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 18 

ABSTRACT 19 

Understanding variations in the sedimentary processes and resulting stratigraphic 20 

architecture in submarine channel systems is essential for characterizing sediment bypass and 21 

sedimentary facies distribution on submarine slopes. In the Santonian to Campanian Cerro 22 

Toro Formation, southern Chile, a coarse-grained slope system, informally known as the 23 
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Lago Sofia Member, developed in a structurally controlled environment, with complex and 24 

poorly established relationships with the surrounding mud-rich heterolithic deposits. 25 

A detailed architectural analysis of the most continuous and best-exposed channel 26 

system in the Lago Sofia Member, the Paine C channel system, provides insights on lateral 27 

facies transitions from channel axis to margin, stacked in a multi-phase sequence of events 28 

marked by abrupt changes in facies, facies associations, and architecture. 29 

The Paine C channel system is incised into siltstones and claystones interbedded with 30 

thin-bedded very fine sandstone, interpreted to be either channel-related overbank or 31 

unrelated background deposits. The coarse-grained deposits are divided into a lower 32 

conglomeratic unit and an upper sand-rich unit. The lower conglomeratic unit can be further 33 

subdivided into three phases: 1) highly depositional and/or aggradational, dominated by thick 34 

and laterally continuous beds of clast- to matrix-supported conglomerate, herein named 35 

transitional event deposits; 2) an intermediate phase, including deposits similar to those 36 

dominant in phase 1 but also containing abundant clast-supported conglomerates and 37 

lenticular sandstones; and 3) a bypass-dominated phase, which records an architectural 38 

change into a highly amalgamated ca. 45-m-thick package composed purely of lenticular 39 

clast-supported conglomerates with local lenticular sandstones. Between the conglomeratic 40 

phases, a meter-scale package composed of interbedded thin- to medium-bedded sandstone 41 

and mudstone deposits is interpreted to drape the entire channel, indicating periods of weaker 42 

gravity flows running down the channel, with no evidence of bedload transport.  43 

The upper sand-rich unit is divided into lower amalgamated and upper non-44 

amalgamated phases, and represents a rapid architectural change interpreted to record an 45 

overall waning of the system. The sandstone unit laps out onto a mass-transport complex 46 

which is interpreted to have been triggered initially at the same time as major architectural 47 

change from conglomerates to sandstones. 48 
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While mindful of the fact that each system is a complete analogue only for itself, we 49 

propose a new depositional model for coarse-grained submarine channel systems, which 50 

particular characteristics can provide significant insights into architectural heterogeneity and 51 

facies transitions in channelized systems, allowing substantial improvement in subsurface 52 

facies prediction for fluid reservoirs. 53 

 54 

INTRODUCTION 55 

The understanding of modern submarine channel systems can offer important 56 

information about depositional processes, geometries, and lateral facies relationships (Hansen 57 

et al. 2017; Maier et al. 2019; Vendettuoli et al. 2019; Tek et al., 2021), but provide very little 58 

information on vertical stacking patterns and internal facies distribution (Morris and Normark 59 

2000; Kane et al. 2007; Gamberi et al. 2013; Morris et al. 2016). Detailed work on 60 

continuous exposures of ancient systems at outcrop, via combinations of mapping, logging, 61 

and photomosaic interpretation, provides valuable information on facies and architecture of 62 

these channel systems, and allows the creation of two- and sometimes quasi-three-63 

dimensional depositional models, and generation of step-by-step multiphase reconstruction of 64 

the channel fill (Hubbard et al. 2010; Hubbard et al. 2014; Li et al. 2018; Casciano et al. 65 

2019; Kneller et al. 2020; Tek et al. 2020). 66 

Here we present a detailed architectural analysis of a channel system (sensu McHargue 67 

et al. 2011), the Paine C (Crane and Lowe 2008; Bernhardt et al. 2011). It forms part of the 68 

Cretaceous Cerro Toro Formation in the Silla Syncline area, Magallanes Basin, southern 69 

Chile (Fig. 1) (Scott 1966; Winn and Dott 1979; Sohn et al. 2002; Beaubouef 2004; Crane 70 

and Lowe 2008; Hubbard et al. 2008; Bernhardt et al. 2011; Romans et al. 2011; Bozetti et al. 71 

2018) which consists of a succession dominated by thin-bedded sandstones and mudstones 72 

that envelop packages of conglomerate and sandstone deposits, informally named the Lago 73 
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Sofia member (Crane and Lowe 2008; Lago Sofia lens of Winn and Dott 1979; Figs. 1, 2). 74 

The Magallanes Basin is interpreted to consist of a deep- to shallow-marine succession (Fig. 75 

2), overlain by deltaic deposits (Wilson 1991; Fildani and Hessler 2005; Shultz et al. 2005; 76 

Crane and Lowe 2008; Hubbard et al. 2008; Romans et al. 2009), marking the progradation 77 

of a slope sequence onto the basin floor (Hubbard et al. 2010; Malkowski et al. 2015, 2018). 78 

The Paine C channel system was chosen for this analysis because it is the largest and most 79 

continuously exposed channel system preserved at the Silla Syncline area (Figs. 1, 2, 3).  80 

Cecioni (l957), Katz (1963), and Scott (1966) published the first accounts of the Late 81 

Cretaceous succession, describing it as a flysch sequence. Scott documented much of the 82 

small-scale sedimentology and recognized the axial sediment transport. However, in a 83 

detailed analysis of the sedimentology, Winn and Dott (1979) were the first to recognize the 84 

large-scale channel geometries, speculating on the sediment transport mechanisms, drawing 85 

comparisons between the coarse-grained channel fills and fluvial conglomerates, and 86 

suggesting three possible mechanisms for the origin of the distinctive graded diamictites 87 

(referred to herein as “transitional event deposits” or TEDs) that are characteristic of this 88 

system. Winn and Dott (1979) proposed that this succession constituted a submarine channel-89 

levee system. Devries and Lindholm (1994) expanded on this interpretation for the Silla 90 

Syncline area, providing evidence that the channels and levees were genetically linked, 91 

detailing the levee architecture and the facies changes away from the channel margin. In 92 

contrast, Coleman (2000), while also interpreting the fine-grained, thin-bedded sediments 93 

adjacent to the channel fills as levee, concluded that they were genetically unrelated and that 94 

the channel margins were essentially erosional into an older thin-bedded succession.  95 

Beaubouef (2004) published the most comprehensive study up to that point of the 96 

uppermost of the conglomeratic bodies of the Cerro Toro Formation (Paine C) in the Silla 97 

Syncline area, focusing on the northeast margin of the channel system. He applied the 98 
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hierarchical channel-systems classification of Sprague et al. (2005), recognized the 99 

southwestward offset stacking, and proposed a sequence of development for this channel 100 

system in which the levees developed during channel bypass, followed by erosion related to 101 

channel entrenchment or migration, then infilling of the levee relief by intra-channel facies.  102 

Barton et al. (2007) also described what they regarded as levee facies in detail, differentiating 103 

what they called inner levee (internal levee of Kane and Hodgson 2011) and outer (external) 104 

levee, and recognizing sediment waves in the external levee. Crane and Lowe (2008) and 105 

subsequently Campion et al. (2011) recognized sediment waves also in what Barton et al. 106 

(2007) considered to be internal levee (sensu Kane and Hodgson 2011), i.e., within the 107 

channel belt bounded by the external levees. Crane and Lowe (2008, 2009) undertook a more 108 

detailed architectural analysis and mapping that included both margins of the channel system, 109 

examining in detail the surfaces that separated the several phases of channel-fill aggradation. 110 

They concluded that the thin-bedded fine-grained rocks adjacent to the channel belt were not 111 

levees directly related to the coarse-grained channel fills but had a more complex 112 

relationship, and that the coarse-grained channel fills were essentially erosionally confined.  113 

Bernhardt et al. (2011) extended the mapping both geographically and stratigraphically 114 

to include all intervals of the Lago Sofia Member, and concluded that they were confined 115 

within a developing structure antecedent to the Silla Syncline (Gonzales and Aydin 2008). 116 

The objectives of this work are: 1) to describe and synthesize the facies and facies 117 

associations recognized in the area; 2) to understand the heterogeneity of the channelized 118 

deposits and how they vary laterally and vertically; 3) to produce a well-constrained 119 

depositional model of the evolution of the channel system, presenting phases of channel 120 

erosion and deposition (aggradation) and their possible causes; and 4) to illustrate major 121 

differences between types of submarine channel systems, and their consequence in terms of 122 

facies prediction. 123 
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 124 

GEOLOGICAL SETTING AT THE ULTIMA ESPERANZA DISTRICT 125 

The two-phase evolution of the southern Patagonia Basin during the Jurassic to the 126 

Cretaceous consists of an older back-arc rift basin, the Rocas Verdes Basin (RVB), and a 127 

successor retro-arc foreland basin, the Magallanes-Austral Basin (Fildani and Hessler 2005; 128 

Calderon et al. 2007; Malkowski et al. 2018). The Jurassic to Early Cretaceous Rocas Verdes 129 

Basin is associated with the breakup of Gondwana, and formed in a back-arc extensional 130 

setting (Katz 1963; Dalziel et al. 1974; De Wit and Stern 1981; Biddle et al. 1986; Wilson 131 

1991; Calderon et al. 2007). Regional crustal extension spanned ca. 190 to 137 Ma (Stern et 132 

al. 1992; Pankhurst et al. 2000), with volcanism occurring between 154 Ma and 147 Ma 133 

(Stern and Mukasa 1992). 134 

Magallanes Basin 135 

During the Cenomanian-Turonian, the transition from back-arc extension to 136 

compression resulted in development of the retro-arc foreland Magallanes Basin and the 137 

onset of deep-marine clastic sedimentation, represented by deposition of the Punta Barrosa 138 

Formation, a mudstone-rich basin-floor succession with intercalated turbidite sandstone 139 

packages (Wilson 1991; Fildani et al. 2003; Fildani and Hessler 2005; Malkowski et al. 140 

2015). Ongoing subsidence, and denudation in the source areas, are recorded by the 141 

approximately 2500 m of the Cerro Toro Formation (Fig. 2; Katz 1963; Scott 1966; Winn and 142 

Dott 1979; Calderon et a. 2007; Crane and Lowe 2008; Hubbard et al. 2008; Romans et al. 143 

2011; Bozetti et al. 2018), dominated by thin-bedded sandstones and mudstones, and 144 

hemipelagic sediments representing the background sedimentation (Winn and Dott 1979; 145 

Beaubouef 2004). Embedded in these fine-grained deposits are packages of conglomerate-146 

rich strata up to 400 m thick, collectively referred to informally as the Lago Sofia member 147 

(Winn and Dott 1979), interpreted as coarse-grained submarine channel fills and intervening 148 
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turbidite sheet or lobe systems (Fig. 2; Katz 1963; Winn and Dott 1979; Crane and Lowe 149 

2008; Hubbard et al. 2008; Jobe et al. 2010; Bernhardt et al. 2011; Bernhardt et al. 2012; 150 

Malkowski et al. 2015, 2018; Bozetti et al. 2018). These coarse-grained deposits form part of 151 

a diachronous channel belt that extends at least 50 km north and south from Cerro Toro 152 

(Winn and Dott 1979; Ghiglione et al. 2014; Sickman et al. 2018), and possibly from Lago 153 

Viedma in Argentina at 48 S to Cordillera Darwin in Tierra del Fuego at 54 S (Malkowski 154 

et al. 2015). In the Cerro Toro area they occur in two main outcrop belts: one approximately 155 

north-south oriented, from Laguna Amarga in the north, through Sierra del Toro, and 156 

southward to Lago Sofia (orange patches in Fig. 3A), and one northwest-southeast oriented, 157 

in the Torres del Paine National Park, known as Silla Syncline, and which is the focus of this 158 

research (red rectangle in Fig. 3A; Scott 1966; Winn and Dott 1979; Sohn et al. 2002; 159 

Beaubouef 2004; Crane and Lowe 2008; Hubbard et al. 2008; Bernhardt et al. 2011; Romans 160 

et al. 2011; Bozetti et al. 2018). 161 

The Cerro Toro Formation is succeeded by the sandstone-rich slope channels of the 162 

Tres Pasos Formation and the overlying delta-dominated Dorotea Formation, recording a 163 

continuous shallowing of the basin due to slope progradation (Fig. 2; Katz 1963; Natland et 164 

al. 1974; Macellari et al. 1989; Armitage et al. 2009; Romans et al. 2009; Bernhardt et al. 165 

2011; Bozetti et al. 2018; Daniels et al. 2019). With few exceptions, overall paleocurrent 166 

measurements of the Cerro Toro, Tres Pasos, and Dorotea Formations are consistently 167 

directed toward the south and southeast, parallel to the Andean mountain-front (Scott 1966; 168 

Smith,1977; Macellari et al. 1989; Fildani and Hessler 2005; Shultz et al. 2005; Crane and 169 

Lowe 2008; Hubbard et al. 2008; Romans et al. 2009; Sickman et al. 2018). Radiometric ages 170 

indicate deposition over a roughly 6 Myr time span (Bernhardt et al. 2012; Daniels et al. 171 

2019).  172 

Silla Syncline area and Paine C channel system 173 
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The Upper Cretaceous Cerro Toro Formation in the Silla Syncline area was first 174 

described by Scott (1966) and Winn and Dott (1979), and coarse-grained deposits of the Lago 175 

Sofia “member” were subdivided by Crane and Lowe (2008) into three informally defined 176 

“members”, Pehoe, Paine, and Nordenskjold, the upper part of the Paine member (Paine C) 177 

being the focus of this research. A broadly similar division into channel-complex sets (sensu 178 

Sprague et al. 2002, 2005) had previously been suggested by Beaubouef (2004); Paine C 179 

corresponds to his Channel Complex Set 3. 180 

 181 

METHODOLOGY 182 

The data include: a detailed geological map, showing all the stratal relationships 183 

identified in the field; forty-one sedimentary-logs (ca. 1600 m in total), recording the Paine C 184 

deposits and the immediately underlying and overlying stratigraphy; and numerous 185 

photomosaic interpretations, which allow correlation between the sedimentary logs. 186 

The geological map of the Silla Syncline area (Fig. 3) shows deposits interpreted as part 187 

of the Lago Sofia member, with all forty-one sedimentary-log locations, highlighting in 188 

rectangles some of the main photomosaic locations, and where architectural elements were 189 

defined. An interpretation of the channel pathway (continuous white line) and its axis (dashed 190 

red lines) are also illustrated. 191 

Digital mapping combined analysis of high-resolution Google Earth® images with 192 

topographic and geological maps available in the literature (e.g., Crane and Lowe 2008; 193 

Bernhardt et al. 2011), imported to ArcGIS ArcMap, georeferenced, and used as base maps 194 

both for geographic navigation and geological orientation. Ground mapping utilized high-195 

resolution GPS (Trimble GeoXH) to record coordinates to centimeter resolution, and 196 

geological data during the tracing of boundaries (Figs. 3, 4). The mapping benefited greatly 197 

from the effects of a catastrophic fire in 2011 that burned large areas of southern beech forest, 198 
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greatly improving visibility of and access to many outcrops. The resulting field data were 199 

exported as shapefiles into ArcMap, and served as guidelines for the placement of geological 200 

boundaries on the map (Fig. 3) and for the construction of the cross sections (Fig. 4). 201 

The sedimentary logs were measured”at 1’10 scale, and served to record in detail 202 

lateral and vertical variation of facies and facies associations, as well as the stratigraphy 203 

underlying and overlying Paine C. Roughly 1600 m of stratigraphy were recorded. 204 

Numerous photomosaics were produced from different locations around the syncline, 205 

each using tens to hundreds of detailed pictures merged using Adobe Photoshop®. The line 206 

drawings and interpretations of the photomosaics were generated in Adobe Illustrator®. 207 

 208 

RESULTS 209 

A descriptive facies scheme (Table 1; Fig. 5) is presented for the Paine C and adjacent 210 

deposits. These are combined into facies associations (Fig. 6), interpreted as fundamental 211 

building blocks for the architectural elements recognized in this system (e.g., channel, 212 

overbank, splay). The Paine C channel system is composed of: i) the widespread ≤ 30-m-213 

thick Laguna Negra Debrite (continuously exposed along the western limb and absent in the 214 

eastern limb of the syncline); (ii) a lower conglomeratic unit (Paine C1 Conglomerates; Fig. 215 

2), which can be divided into three phases based on internal bounding surfaces and 216 

differences in facies associations (Figs. 4, 7, 8); and iii) an upper sand-rich unit (Paine C2 217 

Sandstone; Fig. 2), with a lower amalgamated and an upper non-amalgamated phase (Figs. 4, 218 

9). The width of the channelized deposits ranges from 3 to 4 km, the thickness of the lower 219 

conglomeratic unit is ca. 100 m, and the upper sandy unit is ca. 80 m.  220 

Facies  221 

The definition of facies depends on the purpose of the study (Walker 2006). In this 222 

study, a facies is defined as either on the nature of the deposits of individual flows (e.g., F5, 223 
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graded sandstone to mudstone; Fig. 5), when such is identifiable; or the deposits of a series of 224 

flows, when the deposit is amalgamated and individual beds cannot be recognized (e.g., F1, 225 

conglomerates; Fig. 5). Eight descriptive facies were defined in a simplified facies scheme 226 

that groups similar deposits (Fig. 5; Table 1); comparison with previously published facies 227 

schemes for the area is given in Table 1. 228 

Clast-Supported Conglomerate with Low Matrix Content (Facies 1) 229 

Description: Usually inversely graded but varying from ungraded to normally graded very 230 

large pebble to large cobble clast-supported conglomerate, with 20 to 30% matrix of well-231 

sorted granule or very coarse sandstone. Bed boundaries are not always obvious due to the 232 

high degree of amalgamation. Bed thickness is < 1 m, generally 30 to 50 cm; lateral extent is 233 

15 to 30 m. a-parallel clast-imbrication is common, especially in the inversely graded beds. It 234 

normally forms gravelly lags or a stack of amalgamated deposits interbedded with 235 

subordinate lenticular sandstones, underlying other conglomeratic and sandstone facies. 236 

Interpretation: Bedload transport by high-density turbidity currents (sensu Lowe 1982; 237 

Talling et al. 2012) or concentrated flows (sensu Mulder and Alexander 2001). Bedload 238 

transport is indicated by grain fabric (Rees 1968, 1983; Allen 1982; Postma et al. 1988) and 239 

lack of mud content (e.g., Walker 1975, 1978), possibly generated by winnowing of matrix‐240 

rich or matrix‐supported deposits (Collinson and Thompson 1982). Presence as gravelly lags, 241 

especially in stacked packages, implies high sediment bypass (Stevenson et al. 2015; Kneller 242 

et al. 2020). 243 

Clast-Supported Conglomerate with High Matrix Content (Facies 2) 244 

Description: Organized (moderately to well-sorted, with occasional mostly a-parallel 245 

imbrication) pebble to cobble clast-supported conglomerates, with interstratified sand with 246 

abrupt contact with conglomerates; sandy moderately sorted matrix (25 to 40%), moderate 247 
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sphericity, subangular to rounded. Bed thickness ranges from 20 cm to ca. 3 meters, and the 248 

thicker beds are laterally continuous over a few hundreds of meters. 249 

Interpretation: Sporadic clast imbrication indicates limited bedload transport, suggesting that 250 

the gravel was deposited and buried relatively quickly. High sandy content of usually poorly-251 

sorted matrix in clast-supported conglomerates suggests transport in a concentrated near-bed 252 

layer (Paull et al. 2018), perhaps transitional between laminar and turbulent (Kane and 253 

Pontén 2012). 254 

Bipartite Conglomerate and Sandstone Couplet (Facies 3) 255 

Description: Bipartite beds ≤ 1m thick formed of clast-supported, variably graded, pebble to 256 

cobble size, extraformational conglomerate, overlain by fine to very coarse sandstone, 257 

commonly with traction structures. Contact between the two parts can be diffuse, but in most 258 

cases is sharp. 259 

Interpretation: These deposits are interpreted as representing traction transport in 260 

polydisperse flows; coarse clasts are transported along the bed by powerful sandy turbidity 261 

currents: the sand deposited over the gravel bed as the flow decelerates (Lowe 1982). 262 

Establishing single event beds or genetic links between conglomerate‐sand couplets is 263 

generally not possible. 264 

Sandstone (Facies 4) 265 

Description: Very coarse to very fine sandstones in beds ≤ ca. 2m, with a tendency to normal 266 

grading, sometimes ending in a mudstone (Figs. 5D, 5E and 9). They form highly 267 

amalgamated packages up to 4 m or more, usually laterally continuous, but also as lenses. 268 

Dominantly structureless, but sometimes with a massive interval followed by a low-angle or 269 

horizontal parallel-laminated interval; or a trough cross-bedded or ripple cross-laminated 270 

unit; may also preserve dewatering structures Bed bases are sharp and either erosional or flat. 271 
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Interpretation: Deposition from decelerating and strongly depositional flows (Kneller and 272 

Branney 1995). Erosional bases and amalgamation suggest that the flows were either initially 273 

erosional and/or deposited on bypass surfaces of earlier flows. Original traction structures 274 

may be obscured by dewatering structures (e.g., Lowe 1975). The beds recording a 275 

gradational mudstone overlying the sandstone are interpreted a cogenetic mudstone 276 

counterpart overlying the sandstone.  277 

Graded Sandstone and Mudstone (Facies 5) 278 

Description: Very laterally continuous beds, typically forming normally graded couplets of 279 

sandstone and mudstone, from a few millimeters to generally < 10 cm, some with partial or 280 

rarely full Bouma sequences.  Traction structures may record multiple orientations, 281 

sometimes within the same bed. Sandstones are usually < 40% of the bed. 282 

Interpretation: Deposits of turbidity currents that overspilled from an adjacent thalweg, with 283 

individual sand–mud couplet representing one episode of overspill (sensu Mulder and 284 

Alexander 2001). Their character suggests that they were deposited by unsteady flows, 285 

hinting at topographic impact on flows, both within and outside the channel. This facies 286 

resembles the levee facies of Kane and Hodgson (2011). 287 

Laminated Carbonate-Rich Siltstone and Claystone (Facies 6) 288 

Description: Very fine-grained deposits, normally massive but sometimes with thinly 289 

laminated white or orange stripy siltstone and mudstone up to few centimeters thick.  290 

Interpretation: Result of sediment fallout from dilute suspension in the water column, 291 

probably representing interdigitation of hemipelagic and dilute turbidity current deposits. 292 

Debrites, Mass-Transport Deposits (MTDs) (Facies 7) 293 

Description: Very broad spectrum, including pebbly mudstone, pebbly sandstone, matrix-294 

supported conglomerates, debrites, slumps, and slides. Composite units may be tens of meters 295 
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thick. Degree of organisation is highly variable, from slightly disturbed to completely 296 

chaotic. Intraformational rafts are common, varying from pebble size to a few meters across. 297 

Interpretation: All are interpreted to be the product of mass failures and ensuing non-298 

Newtonian flow, generating slightly to highly deformed remobilized deposit.  299 

Transitional Event Deposits (TEDs) (Facies 8) 300 

Description: Clast- to matrix-supported conglomerates, with erosional bases, inversely graded 301 

lowermost part then normally graded until the top. Matrix increases upwards (up to 90% 302 

matrix at the top). The matrix is normally graded throughout the entire deposit, but it has a 303 

large amount of clay throughout, increasing upwards. These beds are mostly overlain by 304 

sandstone grading to mudstone, frequently with a granular to pebbly lag at the contact with 305 

the matrix-supported conglomerate. Individual beds located in the lowermost part of the 306 

conglomeratic unit (Unit 1) are up to 10 to 15 m thick and can be traced across the entire 3 to 307 

4 km of channel belt.  308 

Interpretation: There have been a number of interpretations for these deposits, generally 309 

element of high-concentration debris flow and more dilute turbulent flow. Their origin is 310 

discussed at length below in the context of aggradational versus bypass-dominated channel 311 

systems. 312 

Facies Associations 313 

Based on the facies scheme, the sedimentary logs and photomosaics, eight facies 314 

associations were identified and used to interpret architectural elements (Fig. 6). They 315 

represent associations of facies that occur repeatedly across the system, following a 316 

predictable pattern, and which can be interpreted to relate to specific depositional sub-317 

environments (e.g., channel axis, channel margin). These are summarized in the following 318 

section. 319 

Outcrop Expression of Facies Associations  320 
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The facies associations were identified through combination of 3D visualization of the 321 

geological map (Figs. 3, 4) and the colocation of facies. 322 

Key outcrop locations for the identification of facies associations and resulting 323 

architectural analysis are indicated in Figure 3 (colored rectangles). The red rectangle 324 

highlights areas of repetitive erosional to aggradational phases at the NE channel margin; the 325 

black rectangle highlights lateral facies change of the SW channel margin; along the 326 

southwest, between the black and red rectangles, are all the channel axis and off-axis facies 327 

association (sensu McHargue et al. 2011; see also Hubbard et al. 2014; Mayall and Kneller 328 

2021); and the purple rectangle highlights thin-bedded deposits, and sandstones that lap out 329 

onto remobilized sediments. 330 

fA1 (Channel axis; Fig. 6A) 331 

Observations: This section focuses on two of the best-exposed channel axis sections in the 332 

Silla Syncline area. The main outcrop (section at Log GB20, Figs. 4, 8), on the western limb 333 

of the syncline, consists of: amalgamated conglomeratic deposits, dominated by facies F8 334 

(transitional event deposits; Table 1) (Bozetti et al. 2018), interbedded with sparse packages 335 

of F1, F2, and F3 conglomerates; and some lenticular sandstones (F4; Fig. 5; Tables 1, 2). 336 

Stepped erosional bases to F8 conglomerates, frequently fluted, are common in this 337 

association (Bozetti et al. 2018).  338 

The other channel-axis outcrop, section at Log GB23 on the southern part of the eastern 339 

limb of the syncline (Figs. 3, 10), consists of the axial part of the Paine C ca. 4 km 340 

downstream from Log GB20 (Fig. 3B), recording similar proportions of clast- to matrix-341 

supported conglomerates (F8) and clast-supported conglomerates (F1, F2, F3), with 342 

subordinate lenticular sandstones (F4; Fig. 5). Amalgamated conglomerates, clast-supported 343 

(F1 and F2), and subordinate lenticular sandstones (F4) form units that are tens of meters 344 

thick, in which it is almost impossible to pick out individual bed boundaries. Finer-grained 345 
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material is rarely preserved (Fig. 10; Table 2). However, even in the most amalgamated parts 346 

of the channel belt, the bodies of amalgamated conglomerates are separated by fine-grained 347 

deposits, usually composed of interbedded sandstone and mudstone (F5).  348 

Interpretation: The outcrops are interpreted to represent deposits in the channel axis, for two 349 

main reasons: i) the degree of amalgamation is greatest in this central part across the outcrop 350 

belt of coarse-grained deposits (Figs. 4, 8), interpreted to represent the area where the gravity 351 

flows were most powerful; and ii) the fact that these two sections represent the deepest 352 

erosion into the underlying deposits (Figs. 8, 10), commonly used to identify and define the 353 

channel axis (e.g., Normark 1970).  354 

There are indications of more amalgamation and erosion in the axial deposits in the SE 355 

(Log GB23, Figs. 3B, 10) than in the W (Log GB20; Fig. 8). Amongst the evidence, the 356 

underlying Laguna Negra Debrite, which is continuous and ca.15 m thick elsewhere along the 357 

western limb of the syncline (including underlying the deposits at Log GB20; Figs. 3, 4, 8), is 358 

completely absent at this location. Other evidence is the higher frequency of amalgamated 359 

clast-supported conglomerates (F1, F2; Figs. 5, 10) at Log GB23 location, especially in the 360 

upper part of the conglomeratic section, where interbedded transitional event deposits are less 361 

common (F8; Fig. 5; Table 1). 362 

fA2 (Channel Off-Axis; Figs. 6B, C) 363 

Observations: Amalgamated F1, F2, and F8 conglomerates, with a high percentage of 364 

bipartite conglomerate and sandstone deposits (F3) and lenticular sandstones (F4; Fig. 5; 365 

Table 1), are dominant in this facies association. Sandstones (F4) and heterolithic deposits 366 

(F5) in fA2 range from almost absent, in areas close to amalgamated conglomerates 367 

(interpreted to be channel axis; Fig. 6B), to very common in areas interpreted as close to the 368 

channel margin (fA2*; Fig. 6C), where conglomerates are absent. Beds of conglomerate 369 

transitioning laterally into sandstones, sometimes interfingering and sometimes grading, are 370 
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common in this facies association, generally forming F3 (Fig. 11). The boundary between the 371 

channel axis and off-axis deposits is arbitrary (Campion et al. 2000; McHargue et al. 2011; 372 

Fildani et al. 2013; Hubbard et al. 2014, 2020), and is here defined as adjacent to the deepest 373 

erosional cut of the channel axis deposits (Fig. 6), where channel-axis conglomerates (F1, F2, 374 

F3, F8; Fig. 5; Table 1) are no longer highly amalgamated (thus preserving a relatively high 375 

proportion of lenticular sandstones), and transition laterally into amalgamated sandstones 376 

(F4), or more rarely, interbedded sandstone and mudstone (F5; Figs. 11, 12). Channel off-axis 377 

is defined as extending laterally until conglomerates (F1, F2, F3, F8) are absent, and 378 

lenticular sandstones (F4) pass laterally into heterolithic deposits (F5) via another arbitrary 379 

boundary that separates channel-off-axis (fA2*) from channel-margin facies association 380 

(fA3; Figs. 6, 8, 11, 12, Log GB1; see below). 381 

Figures 6B and 6C (fA2) illustrate examples from two different channel off-axis sites, 382 

6b being interpreted to be closer to the channel axis, and 6C closer to the margin (fA2*). In 383 

the Laguna Corazon section, between Log GB7 and Log GB4 (Figs. 3, 8, 11), the best 384 

exposure of this facies association records gravelly beds changing laterally into sandstone and 385 

heterolithic deposits (Fig. 11). 386 

Interpretation: The channel off-axis is interpreted as an area in the channel where, although 387 

the flows were sufficiently competent to transport coarse sand in suspension and move gravel 388 

as bedload, they were less so (and relatively more depositional) than in the axial area. 389 

Additionally, intermittently weaker flows might have also deposited sand across the entire 390 

axis and off-axis areas, which was later eroded in the axis where flows were more competent 391 

(Figs. 11, 12). 392 

fA3 (Channel margin; Fig. 6D) 393 

Observations: This facies association is dominated by: thin-bedded graded sandstone to 394 

mudstone (F5), normally preserving sedimentary structures; interbedded with randomly 395 
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distributed thicker sandstones (F4), usually highly structured (e.g., trough cross-bedding, 396 

parallel lamination and ripple cross-lamination), forming neither regular packages nor trends; 397 

and subordinate slumps and debrites (F7; Figs. 5, 11; Tables 1, 2). These deposits are found 398 

within the channel belt, lateral to the off-axis deposits, separated by arbitrary boundaries (Fig. 399 

11). Outside the channel confinement (black rectangle, Fig. 3), the fA3 deposits lap onto very 400 

thin-bedded carbonate-rich silt and clay with scattered thin, very fine-grained sandstones 401 

(fA8; Fig. 4). Towards the NE channel margin, the facies transition from channel off-axis to 402 

margin is less evident, changing abruptly into the intrachannel heterolithics (fA6; Fig. 12). 403 

A distinct trace fossil Is identified in this type of facies association, consisting of sand-404 

filled tubes 2 to 3 cm in diameter and ca. 40 cm long (Diplocraterion sp., sensu Hubbard and 405 

Schulz 2008) connecting thicker sandstone beds through heterolithics (Fig. 6d). 406 

Interpretation: The beginning of the channel-margin deposits is herein defined as the point 407 

beyond which conglomerates are completely absent and heterolithic (F5) packages are 408 

dominant over medium- to thick-bedded sandstones (Fig. 11; Table 2). Diplocraterion sp. 409 

(Hubbard and Shultz 2008) has been recognized in exhumed or firmground environments 410 

dominated by sediment bypass, and in deep-water settings is usually associated with the base 411 

of submarine channels and terraces. These deposits represent part of a feathering out of the 412 

Paine C Phase 1 channel fill, away from the channel axis (Fig. 11). Farther to the SW they 413 

appear to lap onto a composite erosional surface cutting into fine-grained sediments of the 414 

Laguna Negra Debrite and slope (Figs. 4, 11).  415 

Submarine channel margins have been recognized in outcrop with two specific different 416 

characteristics: i) channel-margin drapes (Camacho et al. 2002; McHargue et al. 2011; 417 

Fildani et al. 2013; Hubbard et al. 2014; Li et al. 2016), commonly bioturbated, which are 418 

suggestive of slow deposition from dilute upper part or tails of turbidity currents (e.g., 419 

Walker 1975; Campion et al. 2000; Campion 2005; Camacho et al. 2002; Grecula et al. 2003; 420 
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Macauley and Hubbard 2013; Callow et al. 2014; Stevenson et al. 2014, 2015; Li et al. 2016); 421 

and ii) lateral facies transition from axial coarser-grained into a marginal fine-grained domain 422 

(Campion et al. 2000; Sullivan et al. 2000; Cronin et al. 2005; Crane and Lowe 2008; Jobe et 423 

al. 2010; Kane et al. 2010; Di Celma et al. 2011; Brunt et al. 2013; Macauley and Hubbard 424 

2013; Li et al. 2016; Bozetti 2017), where flow expands over a larger area away from the 425 

channel thalweg (axis), becoming gradually less competent away from the axis, and therefore 426 

more depositional towards the channel margins (Kneller and McCaffrey 1999; Hubbard et al. 427 

2014; Casciano et al. 2019). The latter is interpreted to be the dominant process in the Paine 428 

C channel system, at least in its initial phase.  429 

fA4 (Amalgamated Sandstones; Fig. 6E) 430 

Observations: Generally forming prominent ridges, this facies association consists of 6 to 10 431 

m packages (Figs. 4, 6e, 9, 12) dominated by sandstones (F4), interbedded with graded 432 

sandstone to mudstone (F5; Fig. 5; Table 1). The sandstone packages are composed of 433 

amalgamated sandstone beds, usually with a granular or pebbly lag at the base, and 434 

sometimes with a thin granular and mud-clast rich horizon above each amalgamation surface 435 

(F3) (Figs. 5, 9; Tables 1, 2). Individual beds are traceable for several meters until they pinch 436 

out either due to amalgamation or simply due to impersistence, perhaps a result of erosion by 437 

nondepositional flows. Notwithstanding, amalgamated packages as a whole are laterally 438 

traceable across the entire ca. 4 km outcrop belt. 439 

This facies association is the main component of the Paine C sand-rich unit (Paine C 440 

Phase 4), which laps onto F6 towards the SW channel margin (Figs. 3, 4), and onlaps 441 

abruptly onto a large mass-transport deposit (fA6) towards the NE channel margin (Figs. 3, 4, 442 

13).  443 

Interpretation: The discontinuity of the beds and abrupt nature of pinch-out suggests that the 444 

high-density turbidity currents or concentrated flows (Lowe 1982; Mulder and Alexander 445 
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2001) responsible for depositing these beds were confined within the channel belt, were sand-446 

rich, and strongly density-stratified (Kneller and Buckee 2000; Peakall et al. 2000; 447 

McCaffrey and Kneller 2001; Stevenson et al. 2014; Li et al. 2016; Soutter et al. 2019). 448 

Given the small amount of mudstone preserved in this facies association, fine-grained 449 

sediments either overspilled out of the channel, bypassed, or were eroded away by 450 

subsequent flows (Piper and Normark 1983; Hay 1987; Straub et al. 2011; Stevenson et al. 451 

2014, 2015), the latter being interpreted as the principal mechanism acting to produce 452 

amalgamated sandstones facies associations. The discontinuity of individual beds, continuity 453 

of the packages, and lack of sandstones observed in the overbank areas suggests that the 454 

flows transporting these sediments into the system during this phase were restricted to the 455 

channel belt. 456 

fA5 (Non-Amalgamated Sandstones; Fig. 6F) 457 

Observations: This facies association is composed  mostly of separate beds of sandstone (F4) 458 

generally 30 to 50 cm thick, with rare beds > 1 m, mostly in the lower part of occurrences of 459 

this facies association. Rarely a granular to pebbly interval is encountered at the base of each 460 

sandstone bed (F3), as well as thin discontinuous intervals of debrite (F7) (Figs. 5, 9; Tables 461 

1, 2). The mudstone part of the bed usually varies in proportion to the thickness of the 462 

underlying sandstone, and is commonly thicker than the sandstone. 20 to 50 cm of erosion is 463 

observed at the bottom of some of the coarser sandstone beds, though bed amalgamation is 464 

much less common than in the amalgamated-sandstones facies association (fA4). The beds 465 

are normally graded throughout, but do not necessarily preserve all five Bouma divisions (Ta 466 

to Te) mentioned in Table 1. Some divisions may be randomly missing (e.g., missing parallel-467 

laminated sandstone –- Bouma Tb –- in the middle of the bed). These are interbedded with 1 468 

to 3 m thick deposits of heterolithics (F5), or thinly laminated carbonate-rich silt and clay 469 

(F6; Figs. 5, 9; Tables 1, 2). The thickness of sections of this facies association typically 470 
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ranges from 6 to 12 m, and is composed of beds that are laterally relatively continuous but 471 

not traceable across the entire outcrop belt (Fig. 9).  472 

This facies association is the main component of Paine C Phase 5 (Fig. 9), whose onlap 473 

is generally poorly exposed, but where preserved, the mudstone beds appear to wedge out as 474 

they onlap the MTD, not ending abruptly but forming a drape. 475 

Interpretation: The non-amalgamated sandstones facies association is interpreted as deposits 476 

of concentrated or high-density flows, interbedded with muds indicating periods with 477 

deposition from smaller and less competent turbidity flows (e.g., Mutti 1992; poorly exposed 478 

gray areas in Fig. 9). 479 

The preservation of thick mudstone caps in the turbidite sandstone beds indicates lack 480 

of sediment bypass and/or erosion in the system, and trapping of the mud where flows were 481 

confined to the channel belt. The discontinuity of the beds suggests that the flows that 482 

deposited this unit were smaller than the flows that deposited the amalgamated sandstones, 483 

and did not spread across the entire channel belt. The lateral sandstone-to-mudstone pinch-484 

outs onto the adjacent sloping upper surface of the MTC suggests that the flows were 485 

substantially muddier than those that deposited the amalgamated facies associations (Kneller 486 

and McCaffrey 1999; Smith and Joseph 2004; Patacci et al. 2015; Li et al. 2016). 487 

fA6 (Terrace and/or Internal Levee Deposits; Fig 6G) 488 

Observations: Heterolithic deposits are dominant, formed by graded sandstone to mudstone 489 

generally varying from 5 to 40 cm in thicknesses (F5), often interbedded with thicker 490 

sandstones (F4; Figs. 5, 12; Tables 1, 2), with individual beds usually ranging from 25 to 80 491 

cm thick. The sandstone beds are mostly medium- to coarse-grained and laterally persistent 492 

for hundreds of meters. The beds commonly have sedimentary structures, with ripple cross-493 

lamination being dominant, but also with parallel lamination, and a crude lamination marked 494 

by centimeter-scale alternations between medium- and coarse-grained or occasionally 495 
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granular sand. Multiple paleocurrent directions have been measured in some ripple cross-496 

laminated sandstones. The same deposits form lenticular sandstone-rich beds in mud-497 

dominated deposits. 498 

Interpretation: Lenticular deposits have been described as sediment waves (Campion et al., 499 

2011) However, these deposits are herein interpreted as intrachannel-belt heterolithics, 500 

deposited either as terrace or internal levee (sensu Kane and Hodgson 2011, Hansen et al. 501 

2015) (Fig. 5). The interbedded sandstone and mudstone occur immediately laterally adjacent 502 

to the conglomerates (channel off-axis) at the NE channel margin (red rectangle in Figs. 3, 4, 503 

8, and 12; Logs GB22, GB40), and are broadly contemporaneous to at least some of the 504 

coarse-grained channel fill, which forms repeated cycles of coarse-grained channel incision 505 

and aggradation, laterally bounded by this fine-grained association (Fig. 12). Multiple 506 

paleocurrent directions observed in single rippled sandstone beds are interpreted to represent 507 

flow interaction with channel-belt margins (Kneller et al. 1991; Kneller 1995). 508 

fA7 (Confined Mass-Transport Complex; Fig. 6H) 509 

Observations: A large (ca. 80 m thick) mass-transport complex (MTC) (Figs. 5, 6), located on 510 

the east limb of the syncline (purple rectangle, Fig. 3), contains deformed deposits with 511 

various degree of disaggregation and variable composition. No extraformational clasts were 512 

encountered in this facies association. Different mass transport deposits (MTDs) were 513 

observed, based primarily on the type of the incorporated sediments (different facies type) 514 

and their degree of disaggregation. At least three MTDs were identified comprising this MTC 515 

(Fig. 13), based mostly on descriptions in sedimentary Log GB39. 516 

Interpretation: The MTC represents a series of different mass-transport deposits, interpreted 517 

based on composition and different degree of disruption. When relatively well preserved, the 518 

MTDs appear identical to the laterally adjacent in situ F6 deposits, immediately outside the 519 

channel belt (Fig. 4), which are therefore interpreted as their protolith. These fine-grained 520 
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deposits in the MTD 1, similarly to the adjacent F6 unit, preserve a horizon 50 cm to 1 m 521 

thick with numerous sand-filled burrows both vertical and horizontal. fA4 and fA5 deposits 522 

of the Paine C Phase 4 and 5 (Fig. 6H) lap out onto this channelized MTC (Fig. 13). 523 

fA8 (Slope or External Levee Deposits; Fig. 6I) 524 

Observations: This facies association occurs adjacent to the Paine C channel belt, and it is 525 

composed of thin-bedded carbonate-rich siltstone and claystone, with infrequent fine- to very 526 

fine-grained thin-bedded sandstones, with a high proportion of sand-starved sections 527 

dominated by carbonate-rich muddy intervals (Fig. 6I). Sand content is less than 10% overall 528 

(Table 2).  529 

Interpretation: On the basis of data presented here, at least two interpretations are possible for 530 

the deposits outside the channel belt: 531 

• this was a topographic high adjacent to the channel belt, containing a large proportion of 532 

carbonate-rich22emipelagitese-dominated, interbedded with thin fine-grained siliciclastic 533 

deposits generated by sparse larger flows that spilled out of the channel margin. This 534 

represented a steep erosional channel margin, which collapsed in a series of events, 535 

generating a mass-transport complex (Fig. 13);  536 

• alternatively, the topographic high that generated the MTC was a levee crest, 537 

immediately adjacent to the channel. In this interpretation however, the thin-bedded 538 

deposits are interpreted to be the product of flow stripping (Hampton 1972) and overspill 539 

of the finer-grained sediments in suspension in the upper parts of the turbidity currents 540 

flowing down this channel. Fine-grained sandstone with common sedimentary structures 541 

(ripple cross-lamination) would be expected to support this interpretation. 542 

These issues are the subject of ongoing work and will be dealt with in subsequent 543 

publications. 544 

Stratigraphic Organization 545 
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Underlying the conglomeratic units of the Paine C channel system (and possibly 546 

associated with it) is the mud-dominated deposit of the ≤ 30 m thick Laguna Negra Debrite 547 

(LND). The base of the LND erodes up to at least 1 meter into the underlying deposits. The 548 

lowermost part of the LND consists of a ≤ 120 cm (usually 30 to 80 cm) inversely to 549 

normally graded clast-supported conglomerate, with large pebbles to large cobbles (16 to 128 550 

mm) of mostly extraformational crystalline material; there is a continuous upwards decrease 551 

in the amount and size of extra-formational clasts and increase in mud content of the matrix. 552 

Small mudstone, sandstone, and heterolithic clasts are also encountered in the clast-supported 553 

conglomerate part of the deposit, and large rafts of the same material are found usually in the 554 

middle to upper part of the bed. The LND becomes thicker and muddier with rather patchy 555 

outcrops as one moves outwards from the axis of the overlying Paine C channel towards the 556 

channel margins, especially the SW channel margin (Figs. 4, 8). This deposit was previously 557 

interpreted as “choking” the underlying Paine B channel, leveling out the local topography 558 

(Crane and Lowe 2008). Nonetheless, observations described herein, especially the 559 

termination of the bed toward the SW and the similarities in clasts with the overlying Paine C 560 

conglomerates, support the hypothesis that the LND is associated with the initiation of 561 

deposition of the Paine C channel system. 562 

The overlying ca. 180-m-thick Paine C channel system fill overall grades upward from 563 

conglomerates to sandstones. Its stratigraphy can be divided into five units, referred to here as 564 

Phases 1 to 5, based on detailed architectural analysis and the distribution of the facies 565 

associations. 566 

Phase 1 567 

The thickness of this unit varies laterally between 5 and 30 meters (15 to 20 m in 568 

general), and it is erosive into the underlying stratigraphy, which on the western limb of the 569 

syncline is the Laguna Negra Debrite (Figs. 4, 8, 11, 12), and on the eastern limb is the 570 
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underlying sheet sandstone system, the Paine A sandstones (e.g., Bernhardt et al. 2011) (Figs. 571 

2, 4, 10). Phase 1 is composed dominantly of the following:  572 

- In its axial section (fA1), transitional event-deposit conglomerates (F8; Figs. 5i, 5j), 573 

confined to the conglomeratic channel belt (Beauboeuf 2004; cf Winn and Dott 1979) 574 

with subordinate clast-supported conglomerates with low to high matrix content (F1 575 

and F2 respectively; Fig. 5A, 5B), bipartite conglomerate and sandstone couplets (F3; 576 

Fig. 5C), and lenticular sandstones (F4; Figs. 5D, 5E);  577 

- In the channel off-axis (fA2/2*), a combination of similar proportions of clast-578 

supported conglomerate (F1, F2; Figs. 5A, 5B) and bipartite conglomerate and 579 

sandstone couplets (F3; Fig. 5C), sandstones (F4; Figs. 5D, 5E), and graded sandstone 580 

to mudstone (F5, Fig. 5F), with the proportion of coarse-grained deposits (F1 to F4) 581 

decreasing towards the margin (fA2*);  582 

- On the channel margin (fA3), dominantly interbedded sandstones (F4; Figs. 5D, 5E) 583 

and graded sandstone to mudstone (F5; Fig. 5F).  584 

- On the SW channel margin these deposits transition laterally from conglomeratic to 585 

sand-dominated to mud-dominated and finally to a complete pinch-out (Scott 1966; 586 

Winn and Dott 1979; Crane and Lowe 2008; Bernhardt et al. 2011) (Figs. 8, 11).  587 

- Towards the NE channel margin, Phase 1 consists of conglomerate-dominated deposits, 588 

less amalgamated than in the axial section, which end abruptly at the park highway 589 

(Figs. 3, 4), as recorded in the Log GB40 (Figs. 8, 12). 590 

- Between Phases 1 and 2, a package of ca. 1 m of interbedded thin- to medium-bedded 591 

sandstone and mudstone is present across most of the outcrop belt, absent only where 592 

phases 1 and 2 are amalgamated (Figs. 8, 11; see Bozetti 2017, Fig. 7.7 for detail). 593 

Phase 2:  594 
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Phase 2 varies laterally between 20 and 40 meters in thickness (25 to 35 m in general) 595 

(Figs. 4, 8). It erodes into the Phase 1, and is composed of clast-supported conglomerates 596 

with low and high matrix content (F1 and F2 respectively; Fig. 5A, 5B), bipartite 597 

conglomerate and sandstone couplet (F3; Fig. 5C), lenticular sandstones (F4; Figs. 5D, 5E), 598 

and transitional event-deposit conglomerates (F8; Figs. 5I, 5J), following no obvious vertical 599 

trend. Amalgamation decreases away from channel axis, but lateral facies trends are less 600 

obvious than those observed in Phase 1 (Fig. 8). There appears to be an increase in 601 

transitional event deposit conglomerates towards the SW channel margin, where Phase 2 ends 602 

abruptly at a surface laterally separating the coarse-grained deposits from poorly exposed 603 

interbedded very fine-grained sandstone and mudstone (Figs. 8, 11); towards the NE channel 604 

margin, composed dominantly of fA3 and subordinate fA2, a series of erosional and 605 

aggradational features are observed (Figs. 4, 8, 12) (Crane and Lowe 2008; Bernhardt et al. 606 

2011), the facies become less amalgamated, with an alternating higher proportion of 607 

sandstones (fA3) and conglomerates (fA2; Fig. 12). At the NE channel margin (Log GB22 608 

location), a package of sandstones and mudstones (fA6) is observed lateral to Phase 2, 609 

following a fining- and thinning-upwards trend (Fig. 12). In this package, some of the 610 

sandstones have parallel lamination and ripple cross-lamination, sometimes recording 611 

multiple paleocurrents; most of the thicker sandstones have dewatering structures. Soft-612 

sediment deformation (e.g., folded sandstone beds) and meter-thick slide blocks overlain by 613 

healing sandstones are also observed in this package (Bozetti 2017). Between Phases 2 and 3, 614 

similarly to Phases 1 and 2, there is a ca. 1-m-thick package of interbedded thin- to medium-615 

bedded sandstone and mudstone recorded across most of channel belt. 616 

Phase 3:  617 

Phase 3 ranges between 35 and 55 meters (40 to 50 m in general), is highly erosive into 618 

the most axial parts of Phase 2, and it is absent towards the channel margins (Figs. 4, 8, 10); 619 
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on the NE margin due to pinch-out, and on the SW margin due to modern erosion. It is 620 

composed dominantly of clast-supported conglomerates with low- and high-matrix content 621 

(F1, F2; Figs. 5A, 5B), lesser bipartite conglomerate and sandstone couplets (F3; Fig. 5C), 622 

and lenticular sandstones (F4; Figs. 5D, 5E). In the axial part Phase 3 is easily identified, but 623 

towards the NE channel margin, and especially the SW channel margin, the correlations are 624 

problematic due to the structure of the syncline and lack of outcrop continuity.  625 

The confined MTD on the northeast channel margin overlies the interbedded sandstone 626 

and mudstone deposits of Phase 2, and consists of at least three distinct units, differentiated 627 

based mainly on degree of disruption and content: 628 

- MTD 1: the remobilized material consists of moderately disrupted strata, with sub 629 

angular blocks of the protolith ranging between 1 and 4 meters, consisting, where 630 

identifiable, of material very similar to the undeformed heavily bioturbated, 631 

interbedded very fine carbonate-rich very-fine sandstone and mudstone deposits 632 

encountered outside the channel (F6; Fig. 5G; Table 1); 633 

- MTD 2: various types of blocks can be identified in a very disaggregated state, with 634 

individual blocks almost unrecognizable. They include 50 cm to 10 m blocks of 635 

interbedded carbonate-rich very fine sandstone and mudstone deposits (F5), and 20 cm 636 

to 20 m rounded to angular blocks of sandstone (F3), seemingly increasing in size and 637 

abundance towards the top of this MTD; and 638 

- MTD 3: composed dominantly of interbedded carbonate-rich very fine sandstone and 639 

mudstone deposits (F5), with some blocks of interbedded fine- to medium-grained 640 

sandstone and mudstone (F4), all substantially less disaggregated than the underlying 641 

MTD. 642 

 643 

Phase 4:  644 
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This consists dominantly of ca. 30 m of highly amalgamated sandstone facies 645 

association (fA4; Figs. 6E, 9), in which the lowermost sandstone beds interdigitate with some 646 

clast-supported conglomerate or pebbly sandstone beds, occasionally cross-stratified (F1 and 647 

F2; Figs. 5A, 5B, 9), sometimes with bipartite conglomerate and sandstone couplets (F3; Fig. 648 

5C), or a lower gravelly lag in the sandstone deposits (F4; Figs. 5D, 5E); and less common 649 

non-amalgamated facies association (fA5; Figs. 6F, 9). This phase is dominated by fA4 in the 650 

lowermost part of the section, and fA5 towards the top (Fig. 6), recording a fining- and 651 

thinning-upwards sequence (Figs. 9, 12, 13). Sedimentary structures such as parallel 652 

lamination are common in the upper part of the beds, as well as dewatering structures (Fig. 653 

6E). Amalgamation of the Phase 4 sandstones decreases towards the channel-belt margins. 654 

Towards the NE channel margin, they lap out abruptly onto the mass-transport complex ca. 655 

50 to 60 meters thick (Fig. 13),  656 

Towards the SW channel margin, where the sandstones are highly structured, preserving 657 

trough cross-bedding and low-angle cross-bedding, they pinch out onto an abrupt boundary 658 

that separates the sandstone deposits (F4; Figs. 5D, 5E) from poorly exposed interbedded very 659 

fine-grained sandstone and mudstone (Fig. 5F). Separating the amalgamated and the non-660 

amalgamated phases is a ca. 3 m transitional event deposit (F8; Figs. 5I, 5J; Table 1), composed 661 

dominantly (ca. 50 to 60%) of the debritic matrix-supported portion. Small-scale (ca. 1 to 2 m) 662 

ponding of the overlying Phase 5 sandstones is observed on the relief on top of this TED, 663 

concentrated between protruding intraformational blocks of heterolithics and sandstones 664 

Phase 5 665 

Phase 5 consists of ca. 50 m of interbedded sandstones and mudstones, marked by a 666 

gradual decrease in amalgamation of the sandstones and an upward increase of graded 667 

sandstone to mudstone (F5; Fig. 5f) and mudstone deposits (F7; Figs. 5H, 9). Neither 668 

individual sandstone beds nor small amalgamated packages can be traced continuously across 669 
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the entire channel belt. As opposed to Phase 4, the normally graded sandstone beds preserve 670 

overlying graded mudstone deposits, as well as interbedded mud-dominated thin-bedded 671 

sandstone and mudstone intervals between the sand-rich packages (Fig. 10). The exposure of 672 

Phase 5 outcrop is less continuous than Phase 4, probably due to increase of mud-dominated 673 

intervals (fA5) separating relatively sandier intervals (fA4) of ca. 9 m thick on average. 674 

Towards the NE channel margin, the Phase 5 deposits pinch out towards the same ca. 50 – 675 

60-m-thick mass-transport complex (Fig. 13), but less abruptly and more gradually than 676 

Phase 4 sandstones. Towards the SW channel margin, the outcrops are not preserved due to 677 

the present-day erosional profile (Fig. 4C). 678 

 679 

DISCUSSION 680 

Seafloor Topography 681 

Thrust-related seafloor topography in the Magallanes foreland basin, beginning in the 682 

Coniacian to Early Campanian (ca. 88 to 74 Ma), produced inversion of structures developed 683 

during formation of the Jurassic to Early Cretaceous extensional Rocas Verdes Basin, as is 684 

seen in the Malvinas Basin to the south (Fosdick et al. 2011). Sediment routing in the 685 

foredeep part of the basin, including the main Cerro Toro axial channel belt (Fig. 3) (Hubbard 686 

et al. 2008; Jobe et al. 2010) and the Silla Syncline (Crane and Lowe 2008; Romans et al. 687 

2011; Bernhardt et al. 2011), followed pathways parallel to (and possibly separated by) major 688 

compressional structures (Fosdick et al. 2011).  689 

By analogy with control of sediment pathways by variations in shortening in the 690 

Monagas Fold–Thrust Belt of Venezuela (Sánchez et al. 2010 in Bernhardt et al. 2011), 691 

Bernhardt et al. (2011) interpreted the Silla Syncline depocenter as a mini-basin bounded to 692 

the east by a high related to a blind thrust progressing eastwards into the basin and to the west 693 
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by a clastic wedge composed of dominantly fine-grained sediments developed along the 694 

topographic front of the thrust. 695 

To maintain topographic control on sedimentation of ca. 1100 m of coarse-grained 696 

deposits of the Lago Sofia Member through time, the sedimentation rate must not have 697 

exceeded subsidence and structural growth rate (e.g., Smith et al. 2005). A combination of 698 

continuous growth of the bounding topographic high, and turbidity current overspill 699 

contributing to its relief must have occurred to maintain the system’s topographic control 700 

(Bernhardt et al. 2011). 701 

The Silla Syncline is thus interpreted to have developed in a piggyback basin behind a 702 

topographic high, which separated it from the main basin foredeep drainage system (Crane 703 

and Lowe 2008; Bernhardt et al. 2011) (Fig. 14B, C). The clearest evidence in support of the 704 

piggyback-basin hypothesis is the onlap of the Paine A sheet system onto a surface that is 705 

concordant with the underlying sediments (Fig. 15D), indicating rotation of the substrate 706 

above some underlying structure.  707 

Given the complexity of the structures in this thrust-and-fold belt (Fosdick et al. 2011), 708 

and the lack of evidence fully supporting any of the interpretations above, discussion on 709 

whether the coarse-grained units of the Silla Syncline area represent a fully isolated channel 710 

system parallel to (Crane and Lowe 2008; Bernhardt et al. 2011; Bozetti 2017) or tributary to 711 

the larger-scale main Cerro Toro system (Jobe et al. 2010; Romans et al. 2011; Malkowski et 712 

al. 2015) remains unresolved. 713 

Paleocurrent measurements throughout the Paine C channel system shows that a clear 714 

majority, mostly recorded by flutes and clast imbrication in the conglomerates from axis and 715 

off-axis areas, and flutes, trough cross-bedding, and ripples in the sandstones, have a mean 716 

orientation between 100° and 160° (Fig. 3). Paleocurrent measurements in marginal areas, 717 

especially in cross-stratified sandstones, record widely dispersed orientations, which could be 718 
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related to i) flow expansion and decrease in flow magnitude as channel confinement 719 

progressively decreases during infill (Kneller and McCaffrey 1999; Hubbard et al. 2014; 720 

Casciano et al. 2019); ii) three-dimensional bedforms such as dune forms, generating inclined 721 

surfaces towards a wide range of directions (up to ca. 100° spread) depending on their 722 

preservation (Allen 1984); or iii) channel-margin reflection, similar to paleocurrent 723 

measurements acquired from ponded systems (Hiscott and Pickering 1984; Haughton 1994; 724 

Kneller. 1995; Kneller and McCaffrey 1999; Amy et al. 2000). Channel sinuosity is 725 

sometimes invoked to explain the wide spread in paleocurrent directions within the same 726 

channel unit (McHargue et al. 2011; Macauley and Hubbard 2013; Casciano et al. 2019). 727 

However, measurements from axis and off-axis areas of the Paine C channel system, though 728 

recording a slight difference from the proximal parts at the western limb of the Silla Syncline 729 

(ca. 100°) to more distal portions at the SE part of the syncline (160°); suggest very low 730 

channel sinuosity.  731 

Multi-Phase Depositional Evolution Model 732 

The system’s evolution can be divided primarily into four very distinct units: i) an 733 

initial widespread mud-dominated deposit, the Laguna Negra Debrite; ii) a conglomeratic 734 

unit, consisting of Phases 1 to 3; Figs. 9, 10); iii) the emplacement of the MTC; and iv) a 735 

sand-rich unit, Phases 4 and 5 (Figs. 11, 12). The interpreted phases of evolution are 736 

illustrated in Figure 14.  737 

Laguna Negra Debrite (LND) 738 

The Paine C channel system has previously been interpreted not to erode substantially 739 

into the LND (Crane and Lowe 2008; Bernhardt et al. 2011), in conflict with the evidence 740 

documented herein (Fig. 4). The LND is interpreted here as an exceptionally large, mud-741 

dominated transitional event deposit (F7; Fig. 5; Table 1), which erodes into Paine B channel 742 
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system and surrounding sediments, filling in pre-existing topography, and marking the onset 743 

of the Paine C channel system (Fig. 14 – time 1).  744 

Conglomeratic Unit (Paine C1) 745 

The conglomeratic unit (Phases 1, 2, 3; Paine C1 in Fig. 2) marks the onset of the 746 

channel aggradation. It is ca. 100 m thick in its thickest part, and it is laterally extensive 747 

across almost the entire channel belt (Fig. 14). It can be divided into three phases based on 748 

facies, facies associations, and degree of channel entrenchment (Fig. 7), as described and 749 

interpreted as follows: 750 

Phase 1: Initial Erosion and Channel Entrenchment 751 

The beginning of the conglomeratic unit is marked by incision into the LND on the 752 

northwest part of the syncline and Paine A sheets on the southeast part where erosional 753 

bypassing flows were generating an initial cut (Fig. 14 - time 2). The end of Phase 1 incision 754 

(Figs. 3, 4, 8, 11, 14) is marked by aggradation of the channel belt through deposition of the 755 

first phase of Paine C conglomerates, dominated by transitional event deposits (F8; Figs. 6, 756 

and 14 - time 3). The deposits vary from channel axis (fA1) through channel off-axis (fA2) 757 

and finally channel-margin facies associations (fA3) (Figs. 8, 11, 14). This phase is 758 

asymmetric, with a stepped contact at the NE channel margin, interpreted to represent the 759 

channel depositional side of a laterally migrating channel system (red rectangle Fig. 3; Log 760 

GB40 location in Fig. 12); and a northeastward feathering out of the conglomerate deposits 761 

firstly into sandstones (F3) subsequently into interbedded sandstone and mudstone (F4) 762 

towards the northeast channel margin (Figs. 3, 4, 8). 763 

Phase 2: Intermediate Transitional Phase with Lateral Channel Shifting 764 

Following deposition of the largely aggradational Phase 1 conglomerates, Phase 2 765 

begins with reincision into the Phase 1 (Fig. 14 - time 4) and shows evident facies change 766 

documented in a series of sedimentary logs, mainly those at channel-axis and off-axis 767 
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locations (e.g., Logs GB1 to GB16; GB20, GB21, GB23; Figs. 7, 8, 11, 12, 14). Phase 2 is 768 

composed of a mixture between TEDs (F8), clast-supported conglomerates (F1 and F2), 769 

bipartite conglomerate and sandstone couplets (F3), and lenticular sandstones (F4; Fig. 5; 770 

Table 1), without following any vertical trend (Fig. 7). The deposits in this phase show lateral 771 

transition from channel-axis (fA1) to channel-off-axis (fA2) facies associations, but deposits 772 

of channel-margin facies association are not apparent. At the NE channel margin, off-axis 773 

facies association (fA2) deposits occur adjacent to terrace and/or internal levee facies 774 

association (fA6) deposits (Figs. 8, 12), which have previously been described as sediment 775 

waves (Campion et al., 2011). 776 

During deposition of the Phase 2 conglomerate, a southwestward shift of the channel 777 

axis is recorded, well-preserved in the deposits at the NE channel margin (red rectangle Fig. 778 

3; Figs. 12, 14). This shift is recorded by the southwestward offset of successive erosional 779 

surfaces at the northeast channel margin, which are interpreted to contain all the deposits of 780 

the aggradational part of the phase 2 (Fig. 12). 781 

Phase 3: Bypass Clast-Supported Conglomerate-Dominated Phase 782 

The last conglomeratic phase is the thickest of all three, ca. 45 m in its thickest part, 783 

making up around 50% of the entire Paine C conglomeratic unit in its most axial part (Figs. 8, 784 

10). It records another southwestward shift of the channel axis, mostly observed at the NE 785 

channel margin outcrop (red rectangle Fig. 3; Figs. 4, 8). This phase records a significant 786 

depositional change in containing mostly facies F1 conglomerates, comprising smaller scour 787 

and fill, with very few examples of matrix-rich conglomerates (F2), and conglomerates 788 

associated with sandstone (F3), and only subordinate lenticular sandstone beds (F4; Figs. 5, 789 

7, 10; Table 1). The preserved parts of conglomeratic beds are relatively thin and narrow (up 790 

to 50 cm thick and ca. 10 to 20 m wide), with erosional base, concave up, highly 791 

amalgamated, usually inversely graded or ungraded (Fig. 7). No facies F8 conglomerates 792 
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(Fig. 5; Table 1) are recorded in Phase 3. The end of the conglomerate Phase 3 (Fig. 14 - time 793 

7) is marked by a rapid architectural change (see below) (Fig. 14 - time 8). 794 

 Sandstone-Dominated Unit (Paine C2) 795 

The sand-rich unit (Paine C2; Figs. 2, 3, 4) marks a major change in the Paine C 796 

architecture, from bypass-dominated conglomerates to more aggradational sandstones. The 797 

sandstones are confined to the same channel as the Paine C conglomerates, lapping out onto 798 

the same thin-bedded succession on the SW channel margin (Figs. 3, 4, 14), and where the 799 

margin is visible, onto an MTC towards the northeast (Figs. 13, 14). This 65 – 80-m-thick 800 

sandstone-dominated unit is composed mainly of facies associations 4 and 5, and it has been 801 

divided into (Figs. 4, 9, 10) a lower, more amalgamated (Fig. 14 - time 8), and an upper non-802 

amalgamated phase separated by a ca. 3-m-thick transitional event deposit recorded across 803 

the entire channel belt. The entire sandstone-dominated unit is bounded on the southwest 804 

channel margin by laminated carbonate-rich siltstone and claystone interbedded with sparse 805 

very fine-grained sandstone, and on the NE channel margin (see Fig. 3 for location) by the 806 

mass-transport complex (MTC) (purple deposits in Figs. 3, 13), where all deposits thin out 807 

rapidly and lap onto the MTC. The outcrops of both the MTC and the channel-bounding 808 

mudstones are very limited, and their boundaries are poorly constrained (Figs. 9, 13, 14). The 809 

occurrence of MTC-bounding channelized deposits (e.g., Gioia Basin, Gamberi and Rovere 810 

2011; Hansen et al. 2015) resembles transversely emplaced channel-margin MTD topography 811 

(e.g., Tek et al. 2020, in the Arro turbidite system) as evidenced by the recognition of a 812 

protolith immediately adjacent to the MTDs. 813 

A likely interpretation for the occurrence of an overall thinning- and fining-upwards 814 

system of sheetlike sandstones overlying channelized conglomerates is channel backstepping, 815 

which occurs due to reduction of flow size with time (Butterworth and Verhaeghe 2012; 816 

Morris et al. 2014; Li et al. 2021), shifting depositional loci upstream (Kneller 2003; 817 
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Fernandez et al. 2014). Backstepping may happen regardless of changes in sediment supply 818 

(Cantelli et al. 2011; Fernandez et al. 2014; Burgess et al. 2019), but its trend is enhanced 819 

when deposition is combined with overall waning of the flows (Deptuck et al. 2007; Janocko 820 

et al. 2013b; Hodgson et al. 2016; Ferguson et al. 2020; Kneller et al. 2020). 821 

The Paine C system is interpreted as having developed in an active tectonic setting 822 

(Fosdick et al. 2011). Similar to other ancient tectonically active sedimentary systems 823 

described in the literature (e.g., Arro turbidite system, Arbues et al. 2007a, 2007b; Tek et al. 824 

2020; Gorgoglione Flysch, Casciano et al. 2019), lateral shifting of coarse-grained channel 825 

elements, driven either by MTD lateral confinement (Tek et al. 2020) or simply structural 826 

growth (Casciano et al. 2019), is interpreted as diversion due to synsedimentary tectonics.  827 

Aggradational Versus Bypass-Dominated Channel Systems 828 

Conglomeratic facies recognized in submarine gravelly channels provide valuable 829 

information about transport and depositional processes. Facies composed of low-matrix-830 

content clast-supported conglomerates (F1), with subordinate high-matrix-content clast-831 

supported conglomerates, associated or not with lenticular sandstones (F2 and F3 832 

respectively), are interpreted to occur in systems dominated by high-energy currents, where 833 

gravel moves largely as bedload, generating large-scale traction structures (Winn and Dott 834 

1977; Piper et al. 1985; Piper and Kontopoulos 1994; Wynn et al. 2002), and most of the sand 835 

and finer sediment load bypasses (e.g., Stevenson et al. 2015), largely in suspension. 836 

The distinctive clast- to matrix-supported conglomerates in this system (here termed 837 

transitional event deposits, TEDs, F8; Bozetti et al. 2018) have been described in differing 838 

degrees of detail by Scott (1966), Winn and Dott (1979), Sohn (2000), Beauboeuf (2004), 839 

Crane and Lowe (2008), Hubbard et al. (2008), Bernhardt et al. (2011), Romans et al. (2011) 840 

and Bozetti et al. (2018). However, there is overall consistency in the descriptions of the 841 

lithofacies, the salient features of which are: a basal surface that often has very large-scale 842 
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flute casts (e.g., Winn and Dott 1979; Sohn et al. 2000, Beauboeuf 2004); succeeded by an 843 

inversely to normally graded, often imbricated clast-supported interval (Winn and Dott 1979; 844 

Sohn et al. 2000); this is transitional upwards, with decreasing clast abundance, into a matrix-845 

supported interval of sandy mudstone, in which both the matrix and clasts are often normally 846 

graded (Crane 2004). These have also been described as slurry flows by Crane and Lowe 847 

(2008) and Hubbard et al. (2008), but the characteristics of TEDs are considerably at odds 848 

with those of slurry beds as described by Lowe and Guy (2000), where the term was first 849 

employed to describe somewhat similar matrix-rich sandstones.  850 

There has been a range of interpretations of the process(es) responsible for their deposition. 851 

Winn and Dott (1979) suggested three possible alternative mechanisms (reprised by Hubbard 852 

et al. 2008): (a) the settling of large clasts through a debris flow to form a traction-dominated 853 

bedload; (b) the progressive entrainment of mud into initially turbulent flows (responsible for 854 

the basal erosion and traction-dominated basal layer) to transform into flows with more 855 

cohesive strength, as in models for the origin of so-called hybrid beds (e.g., Haughton et al. 856 

2009; Kane and Pontén 2012);  (c) generation of turbidity currents from parental debris flows 857 

(cf. Hampton 1972) by surface or body transformation (e.g., Felix and Peakall 2006) or 858 

detachment of the head of hydroplaning debris flows (Sohn et al. 2000). 859 

There is general consensus that the upper parts of the beds can be interpreted as the 860 

product of debris flows, in which gravel is largely suspended by the matrix (non-Newtonian 861 

flow; e.g., Crowell 1957; Scott 1966; Stanley 1974; Embley 1976; Haughton et al. 2009; 862 

Kane and Pontén 2012; Bozetti et al. 2018).  Winn and Dott (1979) rejected the hypothesis 863 

that the larger, heavier clasts have sunk through the matrix to the base of the flow to form the 864 

basal clast-supported layer behaving as a kind of traction carpet or shear layer beneath an 865 

overriding debris flow, on the grounds that the basal flute casts must have been produced by 866 

turbulent flow (see also Sohn 2000). Winn and Dott (1979) and Sohn et al. (2002) considered 867 
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the clast-supported layer to have been driven by an overriding turbulent suspension. If so, the 868 

transition from a turbulent dispersed suspension to a denser, more cohesive and perhaps 869 

laminar dispersion must have been transitional, given the progressive upwards change from 870 

clast support to matrix support. Unlike the deposits generated by high-energy bypassing 871 

flows, where gravel moves dominantly as bedload and the preserved remnant of the deposit is 872 

typically narrow and thin (e.g., facies F1, 0.5 to 1 m thick and 20 to 50 m wide), TEDs are 873 

preserved as beds ca. 3 to 30 m thick that may be laterally persistent over kilometers (e.g., 874 

Crane and Lowe 2008). In such flows, sediment bypass is probably minimal, perhaps with 875 

only very fine-grained sediment bypassing through the channel as a remnant low-density 876 

turbulent cloud at the latest stage of flow evolution (Bozetti et al. 2018). 877 

Differences in processes that dominate channel systems are reflected in major 878 

differences in their architecture. Channel systems dominated by high-energy turbulent 879 

processes move gravel as bedload and bypass large amounts of suspended sediment load 880 

(e.g., Stromboli slope valley, Gamberi and Marani 2011; Rosario Formation, Kneller et al. 881 

2020). In many systems, evolution from initially erosive (degradation) to aggradation may 882 

repeat multiple times at a range of scales until the channel system ceases to be active, but 883 

often with fining-upwards sequences at a range of scales, including that of the system as a 884 

whole (e.g., Sprague et al. 2002; Mayall et al. 2006; Kneller et al. 2020). The mechanism that 885 

guides this multiphase evolution is interpreted to be related mostly to change in the 886 

equilibrium profile, driven by changes in flow properties (Kneller 2003) or changes in base 887 

level due to erosion or syndepositional tectonics (Pirmez et al. 2000). In most published cases 888 

the architecture of the aggradational phase is dominated by deposition largely from flows that 889 

are inferred to be broadly similar to those that dominate during the bypass phase, i.e., 890 

turbulent gravity-driven suspensions, perhaps with some bedload transport, but with a 891 

significant amount of suspended sediment fallout.  892 
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By contrast, in Phase 1 of the Paine C system, laterally persistent and highly 893 

depositional TEDs are the most abundant facies. This leads to the conclusion that the fill 894 

stage of Phase 1 was largely aggradational, possibly involving significant adjustment to the 895 

equilibrium profile. Phase 2 is likewise dominated by TEDs, though to a lesser extent than 896 

Phase 1. Phase 3 consists almost entirely of clast-supported (bypass-related) conglomerates 897 

except in the adjacent terrace and/or internal levee, suggesting a system dominated by 898 

bedload transport beneath powerful currents, carrying sandy suspended load through the 899 

system, with a more gradual aggradation. Phases 4 and 5 represent an overall waning and 900 

perhaps backstepping of the system, dominated by deposition from suspension fallout of 901 

sand, with only sporadic deposition of TEDs. 902 

This study reveals a somewhat different architecture from that characterized by (a) 903 

erosion  and complete sediment bypass to (b) aggradation of bedload-dominated channel fills 904 

with significant bypass of suspended load, which is an architecture that has been recognized 905 

in (or at least a model that has been applied to) a number of slope channel systems (Sullivan 906 

et al. 2000; Sprague et al. 2002; Abreu et al. 2003; Posamentier 2003; Mayall et al. 2006; 907 

McHargue et al. 2011; Hubbard et al. 2012; Fildani et al. 2013; Li et al. 2018; Kneller et al. 908 

2020). The Paine C channel system (and likely the entire main channel belt represented by 909 

the Lago Sofia Member of the Cerro Toro Fm., e.g., Winn and Dott 1979; Hubbard et al. 910 

2008; Jobe et al. 2010), based on the common occurrence of the conglomeratic facies 911 

described here as transitional event deposits (F8), illustrates an architecture that has not 912 

previously been described in detail, made possible only by the exceptional exposure resulting 913 

from the fire of 2011. Systems that do not benefit from the same level of outcrop, or those in 914 

the subsurface, may have been erroneously interpreted according to an inappropriate 915 

submarine-channel model, underestimating the distinction between bypass-dominated 916 

channel systems (e.g., Kneller et al. 2020) and debrite-rich and more aggradational systems 917 
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similar to the Cerro Toro Fm. (e.g., Austrian Molasse Basin, Hubbard et al. 2009; Bernhardt 918 

et al. 2012; see details in Bozetti et al. 2018). 919 

 920 

CONCLUSIONS 921 

The main conclusions of the Paine C channel system are summarized as follows: 922 

Based on the detailed architectural analysis of the Paine C, combined with examples from the 923 

literature, two types of submarine channel systems can be differentiated based on facies and 924 

architecture, generating highly distinct end members, especially from a reservoir perspective. 925 

Bypass-dominated systems are composed dominantly of deposits from flows moving gravel 926 

as bedload, bypassing most of their sediment load in suspension, generating mud-poor sand- 927 

or gravel-prone deposits, and therefore good reservoir prospects, downdip from the channel 928 

as well as within it. By contrast, aggradational systems are dominantly composed of deposits 929 

that are the product of transitional flows, in which most of the sediment from the parent flow 930 

is deposited in a highly mixed, matrix-supported deposit, with very poor fluid-reservoir 931 

properties, probably with only minor amounts of (dominantly fine-grained) sediment bypass 932 

from the residual low-density turbulent cloud, and thus lower probability of downdip sand 933 

accumulations. 934 

Recognizing the differences between bypass-dominated and aggradation-dominated 935 

channel systems has major potential significance from a fluid-reservoir perspective. Bypass-936 

dominated systems will tend to consist of highly porous and permeable lithologies that are 937 

well-connected both laterally and vertically. By contrast, systems such as Paine C, where the 938 

aggradation is largely via deposition of mud-rich and laterally-persistent deposits, will not 939 

only have reduced reservoir volumes but possess significantly reduced vertical connectivity. 940 

These distinctions would be critical to flow modelling (e.g., Mendez 2022). 941 

 942 
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FIGURES 1437 

 1438 

Figure 1. Regional geological map of the Magallanes–Austral (MA) foreland basin, with the 1439 

key for the main geological units (modified from Malkowski et al. 2015). RVB-Rocas Verdes 1440 

Basin.  1441 

 1442 
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 1443 

Figure 2. Generalized stratigraphic column for the Magallanes Basin, Ultima Esperanza 1444 

District, southern Chile, and stratigraphic architectural column of the Silla Syncline area 1445 

showing in the blue rectangle the studied deposits. Main lithostratigraphic formations, 1446 

tectonic phases, depositional system and interpreted sub-environments are shown. Bozetti et 1447 

al. (2018), modified after Romans et al. (2011), [originally adapted from Wilson (1991) and 1448 

Fildani and Hessler (2005)]. Radiometric ages are from from Bernhardt et al., 2012. 1449 
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 1450 

Figure 3. A) Principal localities around the field area, showing outcrops of the main Cerro 1451 

Toro axial channel system (orange). B) Geological map of the field area, with interpreted the 1452 
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Paine C channel system main boundary (white continuous line), based on the pinch-out of the 1453 

channelized facies onto adjacent thin bedded facies, and interpreted channel axis boundary 1454 

(red dashed line), representing the trend of the most amalgamated deposits, and deepest 1455 

erosional cut of the channelized deposits into the underlying stratigraphy. Paleocurrent 1456 

measurements (rose diagrams) are based dominantly on sole marks in conglomerates and 1457 

sandstones (colors are as per map key, indicating the respective stratigraphic units in which 1458 

they were measured). Colored rectangles indicate key localities used for defining facies 1459 

associations (modified from Bozetti et al. 2018) 1460 
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 1461 

Figure 4. A) Geological map of the Silla Syncline area with map view of the sections in Part 1462 

B. B) Cross sections of the Silla Syncline area, the same units related to the Paine C channel 1463 

system. C) Composite cross section of the Paine C with restored regional structures, 1464 

highlighting a section in the west limit of the outcrop, a transect interpreted based on the 1465 
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combination of cross sections in Part B, and a section in the southernmost part of the outcrop 1466 

belt.  1467 

 1468 

 1469 

Figure 5. Facies scheme illustrating the seven main facies (modified from Bozetti et al. 1470 

2018). A) F1. Low matrix content, very large pebble to small cobble extraformational clast-1471 

supported conglomerate. B) F2. High-matrix-content pebble to small cobble extraformational 1472 

clast-supported conglomerate. C) F3. Bipartite large to very large pebble-clast-supported 1473 

conglomerate overlain by coarse to medium sandstone. D) F4. Medium-grained matrix-poor 1474 

sandstone with dewatering structures throughout. E) F4. Coarse- to medium-grained more 1475 

matrix-rich graded sandstone, with mud-clast horizon near the base. F) F5. Interbedded thin- 1476 

to medium-bedded graded sandstones and mudstones. Sandstone grain size varies from 1477 

medium at the base of thicker beds, to fine-grained at base of thin beds. G) F6. Thinly 1478 
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laminated carbonate-rich silt and clay, with sparse very-fine-grained sandstones. H) F7. 1479 

Slump-folded medium-grained sandstone in mud matrix, in an interval of interbedded graded 1480 

sandstone to mudstone. I) F8. Transitional clast- to matrix-supported conglomerate, with size 1481 

and number of extraformational clasts decreasing upwards, concentration of very large 1482 

intraformational clasts and rafts in the lower part of matrix-supported interval. J) F8. 1483 

Inversely to normally graded clast- to matrix-supported transitional conglomerate, overlain 1484 

by a sandstone. See main text and Table 1 for facies description and interpretation. 1485 
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 68 

Figure 6. Facies-associations scheme, illustrating the seven associations defined during the 1487 

acquisition and processing of the data: (A) fA1: channel axis (UTM: 644023 m E, 4336628 m 1488 

S); (B) fA2: channel off-axis near the axis (UTM: 641940 m E, 4337742 m S); (C) fA2*: 1489 

channel off-axis near the margin (UTM: 4336739 m S, 642327 m E); (D) fA3: channel 1490 

margin (UTM: 642472 m E, 4336422 m S); (E) fA4: amalgamated sandstone (UTM: 641914 1491 

m E, 4339487 m S); (F) fA5: non-amalgamated sandstone (UTM: 642763 m E, 4338120 m 1492 

S); (G) fA6: terrace or internal levees (UTM: 641641 m E, 4340483 m S); (H) fA7: confined 1493 

MTC (UTM: 644089 m E, 4339051 m S); (I) fA8: extrachannel deposits (UTM: 644206 m E, 1494 

4339150 m S). 1495 
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 1496 
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Figure 7. Sedimentary log GB14 (see Fig. 3 for location) placed next to three outcrop 1497 

photographs that illustrate the main facies and their stacking pattern in each of the three 1498 

phases of the Paine C lower unit. Phase 1 is highly aggradational, composed dominantly of 1499 

facies F8 conglomerates; Phase 2 records a substantial amount of sandstones (F4) and clast-1500 

supported conglomerates (F1, F2, F3), but also preserves some F8; Phase 3 is made 1501 

dominantly of clast-supported conglomerate (F1, F2), with a small amount of lenticular 1502 

sandstones (F3, F4). See Fig. 5, Table 1, and the main text for facies details. 1503 

 1504 

Figure 8. Paine C log correlation of the lower conglomeratic unit, on the western limb of the 1505 

Silla Syncline (Fig. 3). Note that this is a highly oblique section across the 3.5 – 4-km-wide 1506 

channel belt. Three phases are recognized based on sedimentary logs from across the syncline 1507 

and on mapping data. Phases are individually explained in Fig. 7. Individual beds can be 1508 

traced for hundreds of meters. However, amalgamation in the channel axis makes single bed 1509 

correlation unreliable. 1510 
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 1511 

Figure 9. Section illustrating the difference between the amalgamated and the non-1512 

amalgamated packages of sandstones (see Fig. 3 for location). The poorly exposed areas 1513 

probably represent concentration of fine-grained deposits. Though the beds in the upper 1514 

package are typically non-amalgamated, some packages are still laterally continuous and can 1515 

be traced across several hundreds of meters, occasionally across the entire outcrop-belt. 1516 

 1517 

Figure 10. Image of the Paine C channel axis at the SE part of the Silla Syncline, with the 1518 

sedimentary log GB23 draped on it, and continuously displayed on the left-hand side of the 1519 
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figure. It records the thickest accumulation of gravelly deposits in the entire field area; more 1520 

than 100 meters of dominantly conglomeratic deposits amalgamate in three distinct phases 1521 

(phases 1 to 3), separated by intervals of partially disturbed sandstone + mudstone 1522 

heterolithic deposits. See Fig. 7 for full description of the three phases and Fig. 3 for location. 1523 

 1524 

Figure 11. A) Photomosaic with some line interpretation of the western channel margin, at 1525 

logs GB1 to GB8 location (see Fig. 3 for reference). Three detailed pictures show dominant 1526 

facies at three different locations, highlighting the lateral facies variation. Note that the 1527 

section is highly oblique, nonetheless the lateral transition is real, and represents the change 1528 

from (B) axis or off-axis facies in Log GB7, into more (C) off-axis facies in Log GB3, ending 1529 
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in (D) marginal facies at Log GB1 location (Figs. 3, 8). This transition happens in the first 1530 

phase of channel entrenchment of the Paine C, which is later eroded into by Phase 2 (dashed 1531 

red line in the panorama). Between the end of the deposition of the Phase 1 and erosion of the 1532 

Phase 2, a continuous package of disturbed heterolithics occurs, being interpreted to represent 1533 

“calm” time between erosion and aggradation of the phase 2. E) Log correlation from Logs 1534 

GB1 to GB7, Log 1 being the most marginal and the Log GB7 the most axial, but still in the 1535 

off-axis domain. The logs are also combined with pie charts. Facies 6 is absent in these logs. 1536 

The pie charts represent the interval of interest, the one where the lateral facies variation is 1537 

clear.  1538 
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 1539 

Figure 12. Interpreted photomosaic of the NE channel margin with a diagram showing the 1540 

southwards lateral shift of the channel margin (see Fig. 3 for location). Three sedimentary 1541 

logs across channelized deposits, and one recording deposits immediately lateral to them, 1542 

record repeated intervals of erosion and aggradation (illustrated by red and green arrows). 1543 

Note that this channel margin does not have the lateral facies transition recorded in the SW 1544 

channel margin (Fig. 11). 1545 
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 1546 

Figure 13. Channelized mass-transport complex (MTC) outcrop (eastern limb of the 1547 

syncline; see Fig. 3 for location), showing its three main mass-transport deposits (MTD) 1548 

recognized in a generalized measured section. Sandstones of the upper part of the Paine C are 1549 

observed at this outcrop to lap out onto the MTD 3. The interpretation of the confinement of 1550 

the MTD is based on its restricted mapped area and stratigraphic association with the 1551 

confined deposits of the Paine C. In Part B it is also possible to see the difference of the two 1552 

phases of Paine C amalgamated and non-amalgamated sandstones (Fig. 9). 1553 

 1554 
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Figure 14. Synthesis of evolution of the Paine C channel system. 1) Deposition of the 1555 

Laguna Negra Debrite within pre-existing low topographic relief (e.g., channel); 2) incision 1556 

of the first phase of the Paine C; 3) infill of Paine C phase 1 with deposits dominantly 1557 

conglomeratic, showing evident lateral facies transition from channel axis through off-axis 1558 

and channel margin; 4) reincision of Paine C in its phase 2; 5) Infill of Paine C phase 2, 1559 

which occurred in a series of erosion and aggradation events, shifting the channel towards the 1560 

south, and depositing a package of intrachannel sandstone to mudstone heterolithics laterally 1561 

to the coarse-grained deposits of the NE channel margin at this phase; 6) reincision of Paine 1562 

C in its phase 3; 7) Infill of Paine C phase 3, which is the narrowest and the one recording 1563 

most amalgamated conglomerates, interpreted as sediment-bypass-dominated; 8) deposit of 1564 

the amalgamated sandstones package (Paine C phase 4), which occurred concomitantly with 1565 

lower MTD of the channelized MTC in which the sandstones lap out onto; this phase marks a 1566 

major change in channel architecture; 9) deposit of the non-amalgamated sandstones package 1567 

(Paine C Phase 5), which also occurred simultaneously with upper MTD of the channelized 1568 

MTC onto which the sandstones and mudstones lap out. The evolution of this phase from 1569 

previous marks an overall fining- and thinning-upwards trend. 1570 
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 1571 

Figure 15. Complex structural profile of the area to the East of the outcrop belt. A) zoomed 1572 

area to the north and northeast of the field area showing the area where profile in Parts B and 1573 

C was acquired; B, C) structural profile illustrated and interpreted. D) Coarse-grained 1574 

sediments of the Paine A onlapping fine-grained dominated deposits interpreted as slope 1575 

sediments.1576 



 

 78 

Table 1. Simplified facies scheme for the deposits encountered in the Paine C channel system and previously proposed facies equivalent. 1577 

 Facies name Description 
Crane and 

Lowe 2008 

Hubbard 

et al. 2008 

Bernhardt 

et al. 2011 

F1 
Clast-supported conglomerate 

with low matrix content  

Very large pebble to large cobble clast-supported highly 

amalgamated conglomerate, with 20 to 30% sandy matrix. a-

parallel clast-imbrication common. 
IIIcgl IIIscg Lf4 

F2 
Clast-supported conglomerate 

with high matrix content 

Moderately to well-sorted pebble- to cobble-clast-supported 

conglomerate, with 25 to 40% sandy matrix, interstratified with 

sandstone. 

F3 
Bipartite conglomerate and 

sandstone couplet 

Bipartite beds of clast-supported, pebble to cobble conglomerate, 

overlain via diffuse or sharp contact by fine to very coarse 

sandstone, commonly with traction structures.  

IIIcgl 

overlain by 

IIIss 

IIIscg 

overlain by 

IIIss 

Lf4 

overlain by 

Lf3 

F4 Sandstone 

Sharp-based very fine to very coarse highly amalgamated 

sandstones. Dominantly structureless, but may contain dewatering 

structures, ripple and parallel horizontal lamination, and trough 

cross-bedding.  

~IIIss IIIss Lf3 

F5 Graded sandstone to mudstone 

Graded couplets of sandstone (usually c. 40% of the bed) and 

mudstone, some with Ta-e.  May show multiple current 

orientations within the same bed. 
IIImd-ss 

IIIsm 

Lf2 

F6 
Laminated carbonate-rich 

siltstone and claystone 

Massive siltstone often interbanded with thinly laminated 

carbonate-rich siltstone and claystone.  
Lf1 

IIImd 

F7 
Debrites, mass-transport deposits 

(MTDs) 

Pebbly mudstone, pebbly sandstone, matrix-supported 

conglomerate, slumps and slide blocks, ranging from slightly 

disturbed to completely chaotic, with intraclasts ranging up to few 

meters across. 
IIIdia 

 

IIIch Lf6 

F8 
Transitional event deposits 

(TEDs) 

Erosionaly based conglomerates, with clast-supported base, 

upward-increasing matrix (≤ 90%) both clasts and matrix 

commonly normally graded, mostly overlain by graded sandstone 

to mudstone. 
IIImcg 

Lf5 in part, 

with 

enclaves of 

Lf6 

  1578 
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Table 2. Average facies distribution in the facies associations and/or architectural elements recognised in the Paine C channel system. Note that 1579 

facies association 7 (#) is 100% composed of facies 6 deposits (e.g., slumps, debrites), which is itself composed of remobilized facies F4 (20%), 1580 

F5 (30%), F6 (25%) and F8 (25%). 1581 

 fA1 fA2 fA2* fA3 fA4 fA5 fA6 fA7 fA8 

n
a
m

e Channel 

Axis 

Channel off-

axis close to 

axis 

Channel off-

axis close to 

margin 

Channel 

margin 

Bypass 

dominated 

sandstones 

Aggradation 

dominated 

sandstones 

Terrace, 

Internal 

levee 

Confined 

MTD 

Slope, 

External 

levee  

F1 25% 10% 5% 0% 0% 0% 0% 0% 0% 

F2 20% 15% 10% 0% 0% 0% 0% 0% 0% 

F3 5% 20% 10% 0% 5% 1.25% 2.5% 0% 0% 

F4 10% 10% 35% 15% 67.5% 43.75% 35% 20% 1.25% 

F5 2.5% 7.5% 15% 72.5% 17.5% 50% 52.5% 30% 3.75% 

F6 0% 0% 0 0% 0% 0% 0% 25% 90% 

F7 7.5% 5% 5% 12.5% 10% 5% 10% 100%# 5% 

F8 30% 32.5% 20% 0% 0% 0% 0% 25% 0% 
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