii) develop models for channel formation and stratigraphic evolution, and (iv) 92 

consider the context of this outcrop in terms of basin-scale processes.  93 
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2 Regional context 94 

2.1 Geological Setting 95 

The study area is situated in the western domain of the pericratonic Paleozoic 96 

Paganzo Basin and particularly along the Valle Fértil sub-basin where the basin-fill attained 97 

a maximum thickness (Fig. 1A; Fernandez-Seveso and Tankard, 1995; Limarino et al., 98 

2002). The tectonic setting remains contentious, with the basin type interpreted as a retroarc 99 

foreland basin (Ramos 1988; Limarino et al., 2006), a rift basin (Astini et al., 1995; Milana et 100 

al., 2010), a strike-slip basin with elements of extension (Fernandez-Seveso and Tankard, 101 

1995), or as a series of intermittently-linked depocentres, with subsidence linked to 102 

subduction (Salfity and Gorustovich, 1983; Ramos et al.,1986; Mpodozis and Ramos, 1989; 103 

Fernandez-Seveso and Tankard, 1995). The successions at La Peña and Cerro Bola-Sierra 104 

de Maz outcrops are related to subsidence on the Valle Fértil fault, a crustal-scale structure 105 

active since Lower Paleozoic times, sometimes as a reverse fault (lower Paleozoic, Milana, 106 

1992; Neogene, Allmendinger et al., 1990) and at other times as an extensional fault 107 

(Triassic, Milana and Alcober, 1995). Given along-strike onlap of Upper Paleozoic and 108 

Triassic deposits against the Precambrian basement, the Valle Fértil fault could have been 109 

extensional, forming a half-graben sub-basin. An interpretation of an extensional setting is 110 

supported by basaltic rocks in neighbouring areas dated between 287 and 302 Ma 111 

(Thompson and Mitchell, 1972). 112 

The infill of the Paganzo Basin is subdivided into four super-sequences (Guandacol, 113 

Tupe, and Upper and Lower Patquia formations) separated by major hiatuses within the 114 

Lower Carboniferous to Late Permian (Fernandez-Seveso and Tankard, 1995). The 1800 m 115 

thick Guandacol Fm. is subdivided into four depositional sequences, compromising cyclic 116 

deposition of fan deltas and basinal turbidites that represent four phases of glacial advance 117 

and retreat (Fernandez-Seveso and Tankard, 1995; Valdez et al., 2020). The glacial regime 118 

has been interpreted as temperate and wet-based grounded glaciers (Lopez Gamundi and 119 

Martinez, 2000; Pazos, 2002), related to local elevations and mountain systems (Limarino et 120 



5 
 

al., 2014) with the generation of large volumes of subglacial sediments (Milliman and Meade, 121 

1983; Elverhøi et al., 1998). An alternative interpretation of glacial regime proposes a large 122 

ice sheet located in the continental interior that was drained by long outlet glaciers. The ice-123 

sheet hypothesis is supported by primary glacial deposits identified in the eastern and 124 

central Paganzo Basin paleovalley-fills, evidence of a very extensive glacial-valley and fjord 125 

system (Milana and Di Pasquo, 2019, and refs therein), and the paleogeomorphological 126 

study of paleovalleys within the continental interior that support the presence of outlet glacier 127 

valleys (Valdez Buso et al., 2021). This model explains the almost complete absence of 128 

primary glacial deposits in the continental interior, their widespread presence in coastal 129 

areas (the Precordillera), and the large volumes of proglacial sediments (cf. Eyles et al., 130 

1985). The area of La Peña is interpreted as an alternating proglacial/non-glacial, irregularly-131 

shaped submarine slope system with kinematic indicators in successive mass-transport 132 

deposits (MTDs) that support the presence of an overall north-facing slope, but with a 133 

spread of transport directions from NE-to-WNW (Milana et al., 2010; Sobiesiak et al., 2017; 134 

Valdez Buso et al., 2019).  135 

2.2 Study location 136 

This study focuses on large exposures in the modern day La Peña river valley within 137 

the Ischigualasto Provincial Park, on the border of San Juan and Rioja provinces, 138 

northwestern Argentina (Fig. 1). The modern-day river valley incises into the western flank of 139 

the Ischigualasto and Caballo Anca ranges, part of an uplifted basement block related to the 140 

crustal scale Valle Fertil fault (Valdez Buso et al., 2019). The study area is cut by a number 141 

of northwest-southeast trending oblique normal faults, forming a horst structure in the central 142 

part of the study area (Figs. 1D, 2A-C).  143 

Five thick (150-220 m thick) MTDs intercalated with packages of mud- to sand-prone 144 

turbidites, form ~900 m of stratigraphy, overlain by sand-prone turbidites (Fig. 1C), as part of 145 

the Guandacol Formation (Sobiesiak et al., 2017; Valdez Buso et al., 2019). The 146 

Carboniferous succession is irregularly eroded and overlain by the lower Triassic red beds of 147 
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Tarjados and Talampaya formations. The base at the Carboniferous section is not exposed, 148 

but 3 km to the SSE of La Peña gorge the lower Carboniferous units onlap crystalline 149 

basement. 150 

Our study focuses on a c. 250 m thick section of the Guandacol Formation at La 151 

Peña that is marked by a basal >200 m thick silt-prone MTD, with an erosive base and 152 

megaclasts (10s m diameter), termed MTD 5 (Milana et al., 2010; Valdez Buso et al., 2019). 153 

Underlying MTD 5, the stratigraphy is characterized by a dark mudstone unit with thin 154 

bedded tabular turbidites, suggesting a distal setting. The top of MTD 5 is reasonably flat at 155 

the scale of the outcrop, and is only locally incised by the submarine channels described 156 

herein. About 10 meters above MTD 5 is a ~7 m thick, deformed sandstone-rich unit 157 

characterised by imbricate thrusts, named MTD 6 (Milana et al., 2010; Valdez Buso et al., 158 

2019). Overlying MTD 6 are tabular sandy turbidites arranged in packages, suggesting 159 

stacking of lobes in a lobe complex (sensu Prélat et al., 2009). While MTDs 1 to 4 were 160 

deposited in a proglacial environment, there is no indication that MTDs 5 and 6 had 161 

proglacial influence (Valdez Buso et al., 2019). The pre-conditioning for the submarine 162 

landslide is linked to the thick mudstone underlying MTD 5, which contains a maximum 163 

flooding zone that formed during deglaciation (Cycle 3 of Valdez Buso et al., 2020).  164 

Two outcrops form the focus of this study: 1) La Peña outcrop (Figs. 1, 2A-C), 165 

trending NE-SW, comprising two sandstone bodies with erosional bases. The largest, to the 166 

south, herein termed the Southern Sandstone Body (SSB), is 400 m wide and ~75 m thick 167 

(Fig. 2B). The Northern Sandstone Body (NSB) is ~350 m wide and ~60 m thick (Fig. 2C), 168 

separated from the SSB by a horst block (Figs. 1, 2B-C). 2) The La Charca outcrop (Figs. 169 

2E-F, E and F on Fig 2A), 2.5 km to the southeast, is described in this study using outcrop 170 

models and satellite imagery. Previous authors have interpreted these outcrops as recording 171 

ponded turbidites above topographic lows of the MTD (Kneller et al., 2016; Valdez Buso et 172 

al., 2019). 173 
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2.3 Methodology 174 

Eleven high-resolution (centimetre-scale) composite sedimentary logs and numerous 175 

shorter logs were measured to document lithology, grain-size variation and sedimentary 176 

structures (total measured thickness: 363 m; Figs. 3, 4, 5). Key stratal boundaries were 177 

identified at outcrop (Fig. 2B), registered on a detailed geological map (Fig. 1) and aerial 178 

photographs, and in combination with the logs, used to establish a correlation framework 179 

using lateral and vertical lithofacies relationships (Figs. 1, 4, 6). Palaeocurrent data (n = 291) 180 

were collected from ripple and climbing ripple cross-lamination, grooves and flutes, and 181 

orientation of erosion surfaces (Figs. 4, 6).  182 

3 Facies groups 183 

Five facies associations have been identified and grouped based on interpreted 184 

processes and depositional environment. 185 

3.1 Facies association 1: Remobilised deposits 186 

(A) Megaclast-rich poorly sorted deposit 187 

Description: Heterogeneous packages up to 70 m thick (Fig. 3A) with pale yellow 188 

medium sandstone clasts, ranging from mm-scale stringers to >50 m diameter. The basal 189 

surface cuts step-wise into underlying sandstone turbidites by up to 5 m, and is immediately 190 

overlain by gravel layers (Valdez Buso et al., 2019). The concentration of clasts varies 191 

laterally and vertically, with zones of both clast- and matrix-supported fabric, and an upward 192 

transition into matrix-supported dark green-grey, poorly-sorted siltstones with gravels and 193 

pebbles as layers and as isolated clasts (FA1B). Locally, clasts have sheared margins, 194 

exhibit internal contortion, and preserve a range of disaggregation states. FA1A and FA1B 195 

share the same process interpretation (below) and were deposited as a single event. 196 

(B) Siltstone-rich poorly-sorted deposit 197 

Description: Comprises homogeneous, dark green-grey, poorly-sorted siltstone 198 

matrix (Fig. 3B), with rare pebbles and cobbles, and gravels dispersed throughout, with a 199 
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range of extra- and intra-basinal igneous, metamorphic and sedimentary lithologies. 200 

Commonly, sandstone clasts show evidence of shearing. Siltstones are folded and sheared, 201 

and locally cut by surfaces with abrupt changes in orientation. The boundary between 202 

siltstone and overlying sandstone also exhibits loading, and wave-like geometries (Fig. 3B). 203 

FA1B can be up to 150 m thick. 204 

Interpretation: The stepped basal surface, and evidence of shearing distributed 205 

throughout the deposit, and a matrix-supported and deformed fabric in the upper section, 206 

support interpretation of a debrite (Dott, 1963; Nardin et al., 1979; Moscardelli et al., 2006) 207 

emplaced in a single event that cut into the substrate. Previous authors have interpreted 208 

overpressure of pore fluids and hydroplaning along gravel layers at the base of the debris 209 

flow as a mechanism for emplacement (Valdez Buso et al., 2019). The upper contact of 210 

FA1B is characterised by soft-sediment deformation and interpreted to indicate local 211 

liquefaction and fluidisation, cut by sandstone injectites.  212 

(C) Sandstone-rich deformed deposit 213 

Description: FA1C is a heterolithic deposit comprising medium yellow-grey sandstone 214 

beds (0.15-0.3 m thick), interbedded with siltstone layers, overlain by a 0.3 m thick medium 215 

sandstone with siltstone clasts distributed throughout. The overlying package (0.5 to 5 m 216 

thick) comprises grey-yellow-orange, medium to coarse structureless sandstones, with rare 217 

small pebbles and gravels dispersed throughout. Laterally, the structureless sandstone 218 

transitions into blocky, imbricated sandstone sheets (Fig. 3C) that comprise two sets of 219 

thrust fault planes that dip ~25°. 220 

Interpretation: The lateral variation in thickness and disaggregation is consistent with 221 

interpretation of FA1C as a slide (MTD 6 of Milana et al., 2010; Valdez Buso et al., 2019) 222 

from remobilisation of a sandbody, with toewall buttressing resulting in imbricated thrusts. 223 
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3.2 Facies association 2: Axial channel-fill 224 

(A) Pebbly sandstones and conglomerates:  225 

Description: Erosive, laterally discontinuous, undulose, lensoidal beds (0.1-0.8 m thick) 226 

bounded by erosion surfaces overlie the deepest point of a composite erosion surface (>75 227 

m of incision into FA1), showing a high degree of lateral and vertical thickness and facies 228 

variations. The beds show highly variable proportions of clast: matrix, with beds varying from 229 

clast-supported to matrix-supported. Matrix-supported beds consist of poorly-supported, 230 

granule to cobble clasts with a wide range of rock types and shapes, from rounded to 231 

angular (Fig. 3D), supported by a dark grey-brown, poorly-sorted, medium to coarse 232 

sandstone and white granule matrix with abundant siltstone rip-up clasts. Clast-supported 233 

beds have a smaller range of clast sizes, from granule to large pebble, with a coarse 234 

sandstone matrix. Grooves (0.1 m deep) are present on the base of matrix-supported beds.  235 

Interpretation: Lenticular, clast-supported pebbly sandstones bounded by erosion 236 

surfaces are interpreted as lag deposits, with clasts carried as bedload transport (Mutti and 237 

Normark, 1987; Mutti, 1992). Poorly-sorted, matrix-supported, clay-poor beds suggest 238 

deposition from a debris flows (Mutti et al., 2003), with the presence of grooves further 239 

indicating passage of cohesive flows, such as debris flows or slumps (Peakall et al., 2020). 240 

The position of these lag deposits associated with the composite erosion surface supports 241 

the interpretation that FA2A formed through the passage of multiple erosive flows that 242 

formed a sediment bypass-dominated zone (Winn and Dott 1977; Mutti and Normark, 1987; 243 

Gardner et al., 2003; Beaubouef et al., 2004; Stevenson et al., 2015).  244 

(B) Amalgamated sandstone beds:  245 

Description: Homogeneous, erosively-based sandstone beds (0.5-~4 m thick), with 246 

common amalgamation surfaces, comprising white-grey, angular to sub-angular, medium- to 247 

well-sorted, very coarse sand and granules (Fig. 3E) that stack to form laterally extensive 248 

packages. Typically, beds are structureless with weak normal grading and planar lamination 249 
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at bed tops. Bed bases occasionally exhibit large, wide flute casts and weakly stratified 250 

siltstone clast-rich units that form discrete layers, and some beds contain dish structures.  251 

Interpretation: Thick, clean sandstones deposit under high-density turbidity currents and 252 

sandy debris flows (Bouma, 1962; Lowe, 1982; Mutti, 1992; Kneller and Branney, 1995; 253 

Talling et al., 2012). The alignment of siltstone clasts and presence of flute casts on the base 254 

suggests formation from turbidity currents, as opposed to en masse deposition (Kneller and 255 

Branney, 1995; Talling et al., 2012; Peakall et al., 2020). Furthermore, flute geometry 256 

suggests deposition in a proximal environment (Pett and Walker, 1971; Peakall et al., 2020). 257 

Structureless sandstones within the succession can result from deposition from a steady, 258 

uniform current (Kneller and Branney, 1995), which may be sufficiently rapid to induce 259 

liquefaction (Lowe, 1982; Kneller and Branney, 1995; Peakall et al., 2020) precluding the 260 

development of depositional bedforms (Lowe, 1982).  261 

(C) Normally graded sandstone beds:  262 

Description: Beds with lateral thickness variations (0.3 - 2.5 m thick) have erosional 263 

bases, and comprise well-sorted, structureless, normally graded, white-grey very coarse 264 

sandstone, with granules dispersed throughout, and dish and flame structures. Commonly, 265 

there is an abrupt grain-size break to a fine-grained planar and ripple laminated sandstone 266 

and siltstone division (Fig. 3F).  267 

Interpretation: Very coarse, structureless sandstones were deposited by high density, 268 

sand-rich turbidity currents (Lowe, 1982). Dewatering structures form through liquefaction 269 

(Mulder and Alexander, 2001; Stow and Johansson, 2002) likely related to rapid deposition 270 

(Lowe, 1982; Peakall et al., 2020). Finer grained material was deposited from low-density 271 

turbidity currents, with tractional structures formed from reworking by dilute flows above the 272 

bed (Allen, 1984; Southard, 1991; Best and Bridge, 1992). The grain-size break is 273 

interpreted to reflect the transition from high to low density turbidity current deposition 274 

(Sumner et al., 2008), and may indicate sediment bypass (Stevenson et al., 2015).  275 
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3.3 Facies association 3: Terrace deposits 276 

(A) Fissile thin-beds 277 

Description: Primarily comprises relatively continuous fissile beds (<2 cm to mm thick) of 278 

fine siltstone to fine sandstone (Fig. 3G), with no clear lateral or stratigraphic bed-thickness 279 

or grainsize trends (Figs. 5B-C). Thicker beds exhibit asymmetric ‘micro-ripple’ lamination 280 

(<1 mm amplitude, ~5 mm wavelength) on the upper surface of coarse siltstones. Bed bases 281 

and tops are sharp, with little evidence of erosion into underlying beds. 282 

Interpretation: Deposition from upper, dilute parts of turbidity currents (Lowe, 1988). Thin 283 

beds suggest low suspension fall out rates. The micro-ripples on the tops of beds are the 284 

product of very early stage (incipient) ripples in silts (Rees, 1966; Mantz, 1978), suggesting 285 

limited time for tractional reworking and thus a rapidly waning flow.  286 

(B) Scoured thin-beds 287 

Description: Undulating, fine to coarse, well-sorted sandstone beds with erosive 288 

bases, which are commonly truncated by scour surfaces (Fig. 3H). Thinner beds are 289 

normally graded, and thicker beds show little grain-size variation, with rare basal siltstone 290 

chips (0.5-1.5 cm diameter). Typically, beds of coarser grainsize exhibit cross ripple 291 

lamination along with granules dispersed throughout beds that can follow ripple foresets, and 292 

finer-grained beds exhibit parallel lamination. Scour-fills are concentrated in granules, and 293 

contain siltstone clasts and rare inclined laminae sets. 294 

Interpretation: Deposition and tractional reworking by upper dilute parts of turbidity 295 

currents (Lowe, 1982). The presence of abundant scour surfaces, infilled by granules 296 

indicates sediment bypass, and suggests deposition at a relatively low elevation with respect 297 

to the active channel (Hansen et al., 2015). Normal grading and tractional structures 298 

overlying these surfaces suggest formation by low-density turbidity currents (Lowe, 1988; 299 

Kneller and Branney, 1995).  300 
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3.4 Facies association 4: Lobe environments 301 

(A) Tabular beds 302 

Description: Metre-thick tabular beds with limited basal erosion comprised of white-grey, 303 

angular to sub-angular, medium- to well-sorted, coarse sandstone and granules. Beds are 304 

weakly normally graded, with rare parallel and current ripple laminations at bed tops and rare 305 

isolated siltstone clasts in bed bases. Bed contacts are amalgamated or separated by a 306 

defined erosion surface.  307 

Interpretation: Normally graded sandstones are interpreted to form from high-density 308 

turbidity current deposition (Bouma, 1962; Lowe, 1982; Talling et al., 2012), with tractional 309 

structures formed by reworking of the bed by dilute flows (Allen, 1984; Southard, 1991; Best 310 

and Bridge, 1992). Weak normal grading and planar lamination indicate deposition from a 311 

waning current (Kneller and Branney, 1995). 312 

(B) Sandstone-siltstone thin-beds 313 

Description: Beds (1-30 cm thick) comprise a basal dark yellow, medium-grained 314 

sandstone division and an overlying dark grey-black fine-grained siltstone division (Fig. 3I), 315 

with siltstone often thicker than the sandstone. Sandstone divisions have erosional bases, 316 

are tabular, and commonly exhibit weak planar and rare current ripple lamination (Fig. 3J). 317 

Typically, siltstone divisions are finely-laminated, lack grading, and are thicker than the 318 

underlying sandstone layer. Some beds exhibit a sharp grain-size change from sandstone to 319 

siltstone, with some normally graded from sandstone to siltstone within 2 cm. 320 

Interpretation: Structureless sandstones suggest high-density turbidity currents. The 321 

nature of the contact between the sandstones and the overlying siltstones indicates two 322 

different processes. Beds with an abrupt transition from sandstone to siltstone division are 323 

interpreted as a function of density stratification within the flow (Kneller and McCaffrey, 324 

1999), or as a result of bypassing of the transitional grain-size faction (Stevenson et al., 325 

2015). In contrast, beds with grading from sandstone to siltstone divisions suggest trapping 326 
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of turbidity currents (Sinclair and Tomasso, 2002), which were unable to surmount a down-327 

dip obstacle.  328 

(C) Bipartite debrite-sandstone beds 329 

Description: Bipartite beds (0.3 – 0.8 m thick) comprise a lower, moderately well 330 

sorted coarse to medium sandstone division, and an upper poorly-sorted silty-sandstone 331 

division (Fig. 3K). The lower division is characterised by erosive bases and is structureless 332 

with siltstone rip-up clasts, dispersed throughout. The upper division is matrix-supported, 333 

poorly-sorted silty–sandstone with dispersed medium and coarse sand grains, and siltstone-334 

clasts (0.1-6 cm diameter). Larger siltstone clasts are located in the lower bed division and 335 

are elongated, with sub-angular to rounded edges, whilst smaller clasts (<2 cm diameter) 336 

are dispersed throughout. The contact between divisions is diffuse. 337 

Interpretation: The lower sandstone division is interpreted as a high-density turbidite 338 

(Lowe, 1982; Talling et al., 2012). The overlying silty-sandstone with clasts dispersed 339 

throughout, is interpreted as a debrite, which is genetically linked to the underlying turbidite, 340 

with the bipartite beds interpreted as hybrid beds (Haughton et al., 2003; 2009; Talling et al., 341 

2004).  342 

3.5 Facies association 5: Lobe-fringe deposits 343 

Description: Beds (0.05 - 0.2 m thick) of sharp-based, dark red-brown to dirty yellow, 344 

well-sorted medium sandstone with an abrupt transition to thick (up to 0.75 m, compared 345 

with 0.2 m sandstone) coarse siltstone (Fig. 3L). Sand grains are sub-rounded to rounded, 346 

and beds contain a high proportion of mica. Beds exhibit abundant planar, ripple and 347 

climbing ripple lamination. Normally, graded sandstone beds are interbedded with 0.3-0.85 348 

m thick packages of coarse siltstone, exhibiting parallel lamination and occasional cm-scale 349 

medium to coarse sandstones. The thickest exposure (upper part of Log 3, Fig. 4) shows a 350 

coarsening- and thickening-upwards succession, passing vertically from siltstones 351 

interbedded with cm-scale medium-coarse sandstones, to medium sandstone beds up to 0.2 352 

m thick and thin siltstones. Rare sharp or erosively-based siltstone clast-rich medium 353 
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sandstone beds (0.2-0.4 m) are present in the SW close to the boundary with FA1A. Clasts 354 

are disseminated throughout beds, with no evident stratification or grading, with bed bases 355 

occasionally exhibiting grooves. Rare, isolated wood fragments are found on bed contacts. 356 

Interpretation: Tractional structures formed through deposition from, or reworking by, 357 

low-density turbidity currents (Talling et al., 2012), with climbing ripples indicating rapidly 358 

decelerating flows (Jobe et al., 2012). The abundant mica and the presence of wood suggest 359 

a direct terrestrial source, and in turn hyperpycnal flows (Zavala and Pan, 2018). 360 

Additionally, basal grooves suggest bypassing of debris flows, or a debritic flow component 361 

(Peakall et al., 2020), and deposition of beds with chaotically-distributed clasts and no 362 

grading is indicative of debrites (Talling et al., 2012).  363 

4 Stratigraphic framework, architecture and depositional elements: 364 

The succession at La Peña is subdivided into four units (Units 1-4), with Unit 2 further 365 

divided into 4 stratigraphic packages (only present in the SSB; Fig. 4), based on lithology, 366 

facies, bed geometry and bounding surfaces. 367 

4.1 Unit 1 - Debrite 368 

Unit 1 (~200 m; Fig, 4) is MTD 5 of Milana et al. (2010) and Valdez Buso et al. (2019), 369 

and comprises ~70 m of FA1A and ~130 m of FA1B, with an erosional base, cutting step-370 

wise into underlying turbidites by up to 5 m (Figs. 2A, 3A). Megaclasts at the base are up to 371 

50 m wide and 7 m high, and are in contact with each other. The megaclasts decrease in 372 

size and number upwards into the matrix-supported upper part of MTD 5 (Figs. 1C, 3A). The 373 

poor sorting and matrix-supported megaclasts support interpretation of a debrite. 374 

4.2 Surface 1 (S1) – Erosion surface 375 

In the Southern Sandstone Body (SSB) area, MTD 5 is cut by a >75 m deep, 400 m 376 

wide concave-up surface, with stepped margins to the SW and NE (Fig. 4). The SW margin 377 

steepens with height (maximum 70°) and exhibits an uneven geometry, before passing 378 

westwards to an irregular surface that flattens to sub-horizontal (Figs. 1, 4). This surface is 379 

also characterised by clastic dykes marking sand injection into the underlying debrite. The 380 
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NE margin is faulted (Figs. 1, 2A), with the exposure of S1 on the uplifted block sub-381 

horizontal (Figs. 2B-C); the lower portion of this margin is inferred to be a similar gradient to 382 

the SW margin. Surface 1 in the Northern Sandstone Body (NSB) area is characterised by 383 

smooth margins (to the W and NE). The W margin is steeper and faulted, and the NE margin 384 

is more rugose (Fig. 2C). Grooves and other tool marks are present on S1, with depths of up 385 

to 0.15 m and a greater width than depth. Palaeoflow from grooves in S1 range from 386 

130/310°-174/354° in SSB, and 108/288°-143/323° in NSB). Pebbles are occasionally 387 

present in the base of the tool, suggesting they were the tool-makers. These grooves were 388 

likely cut by bypassing flows with cohesive strength such as debris flows, slumps, or the 389 

debritic component of hybrid beds (Peakall et al., 2020). Immediately overlying S1 are the 390 

lenticular conglomeratic beds of FA2A, interpreted as lag deposits, present on the stepped 391 

surfaces and the lowest point of S1. The stepped geometry, and indication of sediment 392 

bypass at different stratigraphic levels, suggest Surface 1 is a composite erosion surface 393 

that deepened through time (cf. Hubbard et al., 2014; Hodgson et al., 2016). 394 

4.3 Unit 2 – Southern Sandstone Body area 395 

4.3.1 Package 1 (P1) – Initial bypass and infill 396 

Package 1 (P1; ~20 m thick) directly overlies the lowermost part of S1 in the SSB 397 

(Fig. 4) and comprises a laterally discontinuous basal conglomerate (up to 3 m thick; FA2A), 398 

with overlying tabular, commonly amalgamated, very coarse-grained sandstone beds (~17 m 399 

thick; FA2b). Multiple erosion surfaces separate FA2A and FA2B, suggesting a phase 400 

dominated by sediment bypass. FA2B is present up to the first step in S1 to the SW, where 401 

beds onlap S1 at an angle of ~20°. Flute casts on the base of a P1 bed indicate palaeoflow 402 

ranges from 265-040°, but predominantly to the NW (Fig. 4). Towards the top of P1, a thin 403 

(0.2 m thick) partially preserved unit of ripple laminated fine sandstones (palaeoflow range 404 

140-040°) and coarse siltstones is interpreted to represent a period of reduced sediment 405 

supply. The sand-rich, commonly amalgamated deposition from high-energy flows, and 406 
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location within an incisional confining surface (S1) supports interpretation of these deposits 407 

as axial channel fills.  408 

4.3.2 Package 2 (P2) – Aggrading channel-fills 409 

In general, Package 2 has a higher proportion of fine-grained material, siltstone 410 

clasts, and thinner beds than P1. FA2C dominates P2, and thickens from 3 m in the east to 411 

16.5 m above the deepest point of Surface 1, then thins to 6 m in the SW (Fig. 4). P2 is 412 

subdivided by the geometry and lateral extent of beds (Fig. 4) into lower P2 and upper P2. 413 

Lower P2 is characterised by southward-thinning beds (from ~9 m to 2.5 m; fig. 4) extending 414 

across the channel cut; to the east, the base of lower P2 directly overlies S1 (Fig. 2B, D) and 415 

further west it overlies Unit 1 (Figs. 2B, 4). Lower P2 is also correlated to the sandstone 416 

exposure on top of the horst block to the north (Figs. 2B, 4). This exposure of P2 can be 417 

traced northwards across the horst block (Fig. 2C) and correlated with an erosion surface 418 

overlying confined heterolithic deposits (T1) in the north (Fig. 1). The base of P2 in contact 419 

with S1 and Unit 1 indicates the presence of a palaeo-high during deposition, or a stepped 420 

geometry of the NE margin above the level of P1 deposition. Groove data from S1 on the 421 

horst block gives palaeoflow readings of 092/272°-172/352°. Above this, lower P2 thins 422 

westward from ~9 m to 2.5 m thick, whilst on the eastward side it is cut by the basal surface 423 

of P3 (Fig. 4). Upper P2 exhibits multiple concave-up erosion surfaces bounding laterally 424 

discontinuous bodies of sandstone-rich deposits (FA2C; Fig. 4), interpreted as smaller-scale 425 

channel cuts within the larger-scale S1.  426 

The thickest part of upper P2 is to the west. The component beds are more lenticular, 427 

with erosion surfaces defining channelised bodies ranging from 1.5-4 m thick. These exhibit 428 

a highly aggradational stacking pattern, with limited lateral offset to the east (Fig. 4). 429 

Palaeocurrent measurements taken from ripple cross laminations in finer-grained bed caps 430 

have a wide range of directions throughout the stratigraphy (062-326°) (Fig. 4), most likely 431 

indicating flow deflection from surrounding topography (e.g. Kneller et al., 1991).  432 
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4.3.3 Package 3 (P3) – Channel widening 433 

The base of Package 3 is erosional, and is coincident with a widening of the SSB, 434 

marked by a prominent step in Surface 1 on the SW margin (Fig. 4). Because pebbly sands 435 

and conglomerates (FA2A) are only present overlying S1 on the step, and not associated 436 

with P3 within the channel cut, the step is interpreted to have formed during the initial 437 

formation of S1. P3 is ~11 m thick and comprises the same tabular, amalgamated sandstone 438 

facies (FA2B) as P1, with no fine-grained bed caps (Fig. 4). It is not possible to identify the 439 

lateral and vertical extent of P3 in the SW of the SSB, due to exposure limitations. However, 440 

bed thickness, degree of amalgamation, and lack of fine-grained material suggest that flows 441 

were still channelised at this point. 442 

4.3.4 Package 4 (P4) – Transition from confined to weakly-confined. 443 

Package 4 is the most laterally extensive in the study area, and is present in the SSB 444 

and NSB (Fig. 4). The base of P4 is marked by an irregular erosion surface (Surface 2 (S2)), 445 

overlying P3 and off-axis deposition to the SW (Fig. 4). S2 incises up to 2 m in the east, but 446 

the geometry to the SW is unknown, due to exposure limitations. In Log 4, the surface is 447 

marked by an A scour infilled with mud-clast-rich FA2A marks S2 at Log 4, indicating the 448 

passage of, and deposition from, debris flows (Peakall et al., 2020). P4 (~22.5 m thick) 449 

coarsens and thickens upwards (Fig. 5), and comprises five distinct, laterally variable but 450 

tabular sandstone beds and bedsets of FA4A (herein named L1-5), intercalated with 451 

packages of thin-bedded sandstones and siltstones (FA4B). The upper stratigraphy is 452 

characterised by hybrid beds (FA4C), which are commonly found in distal lobe fringes (e.g. 453 

Hodgson 2009; Spychala et al., 2017a, c), although hybrid beds are also observed in 454 

proximal environments, where the debritic component may be sand-rich (e.g., Fonnesu et 455 

al., 2015; Brooks et al., 2018). L1-L5 are dominated by a thick sandstone bed, and in the 456 

case of L1 and L5, amalgamated sandstones (Figs. 4, 5). Together with the overlying thinner 457 

beds, these are interpreted as lobe elements, collectively forming a single lobe (sensu Prélat 458 
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et al., 2009) confined within S1, marking an abrupt stratigraphic change from channelised to 459 

lobe deposition.  460 

In the lower stratigraphy of P4, ripple current lamination record palaeocurrents 461 

ranging from 134-352°, and together with the pronounced normal grading of beds from sand 462 

to silt, suggests flow deflection off, and trapping of flow by, topography downstream (e.g. 463 

Sinclair and Tomasso, 2002, Hodgson and Haughton 2004). L1 and S2 are cut by a high 464 

angle (~45°) erosion surface (Fig. 5) that is overlain by ~3.5 m of interbedded sandstones 465 

and siltstones (0.1-0.5 m thick), and is interpreted as a scour-fill (Fig. 4).  466 

L4 is continuous across the outcrop and amalgamates with L3 eastwards (Figs. 1, 4, 467 

5). In the central SSB area and westward, L3 and L4 are separated by a package of hybrid 468 

beds, reaching a maximum thickness of 5 m. L3 and L4 onlap the western margin. The 469 

upper part of P4 comprises laterally continuous package of hybrid beds (4 m thick), overlain 470 

by L5 (~3-7 m thick). Palaeocurrents within the lower package of hybrid beds range from 471 

026-332° and show a 360° range in the upper package (Fig. 4), further supporting flow 472 

deflection and reflection in the upper package of hybrid beds.  473 

4.4 Unit 3 – Overlying turbidites (FA5) – Lobe fringe deposits 474 

Unit 3 is correlated from the SSB to the NSB to form a high aspect ratio package 475 

(Fig. 1). The contact between Unit 2 and Unit 3 (FA5) is characterised by an abrupt transition 476 

from thick-bedded and amalgamated coarse sandstones (L5) to coarse siltstones (Fig. 4). 477 

Unit 3 forms a 2-5 m thick coarsening- and thickening upwards package from siltstones 478 

interbedded with cm-scale sandstones to increasingly thick (up to 10 cm) sandstone beds 479 

(Fig. 4). Palaeocurrents from current ripple lamination range from 020-080°NE, with grooves 480 

averaging 080-260°. Commonly, thin-bedded, rippled sandstones in tabular packages are 481 

interpreted as lobe fringe deposits (e.g. Prélat et al., 2009; Marini et al., 2016; Kane et al., 482 

2017; Spychala et al., 2017a). The absence of hybrid beds suggest flows did not transform 483 

because they were not able to entrain a muddy substrate. The thickening upwards supports 484 

a transition from distal lobe fringe to lobe fringe, and progradation of the system.  485 



19 
 

4.5 Unit 4 – MTD 6 486 

Unit 3 is overlain by MTD 6 (up to 7 m thick; Figs. 1, 3C) in both the SSB and the 487 

NSB, transitioning from massive sandstone beds, to an imbricated thrust complex with pop-488 

up sand blocks in the NE of the NSB supporting interpretation of a slide. Previous authors 489 

have determined palaeoflow to the NE, based on orientation of thrust faults within the slide 490 

(Sobiesiak et al., 2012).  491 

4.6 NSB fill 492 

The NSB-fill is up to 60 m thick (Fig. 6), with 2 m of lenticular, conglomeratic beds 493 

(FA2A) overlying S1. Above this ~40 m of very coarse sandstones (0.4 to ~3 m thick; FA2B) 494 

is present that thin and become less amalgamated towards the margins. The presence of 495 

high-density turbidity current deposits confined by S1 supports an interpretation of axial 496 

channel sandstones. Above this, S2 is overlain by a 0.2 m thick, laterally-discontinuous bed 497 

of FA2A in the east (Fig. 6). P4 (L2-L5) of Unit 2 is correlated from the SSB, with Units 3 and 498 

4 also present overlying the NSB. P4 has a similar stacking pattern, with four distinct 499 

sandstone beds (FA4A) intercalated with FA4B and FA4C. FA4B is present in the central 500 

part of the outcrop, with a 360° spread of palaeocurrents, but absent to the NE. L2 to L4 are 501 

tentatively correlated across the area. L5 and Unit 3 were walked out and correlated across 502 

faults using their distinctive lithology and bed architecture. Unit 3 (~3 m thick) contains 503 

palaeocurrents ranging from 357°-084°. Overall, P4 thins and onlaps towards the NE margin 504 

of MTD 5, before passing into the subcrop (Fig. 1).  505 

4.7 Off-axis deposition on elevated surfaces 506 

Three distinct sedimentary successions overlie steps in Surface 1, with one between 507 

the NSB and SSB (T1) (Fig. 1) and the others on small (10 m-wide) concave-up steps (T2 508 

and T3) to the west of the SSB (Figs. 1, 4). These deposits share similar depositional 509 

architectures and processes.  510 
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4.7.1 T1 511 

T1 is located between the SSB and NSB, is ~15 m thick, and directly overlies S1 and 512 

MTD 5, (Figs. 1, 7A-C). T1 primarily comprises fissile thin-beds (FA3A), with rare 0.05-0.1 m 513 

thin-beds (FA3B) exhibiting minor erosional bases (Figs. 7B-C). Palaeocurrent 514 

measurements from current ripple lamination range from 040-340°. Deformation and rotation 515 

of T1 deposits towards the SW indicates post-depositional sliding toward the axis of the NSB 516 

(Fig. 7A). The rotated and deformed T1 deposits are cut by a SSW-NNE orientated erosion 517 

surface (~20° dip) (Fig. 7A), overlain by a 0.75 – 1.2 m thick sandstone bed (FA2B). 518 

Grooves on the base of the sandstone (palaeoflow range 070/260°-100/280°) indicate 519 

passage of debris flows over the surface (Peakall et al., 2020). This sandstone bed can be 520 

traced laterally to the west across the horst block, where it overlies MTD 5, and is correlated 521 

across a fault, to the base of P2 in the SSB outcrop (Figs. 1, 2A-C). This indicates that the 522 

deposition, deformation, and erosion of T1 occurred prior to the deposition of P2 within the 523 

SSB.  524 

4.7.2 T2 525 

T2 (24 m thick; Figs. 1, 4) is located to the SW of the SSB, and is underlain by a 526 

package of conglomerates and pebbly sandstones (FA2A) that overlie S1, and are 527 

interpreted as deposits from a bypass-dominated phase. T2 comprises two discrete 528 

sections; the lower section (~5 m thick) comprises 0.1 – 0.8 m thick packages of scoured 529 

thin-beds (FA3B), and the upper section (~3 m thick) comprises fissile thin-beds (FA3A). T2 530 

is cut by S2 (Fig. 4).  531 

4.7.3 T3 532 

T3 is the thickest deposit of this type (~32 m; Figs. 4, 7-8). The lower part of T3 533 

overlies a package of pebbly sandstones and conglomerates (FA2A, 0.4-0.8 m thick) that 534 

overlie S1, which are interpreted as bypass-dominated deposits. The overlying T3 535 

stratigraphy is subdivided into a lower and upper succession (Fig. 8). Lower T3 comprises 536 

six 1-3 m thick coarsening- and thickening-upwards units (T3.1-3.6) of fissile- (FA3A; Fig. 537 
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7D) and scoured- thin-beds (FA3B). The lowermost unit (T3.1) (Fig. 8) coarsens upwards 538 

from coarse micro-rippled siltstone (palaeocurrents ~170°) (FA3A, >1 cm thick; Fig. 7E) to 539 

ripple laminated coarse sandstone (palaeocurrents throughout range from 010-335°, a 325° 540 

spread) (FA3B, ~4 cm thick; Figs. 7F, 8). The overlying unit (T3.2; ~2.5 m thick, Fig. 8) is 541 

characterised by multiple cm-deep scour surfaces that are orientated broadly W-E/NW-SE 542 

(090/270°-140/320°) and mantled with granules (Fig. 7F). The scour-fills comprise a matrix 543 

of medium-grained sandstone, with siltstone chips concentrated close to the scour surface 544 

but dispersed throughout. Scours are 3-5 cm in length (Fig. 7F), and exhibit relatively 545 

smooth bases, and a constant longitudinal maximum depth. Current ripple lamination 546 

throughout T3.2 give palaeocurrent measurements from 030-358° (a 328° spread). T3.3 547 

(~1.5 m thick) comprises coarse grained sandstones (FA3B) with erosional bases, 548 

interbedded with planar laminated coarse siltstones (FA3A) with abundant current ripple 549 

lamination (palaeoflow 070-352°, a 282° spread) and grooves (palaeoflow 098/278°, 550 

138/318°). The next 3 units (T3.4 – T3.6) are characterised by coarse planar laminated 551 

siltstone beds, interbedded with granule-rich sandstones (Fig. 8) that are current ripple 552 

laminated in T3.4 (palaeocurrent 040-110°, a 70° spread). Above this, sandstone beds 553 

thicken above deeper erosion surfaces, and contain abundant siltstone clasts distributed 554 

throughout. In summary, the scours and grooves are orientated approximately W-E to NW-555 

SE, whilst the ripples show an almost 360 range of palaeocurrents (Fig. 4). 556 

The base of Upper T3 is marked by a 20 cm thick granule-rich, very coarse-grained 557 

sandstone with an erosional base overlain by abundant siltstone clasts (Fig. 8). Six overlying 558 

beds (0.14 – 1.16 m thick) are normally graded from very coarse to fine sandstone or coarse 559 

siltstone with parallel lamination. This interval is overlain by a distinctive bed containing 560 

convex-upwards, low-angle lamination, inclined towards the main conduit (Fig. 7E), which 561 

resembles hummocky-cross stratification. Similar features have been documented by 562 

previous authors in turbidite systems, and in combination with palaeocurrent data are 563 

interpreted to form through deposition and reworking of reflected dilute flows (Mulder et al., 564 

2009; Tinterri, 2011; Tinterri and Muzzi Magalhaes, 2011; Hofstra et al., 2018) forming a 565 
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combined flow bedform. This is followed by six erosively-based normally graded and locally 566 

planar laminated sandstone beds, then a sandstone-dominated interval with multiple erosion 567 

surfaces mantled by siltstone clasts. This succession is cut by a surface overlain by extra- 568 

and intra-basinal small pebbles to large cobbles (up to 30 cm diameter) (Fig. 8). Overlying 569 

beds form fining-upwards packages of normally graded coarse to fine-grained sandstones, 570 

before the deposition of P4.  571 

The elevated location of T1, T2 and T3 above the main conduit, the absence of 572 

physical bed-scale connections with axial deposits, the highly variable palaeocurrents 573 

(ripples with a full 360° range) and hummock-like bedforms indicating flow 574 

deflection/reflection/interaction, the distinctive thin-beds with multiple scours mantled with 575 

granules, and the absence of wedge-shaped stratigraphy or downlap, support the 576 

interpretation of these successions as terrace deposits (Hansen et al., 2015, 2017a, b; 577 

McArthur et al., 2019) with phases of sediment bypass, rather than internal levees (Kane 578 

and Hodgson, 2011) or channel margin deposits (Hubbard et al., 2014).  579 

4.8 Regional correlation 580 

The La Charca outcrop (~2 km up-dip from La Peña) is ~50 m thick (Figs. 2E-F), and 581 

exhibits a stepped basal surface that cuts into MTC 5, overlain by sandstone-prone deposits 582 

similar to FA2A, which are in turn overlain by laterally-thinning and/or amalgamated 583 

sandstone beds (<1-~10m thick) similar to FA2B (Fig. 2F). The stratigraphic continuity of 584 

MTD 5 and 6 and the absence of the sandbody in the 2 km between the outcrops of La Peña 585 

and La Charca (Figs. 2E-F), suggests a linear shape. Although the exact 586 

palaeoenvironmental relationship between the two outcrops is uncertain, the similar fill and 587 

geometry suggests some degree of connection. The stepped basal surface and overlying 588 

sandstone-prone succession similar to FA2A supports a channelised setting with basal lag 589 

deposits, with laterally discontinuous sandstones above interpreted as stacked individual 590 

channel bodies.  591 
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5 Discussion 592 

5.1 Stratigraphic evolution 593 

5.1.1 Formation of Surface 1 (S1) 594 

The stepped geometry, and pebbly sandstones and conglomerates (FA2A) overlying S1 595 

at the base of P1 and on the SW margin under P3 in the SSB, under the lowermost package 596 

of the NSB, and underlying T2 and T3 on elevated surfaces suggests that S1 deepened 597 

through multiple phases of erosion and sediment bypass. The SW expression of S1 in the 598 

SSB is characterised by onlap and localised erosion, indicating limited modification of S1 599 

and MTD 5 during P1. This supports the formation of the composite S1 during an initial 600 

down-cutting phase dominated by sediment bypass (e.g. Hubbard et al., 2014; Hodgson et 601 

al., 2016), rather than reworking during aggradation. The ability of MTD 5 to support the 602 

formation of the remarkably steep gradients on S1 suggests a high yield strength and 603 

cohesion of the debrite (MTD 5), and contrasts with lower gradients recorded in submarine 604 

channels that incise into stratified substrates (e.g. Hansen et al., 2017a). Little information is 605 

available on the location of the NSB and SSB with respect to the large-scale morphology of 606 

the MTD body. The varying degrees of sandstone block disaggregation, thickness of the 607 

MTD and the lack of evidence of compressional thrust faulting suggests that the channels 608 

incise in the translational zone of the MTD body. 609 

5.1.2 Channelised deposition (P1-P3)  610 

P1 represents the first stage of fill within the SSB, and is characterised by coarse-611 

grained amalgamated sandstones above the lowest part of the S1 surface (Fig. 9A). 612 

Overlying this, P2 is characterised by a wider grainsize range, fine-grained bed caps, and 613 

smaller-scale channelised bodies (Fig. 9B). During P2, flows eroded into the remobilised T1, 614 

and were able to deposit either side of the palaeohigh between the SSB and the NSB. The 615 

increase in fine grained material could either reflect a change in sediment source character, 616 

or a change in flow parameters resulting in reduced flow velocity and potential to bypass that 617 

affected grainsize sequestration along a system. The increase in finer material allowed 618 
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formation and stabilisation of channels banks within the larger-scale conduit bounded by S1 619 

(Peakall et al., 2007). The change in bed geometry may also reflect reduced confinement 620 

leading to lower local velocities and deposition and preservation of finer grainsizes, allowing 621 

elementary channels to form and migrate (Figs. 4, 9B). P3 is marked by tabular sandstone 622 

beds (Fig. 9C), with the greater bed thickness, coarser grain-size and level of amalgamation 623 

suggesting deposition from larger, higher energy flows, capable of bypassing finer-grained 624 

sediment down-dip (Kneller and Branney, 1995).  625 

5.1.3 Downdip confinement  626 

S2, an irregular and laterally-extensive erosion surface, cuts into P3 and T2 in both 627 

the SSB and the NSB, supporting an erosion- and bypass-dominated phase that resculpted 628 

both the SSB and NSB systems (Figs. 1, 4-5). This surface is overlain by a marked change 629 

to 6 m of interbedded FA4B (Figs. 5, 9D), which based on normally graded beds with fine 630 

grained caps, are interpreted as deposits of fully- or partially-confined flows (e.g. Sinclair and 631 

Tomasso, 2002). This abrupt change suggests the presence of downdip confinement of the 632 

channel system and formation of lobes. Complex palaeocurrents, ranging from 134-352° 633 

within this lower section further support the presence of down-dip confinement, with flow 634 

deflection and reflection off topography able to produce fully reversed measurements within 635 

a single deposit. The abrupt change from P3 to P4 is attributed to local changes within the 636 

system. Possible mechanisms include: 1) collapse of the unstable debrite wall after 637 

formation of S2 and plugging the conduit downdip; 2) the infilling of down-dip 638 

accommodation on top of the debrite through emplacement of an MTD; or 3) through 639 

continued deformation or (differential) compaction of the debrite impacting sediment 640 

transport pathways (e.g. Kneller et al., 2016; Zhao et al., 2019). The weak normal grading of 641 

L1 suggests that the scale of frontal flow confinement was limited, with fine-grained material 642 

transported further down-dip, and that the frontal confinement of lower P4 was related to 643 

emplacement of a minor MTD, possibly similar in size to MTD 6. Evidence for flow 644 

confinement decreases up stratigraphy, although complex palaeocurrent indicators indicate 645 

some topography remained.  646 
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5.1.4 Lobe progradation 647 

P4 marks an abrupt change from channelised to lobe deposition. The extent of S2 to 648 

the NE of the NSB is unknown. However, the near-consistent bed thicknesses of L1-L4 649 

suggest a lack of lateral compensational stacking, and therefore some confinement by S2 650 

and that lobe development shows flow size was scalable to the size of S2. Examples of 651 

lobate deposits underlying a channel system in unconfined settings are well documented 652 

(e.g. Gardner et al., 2003; Macdonald et al., 2011; Hodgson et al., 2011, 2016). However, 653 

examples of lobes deposited within a channel are rarer. Lobes overlying individual channel 654 

complexes are associated with the ‘spill’ phase of channel development (Eschard et al., 655 

2003; Gardner et al., 2003), and are unconfined. Lobes within the same confining surface as 656 

axial fill are undocumented, but semi-confined lobes have been documented in canyon 657 

settings in the South China Sea (Wu et al., 2018) and offshore Egypt (Morris et al., 2014).  658 

Hybrid beds within channel confinement are rare, but have been documented in 659 

slope channel-fill of the Schiehallion Field (offshore the Shetland Islands), interpreted as a 660 

sign of system back-stepping or knickpoint migration (Haughton et al., 2009). Hybrid beds 661 

are more commonly associated with unconfined proximal (Fonnesu et al., 2015; Brooks et 662 

al., 2018), or lateral and frontal lobe fringe deposition (Haughton et al., 2003, 2009; 663 

Hodgson, 2009; Kane and Pontén, 2012; Kane et al., 2017; Spychala et al., 2017a, b, c). 664 

Several mechanisms may result in hybrid bed deposition within the channel system at La 665 

Peña, including: 1) system progradation where flow size remains the same, but as 666 

deposition was taking place in the upper portions of the channel cut, the conduit had 667 

sufficient width to allow ‘unconfined’ deposition from flows; 2) a reduction in flow size, 668 

resulting in underfit flows in relation to channel size forming ‘unconfined’ deposition (of 669 

hybrid beds); and 3) back-stepping of lobe complexes into the channel cut.  670 

The thin-bedded sandstone-siltstone couplets (FA4B) in the lower section of P4 are 671 

interpreted as ponding of distal lobe fringe deposits, with increasing bed thickness and 672 

amalgamation of beds L1-L4, and decreasing volumes of fine-grained material suggesting 673 
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progradation of a lobe complex. Erosional features in the lower portions of a lobe, such as 674 

the surface that truncates L1, are typically erosive products of larger flows (Fig. 4) which 675 

suggests sufficient space within S1 to allow ‘unconfined’ deposition at this point. Sand-rich 676 

hybrid beds similar to those seen in La Peña have been observed in areas proximal to the 677 

lobe axis (Fonnesu et al., 2015; Brooks et al., 2018). A similar configuration is supported by 678 

deposition of L5, which is characterised by amalgamated sandstone beds indicating a lobe 679 

axis. 680 

5.1.5 Avulsion, lobe switching and back-stepping 681 

 The contact between Unit 2 and Unit 3 is a sharp change (Fig. 4, Log 9, 8 and 3, Fig. 682 

6 top) from axial lobe to distal lobe fringe deposits, indicating a sudden change within the 683 

system. This corresponds with a change in palaeocurrent direction from the NW to the NE. 684 

The most likely mechanism for rapid abandonment of a lobe is upstream avulsion (Prélat et 685 

al., 2010; Macdonald et al., 2011). Therefore, Unit 3 represents distal lobe fringe deposition 686 

of a new lobe, or a phase of abandonment.  687 

5.2 Terrace development 688 

Multiple mechanisms can form terraced surfaces within submarine channel systems 689 

(Hansen et al., 2015), which then act as sites for subsequent deposition. The presence of 690 

FA2A on steps on S1 immediately below T2 and T3 suggest that these surfaces were once 691 

the location of much higher energy and coarser-grained flows that mainly bypassed 692 

sediment basinward, compared to the overlying deposits. This, coupled with S1 cutting down 693 

10 m over a width of 18 m (a gradient of ~55°), and this elevation difference between T3 and 694 

the SSB (Fig. 4) suggests formation of the terraced surface was through bend cut-off by 695 

entrenchment (Hansen et al., 2015), with T3 deposited in the older elevated and abandoned 696 

channel cut. The spread in palaeocurrent data in lower T3 (Fig. 4) is indicative of flow 697 

deflection from frontal topography, with a large number of upstream flow indicators. Thus, 698 

plugging of the bend cut-off likely occurred through deposition at the ‘exit’ of the cut-off, 699 

possibly through reduced discharge and energy conditions within the abandoned channel 700 
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that caused trapping of suspended sediment (Fisk, 1947; Constantine et al., 2010; Toonen 701 

et al., 2012). An intermediary high does not separate T1 and T2 from the main conduit, so 702 

the stepped surfaces these deposits are located on are likely entrenchment terrace surfaces 703 

(Babonneau et al., 2002, 2004; Hansen et al., 2015). The location of T1 adjacent to the 704 

NSB, and relationship with the base of P2, suggest T1 deposits were sourced from flows in 705 

the NSB, with flow deflection producing the dispersed palaeocurrent readings. Erosional 706 

terrace surfaces observed in the Indus and Benin-Major channel systems are interpreted to 707 

form during incision of the erosional fairway (Deptuck et al., 2003). Deposition on a terrace 708 

surface is governed by the thickness of a density-stratified turbidity current, and height of the 709 

terrace surface above the channel base (Hansen et al., 2015, 2017a, b). Consequently, 710 

assuming flow properties remain constant with time, increased height of terraces above the 711 

channel thalweg results in finer and thinner deposits (Babonneau et al., 2004, 2010). 712 

Thinning- and fining-upwards trends in external levees and terraces have been attributed to 713 

increased flow confinement (Hiscott et al., 1997; Normark et al., 1997; Kane and Hodgson 714 

2011; Hansen et al., 2015).Thickening- and coarsening-upwards trends in levees have been 715 

interpreted to record system progradation of submarine fans (e.g. Mutti and Ricci Lucci, 716 

1972; Hiscott, 1981; Mutti, 1984; Pickering et al., 1989) and as a function of lateral migration 717 

of a channel (Kane and Hodgson, 2011).  718 

The thickest terrace succession (T3) exhibits two distinct styles of sedimentation 719 

separated by an abrupt change (Figs. 7D-G, 8). The lower portion (T3.1-T3.7) is finer-720 

grained, and dominated by thin beds (Figs. 7D-E, 8), which form six thickening upwards 721 

packages (Fig. 8), suggesting formation by stripping of upper parts of flows in the channel 722 

axis of the SSB, and of either repeated aggradation of the channel, and/or cyclical external 723 

controls on flow magnitudes. The presence of scour surfaces mantled with coarse grains 724 

within the terrace deposits (Figs. 3H, 7F, 8) suggests that periodically there were more 725 

energetic, larger magnitude flows, or that periods of channel aggradation reduced the 726 

terrace height relative to the axis. Bed thickness, grainsize, and numbers of granule- and 727 

siltstone chip-rich intervals increase upwards in the upper T3 succession (Fig. 8). This 728 
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change could record: a) higher aggradation of channel-axis deposits relative to terrace 729 

deposition, allowing increasingly coarse grainsizes and deposition of thicker beds, or b) 730 

increasing flow magnitude through time, possibly through system progradation, or c) some 731 

combination of the two. The overall pronounced coarsening-up succession of T3 suggests 732 

that the terrace deposits may largely reflect bed thalweg aggradation, rather than increasing 733 

flow magnitudes. Given that turbidity current velocity decreases exponentially with height, 734 

once above the height of the velocity maximum, then even large increases in flow magnitude 735 

are unlikely to be able to produce major scour surfaces and deposition of granules and 736 

siltstone chips (up to 1.5 cm in size) on highly elevated terraces (sensu Babonneau et al., 737 

2004). Given the overall bed stacking with repeated minor coarsening-up cycles, the lower 738 

part of the terrace is most easily explained as recording successive phases of channel 739 

thalweg aggradation during the infill phase. If related to initial downcutting and formation of 740 

S1, then there would need to be six progressively larger phases of bed aggradation within 741 

the channel, followed by renewed downcutting. The abrupt change between the deposits of 742 

the lower and higher terrace suggests that there was a major phase of channel aggradation 743 

at this point, which may have been accompanied by increased flow size. 744 

5.3 Relative Timing of the Southern Sandstone Body and Northern Sandstone Body 745 

fill 746 

Faulting in the centre of the study area largely prevents tracing of stratigraphic surfaces 747 

between the SSB and the NSB. The relationship between P2 and T1 provides the oldest 748 

observational constraints available of the temporal evolution of SSB and NSB. The rotation, 749 

deformation, and incision of T1 (Fig. 7) suggests it was originally more extensive. The 750 

instability and remobilisation is likely related to a phase of erosion prior to deposition of P2. 751 

This indicates that the NSB was active prior to the deposition of P2, which is supported by 752 

the different depths of incision of the NSB and SSB. The NSB incision is ~15 m shallower 753 

than the SSB, and had they been contemporaneous, the SSB would have had a significant 754 

gradient advantage over the NSB, with the majority of flows transported through the SSB. 755 
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This may suggest that the NSB incised and filled prior to the incision by the SSB (Fig. 10Ai). 756 

The two channels may have formed from an updip avulsion, or by two separate channel 757 

systems (Fig. 10Aii). Channel avulsion can be triggered by a number of factors, including 758 

changes in slope gradient, channel aggradation and reduced channel relief, continued 759 

deformation of the debrite resulting in breaching of confinement, and channel plugging 760 

through MTD emplacement (Posamentier and Kolla, 2003; Kolla, 2007; Armitage et al., 761 

2012; Ortiz Karpf et al., 2015). A number of these mechanisms can be discounted; there is 762 

no evidence for large scours or rapid deposition that is associated with a change in slope at 763 

this stratigraphic level. If channel plugging were responsible, evidence of confined or 764 

partially-confined flows (as seen in P4) would be expected, and no evidence of syn-765 

sedimentary deformation (such as localised faulting, thinning or thickening of deposits away 766 

from the area of deformation, or deformation of deposits) is visible. The preferred 767 

mechanism in this scenario is a channel avulsion resulting from in-channel aggradation (Fig. 768 

10Aii) that reduced channel relief, with the NSB representing the original channel, and the 769 

SSB the post-avulsion channel (Figs. 10Aiii-iv). 770 

Alternatively, it may be the case that the NSB and SSB were coeval. Subtle variations in 771 

channel morphology and thalweg gradient can influence flow velocity, and thus the erosion-772 

deposition threshold (Kneller, 1995; Stevenson et al., 2015). A steeper gradient in the SSB 773 

would result in more sediment bypass through this channel, whilst deposition occurred in the 774 

NSB (Fig. 10Bi). When available accommodation within the NSB was filled, all flows would 775 

be diverted down the SSB (Fig. 10Bii), which begins to aggrade (Fig. 10Biii). It is also 776 

possible that the NSB and SSB are related to an upstream knickpoint migration and splitting 777 

upon reaching a more resistant lithology. Buried megaclasts could have formed lithological 778 

contrasts, and influenced surface sediment routing long after burial (Alves and Cartwright, 779 

2010; Ward et al. 2018). A further possibility is that NSB and SSB could represent two 780 

channel systems that developed above the MTD 5 debrite independently, but in close 781 

proximity, as seen beyond the shelf-edge delta in the Fuji-Einstein system (Gulf of Mexico, 782 

Sylvester et al., 2012). The transition from erosion and bypass to aggradation within the NSB 783 
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suggests a waning sediment supply, with depositional flows having limited ability to erode 784 

and form new conduits, meaning channel development was likely coeval. 785 

5.4 Source-to-sink implications 786 

A striking aspect of the exhumed parts of the deep-marine stratigraphy in the study 787 

area is the scarcity of channel-fills despite the profusion of large MTDs (Valdez Buso et al., 788 

2019). Furthermore, channel-fills are not recorded in other exposed parts of the Valle Fértil 789 

sub-basin-fill (cf. Fernandez-Seveso and Tankard, 1995). Turbidite lobes are widely 790 

identified (Fallgatter et al., 2019), which suggests the presence of lower order distributary 791 

channel systems. The bounding turbidite stratigraphy below and above the studied 792 

succession are interpreted as prograding turbiditic wedges, similar to the succession 793 

observed at Cerro Bola from the maximum flooding zone of Cycle 3 (cf. Fallgater et al, 2017, 794 

Valdez Buso et al., 2020).  795 

The La Peña channel-fills documented here are an anomaly in this basin-fill. 796 

Therefore, we link the development of the channels to the perturbation of the sedimentary 797 

system by emplacement of the MTD 5 debris flow. Furthermore, the abrupt influx of coarse 798 

sands suggests modification of the updip drainage system after emplacement of the debris 799 

flow such that coarser material became a source. Emplacement of a large submarine 800 

landslide forces not only changes in sediment sources and dispersal patterns, but also grain 801 

size segregation. 802 

This has implications for subsurface appraisal on hydrocarbon and carbon reservoirs 803 

(e.g. Steventon et al., 2021), as the failure that generated MTD 5 created the transient 804 

conditions that segregated sand and mud more effectively, making the sand-prone channel-805 

fills potential hydrocarbon traps, that otherwise would never have developed. In other words, 806 

without MTD 5, the system would likely have maintained a poor grain-size separation. This 807 

case study demonstrates the dramatic changes large submarine landslides impose on pre-808 

existing drainage and sediment dispersal patterns.  809 
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 810 

6 Conclusions 811 

Here we present the first study of two exceptionally well-exposed erosional channel 812 

systems (the NSB and SSB) that incised into a thick megaclast-bearing debrite. We also 813 

document the formation and flow-scale evolution of a seismic-scale outcrop, using 814 

sedimentological analysis, geological mapping and photogrammetric modelling. We 815 

demonstrate the ability of flows to progressively incise >75 m into an underlying MTD, a 816 

debrite, with remarkably steep margins (up to 70°). The evolution from erosion- and 817 

sediment bypass-dominated to deposition-dominated is marked by aggradational stacking of 818 

sand-rich channel-fill, exhibiting a high degree of homogeneity. Above this, stepped changes 819 

in confinement coincided with a change in intrachannel architecture to laterally-migrating 820 

channel bodies, follows by tabular, highly-aggradational fill. Furthermore, we examine the 821 

sedimentological and stratigraphic evolution of two types of depositional terrace: an 822 

entrenchment terrace, and the first outcrop example of a terrace deposit situated in a bend 823 

cut-off. We show progradation of a lobe complex within the larger channel erosion surface, 824 

characterised by a lack of compensational stacking and increasingly thick deposits of 825 

proximal lobe hybrid bed deposits. The scarcity of channel-fills in the rest of the exhumed 826 

deep-water stratigraphy, and the abrupt influx of coarse sand, indicates a clear link between 827 

perturbation of the sedimentary system by emplacement of MTD 5 and the inception and 828 

evolution of the overlying channels. This study shows that emplacement of a large 829 

submarine landslide can abruptly change sediment sources and dispersal patterns, and 830 

facilitates effective segregation of grain sizes in deep-marine environments. 831 
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Figure captions: 1270 

Figure 1. (A) Image of the Paganzo Basin, with inset showing location within South America. 1271 
Study area is located within black box. (B) Enlargement of the study area, showing the 1272 
location of the La Peña outcrops, where fieldwork was undertaken, and the La Charca 1273 
outcrop, described using outcrop modelling and photographs. (C) Stratigraphic column 1274 
(adapted from Valdez Buso et al., 2019), showing the regional stratigraphy, and La Peña 1275 
stratigraphy in detail from data herein. (D) Geological map of La Peña study area, showing 1276 
the deposits studied in this paper. 1277 

Figure 2. (A) Aerial photograph of the field area (used in Fig. 1B) showing the relative 1278 
location of outcrops, with arrows pointing to point of view of photographs in A, B, D and E. 1279 
Outcrop images from (B) the Southern Channel of La Peña outcrop. (C) The Northern 1280 
Channel of the La Peña outcrop. (D) Contact between channel sand and MTD, in the 1281 
Southern Channel of La Peña outcrop, seen from the fault plane shown in Fig. 2A. (E) Image 1282 
of the up-dip La Charca outcrop (see Fig. 2C), with line drawing overlay showing interpreted 1283 
architecture. (F) Close-up of La Charca outcrop, showing internal channel bodies and clast-1284 
rich basal layers. T1, T2 and T3 are interpreted terrace deposits. 1285 

Figure 3. Representative facies photographs from outcrops at La Peña. (A) Lower sand 1286 
block-rich, and mid sections of MTD 5, showing decreasing concentration of sand blocks up 1287 
section. MTD basal contact with underlying stratigraphy is also seen. (B) Deformed contact 1288 
between FA1B and overlying sandstone. (C) Sand-rich imbricate thrust sheets of MTD 6. (D) 1289 
Basal conglomerate layer from the Southern Channel. (E) Massive, amalgamated coarse-1290 
grained turbidite deposition. (F) Fine-grained sand bed cap of channelised bed geometries. 1291 
(G) Fissile, thin-bedded terrace deposits (H) Scoured and gravel-rich thin-bedded terrace 1292 
deposits (I) Repeated sand-mud couplets (J) Sharp contact between sand and underlying 1293 
mud. (K) Massive sandstone with overlying linked debrite. (L) Massive, planar and ripple 1294 
laminated mica-rich sandstone. 1295 

Figure 4. Correlation panel for SSB, and associated palaeocurrent data. Correlation panel is 1296 
split into stratigraphic packages based on lithology and bed geometry. Additional 1297 
palaeocurrent data is from an uplifted section of the SSB base. Outcrop line drawing shows 1298 
location of sedimentary logs, and bed geometries within the Southern Channel. The 77 m 1299 
between the channel axis and the terraces are shortened to fit these features onto the line 1300 
drawing. The inset figure in the lower left is from a UAV photograph of the 3D outcrop, so 1301 
perspective is different. Furthermore, some beds are exposed at an angle and do not show 1302 
true vertical thickness. The correlation panel is based on true thicknesses. 1303 

Figure 5. Outcrop image and sedimentary logs showing architecture and lithology of 1304 
Package 4. (A) Panorama showing the western section of Package 4 within the channel 1305 
axis. Lobes 1-4 are visible, as is the base of lobe 5. (B) Sedimentary logs showing the lateral 1306 
change in lithology between the part of Package 4 containing L1, and the part where L1 has 1307 
been truncated by a small channel, both of which are underlain by the first incidence of 1308 
ponded sand-mud couplets. Top of log shows L2. (C) Log through the middle of Package 4, 1309 
showing L3 and overlying hybrid bed deposition. (D) Sedimentary log through the upper 1310 
section of Package, showing L4. D* Upper package of hybrid beds and L5 are not visible 1311 
from this position as they are above the line of sight from this angle, but are included in Fig. 1312 
5D.  1313 

Figure 6. Correlation panel for the NSB, and associated palaeocurrent data. P4 and 1314 
overlying stratigraphy is present in the NSB, but underlying stratigraphy cannot be correlated 1315 
with the SSB. Log location shown in Fig. 1D. 1316 
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Figure 7. Examples of terraces in the La Peña section. (A) Outcrop of T1, showing slip 1317 
surface, and over-spilling channel sand eroding the terrace deposition. (B) Closer image 1318 
showing the erosion of channel sand, and the predominantly thin-bedded nature of the 1319 
terrace. (C) Medium-coarse sand layer containing large clasts, that are present throughout 1320 
the terrace. (D) Lower section of T3. (E) Micro-ripples on thin beds in Lower Terrace. (F) 1321 
Outcrop of the lower section of T3, showing predominantly scoured thin-bedded deposition. 1322 
(G) Upper section of T3, characterised by increased bed thicknesses, with beds exhibiting 1323 
lateral accretion, and hummock-like geometries. 1324 

Figure 8. Sedimentary log through the lower and upper sections of T3, showing change in 1325 
grainsize, bed thickness and bed geometries. The lower section of the terrace is 1326 
characterised by six packages of thickening and coarsening up beds. In contrast, the upper 1327 
terrace is characterised by a lack of discernible bed thickness and grainsize trends but 1328 
exhibits a higher degree of erosion and greater bed thicknesses. 1329 

Figure 9. Stratigraphic evolution of succession studied at La Peña. (A) Deposition of 1330 
Package 1 and T1 is followed by (B) over-spilling onto an MTD palaeohigh, and partial 1331 
erosion of T1 by the base of Package 2, before the initiation of channelised bodies, and 1332 
concurrent lateral migration. Possible development of T2 and T3. (C) Package 3 is 1333 
characteried by a return to deposition of tabular geometries, and further development of T2 1334 
and T3. (D) The start of Package 4 deposition is characterised by repeated deposition of 1335 
ponded and lobate beds, and erosion of these features by a small channel to the west. This 1336 
is followed by repeated deposition of lobe and hybrid beds.  1337 

Figure 10. Summary of S1 and axial channel-fill. (A) Incisional avulsion, where S1 is formed 1338 
contemporaneously with depositional systems. (B) The NSB and SSB represent coetaneous 1339 
exit channels from a mini-basin, with the NSB having a lower thalweg gradient. The high 1340 
gradient in the SSB causes total bypass of flows, with deposition in the NSB. Once 1341 
aggradation within the NSB exceeds the generation of accommodation, flows are 1342 
transported down the SSB, which subsequently back-fills. 1343 
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