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The topography of the seabed (orientation and gradient) and rheology of the flows greatly influences the character of basin-floor turbidity current deposits. Therefore, submarine fan pinchouts can help to constrain seabed topography and flow behavior at the time of deposition. Although the depositional architecture of submarine lobe pinchouts has been documented in various basin-fills, the quantification of the rates of change at pinchouts in different paleogeographic positions and basin configurations has not been attempted previously. Here, we utilize extensive outcrops and research boreholes from the oblique up-dip pinchout of Fans 3 and 4 and the lateral pinchout of Fan 3 in the Tanqua depocenter, Karoo Basin, South Africa, to compare sedimentary facies and to quantify the rates of change in gross interval thickness. At the oblique up-dip pinchout, Fan 3 thins abruptly at a rate of 12 m/km, while Fan 4 thins at a rate of 4 m/km. Marked differences between Fans 3 and 4 in sedimentary facies and architecture toward the up-dip pinchout, with termination of lobes in Fan 3 and a channel-lobe transition zone and external levee in Fan 4, suggests progradation of the system. The thinning rate of the lateral pinchout of Fan 3 is 2 m/km, with the presence of hybrid beds in the lower part of Fan 3, while the upper part is dominated by structured sandstones and thin-bedded heterolithics. The variations in facies suggest that lobe-scale frontal and lateral pinchouts are stacked at the lobe complex-scale lateral pinchout of Fan 3, highlighting the importance of a hierarchical understanding when studying basin-floor fan pinchouts. The quantified rates of change in fan thickness and sedimentology on the oblique up-dip and lateral fan pinchouts are markedly different. Contrasting pinchout architecture above slopes with subtle differences in gradient and orientation cautions against the simple definition of reservoir input parameters for stratigraphic traps in submarine fan systems.
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INTRODUCTION

Understanding the architecture and sedimentology of basin-floor fans, and their component distributive channel-fills, channel-lobe transition zones, and lobes has evolved considerably in the last 30 years due to improved seabed imaging and extensive outcrop studies (Walker, 1978; Twichell et al., 1992; Bouma and Rozman, 2000; Carr and Gardner, 2000; Dudley et al., 2000; Satur et al., 2000; Hodgson et al., 2006; Brooks et al., 2018). It is recognized that submarine lobes exhibit diverse geometries, stacking patterns and facies distributions (Twichell et al., 1992; Bouma and Rozman, 2000; Hodgson et al., 2006; Deptuck et al., 2008; Prélat et al., 2009; Groenenberg et al., 2010), including the common occurrence of hybrid beds at lobe fringes (Haughton et al., 2009; Hodgson, 2009; Patacci et al., 2014; Porten et al., 2016; Kane et al., 2017; Pierce et al., 2018). The pinchout of basin-floor sandbodies can be used to better constrain the scale and orientation of seabed topography, and the paleogeographic configuration of basins at the time of deposition (Smith and Joseph, 2004; Bakke et al., 2013; Cobain et al., 2017; Spychala et al., 2017a,b). Interest in the architecture and facies distribution at basin-floor fan fringes, and the characteristics of fan pinchouts, have been driven by a need to improve prediction of pinchouts as stratigraphic trap targets for hydrocarbon reservoirs (Pickering, 1981; Bouma and Rozman, 2000; Etienne et al., 2012; Bakke et al., 2013; Marini et al., 2015; Nagatomo and Archer, 2015; Spychala et al., 2017b,c). Exhumed frontal and lateral basin-floor fan pinchouts have been characterized in several basins (Pickering, 1981; Rozman, 2000; Etienne et al., 2012; Nagatomo and Archer, 2015; Spychala et al., 2017b,c), but very few outcrop studies are available from (oblique) up-dip fan pinchouts (Amy et al., 2007; Brooks et al., 2018). Furthermore, quantification of the rate at which pinchout characteristics, such as thickness, sandstone content and facies variations change, is rarely constrained.

The exhumed Fans 3 and 4 systems in the Tanqua depocenter, Karoo Basin, South Africa have been the subject of various studies on their architecture (Morris et al., 2000; Johnson et al., 2001; Prélat et al., 2009), sequence stratigraphy (Hodgson et al., 2006), and deposits indicating flow transformation from the proximal to distal areas (Kane et al., 2017; Spychala et al., 2017b). The well-constrained paleogeography and excellent exposures permit a quantitative study of the oblique up-dip pinchouts of Fans 3 and 4 and lateral pinchout of Fan 3. The aim of this study is to assess the differences between oblique up-dip, lateral, and frontal lobe complex pinchouts via detailed quantification of the thickness and facies changes toward the pinchouts. Additionally, the differences in stacking patterns and architectural elements of the up-dip pinchouts of Fans 3 and 4 are described for the first time. This provides new insights into the stratigraphic evolution of the up-dip pinchouts on basin margins.

GEOLOGICAL AND STRATIGRAPHIC SETTING

The Karoo Basin is interpreted as a retroarc foreland basin that formed on the southern margin of the Gondwana paleocontinent inboard of a fold and thrust belt (De Wit and Ransome, 1992; Veevers et al., 1994; Visser and Praekelt, 1996; Visser, 1997; López-Gamundí and Rossello, 1998). Recent radiometric dating (Blewett and Phillips, 2016) and tectonostratigraphic analyses (Tankard et al., 2012, 2009) support a Triassic age for development of the Cape Fold Belt. Subsidence during the Permian pre-foreland basin stage has been attributed to dynamic topography (mantle flow) associated with the subducting plate and variable foundering of basement blocks (Pysklywec and Mitrovica, 1999; Tankard et al., 2009). The southwestern Karoo Basin is subdivided into the Laingsburg and Tanqua depocenters (Figure 1A). The basin-fill comprises the Late Carboniferous to Early Jurassic Karoo Supergroup, which stratigraphically comprises the glacial Dwyka Group, the deep-marine to shallow-marine Ecca Group and non-marine (fluvial) Beaufort Group (Smith, 1990). The Ecca Group is an approximately 1,400 m thick shallowing upward succession of sediments from deep-water to fluvial settings (Hodgson, 2009; King et al., 2009; Flint et al., 2011). Part of the Ecca Group is the ca. 400 m thick progradational Skoorsteenberg Formation, which comprises four submarine fans (Fans 1 to 4) and an overlying base-of-slope to lower slope succession termed Unit 5 (Bouma and Wickens, 1994; Morris et al., 2000; Johnson et al., 2001; Hodgson et al., 2006; Wild et al., 2009) (Figure 1B). The stratigraphic framework of the Tanqua depocenter is constrained by several field studies (Bouma and Wickens, 1991; Johnson et al., 2001; Hodgson et al., 2006; Prélat et al., 2009; Kane et al., 2017) and 11 research boreholes (Luthi et al., 2006; Hofstra et al., 2017; Spychala et al., 2017b). Fans 1 to 4 are sandstone-rich and up to 65 m thick (Johnson et al., 2001) with each fan interpreted to represent a lowstand systems tract, and with the intervening fine-grained deposits of regional extent representing the related transgressive and highstand systems tracts (Goldhammer et al., 2000; Johnson et al., 2001; Hodgson et al., 2006). Paleocurrents and thickness distributions suggest that Fans 1 to 3 were point sourced from the SW, whereas Fan 4 was sourced from both the SW and W (Dudley et al., 2000; Wickens and Bouma, 2000; Hodgson et al., 2006; Spychala et al., 2017b). This study focuses on the oblique up-dip pinchouts of Fans 3 and 4 in the Klein Hangklip area and the lateral pinchout of Fan 3 only in the Gemsbok valley area (Figure 2).
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FIGURE 1. (A) Location map of the Karoo Basin and the Tanqua and Laingsburg depocenters inboard of the Cape Fold Belt. The Tanqua depocenter is the focus of this study. (B) Stratigraphic column of the Tanqua depocenter (redrawn after Prélat et al., 2009; Hofstra et al., 2015). This study focuses on Fans 3 and 4 of the Skoorsteenberg Formation. Image taken from ArcMap: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.
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FIGURE 2. Locations of outcrop logs and cored wells. Fans 3 and 4 outcrops are marked by the white line. The areas studied for the lateral and oblique up-dip pinchouts of Fans 3 and 4 are highlighted. The area covering the frontal pinchout of Fans 3 and 4 studied by Kane et al. (2017) is also highlighted. Image taken from ArcMap: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.



METHODOLOGY AND DATA SET

For this study, 39 sedimentological logs were collected around the Klein Hangklip and Gemsbok valley areas (Figure 2). The Gemsbok valley area logs compliment those of Prélat et al. (2009), whereas the Klein Hangklip area logs for Fans 3 and 4 are new to this study, although some of the area overlaps with Cobain et al. (2017) who focussed on injectites below Fan 3. Sedimentary logs from Fans 3 and 4 from five cored research boreholes (OR1, NS4, NB2, GBE01, NS2) (Hodgson, 2009; Kane et al., 2017) were utilized. Sedimentary logs record data on lithology, paleocurrents, sedimentary structures and bed thickness. Logs were collected at 1:25 scale in the field. The base of Fan 4 was used as a datum in all correlation panels. Paleocurrent measurements from previous studies (Hodgson et al., 2006; Prélat et al., 2009; Spychala et al., 2017b) were supplemented by 241 measurements from this study collected from current-ripple laminated sandstones, and flute and groove casts on the bases of sandstone beds.

The isopach thickness map of Fan 3 is constrained by 68 thickness measurements, partly utilizing data from previous studies (Hodgson et al., 2006; Prélat et al., 2009; Hofstra et al., 2015). The map was generated in ArcGIS using the Spatial Analyst tool, using the kriging interpolation method due to the directional bias in the dataset. Kriging assumes that the distance or direction between sample points reflects a spatial correlation that can be used to explain variation in the surface (Oliver, 1990).

SEDIMENTARY FACIES AND DEPOSITIONAL ENVIRONMENTS

Nine sedimentary facies are summarized in Table 1 and Figure 3, and are grouped into four depositional environments. The depositional environments are distinguished by their constituent facies, geometries and paleogeographic context. The depositional environments, and their spatial and stratigraphic context, builds on extensive previous studies in the Tanqua depocenter (Johnson et al., 2001; Sullivan et al., 2004; Hodgson et al., 2006; Luthi et al., 2006; Prélat et al., 2009), and through comparison to depositional environments from slope-to-basin-floor systems mapped in the adjacent Laingsburg depocenter (e.g., Hodgson et al., 2011; Van der Merwe et al., 2014; Morris et al., 2016; Brooks et al., 2018).

TABLE 1. Observed sedimentary facies, their process interpretation and depositional environment.
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FIGURE 3. Representative outcrop and core photographs of observed sedimentary facies. (A) Structureless sandstone (F1). Bag for scale (˜50 cm). (B) Structured sandstone (F2). (C) Hybrid bed (F3) with lower clean division and upper mudclast-rich division. (D) Debrite (F4). (E) Deformed strata (F5). (F) Thinly interbedded sandstone and siltstone (F6). (G) Thin-bedded siltstone and mudstone (F7). (H) Mudstone (F8), note the tuff layer in the center of the mudstone package in the outcrop photograph. (I) Discordant sandstone (F9) interpreted as injectite, pen for scale (10 cm).



Channel-Fills

Submarine channels form pathways for sediment transport and occur on the slope, base-of-slope and proximal to medial parts of basin-floor fan systems (Walker, 1978; Carr and Gardner, 2000; Johnson et al., 2001). In the Tanqua depocenter, channel-fills have lenticular geometries, are typically sand-rich, and vary from incised channel-fills (10–15 m deep) at the base of slope (Hodgetts et al., 2004; Sullivan et al., 2004; Luthi et al., 2006; Hofstra et al., 2017) to distributary channel-fills (2–6 m deep) of the middle to distal fan (Johnson et al., 2001; Hodgson et al., 2006). The channel-fills are more closely spaced at the base of slope, and form a distributive pattern across the middle and distal parts of the fan (Johnson et al., 2001; Hodgetts et al., 2004; Hodgson et al., 2006).

External Levees

External levees are defined as wedge-shaped deposits that confine channels and are composed of thin-bedded siltstones and sandstones (Kane et al., 2007; Kane and Hodgson, 2011; Morris et al., 2014; Hansen et al., 2015), with high proportions of climbing ripple laminated beds indicative of high-sediment load fallout due to an abrupt loss of flow confinement (Jobe et al., 2012). Typically, successions fine and thin upward due to decreasing overspill during levee construction (Beaubouef, 2004; Kane et al., 2007). In the Karoo Basin, levees are silt-rich and have been mapped for up to 10 km away from their genetically related channel and thin downdip as the channel approaches the channel-lobe transition zone (e.g., Morris et al., 2014, 2016).

Channel-Lobe Transition Zones

Channel-lobe transition zones (CLTZs) can form in relatively unconfined areas dominated by sediment bypass that separate well-defined channels up-dip from well-defined lobes down-dip (Mutti and Normark, 1987, 1991; Wynn et al., 2002; Brooks et al., 2018), and commonly coincide with abrupt changes in gradient. CLTZs are characterized by relatively thin and discontinuous structureless and structured sandstones dominated by climbing-ripple lamination. Abundant scours can also be present due to flows that underwent hydraulic jumps triggered by the changes in flow velocity and/or density resulting from abrupt changes in gradient and degree of confinement (Komar, 1971; Mutti and Normark, 1987, 1991; García and Parker, 1993; Ito, 2008; Macdonald et al., 2011; Hofstra et al., 2015), which commonly are mantled by mudclast conglomerates.

Lobes

To retain consistency with previous literature, the term ’fan’ is retained as a lithostratigraphic term that encompasses a linked system of sandstone and siltstone channel-fills and lobe deposits. Collectively, the lobes of a fan are regarded as a lobe complex (Prélat et al., 2009) (Figure 4) or lobe complex set (Prélat and Hodgson, 2013). Lobe complexes are made up of different lobes, which in turn are composed of lobe elements, with beds being the smallest scale and fundamental building block in a distributive system (Prélat et al., 2009). Lobes are subdivided into four sub-environments: lobe axis, lobe off-axis, lobe fringe (lateral and frontal) and distal lobe fringe (Figure 4), based on facies, sand content and degree of bed amalgamation (Prélat et al., 2009; Prélat and Hodgson, 2013; Kane et al., 2017). Lobe axis deposits comprise thick-bedded, amalgamated structureless sandstone, deposited by high-energy turbidity currents with high rates of deposition (Prélat et al., 2009). Lobe off-axis deposits comprise medium-bedded, structured sandstones with tractional structures, suggesting lower rates of deposition from comparatively lower energy currents (Prélat et al., 2009). Lateral lobe fringe deposits comprise thin-bedded and very fine-grained normally graded and rippled sandstones, deposited from dilute turbidity currents (Prélat et al., 2009; Spychala et al., 2017b). Frontal lobe fringe deposits are characterized by abrupt lateral changes in thickness and facies characterized by lenticular sand-rich units that comprise medium- to thin-bedded sandstones and hybrid beds, which pass laterally to thin-bedded sandstone and siltstone units deposited from dilute currents. In planform, these lateral changes form a finger-like geometry (Groenenberg et al., 2010; Spychala et al., 2017b). Hybrid beds in lobe fringe settings are interpreted as deposits from turbidity currents that underwent flow transformation to low yield strength cohesive flows through entrainment of cohesive fine grained substrate and mudclasts (Haughton et al., 2009; Hodgson, 2009; Kane et al., 2017). Distal lobe fringe deposits comprise laterally extensive tapering thin-bedded siltstones.
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FIGURE 4. Cartoon indicating the various sub-environments in a lobe, and the stacking of lobes to form a lobe complex.



FAN 3 ARCHITECTURE

The Fan 3 isopach map and regional paleocurrent patterns (from outcrop and FMI measurements from core), indicate a southwestern sediment entry point (Hodgson et al., 2006; Luthi et al., 2006) (Figure 5). A northward change in dominant paleocurrent direction from E to NE and NW directed flows, has also been previously documented stratigraphically in wells NB4 and NB3 (Luthi et al., 2006) (Figure 5).
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FIGURE 5. Isopach thickness map of Fan 3 constrained from integration of core and outcrop data taken from this and previous studies (Hodgson et al., 2006; Prélat et al., 2009; Spychala et al., 2017b). Note the rapid thinning in the southern area compared to the rest of the isopach map. Average paleocurrent measurements are also indicated by the white arrows.



In the proximal areas, the cores and outcrop sections demonstrate that the base of Fan 3 comprises a coarsening- and thickening-upward package of siltstone and very fine-grained sandstone, and the top comprises a thinning- and fining- upward succession (Hodgson et al., 2006). In the Gemsbok River valley, Fan 3 comprises six sandstone-rich lobes, which are separated by thin siltstone-prone units (Figure 6) (Prélat et al., 2009), interpreted as the distal fringes of other lobes (Prélat and Hodgson, 2013). The lobe stacking patterns within Fan 3 reveal an overall progradational–aggradational–retrogradational trend (Hodgson et al., 2006), with evidence of compensational stacking patterns between lobes (Prélat et al., 2009). The individual lobes have a maximum thickness of 10 m (Prélat et al., 2009), although thicker sandstone units occur where lobes are amalgamated (Hodgson et al., 2006).
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FIGURE 6. (A) Map of Gemsbok valley showing the log and core locations included in this correlation. (B) Lateral pinchout correlation of Fan 3 in Gemsbok valley color coded by the dominant sedimentary facies at any one location. Note the amalgamation of lobes 4 and 5 in the lobe complex axis. (C) Zoom in of the easternmost part of the lateral pinchout of Fan 3.



The Fan 3 lobe complex has a maximum thickness of 71 m in well NB3 and gradually thins northward over 35 km before reaching the frontal pinchout ∼8 km north of NS1 (Figure 5). Fan 3 gradually thins laterally in Gemsbok valley, while in the south Fan 3 thins abruptly from OR1 toward Klein Hangklip (Figure 5).

FAN 4 ARCHITECTURE

Fan 4 comprises two sandstone prone intervals (lower and upper Fan 4) with different thickness and paleocurrent patterns, which are separated by a thin-bedded siltstone package (Wickens and Bouma, 2000; Hodgson et al., 2006; Spychala et al., 2017b). Lower Fan 4 comprises one sandstone-prone lobe complex, whereas upper Fan 4 comprises two sandstone-prone lobe complexes, (Spychala et al., 2017b), with the thin-bedded heterolithic package interpreted as the distal fringe of another lobe complex, meaning that Fan 4 is a lobe complex set (Prélat and Hodgson, 2013). Paleoflow is toward the north and northeast but around Skoorsteenberg (Figure 2), a disperse NE to SE paleoflow pattern was recorded in upper Fan 4, interpreted to represent two distinct sediment entry points with deposition from two coeval systems (Dudley et al., 2000; Wickens and Bouma, 2000; Hodgson et al., 2006; Spychala et al., 2017b). Unlike lower Fan 4, there is a lack of clear facies distribution trends in upper Fan 4 pointing to a complicated interaction of depositional systems sourced from the south and west (Spychala et al., 2017b).

Both lower and upper Fan 4 pinch out toward the north with the lobes in lower Fan 4 showing distinct pinch and swell geometries dominated by structureless sandstone and hybrid beds (Spychala et al., 2017b). Lower and upper Fan 4 also thin abruptly southward, but at a lower rate than Fan 3.

LATERAL PINCHOUT OF FAN 3

Fan 3 thins and shows marked facies changes from cores NB2 to NS2 in Gemsbok valley, and is interpreted as the lateral pinchout of the Fan 3 lobe complex (Figures 5, 6) (Hodgson et al., 2006; Prélat et al., 2009). The lobe complex axis (e.g., log Shell E, Figure 6B) is dominated by thick-bedded structureless, ripple cross-laminated, and planar laminated very fine- to fine-grained sandstones, with local amalgamation of lobes (Figure 6). Turbidite sandstone content decreases from ∼80 to 10% eastward toward the lobe complex fringe at NS2, with a concomitant increase in hybrid beds from ∼8 to 70% (Figure 7A). Debrites are rare, and the percentage of heterolithic thin beds in the lobe complex increases from ∼20% at the axis to 50% at the fringe (Figure 7A). The lobe complex thins at a rate of 2 m/km. Given that multiple lobes pinchout in this area of marked thinning, we interpret the presence of an approximately west-facing intrabasinal slope. If all the thinning is attributed to this slope then the gradient was ∼0.1° (Figure 7A). The six sandstone-rich lobes in the Fan 3 lobe complex show different patterns of facies changes toward the lateral pinchout (Figure 6). The lateral lobe fringes of lobes 1 to 4 are dominated by hybrid beds and their eastern pinchout occurs further west than in the other lobes. There is an eastward increase in lenticular sandstone bodies at the base of Fan 3, which are interpreted as lobe fingers within lobes 1 and 2 (Figures 6B,C) (Prélat et al., 2009; Groenenberg et al., 2010). Lobe fingers are dominated by mudclast-rich, very fine- to fine-grained sandstone at their center and thin-bedded hybrid beds or debrites toward the margins, and do not show any evidence of erosion on their basal surface. Typically, the fingers are 200–300 m in strike width, which is consistent with previous studies that document fingers in the distal Fan 3 (Prélat et al., 2009; Groenenberg et al., 2010) and Fan 4 (Spychala et al., 2017b). Spychala et al. (2017b) were able to constrain a dip length of fingers in Fan 4 of approximately 1.5 to 2 km. Injectites are not observed along the lateral pinchout of Fan 3. Eastward, Fan 3 passes into the subcrop, but two cores, from wells GBE1 and NS2, are available 4 km to the east of log GB1, which show that lobes 5 and 6 are still present in these locations (Figures 6B,C). They are dominated by heterolithic deposits and hybrid beds, respectively, but the ultimate eastern pinchout of these lobes is unknown.
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FIGURE 7. (A) Facies and thickness changes of the lateral pinchout of Fan 3 (location shown in Figure 2) showing a gradual decrease in thickness toward the lateral pinchout of Fan 3 and a decrease in sandstone content while the percentage of hybrid beds increases. (B) Facies and thickness changes of the oblique up-dip pinchout of Fan 3 (location shown in Figure 2) showing an abrupt decrease in Fan 3 thickness and sandstone content. Percentage sandstone increases again at 6 km from the local maximum fan thickness. Note that the thickness and facies proportions were calculated only over the correlative stratigraphic interval and the trendlines are only indicative of the overall trend and not mathematically derived.



OBLIQUE UP-DIP PINCHOUT

Fan 3

The paleogeographic configuration indicates that the southern termination of Fan 3 is an oblique up-dip pinchout. In the proximal part at NB4, Fan 3 is 60 m thick (Figures 8, 9A,B) and composed of thick- to medium-bedded structureless and ripple and climbing-ripple dominated sandstone (Figure 8). At Ongeluks River, Fan 3 comprises low aspect-ratio channel-fills dominated by amalgamated structureless sandstones that incise sandstone-prone lobe deposits (Sullivan et al., 2000; Hofstra et al., 2017, 2015). West of Ongeluks River at Kleine Riet Fontein (Figure 2) Fan 3 is characterized by numerous meter-scale scour features interpreted as a base-of-slope setting with channel-lobe transition zone deposits locally preserved (Luthi et al., 2006; Jobe et al., 2012; Hofstra et al., 2015). Toward the south-east, at log OS2, Fan 3 is 23 m thick and composed of thick to medium-bedded sandstone dominated by climbing-ripple lamination with rare structureless sandstone (Figure 8). Less than 4 km to the south-east at log Biz 1, Fan 3 is 1.8 m thick and comprises thin-bedded structured sandstone and heterolithic deposits (Figures 8, 9B,C). Bed terminations indicate stratigraphy is lost from the base of Fan 3, and is equivalent to a thinning rate of 12 m/km, suggesting onlap onto a northwest facing slope of approx. 0.7° (Figure 7B). Southward from log Biz 1, the thinning rate decreases to 1.2 m/km, suggesting onlap onto a slope of approx. 0.1° (Figure 7B). In planform, this pinchout geometry is not a smooth termination, rather there is localized thinning and thickening and repeated presence of a thin structured sandstone (Figure 8). This variation in thickness is also reflected in the sandstone content of Fan 3, which decreases from 80 to 100% at OR1, NS4 and NB4 where Fan 3 is thickest, to 0% around logs TZ1 to Biz 8 (Figure 7B). Here, the succession is dominated by interbedded thin (<0.5 m) siltstone packages, with subordinate sandstone beds, before the sandstone content increases again at KHKN1 and KHKN2 (Figures 7B, 8). At the southern pinchout in the Droogekloof area, Fan 3 is dominated by heterolithic deposits and siltstone (Figure 8). No hybrid beds are observed at the oblique up-dip pinchout of Fan 3.
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FIGURE 8. Oblique up-dip pinchout of Fans 3 and 4 around the Klein Hangklip and Droogekloof area (flattened at the base of lower Fan 4). Fan 3 decreases in thickness abruptly between Ongeluks and Klein Hangklip, beyond which cm- to m-scale deposits are exposed until Groot Hangklip. The location of several injectites below Fan 3 is shown. Lower and upper Fan 4 also decrease in thickness toward the south but at a much slower rate compared to Fan 3. For context, the basal part of Unit 5 is also shown. Note that Unit 5 erodes into upper Fan 4 at Klein Hangklip. The correlation is color coded according to the observed sedimentary facies.
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FIGURE 9. Photos and Google Earth view of the oblique up-dip pinchout of Fan 3. (A) Photo of the Fan 3 outcrop at Ongeluks River where it is 60 m thick. (B) Google Earth map of the oblique up-dip pinchout area indicating the location of A and C as well as the location of the injectite complex. (C) Photo of Fan 3 and lower Fan 4 showing the rapid thinning of Fan 3 over 3.7 km to the SE of Ongeluks River.



Individual lobes are difficult to distinguish in the oblique up-dip pinchout due to amalgamation and erosion by the sand-rich distributary channel-fills in the thickest part of the Fan 3 lobe complex. Near the area of most abrupt thinning a number of clastic injectites are observed below Fan 3, interpreted to originate from Fan 3 and follow the pinchout (Figures 8, 9) (Cobain et al., 2017).

Fan 4

At OR1, lower Fan 4 is 25 m thick and dominated by structureless and structured sandstones with a basal thickening-upward, and an upper thinning-upward package of heterolithics marking the top and base of lower Fan 4 (Figure 8). Lower and upper Fan 4 are separated by a 6 m thick unit of heterolithic deposits (Figure 8). Upper Fan 4 is 34 m thick at OR1 with the lower 15 m composed of structureless and structured sandstones, and localized hybrid beds, while the upper 20 m is composed of ripple-dominated thin-bedded sandstones (Figure 8). Southeast toward Klein Hangklip, lower Fan 4 gradually thins to 3 m thick [thinning rate of 3.7 m/km (Figure 10)] and comprises fining- and thinning-upward packages of thin- to medium-bedded climbing ripple laminated sandstones with paleocurrents indicating a northwesterly flow direction (Figures 11A,B,D). Multiple meters-wide scours, with erosion of 10’s cms, are mantled with mudclasts within and toward the top of lower Fan 4 (Figures 11F,G). Generally, upper Fan 4 is sandier than lower Fan 4, with paleocurrents indicating northwesterly flow (Figures 11A,B,D,E). Upper Fan 4 thins to 8 m at Klein Hangklip [thinning rate of 4.3 m/km (Figure 10) where it is dominated by medium bedded, climbing ripple dominated sandstone with some scours (Figures 11A,B,E). Injectites are not observed.
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FIGURE 10. Thickness changes of Fan 3, lower Fan 4 and upper Fan 4 at the oblique up-dip pinchout derived from the correlative stratigraphic interval, showing that the decrease in Fan 3 thickness is much more abrupt compared to lower and upper Fan 4. Note that the trendlines are only indicative of the overall trend and not mathematically derived.
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FIGURE 11. (A) Location map of photo panels. (B) View of the western side of Klein Hangklip west showing Fan 3, lower and upper Fan 4. (C–E) Photos and sedimentary logs of Fan 3, lower and upper Fan 4 from log IN3 showing their typical appearance in this area. (F) View of the eastern side of Klein Hangklip showing Fan 3, lower and upper Fan 4. Location of log KHK N2 is indicated. (G) Photo of scour in lower Fan 4, location indicated in (A).



DISCUSSION

Comparison Between Up-Dip, Lateral and Frontal Pinchouts

The difference in calculated slope gradients between the oblique up-dip and basinward lateral pinchouts indicate that the eastern margin of Fan 3 was less confined by seabed topography compared to the up-dip southern margin (Figure 12A). The steeper seabed topography in the up-dip area meant there was limited accommodation. This is reflected in channels cutting proximal lobes (Hofstra et al., 2017), widespread scours mantled with mudclasts indicating sediment bypass (Sullivan et al., 2000; Hofstra et al., 2015; Stevenson et al., 2015), and the development of aggradationally stacked and amalgamated lobes (Figure 12D). Abrupt sand-rich up-dip pinchouts can be characterized by the presence of clastic injectites. The compaction drive promoted by the abrupt pinchout architecture, the sealing mudstone both below and above sharp Fan 3 boundaries, and the clean, proximal sandstone beds, and the resulting overpressured sandbodies is interpreted to encourage sandstone injection (Cobain et al., 2017). In contrast, the tapered pinchouts, the heterolithic base and tops of Fan 3, and the less clean sandstones at the lateral and frontal pinchouts inhibits clastic injection processes (Cobain et al., 2017).
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FIGURE 12. (A) Block diagram of the Fan 3 lobe complex indicating the different lobe environments and decrease in topography on the eastern margin toward the north. The oblique up-dip, lateral and frontal pinchouts of Fan 3 are shown in detail and are color coded by sedimentary facies. (B) Example sedimentary log through the frontal pinchout of the Fan 3 lobe complex where frontal pinchouts of individual lobes can be distinguished (adapted from Spychala et al., 2017b). (C) Example sedimentary log showing a vertical section through the lateral pinchout of the Fan 3 lobe complex where frontal and lateral lobe pinchouts occur in a 1D section. (D) Example sedimentary log showing a vertical section through the oblique up-dip pinchout of the Fan 3 lobe complex. Note that the individual lobes cannot be distinguished.



A variety of different facies transitions occur in individual lobes toward the lateral pinchout of the Fan 3 lobe complex. Hybrid bed-dominated lobe fingers represent the frontal pinchouts of lobes 1 and 2 (Prélat et al., 2009) (Figure 12C). The eastern pinchouts of lobes 3 to 5 are interpreted as lateral (lobes 3 and 5) and frontal (lobe 4) lobe fringes following the criteria of Spychala et al. (2017b), whereas lobe 6 has a highly asymmetric facies distribution in 2D. The vertical stacking pattern of the lobes suggests aggradational stacking of the lower lobes 1 and 2, which may have largely healed pre-existing topography, resulting in lobes 3 to 6 being less confined and able to stack compensationally instead (Prélat and Hodgson, 2013; Spychala et al., 2017b). Therefore, in a 1D section, both frontal and lateral fringes of different lobes are intersected at the lateral fringe of the Fan 3 lobe complex (Figure 12C). This illustrates that taking a hierarchical approach to the analysis of deep-water stratigraphy is needed to improve the assessment of basin-floor pinchouts.

In comparison, the frontal pinchout of Fan 3 has not been reported to have been affected by seabed topography and individual lobes are distinguishable (Kane et al., 2017) (Figures 2, 12B). Distal lobe fingers exhibit greater abundance of hybrid beds toward the fontal pinchout (Spychala et al., 2017b) (Figure 12B). The flows depositing the hybrid bed- and debrite-dominated lobe fingers at the frontal pinchouts of lobes have been interpreted as cohesive and elongate, which loaded onto the substrate to form subtle seabed topography that subsequent flows followed (Groenenberg et al., 2010). Hybrid beds in frontal lobes of Fan 3 are interpreted to be the result of erosion of cohesive substrate farther up-dip that transformed a turbidity current to a low yield strength cohesive flow resulting in a catastrophic loss of turbulence and flow collapse (Kane et al., 2017).

Lobe stacking patterns at the different pinchout margins of a lobe complex depend on both autogenic (e.g., channel avulsion and compensational stacking) and allogenic factors (e.g., tectonic control on basin physiography, sediment supply), which can impact the sediment supply to the deep water (Prélat et al., 2009). In unconfined settings, lobes are more likely to stack compensationally so different parts of lobes are able to stack in a 1D section, as seen at the lateral pinchout of Fan 3 (Prélat et al., 2009; Spychala et al., 2017b). In a confined setting, lobes are forced to stack more aggradationally or longitudinally rather than compensationally (Marini et al., 2016; Spychala et al., 2017a,b), as seen in the oblique up-dip pinchout of Fan 3.

Comparison of Fan 3 and Fan 4 Up-Dip Pinchouts

The depositional architecture of the Fan 3 and 4 oblique up-dip pinchouts demonstrate that the style of pinchout can be markedly different even in successive units in the same basin position.

Comparatively steep seabed topography in the up-dip area results in the abrupt thinning of lobe complexes, as observed in Fan 3 (Figures 8, 12, 13). Beyond the thickest part of Fan 3, a ∼m-thick succession of structured sandstone and heterolithic deposits continues for 2.5 km (in a straight line) (Figures 8, 11C, 12, 13). In the absence of timelines, the exact temporal relationship between the deposition of the thicker and thinner part of Fan 3 is unclear. Deposition may have occurred simultaneously if the axial flows depositing the sediment in the thicker part around Ongeluks and Bizansgat were stripped to form overbank deposits. Alternatively, the thick channel-dominated part of Fan 3 was deposited first and in-filled the pre-existing seabed topography, after which the thinner southern part was deposited by smaller volume flows above a lower gradient slope. If flow stripping occurred throughout Fan 3 activity, then the thin part of Fan 3 would be dominated by heterolithic deposits, which would potentially show a fining and thinning upward profile, similar to external levees. While heterolithic facies are present in this area, the presence of medium- to thick-bedded structured sandstones suggest that sand sedimentation mainly occurred after most of the seabed topography was healed.
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FIGURE 13. (A) Schematic summary of a deep-water slope to basin floor transition, indicating the location of the oblique up-dip pinchouts of Fan 3, lower Fan 4 and upper Fan 4. (B) Schematic cross-section of the oblique up-dip pinchouts of Fan 3, lower Fan 4 and upper Fan 4, indicating the changes in pinchout architecture between these lobe complex sets. The table includes a summary of the facies and thickness changes toward the pinchout.



The change in architecture, thickness decay and sedimentological characteristics between Fans 3 and 4 suggests a marked change in depositional environment and basin configuration. The abundance of scours mantled with mudclasts in lower Fan 4 at Klein Hangklip indicates that this area was subject to erosion and sediment bypass, and shares characteristics with CLTZs elsewhere in the basin (Hofstra et al., 2015; Brooks et al., 2018). Farther south at Droogekloof, the thinning and fining upward packages of thin-bedded rippled sandstones are characteristic of external levees (Morris et al., 2014) with the northwesterly paleocurrents indicating flow perpendicular to the main Fan 4 sediment input point (Figure 11D). This configuration supports an interpretation of external levees that interfingered with a bypass-dominated CLTZ across strike to form a dip-oriented levee-lobe transition zone, in a more proximal position than Fan 3 (Figure 13). Healing of local seabed topography by Fan 3 may have promoted the basinward progradation of Fan 4. In contrast, external levee deposits are not identified in upper Fan 4, and the sandier and thicker-bedded nature together with less widespread evidence for sediment bypass suggests that this area was either (i) not in close proximity to an up-dip CLTZ, or (ii) that the CLTZ was not as well developed as there was no longer a pronounced break-in-slope, leading to proximal lobe deposition close to the upper Fan 4 pinchout (Figure 13). Differences in thickness decay and sedimentological characteristics between the up-dip pinchouts of Fans 3 and 4 indicate that the healing of seabed topography and subtle changes in slope gradient lead to markedly different pinchout architecture.

Implications for Stratigraphic Trap Prediction

The documented up-dip, lateral and frontal basin floor fan pinchouts characteristics are all at sub-seismic scale, and are summarized in Table 2. The constraints afforded by outcrop studies are vital to better understand risks and uncertainties when assessing basin-floor fan pinchouts as potential stratigraphic traps for hydrocarbon reservoirs. Generally, up-dip pinchouts have a higher sandstone percentages (up to 100%), which decreases abruptly near the pinchout. While the rate of thickness decrease is high, the dominance of structureless and structured sandstone means that permeability and porosity values likely remain high. In the described example from Fan 3, as well as in other studies (Brooks et al., 2018), a thin sandstone or heterolithic package continues up-dip, which can create the potential for up-dip leakage of hydrocarbons. While faulting can easily offset the presence of these thin sandstone and heterolithic packages in a combination trap, the presence of injectites at up-dip fan pinchouts may further enhance the potential for up-dip hydrocarbon leakage (Cartwright, 2007; Cobain et al., 2017). At the lobe complex-scale, the presence of bed amalgamation, climbing ripple laminated sandstones, injectites, and the lack of hybrid beds may be used to identify this setting in 1D subsurface datasets. However, as demonstrated in this study, it is possible that the up-dip pinchout style changes across multiple lobe complexes, particularly if seabed topography is gradually healed by the deposition of older lobe complexes. In the case of the up-dip pinchout examples, stratigraphic trapping changed from an oblique and abrupt up-dip pinchout of Fan 3 to the gradual up-dip pinchout of lower Fan 4 with the preservation of the levee-lobe transition zone, to the tapered lateral pinchout of upper Fan 4.

TABLE 2. Characteristics of oblique up-dip, lateral and frontal lobe pinchouts.
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Lateral fan fringe deposits decrease much more gradually in thickness and sandstone content toward the pinchout while sandstone content is still high in the lobe axis (up to 92%). The increase of heterolithics and hybrid beds toward the pinchout means that permeability values are likely to be considerably lower than in structureless and structured sandstone, with higher mud content observed in hybrid beds compared to turbidites (Kane et al., 2017). The combined lateral and frontal lobe pinchout seen in Fan 3 is therefore less likely to leak, due to the permeability associated with the increased volume of hybrid beds. If only the lateral lobe pinchouts are present then hybrid beds are less abundant (Spychala et al., 2017b). Frontal fan fringe deposits are characterized by their abrupt pinch and swell style of pinchout but can still have relatively high sandstone percentage [up to 50% (Spychala et al., 2017b)]. While individual lobe fingers are dominated by hybrid beds, they are still connected to high-quality reservoir sandstone further up-dip.

Individual lobes are about 5 m thick and too thin to image in conventional reflection seismic data, the vertical resolution of which will generally be limited to the lobe complex scale (10’s m; Prélat et al., 2010). However, in a 1D dataset, such as core data, it may be possible to use the distinct difference in lobe stacking patterns, sedimentary structures, and facies distribution within individual lobe complexes to better constrain the paleogeographic environment when a hierarchical approach is followed. In the future, compilation of more sub-seismic basin-floor pinchouts, with known paleogeographic contexts, will permit the integration of bed thickness statistics (e.g., Marini et al., 2016) to improve predictions of distance and direction to pinchout points. Nonetheless, stacking patterns can be used to better understand the impact of seabed topography on lobe deposition, which may help to better predict facies distribution vertically as well as laterally within one lobe complex.

CONCLUSION

The up-dip, lateral and frontal pinchouts of lobe complexes in a single basin-fill are distinct in character due to differences in seabed confinement and flow processes that control contrasting facies distributions and stacking patterns of individual lobes. The impact of evolving seabed topography during sedimentation, with infilling and healing of previous topographic lows and break-in-slope, is illustrated at the up-dip pinchouts of Fans 3 and 4, where the infilling of base-of-slope topography by the deposition of Fan 3 resulted in contrasting up-dip pinchout architectures in the overlying Fan 4 system. The change from aggradationally stacking up-dip lobe pinchouts to compensationally stacking lobe pinchouts at the lateral pinchout of the Fan 3 lobe complex also illustrate the impact of spatial differences in seabed topography. Frontal lobe pinchouts can occur both at the frontal and lateral pinchout of a lobe complex, highlighting the importance of identifying hierarchical scale when assessing and modeling these environments as stratigraphic traps for hydrocarbons. The range of pinchout styles onto very subtle (<2°) seabed topography and the variation in stacking patterns of individual lobes within a lobe complex highlight the utility of basin-floor pinchout architecture in improving understanding of basin configurations, and in investigating how subtle seabed topography can influence flow processes. Additionally, the described sub-seismic scale characteristics highlight that outcrop studies are vital when assessing basin-floor pinchouts as potential stratigraphic traps for hydrocarbons.
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