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A shelf-margin depositional system is the stratigraphic product of terrigenous sediment delivery to the ocean, comprising a flat to low-gradient shelf, or topset, which transitions to a steeper deep-water slope, and, ultimately, a relatively flat basin floor, or bottomset. Erosional and depositional processes across these physiographic domains approximate a clinoform in the stratigraphic record. The shelf margin is a critical environment for terrigenous sediment dispersal because it is a process-regime boundary that links the shelf to deep water and is a marker of basin evolution through time. Additionally, the coarse-grained deposits of strata associated with the shelf-margin zone are important subsurface reservoirs or aquifers. Here, we characterize the shelf-margin and upper slope stratigraphy of the outcropping Upper Cretaceous Tres Pasos and Dorotea formations, Magallanes Basin, southern Chile. The Late Cretaceous Magallanes retroarc foreland basin was an elongate trough oriented parallel to the southern Andean arc and fold-and-thrust belt. The Tres Pasos and Dorotea formations record southward (basin axial) progradation of a high-relief shelf and slope system (>1000 m paleo-water depth) represented by a stratigraphic succession up to 3 km thick that is exposed for tens of kilometers along depositional dip. The character and distribution of deposits that define shelf margins contain evidence for a variety of processes related to deposition, erosion, sediment bypass, and mass wasting. The overall architecture of the Magallanes Basin strata is indicative of a graded shelf-margin system interrupted by periods of slope oversteepening and development of out-of-grade conditions. These punctuated periods are recognized by sedimentological evidence for enhanced bypass of coarse-grained sediment across the upper slope, and thick submarine fan successions in more distal segments. Development of oversteepened depositional topography is particularly significant as it instigated the only two major periods of coarse-grained sediment delivery to deep water over ∼8 Myr during the Campanian. The controls on sediment dispersal beyond the shelf margin are commonly discussed in terms of allogenic forcings, such as tectonics, climate, eustasy, and receiving-basin geometry, as well as autogenic behavior, such as delta-lobe switching. However, inherited depositional topography does not clearly fit within an allogenic/autogenic dichotomy. Depositional topography inherited from shelf-margin evolution influences the position of subsequent shelf margins, which can promote coarse-grained sediment delivery to deep water.
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INTRODUCTION

A shelf-margin is characterized in depositional-dip profile from shallow-dipping topset, across steeper foreset (clinoform), to shallow-dipping bottomset (Figure 1). Shelf-margin profiles that approximate clinoforms are generally considered to represent progradation of graded slopes (Hedberg, 1970; Ross et al., 1994; Steel and Olsen, 2002; Johannessen and Steel, 2005; Patruno et al., 2015; Hodgson et al., 2018). Graded margins are defined as margins where erosional and depositional processes are in equilibrium, resulting in topographically smooth slope profiles that prograde basinward (Hedberg, 1970; Ross et al., 1994). Conversely, Hedberg (1970) described out-of-grade slopes, wherein the shelf margin and upper slope are zones of net erosion, sediment bypass, and mass wasting, whereas the lower slope and basin are associated with substantial deposition. The shelf margin is a gateway for the transport of coarse-grained sediment into deep water, and it is commonly attributed to either external forcings (i.e., allogenic controls) promoting sediment supply (Carvajal and Steel, 2009; Kertznus and Kneller, 2009) or internal dynamics of the system (i.e., autogenic controls), such as compensational stacking as a result of delta-lobe switching (Olariu and Bhattacharya, 2006; Muto et al., 2007; Straub et al., 2009; Hajek and Straub, 2017). Ross et al. (1994) noted that inherited depositional topography can control the evolution of later shelf margins, potentially fostering development of oversteepened upper slopes and promoting mass wasting and/or coarse-grained sediment delivery to deep water (Figure 1). Inherited depositional topography does not clearly fit into the either/or, allogenic/autogenic dichotomy of controls on shelf-margin depositional evolution because underlying deposits might have been the product of a wholly distinct set of conditions.
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FIGURE 1. (A) Schematic dip-oriented basin margin cross-section. Note the variety of clinoform scales indicated. (B) Seismic section from the Alaska North Slope showing clinoforms of moderate to high-relief; red = peak, black = trough, frequency ∼36 Hz (United States Geological Survey Data accessed from www.sepmstrata.org). (C) Two scenarios of slope oversteepening that result in shelf-margin readjustment and phases of enhanced coarse-grained sediment delivery beyond the shelf margin. Scenario (A) results from a significant relative sea-level rise; after a substantial transgression, the slope profile becomes oversteep and unstable once it progrades back to the point where it reaches the former, drowned shelf margin. Scenario (B) results from the progradation of a shelf-margin system to the edge of an escarpment. In this instance, the slope also steepens and becomes more unstable, leading to onlap of basin floor fan deposits onto the slope (modified from Ross et al., 1994).


Studies of shelf-margin depositional systems have commonly focused on the prediction of down-slope deep-water fans through stratigraphic analysis (Plink-Björklund et al., 2001; Prather et al., 2017), analysis of external controls (Carvajal and Steel, 2009), or investigation of shelf-edge deposits (i.e., wave-, tide-, or river-dominated process regime) (e.g., Dixon et al., 2012b; Cosgrove et al., 2018). The controls on transitions between slopes with a graded profile and out-of-grade configurations that promote coarse-grained sediment transfer to deep water have remained understudied (Gomis-Cartesio et al., 2018). Slope readjustment comprises the processes of erosion, sediment bypass, and marine onlap of submarine-fan deposits in response to changing basin physiography (Ross et al., 1994). However, the detailed sedimentology and stratigraphy of major shelf-margin readjustments, like those described by Ross et al. (1994) across a large-scale shelf-margin transect, have not been well documented. Furthermore, comparably little work has been focused on the sedimentologic record along the entirety of the transition from shallow-marine to deep-water depocenters along basin margins of high relief (>500 m) (Dixon et al., 2012a; Poyatos-Moré et al., 2019). Deciphering the details of siliciclastic basin margins is challenging as a result of their large scale (several hundreds of meters to kilometers of relief; McMillen, 1991; Helland-Hansen, 1992; Hubbard et al., 2010; Patruno et al., 2015). These high-relief shelf-margin systems are most commonly observed in seismic-reflection data, characterized by >10 m of vertical resolution (e.g., Pinous et al., 2001; Houseknecht et al., 2009), with important insight drawn from stratigraphic modeling (e.g., Uličný et al., 2002; Burgess et al., 2008; Gerber et al., 2008).

This study focuses on the characterization of outcropping shelf-margin stratigraphy, with an emphasis on the record of punctuated out-of-grade conditions related to inherited depositional topography in the Upper Cretaceous Tres Pasos and Dorotea formations, southern Chile. The unique outcrop perspective of seismic-scale clinoforms (i.e., >1000 m relief) provides the opportunity to investigate the stratigraphic architecture developed in response to shelf-margin oversteepening. This is augmented with documentation of the down-dip sedimentological variability along out-of-grade surfaces that were associated with significant coarse-grained sediment bypass to the deep basin.



GEOLOGIC SETTING

In this study, we examine deposits of the Upper Cretaceous Dorotea and Tres Pasos formations that crop out in southern Chile (Figure 2; Hubbard et al., 2010; Daniels et al., 2018). The units were deposited in the Cenomanian–Maastrichtian Magallanes retroarc foreland basin, located at the southern end of the 7000 km-long Andean Cordillera along the southwestern margin of the South American plate (Figure 2A; Dalziel, 1981; Wilson, 1991; Fildani and Hessler, 2005; Daniels et al., 2019).
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FIGURE 2. Magallanes Basin stratigraphy and study context. (A) Continental-, (B) provincial- and (C) mountain- scale context for the study. Regional satellite image in (B) features previously studied Tres Pasos and Dorotea formation outcrops: (1) Cerro Divisadero, Romans et al., 2009; (2) Cerro Escondido, Covault et al., 2009; (3) Sierra Contreras, Armitage et al., 2009; (4) El Chingue Bluff, Shultz and Hubbard, 2005; (5) Cerro Sol, Hubbard et al., 2010; (6) Arroyo Picana, Pemberton et al., 2016; (7) Laguna Figueroa, Macauley and Hubbard, 2013; Hubbard et al., 2014; (8) Arroyo Hotel, Hubbard et al., 2010; and (9) Puma-Picana confluence, Reimchen et al., 2016. Paleoflow was orientated S-SE at 160°–170° on average, near parallel to the current structural orientation of the strata (strike = 165; dip = 21E) yielding a depositional dip perspective. White dots in (C) indicate outcrop locations studied. In instances where these are labeled with a preceding number, the label corresponds to the Figure number where this location is featured; labels with a preceding letter are locations that are featured within Figures. (D) Stratigraphic chart for the foreland basin in the vicinity of Cerro Cazador with the simplified stratigraphic architecture of the main lithostratigraphic units. The Tres Pasos and Dorotea formations are associated with the final fill of a long-lived deep-water seaway (modified from Daniels et al., 2019). (E) Eastward view of the area studied highlighting key geographical features and locations of areas featured in figures. (F) Same view as in Part (E) showing the stratigraphic framework of the area, featuring a dip-oriented cross-section of a high-relief clinoform system (cf. Figure 1). The Dorotea Formation consists of deltaic deposits whereas the underlying Tres Pasos Formation comprises genetically linked, southward-prograding clinoform strata. All satellite image data from Google, Landsat, Copernicus, 2016, http://google.com/earth/index.html.


The Magallanes Basin contains 3–5 km of Upper Cretaceous deep-water strata, deposited during a prolonged period of elevated subsidence (Romans et al., 2011; Bernhardt et al., 2012). The foreland basin is underlain by thinned continental crust, attributed to a precursor extensional back-arc basin (Rocas Verdes Basin; Romans et al., 2010; Fosdick et al., 2011). This attenuated continental crust promoted high subsidence during thrust loading and led to long-lived deep-water conditions in the retroarc setting (Natland et al., 1974; Hubbard et al., 2010; Fosdick et al., 2014). Deposition of unconfined turbidites of the Cenomanian-Turonian Punta Barrosa Formation marks the onset of deep-water sedimentation (Fildani et al., 2003; Malkowski et al., 2017), followed by the Coniacian-early Campanian Cerro Toro Formation, a mudstone-dominated succession with a conglomeratic channel system situated along the length of the foredeep axis (Figure 2D; Crane and Lowe, 2008; Hubbard et al., 2008; Jobe et al., 2010). The subsidence rate waned and the basin underwent a ∼2 Myr long period during which mass-failure processes dominated, presumably due to a change in hinterland dynamics and/or basin uplift (Daniels et al., 2018, 2019). Subsequently, the basin filled with the Campanian-Maastrichtian Tres Pasos and Dorotea formations, characterized by shelf-margin clinoforms that prograded along the basin axis, from north to south (Romans et al., 2009; Hubbard et al., 2010; Schwartz and Graham, 2015). The Tres Pasos Formation is a mudstone-dominated slope succession with intercalated sandy turbidite systems and mass-transport deposits (Smith, 1977; Shultz et al., 2005; Armitage et al., 2009; Auchter et al., 2016); these strata are overlain by genetically linked deltaic deposits of the Dorotea Formation (Arbe and Hechem, 1984; Macellari et al., 1989; Covault et al., 2009; Hubbard et al., 2010; Leppe et al., 2012; Schwartz and Graham, 2015; Schwartz et al., 2017; Manriquez et al., 2019). The deep-water basin (>1000 m relief) and basin axially oriented depositional systems (>40 km long slopes) promoted the development of shelf-margin clinoforms similar in scale to those of continental margins (Figures 2E,F; Carvajal and Steel, 2009; Hubbard et al., 2010; Romans et al., 2011).



METHODOLOGY

The study area is located at approximately 51° 00′ S and 72° 30′ W, adjacent to the Chile-Argentina border (Figure 2). We focus on a 15 km-long exposure of a high-relief shelf-margin depositional system at Cerro Cazador (Figure 2C). At this location, we record south-southeast paleoflow, which is approximately parallel to the N/NW-S/SE south trend of the outcrop (Figure 2C; Smith, 1977; Shultz and Hubbard, 2005; Bauer, 2012; Daniels et al., 2018). The correlation between deltaic and slope strata can be physically traced in the outcrop belt over several kilometers in many cases (Figures 2F, 3, 4). Relatively flat strata of the upper part of the Dorotea Formation at the top of the succession are preserved across the entire study area and are used as a datum, providing the basis for estimations of shelf-margin relief.
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FIGURE 3. Simplified depositional dip-oriented stratigraphic cross-section constructed from outcrop observations at Cerro Cazador (see Figures 2E, 4 for transect location). The main stratigraphic components and outcrop locations provide context for outcrop descriptions and interpretations. Note that thin vertical lines indicate locations of particularly long (>25 m) detailed measured sections. In general, sandstone-dominated strata are yellow and siltstone-dominated clinothem packages are gray; basal clinothem packages emphasized with a darker shade of gray. Thick, bold lines (red and dark gray) are interpreted clinoforms.
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FIGURE 4. Reconstructed dip-oriented regional cross-section of the Tres Pasos and Dorotea formations from Cerro Cazador to Arroyo Hotel, integrating data from this study, Hubbard et al. (2010), and Daniels et al. (2018) (Figures 2E,F). Note the presence of only two sandstone-prone stratigraphic intervals in the mudstone-dominated slope clinoform system, which immediately overlie the Figueroa and Puma clinoforms in the southern half of the transect.


High-resolution satellite imagery draped on a digital elevation model was used to correlate the outcrop to the regional stratigraphic framework of Hubbard et al. (2010) to the south, which comprises a series of southward-prograding clinoforms and clinothems >35 km long and 900–1000 m thick (Figures 2E,F). Hubbard et al. (2010) were the first to interpret these clinoforms by tracing the base of thick (40–100 m), sandstone-rich packages exposed as prominent ridges 10–35 km long in the outcrop belt. These composite sandy units are described as “basal clinothem packages” in this study, which directly overlie erosional surfaces that share characteristics of sequence boundaries (Mitchum et al., 1977; Houseknecht et al., 2009). Although clinoforms can be defined by relatively continuous shelf-margin mudstone-prone strata that potentially represent zones of maximum flooding (Galloway, 1989; Steel et al., 2008; Houseknecht et al., 2009), the large scale of the Tres Pasos-Dorotea clinoforms in the Magallanes Basin and sparse exposure of vegetated mudstone-prone strata make delineation of flooding surfaces unreliable over long distances. As such, it is likely that many more clinoforms are present in the outcrop belt than are detected and reported here; the identified clinoforms likely bound multiple clinothems (e.g., Patruno et al., 2015). Thus, these strata could be considered as clinothem sets or compound clinothems, but for simplicity we refer to them as clinothems throughout.

The dataset collected for this study includes 2980 m of measured stratigraphic section, which represents the foundation for facies analysis. Facies variations along individual clinoforms are documented from measurements of grain size, sedimentary structures, bed contacts, and trace fossils (summarized in Table 1). Detailed stratigraphic correlations are made by physically tracing surfaces as well as beds, and confirmed through the use of ground-based and aerial photo mosaics. Where tracing surfaces is not possible due to inaccessible topography, regional correlations (5–40 km) are made with high-resolution satellite data (<1 m resolution).


TABLE 1. Facies of the Tres Pasos and Dorotea formations at Cerro Cazador.
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TRES PASOS AND DOROTEA STRATIGRAPHY AND SEDIMENTOLOGY

Regionally, the fill of the Magallanes Basin is characterized by southward prograding shelf-margin strata exposed for >100 km north-south distance (Romans et al., 2010; Daniels et al., 2018). We consider the clinoforms to be high relief, based on comparison to the compilation of Carvajal et al. (2009). In this section, we describe and interpret key characteristics of the Tres Pasos-Dorotea shelf-margin system, aspects of which were first broadly presented by Hubbard et al. (2010). Key components are the 40–100 m-thick basal clinothem packages (Figure 3), which variably extend at least tens of kilometers from Cerro Cazador (north) to Arroyo Hotel (south) (Figure 4). These sandstone-rich basal packages are overlain by fine-grained successions hundreds of meters thick, which compose the bulk of clinothem strata. Toward the north, clinothems are capped by resistant sandstone-rich (topset) deposits; these deposits generally pinch out southward (basinward).

The strata include a section of thick, mass-transport-deposit (MTD)-dominated strata (Chingue unit), and three shelf-margin units (i.e., Figueroa, Oveja, and Puma; Figure 3). The MTD-dominated Chingue unit and the progressively younger shelf-margin units (Figueroa through Puma) correspond to the four stages of basin evolution described by Daniels et al. (2018). Although the shelf-margin strata correlates farther to the south, our emphasis on clinothems associated with abundant slope sandstone focused our analysis on the Figueroa and Puma shelf-margin units (Figure 4). Due to the large scale of the shelf-margin strata and limited outcrop extent, only the youngest shelf-margin units (upper Figueroa, Oveja, and Puma) are exposed from topset through distal slope; the bases of the Figueroa and Chingue units are characterized exclusively by slope strata in the portion of the outcrop belt studied. There is a lack of evidence for unconfined submarine fan deposits at the distal end of the outcrop belt. It is plausible that unconfined deposits have not been encountered because a significant toe-of-slope break at the transition to the basin floor did not exist in the basin; both non- and deep-marine foreland basins commonly promote formation of long channel systems due to a preferred tectonic slope along their axes, as well as lateral confinement (e.g., Graham et al., 1975; Burbank, 1992; Malkowski et al., 2017; Sharman et al., 2018).

Like other outcrops of large-scale shelf-margin systems, the Tres Pasos-Dorotea deposits at Cerro Cazador provide primarily a two-dimensional (2-D) perspective of the ancient basin margin, limiting interpretations of stratigraphic evolution in 3-D. Considerable along-strike variability of continental margins on the modern seafloor (e.g., Olariu and Steel, 2009; Ryan W. B. et al., 2009) suggests that the same variation ought to be expected in the stratigraphic record of the Magallanes foreland basin margin (e.g., Martinsen and Helland-Hansen, 1995; Driscoll and Karner, 1999; Jones et al., 2015; Madof et al., 2016; Paumard et al., 2018; Poyatos-Moré et al., 2019).


The Chingue Unit

The Chingue deep-water unit is up to 900 m thick and exposed for 5 km along depositional dip (Figure 4). Due to the large thickness and areal extent of the stratigraphic unit, deposits of only a relatively short segment of the entire paleo-slope crop out at Cerro Cazador. A basal sandstone-rich Chingue stratigraphic package is 50–75 m thick (Figure 3) and consists of an upward coarsening and bed thickening succession (Facies F1, F3–5; Figures 5A,B) capped by a chaotically bedded deposit (Facies F2) and a sandstone-filled channel form (Facies F3; Table 1). The basal sandstone-rich Chingue stratigraphic package is lenticular in a depositional-dip perspective, and overlies a zone of growth faulting and abundant sandstone intrusions (Figure 5A). Overlying this basal package is ∼800 m of chaotically bedded strata (Figure 4).
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FIGURE 5. Chingue slope unit stratigraphic architecture and facies. (A) Southward view of El Chingue Bluff (location 5A, Figures 2C, 3) characterized by thin and thick bedded non-amalgamated turbidites (F4 and F5) within both the hanging wall and foot wall of a synthetic growth fault (indicated by white arrowheads); clastic intrusions are parallel or sub-parallel to the faults (cf. Shultz and Hubbard, 2005). (B) Interbedded mudstone (F1) and tabular non-amalgamated sandstone (F4), with lenticular scour-fill also present (F5) (base demarcated by thin dashed white line). Note person (circled) for scale. (C) Chaotically bedded fine-grained sandstone and mudstone deposits (F2) overlain by interbedded mudstone (F1) and sandstone (F4 and F5) (separated by white dashed line). The overlying facies are interpreted to have infilled rugose topography on top of the chaotically bedded deposits. (D) Slumped deposits (F2) encased in concordant mudstone (F1). The base and top of the slumped deposits are indicated with white arrowheads. Person at lower right for scale. All outcrop locations are denoted by Figure number within Figures 2C, 3.


Shultz and Hubbard (2005) attribute the basal sandstone-rich package of the Chingue deep-water unit to ponding in localized accommodation created by growth faulting on an unstable slope. The capping MTD and channel fill are interpreted to record healing of the accommodation and basinward stepping of a channel system down slope (cf. transient fan of Adeogba et al., 2005). Overlying this basal sandstone-rich section, the hundreds of meters of chaotically bedded deposits are attributed to long-lived mass wasting (Facies F2; Figures 5C,D; Table 1; Daniels et al., 2018). The propensity of MTDs is interpreted to record an extended period of out-of-grade slope processes, during which the upper slope was oversteepened and prone to regular failure (Figure 4; Ross et al., 1994; Prather et al., 2017). These MTD-dominated strata reach their maximum thickness at Cerro Cazador and thin southward (Figure 4).



The Figueroa Shelf-Margin Unit

The Figueroa shelf-margin unit is up to 600–700 m thick and exposed for >40 km along depositional dip (Figure 4). The basal Figueroa clinothem package is 75–125 m thick (Figure 3), primarily consisting of sandstone-filled channel forms (Facies F3-F4) encased in mudstone (Facies F1) and chaotically bedded deposits (Facies F2) (Figures 6A–C, 7A). Channel forms are discontinuously exposed along the dip-oriented outcrop belt (Figure 6A). The base of this sandstone-rich succession defines the Figueroa clinoform, which has at least 900–1000 m of relief (Figures 2F, 4; Hubbard et al., 2010; Daniels et al., 2018). Although the paleoslope gradient cannot be accurately measured in the uplifted stratigraphic succession, physical correlation in the outcrop belt demonstrates that it is steepest in the most proximal locations preserved (see Cerro Cazador locality in Figure 4). The topset deposit is not preserved in the outcrop belt for this clinoform segment.


[image: image]

FIGURE 6. Figueroa shelf-margin stratigraphic architecture and facies. (A) Depositional dip-oriented perspective satellite image featuring discontinuously resistant, along-slope channel sandstone deposits (white arrows; locations E1-E3 and FR in Figures 2C, 3) (image data from Google, Landsat, Copernicus, 2016, http://google.com/earth/index.html). (B) Outcrop sketch of channel fill with the basal incision surface draped by mudstone-dominated turbidites, and subsequently overlain by amalgamated thick-bedded sandstone deposits (F3). (C) Variably amalgamated thick- to thin-bedded turbidites with common mudstone clasts; Jacob staff is 1.5 m in length. (D) Interbedded tabular, normally graded sandstone (F4) and carbonaceous mudstone (F1). (E) Interbedded tabular normally graded fine- to medium-grained sandstone (F4) and mudstone (F1) [location in (D)]. Scale bar in middle of photo is 3 cm long. (F) Bioturbated mudstone (F1) and fine- to medium-grained sandstone (F4) with rare Thalassinoides (Th), Ophiomorpha (Op), Palaeophycus (Pa) and Planolites (Pl). All outcrop locations are denoted by Figure number in Figures 2C, 3.
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FIGURE 7. Measured sections at selected outcrop locations, with locations of channelized erosion surfaces indicated. (A) Submarine channel fill in the basal Figueroa clinothem package (location 7A in Figures 2C, 3). (B) Background slope deposits, including abundant fine-grained concordant strata as well as chaotically bedded MTD’s in the upper Figueroa clinothem (location 7B in Figures 2C, 3). (C) Overall upward coarsening succession of the Oveja shelf-margin topset (location Toro in Figures 2C, 3). (D) Heterolithic channel fills at the Puma clinoform shelf margin; extrabasinal clast lags often mantle erosion surfaces (location CN2 in Figures 2C, 3).


The basal Figueroa clinothem package reflects a transition to increased sand delivery to the slope, supported by the presence of a 300 m-thick section of sandy slope turbidites at Laguna Figueroa (Figures 4, 8; Hubbard et al., 2010). We postulate that a southward prograding delta reached the break-in-slope associated with the upper surface of MTD-dominated stratigraphy in the Chingue unit (Figure 8). The basin margin was oversteepened, and a prolonged period of coarse-grained sediment transfer off the shelf edge was initiated (cf. Ross et al., 1994; Figure 1C). A number of drivers for the sedimentation pattern in the basin could be drawn upon; however, the inherited basin topography evident from the stratigraphic analysis is suggestive that it was a dominant driver of off-shelf delivery of coarse-grained sediment.
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FIGURE 8. Simplified depositional evolution of shelf-margin strata in the Magallanes Basin study area (from Figure 4). Part (A) is the first evolutionary stage through to part (G), which is the last. Although at this scale clinoforms can only be drawn in a way that implies fairly straightforward correlation of simple surfaces over tens of kilometers, the results of detailed sedimentological and stratigraphic architecture analysis indicate that these surfaces are typically composite features that formed over a protracted period (in many instances. In parts (C,G), enhanced sediment bypass of the upper slope and sand/gravel deposition in the basin was facilitated. Red dots indicate approximate locations of features figured in the manuscript: 1 (Figures 5A,B); 2 (Figures 5C,D); 3 (Figures 6A, 14B); 4 (Figures 6B, 7A); 5 (Figures 9B–D); 6 (Figures 7B, 9A); 7 (Figures 10D,E); 8 (Figures 7C, 11); 9 (Figures 7D, 13A–D); 10 (Figure 13E). Note that PPC = the confluence of the Puma Clinoform and Arroyo Picana.)


The upper part of the Figueroa clinothem, stratigraphically overlying the sandstone-rich basal clinothem package (Figure 3), is 300–500 m thick at Cerro Cazador. To the north, it is capped by a series of upward-coarsening packages that are collectively up to 100–150 m thick (Facies F9–10, F12, F14) (Figure 8 and Table 1). These packages pinch-out southward into widespread concordant fine-grained strata with isolated sandstone bodies (Facies F1, F4-F5) (Figures 6D–F) and localized MTDs (Figure 7B). The coarsening-upward packages are characterized by widespread evidence for shallow-marine conditions, including hummocky cross stratification, symmetrical ripples, abundant wood debris, and a low-diversity trace fossil suite (Figure 9; Table 1; MacEachern et al., 2005).
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FIGURE 9. Figueroa basin margin topset facies. (A) Hummocky cross-stratified (HCS) fine-grained sandstone (F9). (B) Symmetrical (top) and asymmetrical ripples (below) within fine-grained sandstone deposits (F9). (C) Coarse-grained sandstone with pebbles, granules, shell material, and woody debris (F7). (D) Planar laminae overlain by asymmetrical ripples in fine-grained sandstone deposits (F13). All outcrop locations are denoted by figure number within Figures 2C,E, 3.


Upper Figueroa clinothem stratigraphy is interpreted to record the southward transition of deltaic topset deposits into mudstone-prone prodelta and slope strata (Figures 3, 4).



The Oveja Shelf-Margin Unit

The Oveja shelf-margin unit is 300–400 m thick (Figures 3, 10A–C), consisting of a 30–50 m thick upper section with 5–20 m thick upward-coarsening and bed-thickening successions with carbonaceous mudstone (F14), lenticular coarse-grained sandstone (F7), medium-grained sandstone (F10, F13), and hummocky cross-stratified sandstone (F9) (Figures 7C, 11). This upper section transitions southward to laterally extensive (km-scale), upward-coarsening and bed-thickening packages 20–60 m thick composed of interbedded fine-grained sandstone and mudstone (Facies F1, F4) (Figures 10F,G, 11). The most distal deposits at the base, which make up most of the thickness of this unit, are primarily fine grained (Facies F1), punctuated by thin and lenticular sandstone-filled channel forms characterized by variably oriented stratification, including backsets (Facies F5-F6) (Figures 10D,E and Table 1). Notably, the upper half of this unit is exceptionally exposed along a series of unvegetated mountainside outcrops, which display seismic-scale stratal geometries characterized by basinward-dipping and basinward-thinning packages overlain by flatter units (i.e., apparent toplap) (Figures 10A, 11). Collectively, these strata record the progradation of Oveja shelf-margin clinoforms.
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FIGURE 10. Oveja shelf-margin stratigraphic architecture and facies. (A) Depositional dip perspective with an emphasis on coarsening upward packages (white arrows); the top of the section is dominated by sandy deposits (see Figure 2E for location). (B) Line-drawing trace of (A), which enhances stratigraphic surfaces, including relatively shallow dipping topset strata (top of image) and more steeply dipping slope strata (middle to base of image). Gray dashed line approximates the boundary between lower (L), and upper (U) sections of the clinothem, as described. The black dashed black line demarcates the Puma clinoform. Selected measured section locations are shown with sub-vertical dashed red lines. (C) Schematic diagram showing the interpretation of stratigraphic architecture in (A,B). (D) Non-amalgamated cross-bedded medium-grained sandstone (F6) within lenticular channel form [location shown on (C)]. Variably oriented cross-stratification, including backsets, suggest that these bodies formed during phases of high discharge (Ponce and Carmona, 2011; Hage et al., 2018). (E) Semi- to non-amalgamated wedge, in which the beds lap out or pinch out at the basal to marginal edge of a lenticular sedimentary body [location shown on Part (C)]. (F) Overall coarsening upward package [location shown on (B)]. (G) Interbedded normally graded planar-laminated sandstone (F13) and carbonaceous mudstone (F1) toward the top of a thick upward-coarsening section.
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FIGURE 11. (A) Photo-mosaic and (B) line-drawing trace of the upper portion of the Oveja shelf margin and the proximal deposits overlying the Puma clinoform showing river dominated deltaic clinoforms dipping basinward and transitioning into siltstone-dominated slope deposits. See Figure 10A for location. (C) Photo mosaic of deltaic clinoform topset highlighted in (A). (D–F) Facies of the upper section of the Oveja clinothem, including: (D) Detailed stratigraphic section of typical sandstone-dominated coarsening upward package with interbedded carbonaceous mudstone (F14) and thin-bedded sandstone (F13) overlain by planar-laminated sandstone (F8) and coarse- to very coarse-grained lenticular sandstone (F7). Section location is shown in (C). (E) Loading structure in medium-grained sandstone (F10); Jacob staff at base of photo is 1.5 m long (outcrop location is top of Toro section; Figure 3). See bed in measured section (Figure 7C) at 35 m for stratigraphic context. (F) Planar and trough cross-stratified medium-grained sandstone (F7); 10 cm intervals indicated on Jacob staff. Location is section CN (Figure 3).


We interpret the sharp lithologic change from deltaic sandstone of the upper Figueroa clinothem to overlying mudstone of the basal Oveja clinothem to reflect a backstep of the shelf (Figure 8; Houseknecht and Shank, 2004; Henriksen et al., 2011). The emplacement of distal slope facies on the proximal deltaic deposits (Figures 3, 4, 10A–C) indicates a landward shift of facies above the Figueroa clinothem. The magnitude of apparent backstep (i.e., >10 km) and landward shift of facies could represent a basin-wide event and reorganization of the shelf-slope system (Figure 1C; cf. Ross et al., 1994). Although the 3-D character of shelf-margin migration and its driving mechanism are speculative, orogenic activity in the adjacent Andean Cordillera and associated basin subsidence and transgression of the shoreline could have influenced stratigraphic sequence development (cf. Cant and Stockmal, 1989; Laskowski et al., 2013). Correlation between events in the fold-and-thrust belt (Fosdick et al., 2011) and the timing of this major landward retreat of facies cannot be constrained with current data. However, Daniels et al. (2018) showed that this transgression took place at ∼75 Ma, which corresponds to a time of significant global sea-level rise (Kominz et al., 2008).

We interpret that sustained sediment supply promoted progradation of the Oveja basin margin at Cerro Cazador (Figures 8, 11). The 300–400 m-relief clinoforms prograded toward the abandoned, or relict shelf edge break-in-slope of the underlying high-relief Figueroa shelf-margin unit (Figure 8E). Regardless of potential external (e.g., Carvajal et al., 2009) or internal (e.g., Gerber et al., 2008) drivers on the accommodation/supply regime, as the relict shelf edge was encountered, a period of slope instability and failure (i.e., out-of-grade conditions) led to truncation of the Oveja clinothem topset and initiation of the Puma shelf-margin unit (Figure 8F).



The Puma Shelf-Margin Unit

The basal 20–100 m thick Puma basal clinothem package (Figure 3) is correlated for 35–40 km along paleoslope (Figure 4). In the most proximal location on Cerro Cazador (Figures 11B, 12), sandstone-dominated strata (Facies F8, F10, F13) overlie undulatory surfaces with up to 4 m of relief. Basinward, upward-coarsening packages (F8, F10-F11, F13–14) are truncated by multiple concave-up surfaces with 5–60 m relief that are up to 150 m wide (minimum estimate based on partial strike view; Figures 12, 13A–D). These surfaces define channel forms composed of mostly heterolithic deposits (F14) including lenticular sandstone beds with rare pebble lags (F7) (Figures 7D, 13C). More distally, the basal Puma clinothem package largely comprises fine-grained deposits (F11, F13, F14) that are truncated by concave surfaces with 1–5 m relief, which are overlain by similar interbedded facies (Figures 13E,F).
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FIGURE 12. Depositional dip-oriented cross-section (no vertical exaggeration) of the proximal through distal Puma basal clinothem package. Main incision surfaces and mapped stratigraphic surfaces, as well as measured section locations, are indicated (key section locations shown in Figure 3).
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FIGURE 13. Puma basal clinothem package stratigraphic architecture and facies. (A) Dip-oriented satellite image of Cerro Cazador near the interpreted Puma clinoform shelf margin (refer to Figure 2E for location). White arrows highlight coarsening upward packages (image data: Google, Landsat, Copernicus, 2016, http://google.com/earth/index.html). (B) Incision surfaces (dashed white lines) cutting deltaic strata at the shelf margin. Location shown in (A). (C) Strike perspective of a significant incision surface (lowest example), which truncates interbedded mudstone and sandstone, and is infilled with comparable facies as well as channelized sandstone (yellow). Paleoflow is approximately out of the page; sub-vertical white lines indicate the location of measured sections (Figure 2E for location). (D) Multiple erosion surfaces (white lines) that truncate deltaic deposits in proximity to the shelf edge rollover. Location shown in (A). (E) Photograph and (F) line drawing trace of fine-grained sandstone and mudstone at a distal location of the Puma basal clinothem package. Truncation surfaces are apparent, and erosional relief is in-filled with facies similar to that which was incised. Outcrop location denoted on Figures 2C,E, 3.


Evidence for mass wasting and slump-induced concave-up surfaces at the shelf margin at Cerro Cazador (Figures 13A–D) mark the position of the Puma shelf edge (Figure 8). As the Oveja basin margin prograded to the abandoned, relict shelf edge of the underlying Figueroa shelf margin unit (Figure 8), the shelf-margin relief increased and a period of slope readjustment ensued (Figure 8E). Regional mapping shows that just basinward of the associated shelf-edge delta, the paleoslope was at its steepest (Figure 4). The Puma margin records a basinward shift of facies and the introduction of abundant sand and gravel into the basin (e.g., Plink-Björklund and Steel, 2005; Houseknecht et al., 2009). Reimchen et al. (2016) demonstrated that 35 km basinward from the mapped shelf margin on Cerro Cazador, the Puma basal clinothem package is composed of conglomerate- and sandstone- dominated submarine channel deposits >60 m thick (Figure 4). After a period of enhanced coarse-grained sediment delivery to deep water, deposition of mudstone-prone slope facies ensued as the shelf-edge trajectory began to rise sharply (Figure 4). Slope strata are largely dominated by mudstone above the Puma clinoform across the Cerro Cazador study area.



The Stratigraphic Record of Sediment Transfer Along High-Relief Clinoforms

The outcropping stratigraphic record at Cerro Cazador shows evidence of net-depositional slope processes, including voluminous fine-grained strata that compose the Chingue unit, and the Figueroa, Oveja and Puma shelf-margin units (Figure 4). We interpret that a significant proportion of the slope strata is a result of hemipelagic or channel-overbank sedimentation of fine-grained material (Normark et al., 1993; Deptuck et al., 2003; Kane and Hodgson, 2011; Poyatos-Moré et al., 2016).

Shelf-edge to upper-slope conduit development directly overlying the Puma clinoform on Cerro Cazador, including mass-wasting deposits overlain by channel forms up to 60 m thick, records initiation of a zone of predominantly coarse-grained sediment bypass (Figures 13A–D; cf. Nemec et al., 1988; Anderson et al., 1996; Jones et al., 2013). The channel fills are largely dominated by heterolithic thin- to thick-bedded strata with very thin sandstone and pebble lags that are among the coarsest deposits on the slope (Figure 7D). Such features are interpreted to provide a template for channelized sediment transfer to deep water (Mayall et al., 1992; Porebski and Steel, 2003; Ridente et al., 2007; Sylvester et al., 2012; Gomis-Cartesio et al., 2018; Gales et al., 2019).

Extensive tracts of basal clinothem packages, between the shelf edge and lower slope, are characterized by abundant cross-cutting erosional surfaces with >10 m of relief, as well as the complex superposition of channel fills, mass-wasting deposits, ponded sandstones and lag deposits (Figure 14). Collectively, these deposits highlight the protracted development of stratigraphic surfaces in response to a variety of processes including erosion, sediment bypass, mass-wasting and deposition from gravity flows (Hodgson et al., 2016). Bed-scale evidence for high-energy currents that bypassed a portion of their sediment load along the basal sections of the Figueroa and Puma clinothems include: (1) conglomeratic lag deposits; (2) cross bedding; and (3) mudstone drapes that mantle erosion surfaces, which are interpreted to record deposition from the tails of largely bypassing turbidity currents (Table 1; cf. Mutti and Normark, 1987; Stevenson et al., 2015). Sedimentary body-scale evidence for prolonged sediment transfer across the Magallanes Basin slopes are represented by mass-wasting deposits (F2) including large rafted sediment blocks (Figure 13B), channel forms with evidence for a polyphase history of multiple cut-and-fill events (5–20 m thick) (Figures 6A–C, 7A), and channel forms filled primarily with thinly interbedded turbidites (Figures 13E,F; cf. Hubbard et al., 2014; Stevenson et al., 2015).
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FIGURE 14. (A) Dip-oriented schematic cross-section of channelized strata that compose a segment of the basal Figueroa clinothem package (see Figure 6A for outcrop overview). A similarly scaled perspective to this section is presented at various locations in (C) (red outlined boxes). (B) Schematic evolution of the sandstone-prone basal clinoform package in (A). The area featured is comparable in scale and character to that featured in (A). A sustained period of elevated off-shelf coarse-grained sediment transfer results in a composite sedimentary package defined by deposits that record erosion, mass-wasting, sediment bypass and deposition. (C) Vertical seismic section from the Magallanes Basin highlighting prograding clinothems up to 600–800 m thick, providing context for the basal clinothem segment featured in (A) (modified from Gallardo, 2014). The Late Eocene-Early Miocene strata record the infilling of the deep-water basin approximately 150 km south of the Cerro Cazador study area along the foreland basin axis.


Perhaps the most significant record of sediment bypass along the Figueroa and Puma basal clinothem packages in the Cerro Cazador study area is the increase in overall proportion of sandstone and conglomerate deposits from upper slope strata downslope 30–40 km to the south, in the vicinity of Arroyo Picana and Laguna Figueroa (Figures 4, 8; Macauley and Hubbard, 2013; Hubbard et al., 2014; Pemberton et al., 2016; Reimchen et al., 2016). Coarse-grained lower-slope to basin-floor deposits are commonly linked to laterally extensive (kilometers), deep (10’s of meters) incisions and canyons developed along the coeval shelf margin (e.g., Anderson et al., 1996; Johannessen and Steel, 2005; Ryan M. C. et al., 2009; Henriksen et al., 2011; Sylvester et al., 2012).



DISCUSSION: DEPOSITIONAL TOPOGRAPHY CONTROL ON SLOPE READJUSTMENT

The Campanian shelf-margin to slope depositional system at Cerro Cazador is dominated by mudstone across the 2-2.5 km thick and >60 km long transect (Figures 2F, 4). Two prominent sandstone-rich packages mantle clinoform surfaces (i.e., Figueroa and Puma basal clinothem packages), standing out amongst the fine-grained stratigraphic backdrop. As such, they represent an opportunity to investigate the topographic controls on coarse-grained sediment delivery across a high-relief basin margin in the context of well-defined stratigraphic architecture, sediment-routing history, and source-area evolution (Romans et al., 2010, 2011; Fosdick et al., 2011; Bernhardt et al., 2012; Daniels et al., 2018).

We document ∼8 Myr of coarse-grained sediment transfer beyond the shelf margin in the deep-water Magallanes Basin (Daniels et al., 2019). Ross et al. (1994) proposed a series of mechanisms associated with shelf-margin readjustment that lead to enhanced coarse-grained sediment delivery beyond the shelf margin (Figure 1); however, the predicted stratigraphic architecture has yet to be widely linked to an outcrop record.

At Cerro Cazador, an early phase of instability is recorded by the Chingue unit, which comprises growth faults, extensive sandstone intrusions, and chaotically bedded deposits indicative of unstable slope conditions (Figures 4, 5). These strata accumulated over 2-2.5 Myr and are mapped beyond the study area for up to 100 km north-south along depositional dip (Daniels et al., 2018). The extensive period of mass wasting resulted in a southward-thinning wedge of dominantly MTDs up to 900 m thick at Cerro Cazador, where it then thins to <500 m southward over a distance of only ∼20 km. We speculate that the thickest composite slope sandstone accumulation (∼300 m) in the basin resulted from progradation of the Figueroa basin margin to the break-in-slope at the top of the Chingue interval where MTDs begin to thin rapidly to the south (Figure 8). This observed change in basin margin architecture associated with prominent antecedent topography combined with the introduction of voluminous sand and gravel to the basin is consistent with the interpretation that the clinoform slope oversteepened, initiating the long-lived (up to >2 Myr; Daniels et al., 2018) Figueora channel system. Up slope, the Figueroa system is characterized by substantial erosion and sediment bypass, which transitions down slope to hundreds of meters of submarine channel strata that is comparable to channel deposits in continental margin strata (Macauley and Hubbard, 2013; Fowler and Novakovic, 2018; Pemberton et al., 2018; Jackson et al., 2019). The generation of this oversteepened slope is similar to a mechanism proposed by Ross et al. (1994), wherein steep slopes develop as a result of fluctuating carbonate and siliciclastic deposition and/or tectonic deformation. In mixed siliciclastic and carbonate systems, following carbonate platform development, deltas reach the relict carbonate platform edge and the oversteepened slope leads to prolonged coarse-grained sediment delivery to deep water (see Scenario B; Figure 1C). Using a modeling approach, Uličný et al. (2002) showed that 2-D stacking patterns of shelf-slope-basin clinoform systems are highly sensitive to initial depth (i.e., water depth at onset of deposition). Their study focused on tectonic (fault) inheritance whereas we emphasize topography inherited from the previous depositional phase. In the Chilean basin, instead of development of a break in slope at a relict carbonate platform edge, a morphologically similar scenario was established through the emplacement of mass-transport deposits prior to development of the Figueroa shelf-margin (Figure 8A).

The large-magnitude backstep on top of the Figueroa basin margin set the stage for an additional, protracted phase of slope instability and submarine-fan development (Figure 8E). This backstep is followed by the progradation of the Oveja basin margin to the abandoned, relict shelf edge of the Figuoera basin margin. The corresponding change in shelf-margin physiography led to a period of oversteepening that resulted in erosion of Oveja shelf-margin strata and initiation of the coarse-grained basal Puma clinoform package (Figures 8F,G). Similar to Figueroa strata, submarine-channel systems that are compositionally and architecturally similar to examples documented from continental margins are mapped along the system (Reimchen et al., 2016). The observed stratigraphic architecture at Cerro Cazador is consistent with scenario A of Ross et al. (1994), as shown in Figure 1C.

The erosional Figueroa and Puma clinoforms mark the disruption of a graded shelf-margin profile (Figure 4). Antecedent topography inherited from preceding phases significantly influenced the development of subsequent shelf margins including oversteepened upper slopes, and the transfer of coarse-grained sediment to deep water. Whether the inherited topography was a result of initial configuration (e.g., tectonic) or from predecessor clinoform shelf-margin position, the break in the slope profile caused the system to reach a disequilibrium state.

An important goal of sedimentary geoscientists is to gain insights into the controls on sedimentation and the creation of the depositional record for prediction in analogous settings. In an effort to communicate to colleagues and the broader geoscience community, we commonly attempt to place our interpretations in the context of allogenic versus autogenic controls (e.g., Beerbower, 1964; Paola et al., 2009). Allogenic controls are external to the sediment-routing and depositional system, including changes in eustatic sea level, tectonics, climate, and initial geometry of the receiving basin, whereas autogenic controls are internal to the sedimentary system, including intermittent sediment storage producing episodic, spatially discontinuous sedimentation (Romans et al., 2016; Hajek and Straub, 2017) and landward retreat of deltaic prisms in response to changing area and slope during deposition (Muto and Steel, 2002). However, some controls do not clearly fit into an either/or, allogenic/autogenic dichotomy. The disruption of graded shelf-margin profiles in response to inherited depositional topography during basin evolution is one such control. For example, although receiving-basin geometry can be considered an allogenic control governed by underlying tectonic configuration (Nelson and Kulm, 1973; Mutti and Normark, 1987), subsequent basin filling creates the depositional topography across which sediment transport and deposition occur to create stratigraphic architecture (e.g., Burgess et al., 2008). In this way, both external tectonic underpinning and internal dynamics of sedimentation govern resultant topography, which, in turn, influences the occurrence and position of shelf margins prone to deliver coarse sediment to the basin. Beyond understanding controls on margin evolution through major slope readjustments, there are implications for reservoir prediction associated with hydrocarbon exploration or carbon storage (see Ross et al., 1994); for example, the thickest, coarsest turbidite accumulations onlap erosional shelf-margin clinoforms and develop downstream of paleotopographic escarpments (Figures 8C,G). Additionally, with sufficient data coverage (outcrop or subsurface) the prediction of stacking patterns and facies in the context of inherited topography has the advantage of such features being potentially preserved and identified in the physical stratigraphic record without invoking assumptions about external forcings that are difficult or, in some cases, impossible to constrain.



CONCLUSION

A large-scale shelf-to-slope depositional system featuring basin margins with >1000 m paleobathymetric relief and slope lengths >40 km is preserved in outcropping Cretaceous strata of Chilean Patagonia. The depositional architecture observed in these outcrops is analogous to seismically imaged clinoforms of slope systems worldwide. The strata are characterized by evidence for the development of two key coarse-grained sediment-delivery systems that resulted in fairways of sandstone-dominated submarine-channel deposits >100 m thick in the deep-water basin: the Figueroa and Puma clinoforms. The stratigraphic position and architecture of each leads to an interpretation that they formed during major slope readjustments, across initially oversteepened depositional topography, which resulted in transient out-of-grade slope conditions. Strata directly overlying the Figueroa and Puma clinoforms (i.e., basal clinothem packages) are sandstone-rich, recording phases of enhanced coarse-grained sediment delivery to the deep-water basin. The 35 km long and up to 2.5 km thick stratigraphic section represented by the two slope systems was largely associated with mudstone, deposited over 3–4 Ma. The only two large-scale sandstone accumulations in the 2-D outcrop belt are recorded by the Figueroa and Puma basal clinothem packages, demonstrating the importance of major slope readjustments in margin evolution. Pre-existing depositional topography controls the locations of subsequent shelf margins and coarse-grained sediment delivery to deep water. Understanding this control has predictive value in analogous settings that were subjected to intermittent oversteepening and transient phases of coarse-grained sediment bypass to deep water.
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stratfication

trough Noneto
cross- nomal at
statifcation,  verytop

Trough Normal

planar.

staification,
asymmetical

ripple

cross-

statification

Panar None to
steatification,  sightly
tabular normal
cross-

statification
Hummocky  Normal
cross-

statification,
symmetrical

fipple cross
statifcation

Contorted  Noneto
layers, sightly
flames, ball  nomal
and pilow

Flames, ball  Reverse
and pilow

Planar Normal
faminations,
asymmetrical

ripple

cross-

stratification

Planar Normal
stratiication,
‘asymmetrical

ripple.

cross-

statfcation

Planar None
laminae

Sorting

Poor-
moderate

Poor-
moderate

moderate

moderate

Moderate-

well

Moderate

Moderate

Moderate

Moderate-
well

Moderate

Basal
contact

Gradational

Discordant

Erosie
3-50cm
relief

Flat'sharp

flatto

<Sem
roliof

5-100cm
roliof

Flatisharp
o sightly
erosive
o3cm
refef

Wavy to flat

Undulatory
and

imegular

Flatsharp

Gradational

Flat/sharp

Gradational

Rafted
sitstone
blocks,
lenticular

beds,
laterally
extensive to

contorted
units
Channelized
5-50m

Lateraly
extensive
pto
75 m) some
beds thin
laterally

Lenticular

2-25m

Channelized
10-40m

Lenticular
10-70m

Lenticular
10-50m

Lenticular
520m

Lenticular
2060m

Extensive
1005 m's

lenticular to
tabular
10-100m

Extensive
1005 m's

Lithological
accessorie

Organic:
detitus

Organic
detritus.

mudstone

inraciasts,
organic
dtitus

mudstone
invachasts,
orgaric
detitus

Organic:
detitus,
wood and
plant
debris),
mudstone
intraclasts

Organic
detitus,

mudstono
intraclasts

Minor
organic
detiitus

Organic
detritus.

Organic:
detritus,
rare
mudstone
intraciasts.

organic:
detitus

detitus

detitus.

Trace
fossils

h, Pl Sk

L3

L

Sk PLOp

Np

P, Op,
Gy, Pa, T,
g

L3

L3

.

03

o1

02

Trace
fossil size
and
abundance

Smal, rare

L3

L

Smallto
moderate,

‘smal, rare

Small -
robust, rare

Smal, rare.

moderate

Small -
moderate,
rareto

‘Smal, rare
o
moderate

Interpretation

Low density
gravity flow and
suspension
deposits

Mass transport,
including
cohesive debris
flow deposits

Traction
deposits; high
density turbulent

Laterally
extensive high
tolow density
tutidtes

Sustained
unidirectional
flow, dune
migration

Reworking of
sediment
though
oscilatory
currents

Water oscape,
sumping,
loading

Waxing gravity
flow deposits,
loading

Low density
turbidites and
suspension
deposits.

High density
gravity flow
deposits

Low density
turbidites and
suspension
doposits.

B, bioturbation index (cf. MacEachem and Bann, 2008); vig, very fine-grained; fg, fine-grained; mg, medium-grained; cg, coarse-grained; ss, sandstone; Th, Thalassinoides; P, Planolites; Sk Skoithos; Op,
Ophiomorpha; Gy, Gyrolithes; He, Helminthopsis; Pa, Palaeophycus; Te, Teichichnus; Ch, Chondites; fug, fugichnia; np, not present; TCS, trough cross-stratifed.





OPS/images/feart-07-00358-g007.jpg
&
Legend:
5] [l
AL D
= o
el

e






OPS/images/feart-07-00358-g008.jpg





OPS/images/feart-07-00358-g009.jpg





OPS/images/feart-07-00358-g003.jpg
Chingue Clinothem

Basal section

shelf rollover Puma Clinoform

Oveja Clinoform

O == ___ v

_ » Basal section
Figueroa Clinothem

| :#%—u__

Chingue Surface
Figueroa Clinoform






OPS/images/feart-07-00358-g004.jpg
North

South

Cerro Cazador CerroSol  ArroyoPicana _ Arroyo Hotel
4— (this study) —»  4———— (Hubbard etal, 2010) ———»

e s
e e, e
surface \ 3
S Shelf-edge- "
o incision B
il
‘Oveja basin ol > 4
‘margin unit Puma basin >
Ly
o
\ = shelfedge Py - 3
(oreakin-siope) Figueroa basin
\,éf Ovela ‘margin unit
clinoform __ S
s‘Chmgue ' i - 2 =
lope unit Topograpt =00 x
4N e iy —=f
S N 5
- . : =\ VE=10X g

slope mini-basin fil

2
Location of Laguna Figueroa strata 5km

Measured = sandstone
Section m siltstone/mudstone
Legend: == mtd

topsetdeposits
fine-grained-dominated slope deposits
coarse-grained-dominated slope deposits
chaotically bedded mass-transport deposits

Guanaco
clinoform

Hotel
clinoform

Puma clinoform:
xaxis: >38km

y-axis relef): 1100 m
slope: 15°

Figueroa clinoform:
xaxis: >42 km

y-axis relef): 1000 m
slope: 1.2*





OPS/images/feart-07-00358-g005.jpg





OPS/images/feart-07-00358-g006.jpg





