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Abstract 

    A 1.1-1.2 km long, 3-15 m thick exposure of the late Miocene to Pliocene Capistrano Formation 

crops out at San Clemente, California, providing a superb example of submarine channel elements 

with an asymmetric cross-sectional facies distribution. Coarser-grained, thicker bedded and more 

amalgamated channel axial deposits are partitioned towards one side of channel elements (200-400 

m wide), whilst finer-grained and thinner bedded channel margin deposits are partitioned towards the 

other side. Two end-member types of silty channel-base and intra-channel drapes are recognized, 

namely, bypass drapes and deposition drapes. There are both draping silty turbidites that show either 

strong (bypass drapes) or insignificant (deposition drapes) evidence of erosion and/or sediment 

bypass during deposition. Bypass drapes and deposition drapes are interpreted to result from flow 

bypass and flow stratification, respectively, and have significantly different implications for reservoir 

connectivity and down-dip sediment transport. Channel elements are nested to form two channel 

complexes. Channel complex 1 comprises four channel elements and shows a vertical aggradation 

dominated stacking pattern, whilst channel complex 2 comprises five channel elements and shows a 

mixed lateral migration/vertical aggradation stacking pattern. This study also suggests that these 

exposures represent only a fragment of a larger channel complex set that might bear varying degrees 

of resemblance to its formative geomorphic channel(s) on the paleo-seafloor. The reinterpretation of 

this classic outcrop provides valuable insight into other turbidite channel systems at outcrop and in the 

subsurface, both in a sedimentological and applied context.  

     Keywords: Turbidite; Slope channels; Terrace; Facies architecture asymmetry; 

Coarsening/thickening upward trends, San Clemente; Deep-water outcrop  
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1. Introduction 

    Submarine channels are long-lived conduits for the transport of clastic sediments and organic 

material from fluvial and shallow marine environments to the deeper parts of basins. Their role in the 

transport of sediment, organic carbon and, increasingly, pollutants is important to understand. In 

addition, channels focus flows that pose a hazard to seafloor infrastructure, and their deposits may 

constitute important hydrocarbon reservoirs. Studies of modern and subsurface deep-water systems 

have provided significant insights into turbidite channels in terms of their morphologies, initiation, 

large- and small-scale stratigraphic architecture and evolution (e.g., Abreu et al., 2003; Deptuck et al., 

2003, 2007; Babonneau et al., 2004; Cross et al., 2009; Mayall et al., 2010; Paull et al., 2011, 2013; 

Kolla et al., 2012; Maier et al., 2012; Gamberi et al., 2013; Janocko et al., 2013). However, bed-scale 

cross-sectional variability, such as changes in facies architecture from channel axis to channel margin, 

and their causal depositional processes, are in general poorly-constrained by these datasets due to 

limitations of scale or data resolution. In these respects, well-exposed outcrops can provide more 

detailed insights (e.g., Hickson and Lowe, 2002; Gardner et al., 2003; Grecula et al., 2003; Arnott, 

2007; Kane et al., 2009; Jobe et al., 2010; Pyles et al., 2010; Hodgson et al., 2011; Hubbard et al., 

2014). Nonetheless, to our knowledge, outcrop studies on submarine channels (especially sandy 

submarine channels) with asymmetric facies architecture and well-developed intra-channel tabular 

deposits are rarely reported and investigated in detail (Walker, 1975; Hein and Walker, 1982; Sullivan 

et al., 2000; Pyles et al., 2010; McHargue et al., 2011; Hodgson et al., 2011; Fildani et al., 2013). In 

this study, we document such channels in outcrops of the late Miocene-Pliocene Capistrano 

Formation exposed at San Clemente, California, USA. Specifically, we document channel fill 

geometries, sedimentary facies and facies distributions, bed to bedset scale correlations, with the aim 

of answering the following specific questions: (1) How does submarine channel architecture vary from 

the channel axis to the channel margin at channel element scale? (2) What are the associated 

depositional processes for emplacing various types of drapes? (3) What are the stacking patterns of 

those channel elements? (4) Do the channel-fills at outcrop represent most of the system or just a 

small slice thereof? If it is the latter, then what are the likely cross-sectional dimensions of the entire 

depositional system? And (5) what are the new implications of this reinterpretation of the classical 

outcrop for hydrocarbon exploration and production? 
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2. Geological setting 

2.1. Regional setting 

    During deposition of the late Miocene-Pliocene Capistrano Formation (~10-4 Myr), the study area in 

San Clemente lay within a N-S trending marine embayment (the Capistrano Embayment) (Fig. 1a). 

The embayment is characterized by a physiographic and structural trough bounded by the San 

Joaquin Hills to the west and the Cristianitos Fault to the east (Ingle, 1971; Ehlig, 1979; Bouroullec 

and Pyles, 2010). Along the present day coastline, the embayment extends from Dana Point eastward 

to the Cristianitos Fault (c. 15 km wide) and narrows northwards until it terminates at the Santa Ana 

Mountains. The embayment extends southward from the coastline and merges with a deeper open 

ocean basin offshore (Ehlig, 1979).  

    Prior to deposition of the Capistrano Formation, the area subsequently occupied by the Capistrano 

Embayment was part of a larger closed basin below sea level that was characterized by laminated 

and diatomaceous mudstone of the Monterey Formation, which was deposited under oxygen-deficient 

conditions at middle to lower bathyal water depths (Ingle, 1971; Ehlig, 1979) (Fig.  2). During the late 

Miocene, the Capistrano Embayment, with a submarine scarp on its eastern side, began to develop 

as a result of movement along the Cristianitos Fault. The sediments of the Capistrano Formation were 

subsequently deposited in the Capistrano Embayment until the early Pliocene when movement on the 

Cristianitos Fault ceased. During this period, sediment gravity flows transported sediment westward 

down the submarine scarp along the Cristianitos Fault. These flows formed muddy slope deposits and 

coarser-grained slope channel-fills on the east side of the embayment, part of which crops out in the 

study area (Ehlig, 1979; Malone and Alba, 1979; Camacho et al., 2002; Campion et al., 2005). 

Foraminiferal assemblages and radiolarian tests from the Capistrano Formation around Dana Point 

indicate middle or lower bathyal paleo-water depths of approximately 900 m to 2000 m during 

deposition (White, 1956, 1971; Ingle, 1971). The prevailing deep-water conditions were followed by at 

least 1000 m of uplift during the Pliocene to Pleistocene, resulting in widespread erosion and 

development of the unconformable contact of the Capistrano Formation with the overlying Pleistocene 

marine terrace deposits (Campion et al., 2005). 
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2.2. Study Area  

    The Capistrano Formation is well exposed on the 1.1-1.2 km long and 3-15 m high, NNW-SSE to 

NW-SE orientated sea cliffs at San Clemente State Beach in the city of San Clemente, California, 

USA (Fig. 1b). It consists of three primary sections, corresponding to sections A, B, and C in this 

study, which are dissected by three gullies and a parking lot that provide a partial 3D view of the 

outcrop (Fig. 1b). These sections show that the exhumed Capistrano Formation in the study area is 

largely a sand-dominated turbidite channel system that features a wide range of channel fills, ranging 

in grain size from strongly bioturbated mudstone to boulder-sized conglomerates (Walker, 1975; 

Busby et al., 1998; Camacho et al., 2002; Campion et al., 2005, 2007) (Figs. 3, 4; Table 1). Bedding 

dips within channel fills and the enclosing Monterey Formation mudstones are largely sub-horizontal 

except close to the channel edges, where beds within the channel fills may dip away from the channel 

edges towards channel axes at up to 15° to 20°. The channel fills are overlain at the top of the cliffs 

by sandy or gravely deposits of Pleistocene marine terrace origin (Walker, 1975) (Fig. 2). A 300-400 

m gap separates section C from the outcrops to the northwest. These outcrops were first described by 

Camacho et al. (2002) and recently by Jester (2013), but are not included in this study due to the 

uncertainty in correlation across the exposure gap. 

    Numerous studies have been undertaken on the well-exposed channel fills within sections A, B and 

C since 1971 (Weser, 1971; Walker, 1975; Hess, 1979; Clark and Pickering, 1996; Busby et al., 1998; 

Campion et al., 2000, 2005, 2007; Camacho et al., 2002; Posamentier and Walker, 2006; Bouroullec 

et al. 2007; Chapin and Keller, 2007; Stewart et al., 2008; Jester, 2013; Pickering and Hiscott, 2016). 

An overall marine slope setting for the channel fills has been envisaged in the publications since 1998, 

and is accepted here. However, there are markedly contrasting views concerning architecture, 

sedimentary processes, and geometry of the channel fills. We revisit the previously interpreted 

outcrop (sections A, B, and C) in the hope of shedding new light on these issues based on our field 

data and recent advances in the understanding of submarine channels. 

3. Data and Methodology  

    Three photomosaics of beach-facing cliffs and several complementary ones from the cross-cutting 

gullies were used for bed correlation and facies architecture analysis. Twenty-eight sections totaling 

215 m were measured in the field at a scale of 1:10 with some selected intervals logged at 1:5 for 

more detailed sedimentological analysis. Inaccessible sections were documented as “photo logs”, 
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which entailed taking high-resolution photos with measured scales in order to constrain the thickness 

and distributions of the main facies. Bed- to bedset-scale correlation and thickness analysis was 

undertaken for the continuously exposed part of the outcrop by walking out beds in the field, visual 

inspection of logged sections, and surface tracing using high-resolution photomosaics and/or digital 

mapping. In digital mapping, a laser rangefinder was integrated with a handheld pocket PC with an 

embedded global navigation satellite system (GNSS) receiver, enabling positions to be captured with 

1 cm-100 cm accuracy in x, y, and z directions. Where possible, the orientation of channel edges was 

measured on their excavated parts and/or via digital mapping along 3D exposures. A total of twenty-

eight paleoflow directions were measured based on 3D ripple cross lamination, cross bedding, clast 

imbrication and soft-sediment deformation such as slump folds and flame structures. 

4. Hierarchy and Terminology 

    An architectural hierarchy of four scales is applied to the turbidite channel system at San Clemente, 

based on the hierarchical schemes proposed by Campion et al. (2000, 2005), and Sprague et al. 

(2002, 2005) (Fig. 3). Increasing in scale, it consists of facies, channel elements, channel complexes 

and channel complex sets (Fig. 3). Facies comprise a bed or packages of bed that share similar 

sedimentary features. They generally form the basic mappable packages at San Clemente. Channel 

elements comprise individual channel fills, representing the fill of long-lived conduits for sediment 

transport (Mutti and Normark, 1987; Macauley and Hubbard, 2013). Channel elements are 

characterized by distinct sub-environments, including channel axis and channel margin that 

commonly show different facies distributions (Fig. 3). Channel elements with similar affinity 

(architecture and dimensions) are nested to form a channel complex that is usually characterized by 

distinct channel element stacking patterns. Two or more nested channel complexes within a particular 

stratigraphic interval comprise a channel complex set (Campion et al., 2000, 2005; Sprague et al., 

2002, 2005; Abreu et al., 2003). The outcrop in this study forms one channel complex set that 

comprises two channel complexes, which each consist of four and five channel elements (Fig. 3).  

5. Facies: results and interpretations 

    Based on the measured sections and photomosaics, six main facies have been recognized within 

the turbidite channel fills: (F1) bedded siltstone; (F2) silt-rich thin-bedded deposits; (F3) sand-rich thin-

bedded deposits; (F4) medium- to thick-bedded sandstone; (F5) conglomerate; and (F6) mudstone-

clast-rich facies, including mudstone-clast-rich conglomerate (F6-a) and mudstone-clast-rich 
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sandstone (F6-b). Their bed-scale characteristics (Fig. 4) and process-based interpretations are 

summarized in Table 1. Fine-grained facies F1 and F2 are characterized by strong bioturbation, 

normal grading, and lamination, and are attributed to low-density turbidity currents (cf., Bouma, 1962). 

F4 features coarse-tail grading/no grading, massive structures with common soft sediment 

deformation structures and no or minor bioturbation, suggesting rapid deposition from high-density 

turbidity currents (cf., Lowe, 1982; Mutti, 1992; Kneller and Branney, 1995; Talling et al., 2012). F3 

shows characteristics intermediate between F1/F2 and F4 in terms of grain size, sedimentary 

structures and bioturbation (Fig. 4; Table 1.), suggesting deposition from low- to high- density turbidity 

currents. F5 is characterized by coarse grain size (up to boulder), common erosive bases with ripped 

up mudstone clasts, and is attributed to bypassing turbidity currents (cf., Mutti and Normark, 1987; 

Stevenson et al., 2015). F6-a is attributed to channel margin slump or freezing of mud-clast-laden 

turbidity currents (cf., Walker, 1975; Camacho et al., 2002; Campion et al., 2005; Chapin and Keller, 

2007), considering its sandy matrix, sub-angular to angular ripped up mudstone clasts, overlying and 

underlying turbiditic beds and the context of slope channel setting. F6-b is interpreted to record 

bypassing turbidity currents based on its common intercalation with coarse-grained laminated 

sandstone (cf., Mutti and Normark, 1987; Stevenson et al., 2015). 

6. Channel elements 

6.1. Description 

    In the study area, channel elements are recognized by pronounced erosional surfaces with relief 

typically up to 5-8 m that are draped or onlapped by multiple event beds, particularly strongly 

bioturbated bedded siltstone packages up to 2.5 m thick. We first describe the general characteristics 

of all the channel elements in terms of their geometry and facies distributions and then document the 

bedding patterns from the most completely preserved element (channel element 9). This element is 

used as a primary example for interpretation of facies architecture and sedimentary processes. 

6.1.1 Characteristics of channel elements 

    Apart from channel element 9, only the southern channel edge of each channel element is exposed. 

Those channel edges generally can be traced for 40 m to 120 m along strata before dipping into the 

subsurface to the north (Fig. 5), and show an apparent progressive shift towards the north based on 

their geometries. The southern edge of channel element 1 is steeper than the others and is incised 

into the Monterey Formation, while the rest cut into previous channel elements, resulting in the 
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presence of some elevated flat erosional surfaces which are overlain by largely flat-lying deposits 

(Channel elements 2 and 6 in Fig. 5). For channel element 9, both its northern and southern edges 

crop out, giving an apparent width of approximately 510 m and a minimum thickness of ca. 15 m. 

Additionally, the southern edge appears to show slightly gentler inclination (1° to 5° especially at its 

upper part, see Fig. 5) than the northern edge (5° to 15°), yielding the appearance of a slightly 

asymmetric cross-sectional profile. 

    Facies within channel elements have been mapped on the three primary photomosaics (sections A, 

B, and C in Fig. 5). Channel element 1 is dominated by thin-bedded heterolithic deposits (F2 and F3) 

with subordinate medium-bedded massive sandstone (F4) and mudstone-clast-rich sandstone (F6-b); 

it is characterized by a number of intra-channel erosional surfaces with relief of tens of centimetres. 

Beds have a dip of a few degrees towards the north and lap abruptly against the channel edge 

towards the south. Channel elements 2, 5 and 6 consist mainly of facies F2 and F3, F1 and F4 (Fig. 

5). The amalgamated sandy facies (F4) are mainly present in the lows confined by erosional surfaces, 

whereas the non-amalgamated muddier and thinner bedded facies (F1, F2, F3) overlie the elevated 

flat surfaces, with only siltstone (F1) draping the relatively steep channel edges. In contrast, channel 

elements 3, 4, 7 and 8 comprise much coarser and thicker bedded facies, including medium- to thick-

bedded sandstone (F4) and conglomerate (F5). Amalgamation and/or erosional surfaces are common, 

some of which are draped by laminated siltstone (F1) or mudstone-clast rich conglomerate (F6-a) (Fig. 

5). In channel element 9, both coarser, more amalgamated facies and finer, less amalgamated facies 

are present and are discussed in detail below. 

6.1.2 Bedding patterns in channel element 9 

From the southern end of the parking lot to the southern edge of channel element 9 (right side of 

Fig. 6), six bed packages are recognized and correlated (Figs. 6, 7). Sandstone dominated package 1, 

comprised mainly of facies F4 with common mudstone rip-up clasts, is partially exposed. It is locally 

truncated by a continuous intra-channel surface that appears to be draped by thin-bedded package 2 

(F1, F2, F3) (Fig. 6). Package 2 and individual beds within it do not show a systematic trend in lateral 

thickness variations (Fig. 8). In contrast, the overlying package 3 is made up of amalgamated 

sandstone (F4) and displays an overall wedge-shaped geometry, although beds are more tabular in 

proximity to channel element 9’s southern edge, towards which thicknesses of bed packages 2-5 tend 

to converge (Figs. 6, 8). Notably, bed packages 4, 5, and 6 show tabular geometries without clear 
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undulating scours and extend across the entire correlation panel in Fig. 6. Also notable is that 

packages 2 to 5 converge and transition into strongly bioturbated silty facies towards the southern 

edge of channel element 9 (Figs. 6, 7).  

    Overall, the finer-grained less amalgamated margin of CE 9 consists of two components. The lower, 

(bed packages 1, 2 and the lower part of 3), includes a set of depositional surfaces with a corrected 

dip of 3° to 4° towards the axis (see Fig. 6). This package has accreted away from the gently dipping 

southern edge of this channel element. This set of inclined surfaces is overlain by flat-lying tabular 

deposits of packages 4, 5 and 6. 

    From the northern end of the parking lot to the northern edge of channel element 9 (left side of Fig. 

6), a different bedding pattern is present: lenticular, medium- to thick-bedded, medium- to coarse-

grained sandstone and conglomerate with widespread ripped up mudstone clasts (F4, F5), as 

observed by previous workers (Walker, 1975; Campion et al., 2000; Camacho et al., 2002, amongst 

others) (Figs. 6, 7). They are ungraded or coarse-tail graded with erosive bases and thin laminated 

tops preserved locally. Where present, fine-grained thin-bedded heterolithic deposits (F2, F3) are 

truncated and form discontinuous lenticular bodies (Figs. 5, 6). No continuous tabular beds are 

present in the successions here. 

    The patchy outcrops around the approximately 120 m long parking lot allow us to tentatively link the 

sections on either side (Fig. 6). Despite a degree of uncertainty concerning correlation between them, 

these two sections illustrate the lateral variations in internal architecture of channel element 9. 

6.2. Interpretation 

6.2.1 Architecture of channel elements 

    Using channel element 9 as a representative channel element with consideration of the 

characteristics of other elements, a channel-element scale architectural model with asymmetric facies 

distributions is proposed (Fig. 9). It consists of two distinct channel sub-environments, including the 

coarser-grained and more amalgamated channel axis and the finer-grained and less amalgamated 

channel margin. Their distributions collectively record an asymmetric architectural style with the 

channel axis located closer to the more steeply dipping channel edge, while the channel margin 

composes the rest of the channel element (Figs. 6, 9). This is comparable to some other well-

documented channel-fills where varying degrees of facies architecture asymmetry exist (e.g., 
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Babonneau et al., 2010; Jobe et al., 2010; Pyles et al., 2010; McHargue et al., 2011; Paull et al., 2013; 

Reimchen et al., 2016).  

   Similarly to channel element 9, channel element 1 (the exposed part of which represents only the 

finer-grained margin) comprises packages showing dips of 3° to 5° towards the inferred axis (see Fig. 

5c). This bears very close comparison with structures reported from the Congo channel by 

Babonneau et al. (2010), where low angle (ca. 3°) reflectors dip towards the channel axis and are 

overlain by flat-lying terrace deposits. The Congo channel also shows comparable asymmetry to that 

which we invoke here. 

    Channel element dimensions can only be inferred, due to the incomplete exposure and the need to 

correct their apparent widths (i.e., 550 m). Considering an outcrop orientation of 340°, average 

paleoflow of 318.5° and average channel edge of 284° (Table 3), the true width of channel element 9 

is calculated to be around 200 to 400 m. In addition, the projection of both edges of channel element 

9 into the subsurface to form a smooth arc yields a few meters buried depth. Together with the 

exposed channel depth (~15 m), it suggests an estimate of around 20 m for the minimum channel 

depth without taking into account the potentially eroded parts above the outcrop. This is similar to the 

estimate (20-25 m) provided by Walker (1975) for the same channel element. Despite the 

uncertainties, both the estimated channel width and depth fall within the ranges compiled from 

outcrop and seismic data by McHargue et al. (2011). 

6.2.2 Sedimentary processes in channel elements 

    At the channel axis, very coarse grain sizes, including coarse-grained sandstone, pebbly sandstone 

and conglomerate, indicate deposition from fast-moving, thalweg-confined gravelly and sandy flows 

(Walker, 1975; Camacho et al., 2002; Campion et al., 2005); common structureless, ungraded or 

coarse-tail graded thick beds suggest deposition from waning or quasi-steady, high-concentration 

turbidity currents with high sediment fallout rates (cf., Lowe, 1982; Mutti, 1992; Kneller and Branney, 

1995; Talling et al., 2012). Additionally, abundant mudstone rip-up clasts, basal pebble lags, and 

amalgamation/erosion surfaces with or without silty drapes are suggestive of flow bypass and/or 

erosion (cf., Mutti and Normark, 1987; Beaubouef et al., 1999; Camacho et al., 2002; Campion et al., 

2005; Stevenson et al., 2015). Large volumes of finer-grained sandy and muddy sediment are thought 

to have been bypassed by the channels, as in channels showing similar characteristics elsewhere 

(e.g., Mutti and Normark, 1987; Hodgson et al., 2011; Hubbard et al., 2014; Stevenson et al., 2015). 
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    At the channel margin, massive, coarse-tail graded medium- to thick-bedded sandstones with 

common soft sediment deformation structures, but lacking evidence for significant erosion, indicate 

high fall-out rates of sand from high-concentration turbidity currents (cf., Lowe, 1982) (Fig. 6). 

Intercalated thin-bedded turbidites draping intra-channel erosion surfaces represent deposition from 

muddy tails of bypassing turbidity currents and/or the lateral low-concentration fine-grained 

equivalents of sandier turbidity currents in the thalweg (cf., Mutti and Normark, 1987; Beaubouef et al., 

1999; Barton et al., 2010; Hubbard et al., 2014; Stevenson et al., 2015) (Fig. 6). The strongly 

bioturbated silty drapes at channel edges are suggestive of slow deposition from upper dilute portions 

of turbidity currents (cf., Walker, 1975; Campion et al., 2000, 2005; Camacho et al., 2002; Grecula et 

al., 2003; Callow et al., 2014; Stevenson et al., 2014, 2015). Marginal tabular deposits are attributed 

to deposition on elevated flat intra-channel surfaces by lateral lower-energy equivalents of flows at the 

channel thalweg, and are thus interpreted as terrace deposits (cf., Walker, 1966, 1975; Babonneau et 

al., 2002, 2004, 2010; Paull et al., 2013; Hubbard et al., 2014; Hansen et al., 2015) (Figs. 5, 6). 

Alternatively, the tabular sediments might represent erosional remnants of passive channel backfills, 

as proposed by Clark and Pickering (1996) for the sheet sand within the Eocene Ainsa channels in 

Spain.  

6.2.3 Origins and recognition criteria of drapes in channel elements 

    The origins of the prominent drapes in the study area have been debated in previous studies (cf., 

Walker, 1975; Campion et al., 2000, 2005; Camacho et al., 2002; Jester, 2013). In this study, we 

recognized two end-member drape types, “bypass drapes” (sensu Barton et al., 2010) and “deposition 

drapes” (cf., “convergent drapes” of Barton et al., 2010; drapes from “underfit” flows of Hubbard et al., 

2014), which have different character, formation mechanisms and recognition criteria.  

    Bypass drapes, comprised mainly of siltstone with subordinate very fine- to medium-grained 

sandstone, tend to include features indicating erosion or bypass, such as rip-up clasts of mudstone or 

sandstone, multiple erosional surfaces and coarse-grained facies, or are interstratified with deposits 

showing such characteristics (Fig. 10). They drape channel bases (such as the drapes overlying 

channel element 4), or intra-channel erosional surfaces (e.g., Fig. 10, basal siltstone of package 2 in 

Fig. 6). Bypass drapes are interpreted to form when the head and body of the flow have mainly 

bypassed and the tail of flow deposits silty sediment (cf., Mutti and Normark, 1987; Campion et al., 

2005; Barton et al., 2010; Hubbard et al., 2014; Stevenson et al., 2014, 2015) (Fig. 11a). In this 
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scenario, the drape does not laterally grade into coarser and thicker bedded sands towards the 

channel axis; rather, it extends without much change in grain size from the axis towards the margin up 

to the highest point that the flow reached. Bypass drapes can occur either during the initiation or at 

the filling stage of channel development, but are commonly better developed prior to the main filling 

stage (cf., Campion et al., 2005; Barton et al., 2010; Hubbard et al., 2014; Stevenson et al., 2014, 

2015).  

    In contrast to bypass drapes, deposition drapes, the dominant type of drapes in the study area, are 

found not to be related to multiple erosion or bypass indicators mentioned above. Deposition drapes 

comprise mainly siltstone with subordinate very fine-grained sandstone, and show distinct convergent 

geometry towards the channel edge with bed dips commonly decreasing upwards (cf., Beaubouef et 

al., 1999; Campion et al., 2005; Barton et al., 2010; Alpak et al., 2013; Stevenson et al., 2015) (Fig. 

7d). In addition, some beds within deposition drapes can be confidently traced into sandstone or thin-

bedded heterolithic deposits towards the channel axis (Fig. 7e, f), suggesting the coeval 

sedimentation of the deposition drapes with the sands towards the channel axis (Walker, 1975; 

Camacho et al., 2002). In this scenario, the head, body and tail of the flow deposit coarser sandy 

sediment towards the channel axis and finer silty sediment from the upper part of the flow towards the 

channel margin, contemporaneously (Camacho et al., 2002; Stevenson et al., 2014) (Fig. 11b). This 

type of drape is expected to occur mainly during the filling stage of channel elements, when flows are 

more depositional (cf., Barton et al., 2010; Alpak et al., 2013; Hubbard et al., 2014).  

    Based on the above discussion, criteria for distinguishing deposition and bypass drapes at outcrop 

could be established based mainly on their different grain size range, lateral geometries (grading 

laterally into axial sands or not), distributions (in the channel axis or margin), with or without 

associated erosion/bypass features, and upward trends of bed dips, and are summarized in Table 2. 

6.2.4 Origins of coarsening/thickening upward successions in channel elements 

A number of studies have reported coarsening and/or thickening upward successions in the 

margins of submarine channels (e.g., Pickering, 1982, 1986; Beaubouef et al., 1999; Sullivan et al., 

2000; Grecula et al., 2003; Campion et al., 2005; Pyles et al., 2010; McHargue et al., 2011; Hubbard 

et al., 2014; Bain and Hubbard et al., 2016). Similar vertical trends are observed in the channel 

margins of channel elements 2 and 9 (Figs, 5c, 5d, 6, 10a, 10b), as also recognized by Walker (1975) 

and Campion et al. (2005). They interpreted those vertical successions in the study area as a result of 
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lobe progradation and channel backfilling, respectively. Here, we propose two alternative formative 

mechanisms.  

    One possible mechanism for the coarsening and/or thickening upward successions in the study 

area is lateral expansion of intra-channel locus of coarser and sandier deposition towards the channel 

margin (cf., Pickering, 1982, 1986; Elliot, 2000; Sullivan et al., 2000; Lien et al, 2003; Hubbard et al., 

2014). It could occur as a result of the decreasing channel margin relief through the evolution of a 

channel (cf., Pickering, 1982, 1986; Sullivan et al., 2010; Hubbard et al., 2014). As such, sandier and 

denser suspensions concentrated in the lower part of stratified turbidity currents can more often make 

their way to the adjacent higher channel margin as the relief between them decreases. This could 

produce thickening and/or coarsening-upward successions at the channel margin, and is likely to 

happen at the later filling stage of channel element evolution as the axial part of the channel aggrades 

more quickly than the margin (cf., Pickering, 1982, 1986; Hubbard et al., 2014) (Fig. 6).  

    Another possible mechanism is increasing flow magnitude due to extrabasinal or intrabasinal 

controls (e.g., sea level, climate, seafloor gradient, magnitude of mass wasting) (cf., Pickering, 1986; 

Kane et al., 2007; Pyles et al., 2010). Thicker flows could permit their sandy suspensions to extend to 

the margin, forming sandier and thicker beds that overlie the thinner and muddier sediments (e.g., 

depositional drapes) emplaced by earlier smaller flows, yielding coarsening and/or thickening 

successions at the channel margin (Fig. 6). This is expected to be more likely to occur at the earlier 

filling stage of channel element evolution when waxing flows tend to be more common (cf., Pickering, 

1986; Grecula et al., 2003; Campion et al., 2005; Pyles et al., 2010). 

7. Channel complexes  

    Channel elements are stacked to form channel complexes. Interpretation of the stacking patterns of 

channel elements, however, is equivocal or misleading based solely on incomplete exposures like the 

outcrop examined in this study, as schematically illustrated in Fig. 12. This is evidenced by the 

contrasting stacking patterns proposed in the study area (cf., Walker, 1975; Campion et al., 2000, 

2005; Camacho et al., 2002; Jester, 2013). Here, we approach this problem by considering both the 

exposed and inferred missing counterparts of these channels. This is achieved based on the 

assumption that coarser-grained, more amalgamated deposits tend to occur lower and closer to the 

channel axis, whilst finer-grained, less amalgamated deposits tend to be higher and closer to the 

channel margin (Fig. 9), as argued by many other workers in the study area (e.g., Walker, 1975; 
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Campion et al., 2000, 2005; Camacho et al., 2002). This assumption is supported by the most 

complete channel fills (channel element 9) in the study area, and numerous examples elsewhere (e.g., 

Mutti and Normark, 1987; Pyles et al., 2010; Hodgson et al., 2011; Paull et al., 2013; Hubbard et al., 

2014).  

    Based on the mapped facies distributions (Fig. 5) and the general supposition outlined above, we 

interpret exposures of channel elements 1 and 2 to include only slices through the margins, with their 

axes buried below the outcrop. Similarly, exposures of channel elements 3 and 4 include only slices 

through the axes, with their margins eroded from above the outcrop. Taken together, channel 

elements 1 to 4 display an aggradational stacking pattern, although the system shows a certain 

degree of lateral migration from channel element 1 to channel element 2 (Fig. 13). Applying the same 

principle to the rest of the exposure suggests that channel elements 5 to 9 are characterized by a 

combination of both lateral migration and vertical aggradation (Fig. 13). If the channel system had 

migrated only laterally, as suggested by other researchers (Walker, 1975; Clark and Pickering, 1996; 

Campion et al., 2000, 2005, 2007), the outcrop would slice through the same stratigraphy for each 

channel element, and each would therefore display similar facies distribution patterns in outcrop; this 

is inconsistent with what is observed (see Fig. 5). Based on the above inferred stacking patterns of 

channel elements and consideration of paleoflow directions and channel edge orientations (Table 2), 

channel elements 1 to 4 are interpreted to form one channel complex (channel complex 1), 

characterized by a vertical aggradational stacking pattern. Channel elements 5 to 9 are attributed to 

another channel complex (channel complex 2) that shows a mixed lateral/vertical migration pattern. 

Noticeably, channel element 9 shows different orientation from channel elements 5-8 (Table 2). 

However, it still appears to be nested within channel complex 2 if we project its southern edge above 

the outcrop, as noted by Walker (1975). The difference in paleoflow indicators is probably a result of 

either curvature of channel element 9 or different position of channel bends compared to older 

elements within the same complex, a feature that is very common in the evolution of channel 

elements (e.g., Stelting et al., 1985; Deptuck et al., 2003, 2007; Janocko et al., 2013).  

8. Channel complex set  

    The two channel complexes form a channel complex set whose southern edge is partially exposed 

and incises into the bioturbated low-gradient slope mudstone of the Monterey Formation. Its northern 

edge is presently covered by vegetation, but was reported by Weser (1971) to crop out at around 150-
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250 m to the NW of the northern terminus of section C of this study, where it featured a well-defined 

erosional surface cutting into horizontally bedded siltstone and mudstone and onlapped by massive 

sandstone and conglomerate (see Fig. A of plate XI in Weser, 1971). It is not clear whether the 

siltstone and mudstone are slope background deposits of the Monterey Formation or overbank 

deposits of submarine channels of the Capistrano Formation. In any case, the apparent width of the 

channel complex set is around 1.1-1.2 km in outcrop. Based on mean outcrop orientation (340°) and 

mean paleoflow direction (300°), simple trigonometry (i.e., true width=apparent width*sin (outcrop 

orientation-channel orientation)) yields an estimate of around 750 m for the true width of the channel 

complex set under consideration.  

    The minimum thickness of the channel complex set could be roughly constrained by projecting its 

bounding edges into the subsurface to form a smooth circular arc (Camacho et al., 2002) (see Fig. 

13). This yields a minimum of 50-60 m thick for the channel complex set examined. It is a rather 

conservative estimate compared to those of Weser (1971) and Camacho et al. (2002), but the same 

conclusion can be drawn that the outcrop of turbidite channels of the Capistrano Formation at San 

Clemente most likely represents a limited portion of a much larger system due to partial burial and 

outcrop erosion. That said, considering the limitation of outcrop exposure, we prefer to be cautious in 

interpreting the inferred large channel system preserved in the rock record in terms of the formative 

geomorphic features (i.e., channels) on the paleo-seafloor (cf., Deptuck et al., 2003; Strong and Paola, 

2008; Sylvester et al., 2011; Bain and Hubbard, 2016; Hodgson et al., 2016; and references therein). 

We suggest that the inferred large channel system in the study area could potentially be established 

through: (1) a rapidly and/or progressively formed deeply incised channel/canyon with later filling and 

modification of the confining surface, or (2) a combination of seafloor degradation and aggradation 

through the protracted evolution of lower-relief submarine channels (Bain and Hubbard, 2016; 

Hodgson et al., 2016) (cf., Weser, 1971; Walker, 1975; Clark and Pickering, 1996; Campion et al., 

2000, 2005; Camacho et al., 2002; Posamentier and Walker, 2006; Jester, 2013; Pickering and 

Hiscott, 2016).  

9. Discussion 

    We have demonstrated cross-sectional features regarding the channel fills in the study area, 

including asymmetrical facies architecture, different types of drapes, and stacking patterns. Below, we 

discuss whether and how the two-dimensional stratigraphic architectural features or elements can be 
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linked to or used to constrain planform sinuosity and one-dimensional vertical profiles, or vice versa. 

More importantly, we examine the applications of such a holistic approach in the subsurface for 

development and production within oil and gas fields. 

9.1. Cross-sectional architecture vs. planform sinuosity  

    Several lines of evidence regarding cross-sectional architectural geometry can help constrain the 

interpretation of channel sinuosity in the study area. Firstly, the photomosaics and measured sections 

document cross-sectional facies asymmetry in channel element 9 (Figs. 5, 6, 9), and probably the 

other channel elements also. This facies asymmetry bears strong similarity to that documented in 

other outcrops (Jobe et al., 2010; Pyles et al., 2010; Alpak et al., 2013), in seismic data (Stelting et al., 

1985; De Ruig and Hubbard, 2006) and reproduced experimentally (Straub et al., 2008), where 

coarser facies are located closer to steeper outer banks of sinuous channels and finer facies are 

located closer to their gentler inner banks. We therefore propose a degree of channel sinuosity for the 

turbidite slope channels at San Clemente (cf., Campion et al., 2005; Bouroullec et al., 2007; Jester, 

2013). This argument is further supported by the potential terrace deposits (tabular deposits in Fig. 

5c-e) observed towards the southern edges (inferred inner bends) of the channel elements. Their 

common occurrence at inner bends is well-documented in many studies of subsurface systems 

imaged with seismic data (e.g., Deptuck et al., 2003, 2007) and in modern systems (Babonneau et al., 

2004, 2010; Paull et al., 2011, 2013; Maier et al., 2012). The development of deposition drapes on the 

inferred inner bends lends additional credence to the interpretation of channel sinuosity (cf., Alpak et 

al., 2013) (Fig. 5). Furthermore, the oblique orientations of channel edges to paleoflow directions (a 

difference of 14° to 35°) for channel elements 1, 2, 9 are also likely to result from channel sinuosity at 

meander bends, as those well documented in the Brushy Canyon Formation (Pyles et al. 2010), 

rather than a result of apparent dip and strike measurements of channel edges (cf., Camacho et al., 

2002) (Table 2). However, the modest channel form asymmetry in cross-sectional direction observed 

in channel element 9 is interpreted to most likely reflect its relatively low sinuosity, based on the 

correlation between cross-sectional asymmetry and sinuosity that has been empirically established 

(e.g., Peakall et al., 2000; Abreu et al., 2003; Jobe et al., 2010; Pyles et al., 2010; McHargue et al., 

2011) and quantified recently from bathymetric data (Reimchen et al., 2016). The low sinuosity of 

channel element 9 inferred from the above evidence contrasts with a high sinuosity of 1.7 estimated 
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by Campion et al. (2005), although a degree of uncertainty concerning the sinuosity of the other 

channel elements in the study area exists due to limitations of exposure.  

9.2. Channel stacking patterns vs. vertical successions 

The two different patterns of channel stacking recognized here (a vertical aggradation dominated 

stacking of channel elements 1-4 and a mixed lateral migration/vertical aggradation stacking of 

channel elements 5-9) are used to explore the effect of variable preservation of channel fills on 

vertical successions. 

For channel elements 5-9, its unidirectional lateral migration with vertical aggradation (channel 

elements 5-8) reflects lateral shift in loci of deposition of successively younger channels away from 

those of the older channels towards the cut bank (e.g., of channel element 6 relative to channel 

element 5 in Fig. 13). As such, the fine-grained marginal parts of younger channels tend to overlie the 

coarser-grained more axial parts of the older channels, and thus form fining upward successions for 

composite channel fills of a channel complex (see channel element 5 and channel element 6 in Figs. 

5d, 13). The development of channel element 9 complicates the vertical profiles by removing the 

otherwise fine-grained margins of channel elements 7 and 8. Such fining upward successions are 

unlikely to be well-preserved or present closer to the cut bank where the coarse-grained channel axis 

deposits are highly amalgamated (Fig. 13). 

For channel elements 1-4, vertical aggradation of channel elements result in cannibalized channel 

axes and stacked better-preserved channel margins (Fig. 13). In this case, largely similar vertical 

patterns from the four channel margins are stacked vertically. As a result, no fining or coarsening 

upward successions for the composite margin of channel complex 1 are present. This contrasts 

starkly with the composite fining upward successions (made of channel elements 5, 6 and 9) at the 

margin of channel complex 2 (Fig. 13). Composite fining upward successions for channel complex 1 

are mainly located in the amalgamated channel axes (Fig. 13). 

    A potentially good analog for the relationship between vertical successions and stacking patterns 

of channel elements is from the Tres Pasos Formation, southern Chile (Reimchen et al., 2016). Both 

a vertical aggradation dominated stacking and a mixed lateral migration/vertical aggradation stacking 

are present in the Tres Pasos channel system (see Fig. 10 of Reimchen et al., 2016). Their measured 

sections and cross-sectional architecture are consistent with our interpretation above. Another 

potential analog comes from two sedimentological conceptual models based on subsurface datasets 
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(see Figs, 2, 3 of Labourdette, 2007). The corresponding wireline log motifs demonstrate the better-

developed fining upward trend (a bell-shaped log motif) related to the lateral migration/vertical 

aggradation stacking pattern, compared to a cylindrical log motif at the stacked margins of the vertical 

aggradation dominated channel system (Labourdette, 2007). 

9.3. Applications for hydrocarbon systems 

    Firstly, strong cross-channel facies architecture asymmetry has a significant effect on reservoir 

quality prediction. The axis of channel elements similar to those in the study area are dominated by 

better (higher net-to-gross, more vertically connected) reservoir facies than those of channel margins 

which feature poorer quality reservoir facies with the common presence of the silty drapes. 

Importantly, the two different types of drapes (bypass drapes and deposition drapes) are expected to 

exhibit different lateral extents and thus have different effects on fluid flow. Bypass drapes may 

extend from channel margins to the axis, whereas deposition drapes tend to transition towards the 

channel axis into reservoir facies. As a result, deposition drapes probably act as flow baffles, whereas 

bypass drapes could act as flow barriers and, therefore, have potentially different effects on the 

sweep efficiency and final hydrocarbon recovery (cf., Barton et al., 2010; Li and Caers, 2011; Alpak et 

al., 2013).  

Secondly, stacking patterns of channel elements with asymmetric facies architecture that is below 

seismic resolution add to the complexity and uncertainty of reservoir heterogeneity. Due to the 

development of non-reservoir facies (silty drapes) at the inner bend, unidirectional lateral migration 

(e.g., channel elements 5-8) towards the outer bend likely results in the separation of successive 

channels by silty deposition drapes or bypass drapes at channel margins, and can result in reservoir 

compartmentalization (cf., Barton et al., 2010; Pyles et al., 2010; Funk et al., 2012; Alpak et al., 2013; 

Hubbard et al., 2014). The compartmentalization, however, could be significantly reduced due to 

erosion of heterogeneous marginal deposits when non-sequential stacking contacts exist (cf., Funk et 

al., 2012) (e.g., between channel elements 6 and 9, 7 and 9). In contrast, in the scenario of vertical 

aggradation of channel elements (e.g., channel elements 1-4); deposition drapes in the channel 

margin are less likely to affect the connectivity between two adjacent channel elements because 

channel axes are in contact. However, if bypass drapes are present and well preserved in the channel 

axis, then there is probably still no connectivity between the sands in two adjacent channel elements 

(cf., Labourdette, 2007; Labourdette and Bez, 2010; Funk et al., 2012).       
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Thirdly, these observations provide guidelines to well placement for hydrocarbon production in 

sinuous submarine channels with asymmetrical facies distributions. If producing wells are drilled in 

close proximity to outer bends where the coarse-grained channel axial facies dominates, early water 

breakthrough may occur (e.g., Stewart et al., 2008), leaving behind a significant amount of 

hydrocarbons closer to the heterogeneous inner bend. On the other hand, if wells are located too 

close to the inner bend margin, then they might encounter significant flow barriers and baffles such as 

bypass and deposition drapes (cf., Gardiner, 2006). This reduces or precludes production of the 

hydrocarbons within the thick sand bodies downdip toward the channel axis (cf., Gardiner, 2006).  

10. Conclusions 

    The exposed Capistrano Formation at San Clemente, California, records nine stacked sandy 

submarine channel elements (200-400 m wide) with asymmetric cross-sectional facies architecture 

and low-sinuosity planform geometry. The best-exposed channel element (channel element 9) 

demonstrates that coarser-grained and thicker-bedded axis deposits are partitioned to the slightly 

steeper channel edge (presumed outer bend), whereas finer-grained, thinner bedded and less 

amalgamated channel margin dominate towards slightly gentler dipping (presumed inner bend) 

channel edge. Two different types of silty drapes (bypass drapes vs. deposition drapes) are 

recognized based on their different grain size ranges, lateral geometries, distributions, associated 

erosion/bypass features, and upward changes in bed dips (Table 2). They are attributed respectively 

to dilute muddy tails of bypassing flows and depositional flows that deposited axial sands and 

marginal silty drapes contemporaneously.  

The nine channel elements make up two channel complexes that show two commonly observed 

submarine channel stacking patterns (a vertical aggradation stacking vs. a mixed lateral 

migration/vertical aggradation stacking). The two different patterns of channel stacking dictate 

variable preservation of channel elements, which in turn affect their vertical profiles. For channels with 

a mixed lateral migration/vertical aggradation stacking, composite fining upward successions are 

expected to be best developed at the inner bank. In contrast, for channels with a vertical aggradation 

stacking, well-defined composite fining upward successions tend to occur in the channel axis of the 

composite channel. 

Asymmetric facies architecture and different types of drapes within channel elements, their 

relationship with channel planform geometry, as well as the stacking patterns of channel elements 
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have significant implications for hydrocarbon development and production in terms of reservoir 

heterogeneity and compartmentalization.  
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Table 1. Characterization of facies within the Capistrano Formation slope channel system 

exposed at San Clemente (see Fig. 4 for representative photos). 
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Table 2. Recognition criteria, formative mechanisms, and time equivalent sands of bypass 

drapes and deposition drapes based on the outcrop at San Clemente.  

 

Table 3. Paleoflow measurements and channel edge trends at San Clemente. 

 

Figure Captions 

Fig. 1. (a) Map showing the location and paleogeography of the study area with the Capistrano 

Embayment highlighted (modified from Ehlig, 1979). (b) Map of the study area showing the three 

primary sections of this study (sections A-C). 

 

Fig.  2. Generalized stratigraphic column for Dana Point and the study area at San Clemente 

(modified from Campion et al., 2005; Bouroullec and Pyles, 2010; Jester, 2013).  

 

Fig. 3. Schematic diagram showing the architectural hierarchy used in this study (modified from 

Campion et al., 2000, 2005; Sprague et al., 2002, 2005). The diagram (from top to bottom) presents 

channel architectural elements in increasing scales from facies to channel complex set. Facies are 

the building blocks that stack up to form channel elements with distinct sub-environments, including 

channel axis and channel margin. Two or more channel elements are nested to form a channel 

complex. Multiple channel complexes in turn stack up to form a channel complex set. Note the 

asymmetric cross-sectional profile of channel elements used in this modified hierarchical scheme. 

 

Fig. 4. Representative photographs of sedimentary facies summarized in Table 1. (a) F1: bedded 

siltstone with faint parallel lamination and bioturbation (b) F2: silt-rich thin-bedded deposits; note sand 

injection from overlying and underlying massive sand of F4. (c) F3: sand-rich thin-bedded deposits. 

Note the supercritical climbing ripples indicating paleoflow towards the left. (d) F4: medium-to thick 

bedded sandstone, showing the common presence of loading structures. (e) F4: medium- to thick-

bedded sandstone, showing the rare presence of a bar-like feature (highlighted with dashed lines) 

and more common massive sandstone with mudstone clasts. (f) F5: thin- to thick-bedded 

conglomerate. Measuring tape is circled for scale. (g) F6-a: mudstone-clast-rich conglomerate, 

showing the angular and disorganized mudstone-clasts. (h) F6-b: mudstone-clast-rich sandstone, 
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showing better sorting, rounding, and organization of mudstone-clasts than those in F6-a, and their 

association with parallel laminations. 

 

Fig. 5. Photomosaic and interpretation of the turbidite slope channels of the Capistrano Formation 

exposed at San Clemente. (a) Overview photomosaic and interpretation of sections A-C. (b) Location 

map of sections A-C (see also Fig. 1), and legend used in this figure. (c-e) Detailed photomosaic and 

interpretation of sections A-C. Note the reference level (the horizontal axis) used here and below is 

the railroad track, as with Walker (1975), but the reference point of the horizontal axis is the northern 

end of section C in this study, which is approximately 350 m to the north of the reference point used in 

Walker (1975). See Fig. 3 for the schematic illustration of sub-environments within channel elements 

(i.e., channel axis, channel margin). 

 

Fig. 6. Correlation panel of channel element 9 from its southern edge to northern edge. Note the 

characteristic asymmetry of facies architecture with channel axis facies located towards the northern 

edge, while channel margin with tabular deposits (terrace deposits or channel back-filling deposits) 

occurs towards the southern edge. See Fig. 5 for locations of the measured sections and, Fig. 9 and 

section 6.2 for interpretation. See Fig. 5 for key to the colors used. 

 

Fig. 7. Lateral variations within channel element 9. (a) Medium-to thick-bedded sandy and 

conglomeratic channel axis deposits dominate at its northern edge. (b) Interbedded medium-to thick-

bedded sandstone and thin-bedded heterolithic deposits characterize the intra-channel tabular units 

(highlighted with an arrow). (c) Low-relief, intra-channel erosional surface (highlighted with black 

arrows) are locally draped by thin-bedded heterolithic deposits at channel margin. (d) Panoramic view 

of the southern margin of channel element 9. See Fig. 6 for more details of the bed packages 

(indicated by circled numbers) and the measured section (MS15). Note the more gentle inclination of 

the southern edge than the northern counterpart in (a). (e-f) Uninterpreted, enlarged view and 

interpreted line drawing of the outlined area in part D, showing the transition of sand and thin beds 

into silty drapes in close proximity to the southern edge of channel element 9.  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 31 of 51 
 

Fig. 8. (a) Graph showing lateral thickness variations of packages 2-5 within channel element 9. 

Notice the irregular geometry of package 2, the wedge-shaped geometry of package 3, and the 

tabular geometry of packages 4 and 5 in cross section. (b) Graph showing lateral thickness variations 

of individual sandstone beds within package 2 of channel element 9. Notice abrupt lateral changes in 

bed thickness at MS21 and MS18, where local scours are present at the base of package 2. See Fig. 

6 for the corresponding correlation panel for the plots in (a) and (b). The reference point referred to is 

the northern end of section C (see Fig. 5). 

 

Fig. 9. (a) Schematic illustration of the architecture model of channel elements at San Clemente 

(based partially on McHargue et al., 2011). Note the distribution of sub-channel elements, including 

channel axis, channel margin with tabular deposits (interpreted as terrace deposits or channel back-

filling deposits), as well as associated silty drapes. (b) Bed packages, and locations of representative 

outcrop examples shown in other figures, illustrating different parts of the architecture model. 

 

Fig. 10. Outcrop characteristics of bypass drapes and deposition drapes. (a) Photomosaic showing 

the stepped profiles of channel edges of channel elements 2 and 3 (CE 2 and 3). (b) Interpretive line 

drawing of (a). Intra-channel bypass drapes overlie nearly horizontal erosional surfaces within 

channel element 3 (CE 3). A deposition drape overlies the channel edge of channel element 2, 

showing a convergent shape; also note the tabular deposits of CE 2; (c) A bypass drape overlies the 

channel edge of channel element 4 (CE 4). Note the scale (indicated by a yellow outline) is about 

40cm long. (d) Close-up of the channel-base bypass drape in C. Note the ripped-up sandstone clast 

at the base of the drape. See Fig. 5 for key to colors used in (b), and section 6.2.3 for detailed 

discussion of bypass drapes and deposition drapes. 

 

Fig. 11. Cartoons illustrating cross-channel depositional processes in two different scenarios for 

depositing silty drapes (modified from Stevenson et al., 2014). (a) Flow is very erosive and bypassing, 

resulting in mudstone-clast-rich conglomerates or coarse-grained residual lags by the head and body 

of the flow, as well as the formation of a silty drape (termed bypass drape) by the tail. (b) Flow is 

depositional and is characterized by contemporaneous deposition of a silty drape (termed deposition 
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drape) at the channel margin (higher) and sand towards the channel axis (lower) due to the 

stratification of the flow. 

 

Fig. 12. Cartoons illustrating stacking pattern interpretation based on 2D partial exposure in outcrop. 

Either a vertical aggradation stacking pattern (a) or a lateral migration stacking pattern (b) can give 

rise to a similar 2D geometry in outcrop (marked by the red boxes), highlighting the pitfalls of 

reconstruction of stacking patterns based solely on limited 2D geometries. 

  

Fig. 13. Cartoon showing the inferred stacking patterns of  channel elements within each of the two 

channel complexes.Channel elements 1-4 (CE 1-4) belonging to channel complex 1, are dominated 

by vertical aggradation, whilst channel elements 5-9 (CE 5-9) belonging to channel complex 2, show 

mixed lateral migration/vertical aggradation. Note the exposures examined in this study (highlighted 

with the red box) represent only a thin slice through a much larger channel system, most of which is 

inferred to be buried in the subsurface and above the present exposure. 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 33 of 51 
 

 

 

Figure 1  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 34 of 51 
 

 

 

Figure 2  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 35 of 51 
 

 

Figure 3  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 36 of 51 
 

 

Figure 4  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 37 of 51 
 

 

Figure 5abc  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 38 of 51 
 

 

Figure 5de  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 39 of 51 
 

 

Figure 6  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 40 of 51 
 

 

Figure 7  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 41 of 51 
 

 

Figure 8  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 42 of 51 
 

 

Figure 9  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 43 of 51 
 

 

Figure 10  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 44 of 51 
 

 

Figure 11  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 45 of 51 
 

 

Figure 12  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 46 of 51 
 

 

Figure 13  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 47 of 51 
 

Table 1 

Facies 

 

Characteristic 

grain size 

Grading & 

sedimentary 

structures 

Secondary 

features 

Bedding patterns Depositional 

processes 

F1 

Bedded 

siltstone 

 

Clay and silt 

(>80%), very fine- 

to fine- grained 

sand (<20%) 

Commonly normally 

graded, 

parallel laminated or 

massive when 

strongly bioturbated 

Moderate to strong 

bioturbation 

Thinly bedded (1-5 

cm) mud-silt or silt-

very fine-grained sand 

couplets with no 

amalgamation, 

stacking up to 2.5 m 

thick units, draping 

channel or low-relief, 

intra-channel 

erosional surfaces 

Slow deposition 

from waning, 

low -

concentration 

turbidity 

currents  

F2 

Silt-rich thin-

bedded  

deposits 

Clay to medium-

grained sand, 

sand generally 

makes up 20% to 

60% 

Commonly normally 

graded, 

Parallel or ripple 

laminated or 

massive when 

strongly bioturbated 

Minor to strong 

bioturbation, low 

diversity, low 

abundance trace 

fossil 

assemblages, 

commonly injected 

by adjacent 

medium- bedded 

sandstone 

Thinly interbedded 

(<10 cm) mudstone 

and sandstone with no 

or rare amalgamation, 

stacking up to 2 m 

thick, readily 

mappable units up to 

100-120 m long 

Slow deposition 

from non-

erosive, 

waning, low-

concentration  

turbidity 

currents 

F3 

Sand-rich thin-

bedded  

deposits 

 

Clay to very 

coarse- grained 

sand; sand 

makes up 60-80% 

Largely normally 

graded 

Sand: massive, 

laminated, or 

transition upward 

from massive to 

laminated; Silt: 

parallel laminated or 

apparently massive 

when strongly 

bioturbated 

Minor to moderate 

bioturbation,  soft-

deformation 

structures (slumps, 

loading structures, 

convolution 

bedding) 

Thinly bedded (5-20 

cm) mudstone and 

sandstone with a low 

frequency of 

amalgamation, 

stacking up to 3-5 m 

units, often 

transitioning into silt-

rich thin- bedded  

deposits and non-to 

semi amalgamated 

sandstone laterally. 

Slow-to-

relatively quick 

deposition from 

non-erosive, 

waning, low-to 

high- 

concentration  

turbidity 

currents 

F4 

Medium- to 

thick-bedded 

sandstone 

 

Dominantly fine to 

very coarse-

grained sand 

(>80%), with or 

without 

conglomerate 

(<5%) and/or 

mudstone (<15%) 

Coarse-tail grading 

or ungraded, 

predominantly 

massive with or  

without thin, 

laminated tops, 

locally preserved 

dune-scale cross 

bedding 

Moderately sorted, 

biotite rich,  

common presence 

of mudstone-

clasts, soft 

sediment 

deformation 

structures (sand 

injections, loading 

structures, and 

water escape 

structures) 

Medium-to thick -

bedded (30 cm-1.2 

m), highly 

amalgamated or non- 

to semi-amalgamated, 

stacking up to 5-9 m 

thick units. 

Quick 

deposition from 

non-erosive/ 

erosive, quasi-

steady or 

waning low- to 

high-

concentration 

turbidity 

currents 

F5 

Thin- to thick-

bedded 

conglomerate 

 

Primarily pebble 

to cobble-sized 

extraformational 

conglomerates 

Ungraded or 

normally graded 

Crudely 

stratified/bedded or 

massive 

Poorly to 

moderately sorted, 

subrounded to 

rounded clasts, 

poorly to 

moderately sorted 

matrix comprising 

very fine-to very 

coarse-grained 

sand, clast/matrix-

supported 

Thin- to thick-bedded, 

typically characterized 

by erosive bases, 

abundant internal 

scours, rip-up 

mudstone clasts and 

lenticular bed 

geometries, tending to 

underlie medium-to 

thick-bedded 

sandstone 

Deposition from 

erosive, 

bypassing, 

gravely, high-

concentration 

turbidity 

currents 

F6 

Mudstone-

Granule-to 

boulder- sized 

Largely ungraded  

Mudstone-clast-rich 

F6-a: sub-angular 

to angular clasts, 

F6-a: overlain by 

conglomerate of F5 

F6-a: localized 

channel margin 
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clast-rich 

conglomerate 

(F6-a);  

mudstone-

clast-rich 

sandstone 

(F6-b)  

mudstone clasts, 

very fine to 

coarse grained 

sand or pebbly 

sand matrix 

conglomerate (F6-

a): massive 

Mudstone-clast-rich  

sand (F6-b): locally 

crudely stratified  

poorly sorted, 

matrix-supported 

F6-b: sub-angular 

to sub-rounded 

clasts, moderately 

sorted, matrix-

supported 

F6-b: interbedded with 

medium-to coarse-

grained massive 

sandstone and/or 

laminated sandstone 

slump or 

freezing of 

clast-laden 

turbidity 

current;  

F6-b: 

bypassing 

turbidity 

currents 
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Table 2 

 
 Bypass drapes Deposition drapes 

R
e
c
o

g
n

it
io

n
 c

ri
te

ri
a
 

Grain size Silt to medium-grained sand Silt to very fine-grained sand 

Erosion/bypass  
features 

Common 
e.g., mudstone rip-up clasts, 
multiple erosional surfaces 
including channel bases, coarse-
grained facies 

Non to rare 
Underlying channel bases are often 
the only erosional features 
associated with depositional drapes 

Bed dips No systematic  upward changes Commonly shallow up 

Lateral facies  
relationship 

Do notgrade laterally into axial 
sandstones 

Grade laterally into axial sandstone 

Distribution 
Channel margin and/or channel 
axis 

Channel margin 

Origins 
Formative 
mechanisms 

Tails of bypassing turbidity currents 
Upper dilute portions of 
depositional turbidity currents 

Prediction 
Time equivalent 
sands 

Mainly downdip Mainly towards the channel axis  
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Table 3 

Channel 

element 

Channel edge orientation Paleoflow direction 

Mean Data Mean Data 

1 310° 310° 324°  n=7 

2 277° 270°, 284° 312°  n=4 

3 274° 268°, 280°   

4 290°    

5 237.5° 235°, 240°   

6 252° 240°, 264°   

7     

8   231° n=6 

9 284° 275°, 288°, 290° 318.5°  n=11 
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Highlights 

 Submarine channel-fills with facies architectural asymmetry and varying 

stacking patterns are documented. 

 Two end-member types of drapes (bypass drapes vs. deposition drapes) are 

present in the channel fills. 

 Bypass drapes and depositional drapes are characterized by different 

character, genesis and recognition criteria. 

 This study presents new insights into submarine channel facies architecture 

which are applicable to hydrocarbon reservoirs. 


