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a b s t r a c t

Constructing geologically accurate reservoir models of deep-water strata is challenging due to the reli-
ance on incomplete or limited resolution datasets. Connecting areas of high-certainty across areas where
data is sparse or non-existent (e.g., between wellbores) is difficult and requires numerous interpretations
and assumptions. In this study, morphometric data from the Lucia Chica Channel System, offshore Cal-
ifornia, provides high-resolution 3-D information that is used to constrain correlation and character-
ization of ancient submarine channel fill deposits.

A statistical relationship between cross-sectional asymmetry and planform morphology in sinuous
submarine channels is determined from bathymetric data. Submarine channel cross-sectional asym-
metry was quantified by calculating the ratio between the distance from the inner bend margin to the
thalweg by the entire channel width. This metric was calculated for 243 cross-sections, from 27 channel
bends ranging in sinuosity from 1.0 to 3.0. Three distinct channel geometries are classified based on their
thalweg position; normal asymmetrical, symmetrical and inverse asymmetrical. Straight channel seg-
ments (sinuosities 1.0e1.05) exhibit the most symmetrical cross-sectional morphologies. Low (sinuos-
ities 1.05e1.2) and high sinuosity (sinuosities >1.2) channel bends exhibit maximum cross-sectional
asymmetries at bend apexes, with symmetrical cross-sectional morphologies at inflection points. As
expected, asymmetry values systematically increase from straight to high sinuosity channel segments;
however, the most significant increase occurs at the threshold from straight to low sinuosity channel
segments, which suggests that even minor deviation from straight channels promotes development of
asymmetrical cross-sectional morphologies. Defined relationships are utilized to inform correlation of
channelform surfaces between two well-exposed outcrops of a sinuous deep-water channel system that
are ~1 km apart (Cretaceous Tres Pasos Formation, southern Chile). The developed methodology can be
applied in the subsurface to model realistic channelform sedimentary bodies guided by channel plan-
form interpretations from limited-resolution 3-D seismic data, augmented by well data.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Submarine channel systems are important conveyers of sedi-
ment from shallow- to deep-marine settings (Normark, 1970; Mutti
and Normark, 1987; Kolla et al., 2001; Deptuck et al., 2003; Mayall
et al., 2006; Gee et al., 2007; Covault et al., 2012; Sylvester et al.,
2012). The deposits of ancient submarine channels contain signif-
icant volumes of hydrocarbon resources, and extensive subsurface
data collection, along with enhanced visualization techniques over
hen).
the past three decades, have improved our understanding of these
depositional systems (Pirmez et al., 2000; Abreu et al., 2003;
Samuel et al., 2003; Mayall et al., 2006; Deptuck et al., 2007;
Kolla et al., 2007; Sylvester et al., 2011). Building accurate 3-D
models of submarine channel strata for use in paleoenvironment
interpretation and reservoir modeling is difficult as a result of
incomplete datasets. For example, outcrops offer high-resolution
perspectives of stratigraphy, but exposures are inherently discon-
tinuous as a result of larger-scale geology (e.g., fold-thrust belt
segmentation) and cover (e.g., vegetation). Therefore, constraining
stratigraphic architecture of channelized sedimentary bodies
amongst outcrop locations commonly requires interpretations and
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assumptions about length-scales and geometries of distinct lith-
ofacies (e.g., Pyles et al., 2010; Pringle et al., 2010; Moody et al.,
2012; Macauley and Hubbard, 2013). Subsurface datasets are
more continuous, but are typically integrated across a range of
disconnected scales, from centimeter-scale core analysis to inter-
pretation of decameter-scale seismic reflection data (Abreu et al.,
2003; Posamentier and Kolla, 2003; Deptuck et al., 2003; De Ruig
and Hubbard, 2006; Cross et al., 2009). Constraining stratigraphic
architecture of reservoir bodies is difficult because features such as
individual slope channel fills commonly fall between the resolution
of core and seismic datasets.

Morphologic data from fluvial channels, such as meander
wavelength, sinuosity, and channel width-to-depth ratio, have
been compiled for decades (e.g., Leopold and Wolman, 1960; Brice,
1974; Hickin, 1974; Hickin and Nanson, 1975; Hudson and Kesel,
2000). Quantitative analyses of geometries in submarine channel
systems have been of more recent interest, emphasizing metrics
that were developed for analyzing fluvial systems (cf. Flood and
Damuth, 1987; Clark et al., 1992; Clark and Pickering, 1996; Kolla
et al., 2001, 2007; Wynn et al., 2007). These studies of submarine
channels, however, lack the detailed characterization of cross-
sectional channel morphologies and their relationship to channel
sinuosity. This important information provides constraints for
reconstructing the shape of channel bodies in the stratigraphic
record. The magnitude of cross-sectional asymmetry is presumed
to be proportional to the magnitude of sinuosity (e.g., Peakall et al.,
2000; Abreu et al., 2003; Deptuck et al., 2007). This relationship is
recognized based on composite channelforms described from
Fig. 1. Example of a sinuous deep-water slope channel from the Niger Delta Slope. (A) Se
(Modified from Jobe et al., 2015). (B) Seismic cross-section illustrating large composite asym
Cross-section location illustrated in Part A (Modified from Jobe et al., 2015).
stratigraphic data (Fig. 1; cf. Posamentier and Kolla, 2003; Dixon,
2003; Deptuck et al., 2003, 2007; Mayall et al., 2006; Pyles, 2008;
Jobe et al., 2015); however, it has not been statistically demon-
strated from morphologic information constrained by bathymetric
data.

In this study we derive mathematical relationships between
sinuous slope channel planform morphology and cross-sectional
geometry using high-resolution bathymetric data from the Lucia
Chica Channel System (LCCS), offshore central California. The re-
sults are used to condition channel body geometries between
disconnected outcrop exposures of slope strata in Chilean Patago-
nia (Cretaceous Tres Pasos Formation). This analysis will highlight
the implications of utilizing geomorphic surfaces in the interpre-
tation of the stratigraphic record and help shed light on formative
channel processes on the slope. The developed workflow can also
be applied in order to inform the shape and spatial relationships of
channel bodies in reservoir models constrained by limited well
penetrations and seismic data.
2. Sinuous deep-water channels

Submarine channels extend from the shelf edge to the deep-sea
along continental slopes, and are common to water depths from 1
to 4 km (cf. Deptuck et al., 2003; Gee et al., 2007;Wynn et al., 2007).
Many channels are represented by negative relief expressions on
the seafloor that are produced and later modified by sediment
density flow events (Mutti, 1977; Mutti and Normark, 1987). The
geomorphic features are typically a long-term conduit through
a-floor bathymetry map illustrating the sinuous nature of the modern slope channel
metrical channelforms that contain smaller (outcrop scale) asymmetrical channel fills.



A.P. Reimchen et al. / Marine and Petroleum Geology 77 (2016) 92e11594
which sediment is transported downslope (Wynn et al., 2007;
Hubbard et al., 2014). The negative relief can be generated and
maintained through mass wasting, erosional, or depositional pro-
cesses as a result of auto- and/or allogenic factors (Mutti and
Normark, 1987; Gee et al., 2006; Alves, 2010; Fildani et al., 2013;
Covault et al., 2014; Jobe et al., 2015). Cross-sectional asymmetry
in submarine channel fills has been described from numerous
outcrop (Campion et al., 2000; Sullivan et al., 2000; Lien et al.,
2003; Pyles et al., 2010) and seismic reflection studies (Abreu
et al., 2003; Deptuck et al., 2007; Kolla et al., 2007; Babonneau
et al., 2010). On the seafloor, asymmetrical channels are charac-
terized by a thalweg position that deviates from the centerline of
the channel, situated more proximal to one channel edge. In
contrast, symmetrical channels exhibit similar thalweg and chan-
nel centerline positions.

In planform, submarine channels typically display sinuous
morphology as they transect the slope (Fig. 1A) (e.g., Damuth and
Flood, 1984; Clark and Pickering, 1996; Babonneau et al., 2002;
Deptuck et al., 2003; Mayall et al., 2006; Kolla et al., 2012). Sinu-
osity is the ratio between the length along the channel axis to the
straight line distance between the two end points; therefore, a
sinuosity of 1.0 represents a straight segment and values over 1.0
reveal a deviation from straight into sinuous forms. Clark et al.
(1992) and Clark and Pickering (1996) suggest sinuosities greater
than approximately 1.15 define a sinuous channel, while Wynn
et al. (2007) propose a minimum average sinuosity of 1.2. For the
purposes of this study a three-fold classification scheme is pre-
sented, with straight channels defined by sinuosities between 1.0
and 1.05, low sinuosity channels between 1.05 and 1.2 and high
sinuosity channels greater than 1.2. These defined sinuosity
thresholds better characterize the measured sinuosities from sub-
marine channel systems in this study, and are comparable with
values used in previous analyses of submarine systems (cf. Clark
et al., 1992; Clark and Pickering, 1996; Posamentier and Kolla,
2003; Gee et al., 2007; Wynn et al., 2007; Janocko et al., 2013a).

Modern sinuous submarine channel systems have been docu-
mented globally, including the extensively studied Amazon (Flood
and Damuth, 1987; Pirmez and Flood, 1995; Pirmez and Imran,
2003), Mississippi (Kastens and Shor, 1986; Pickering et al., 1986),
Zaire/Congo (Savoye et al., 2000; Babonneau et al., 2002, 2010;
Ferry et al., 2005), Bengal (Hubscher et al., 1997; Schwenk et al.,
2003), Indus (Kolla and Coumes, 1987), and Rhone Fans (Droz and
Bellaiche, 1985; Torres et al., 1997). Ancient systems exhibit
similar sinuous planform expressions, mapped in 3-D seismic
reflection data (Kolla et al., 2001; Posamentier and Kolla, 2003;
Deptuck et al., 2003; Gee et al., 2007; Cross et al., 2009; Nakajima
et al., 2009; Catterall et al., 2010; Kolla et al., 2012), and outcrop
(Beaubouef et al., 2000; Pyles et al., 2010; Moody et al., 2012;
Hubbard et al., 2014).

3. Study area and dataset

This study focuses on a series of mid-slope channels informally
termed the Lucia Chica Channel System (LCCS) (cf. Maier et al., 2011,
2012, 2013; Fildani et al., 2013). Multibeam bathymetry offshore
central California shows the channel system bisecting the Sur
Pockmark Field in the structurally controlled Sur Basin (Fig. 2) (cf.
McCulloch, 1987; Paull et al., 2002; Greene et al., 2002). The LCCS is
located in water depths ranging from 950 to 1250 m, and is
composed of four channels formed through a series of avulsions,
with the most recent channel present in the north (Maier et al.,
2011). The channels converge downslope of the study area and
join the Lucia Canyon at ~1850 m water depth (cf. Maier et al.,
2012). For this study, approximately 70 km2 of bathymetry data
from an Autonomous Underwater Vehicle (AUV), with 1 m lateral
and 30 cm vertical resolution, was utilized to characterize channel
morphologies.
4. Methods

The bathymetric data were collected by the Monterey Bay
Aquarium Research Institute between 2007 and 2009 (refer to
Maier et al., 2011 for details of data acquisition and processing).
Channel edges and thalweg positions were mapped for three of the
channels in the LCCS (Fig. 2). The fourth channel in the northern
part of the study area represents the youngest phase of channeli-
zation (Maier et al., 2011) and is not considered in this analysis
since it is interpreted to represent an incomplete channel that did
not fully develop as a result of system shutoff during the Holocene
(cf. Maier et al., 2013). Prior to collecting morphologic data, channel
thalweg lines weremapped from the bathymetric surface using 3-D
visualization software (Fig. 3A). Georeferenced thalweg lines were
transformed to a reference origin (0, 0) and rotated until the two
inflection points were at the same Y2 value (Fig. 3BeD), allowing for
consistent analysis between all analyzed channel segments. Bend
apexes were subsequently delineated where the first derivative of
the rotated thalweg line equaled zero (Fig. 3D).

The cumulative arc lengths of each channel bend were calcu-
lated and the distances between the apex and two inflection points
upslope and downslope were determined. These distances were
then used to calculate the spacing of a series of cross-sections
(Fig. 2C, D). Across-channel, strike-orientated cross-sections were
taken at each bend apex and at 4 evenly spaced locations upslope
and downslope of the bend apex; therefore, each individual bend
includes 9 total cross-sections (Fig. 3E). For each bend, cross-
sections were grouped with respect to the position along the
channel bend (1e4 upslope, 5 apex, and 6e9 downslope). Once the
cross-section locations were determined, the bathymetric surface
was analyzed. Channel metrics determined include: (1) channel
width, (2) distance from the inner margin of a bend to thalweg, and
(3) relief from thalweg to channel edge. The degree of cross-
sectional asymmetry is described by the ratio between the dis-
tance from the inner bend margin to the thalweg versus the entire
channel width (1), where Ay is the calculated asymmetry, Dt is the
distance to the thalweg from the innermargin, andw is the channel
width.

Ay ¼ Dt=w (1)

This dimensionless number quantifies the degree of cross-
sectional asymmetry and can indicate the position of the thalweg
from the inner marginwith a known channel width. The calculated
asymmetry values were then tabulated (Table 1) for each individual
bend and analyzed based on distance from bend apexes.

Distances of cross-sections from the bend apex are normalized
for the direct comparison of channel bends with differing arc
lengths. The distances were normalized by dividing the arc length
of the segment from the bend apex to the analyzed cross-section
location by the cumulative arc length of the entire bend. This
normalized distance value is negative for upslope positions and
positive for downslope positions. In addition to asymmetry values,
sinuosities were calculated for each analyzed bend. In total, 34
channel bends were analyzed and 306 cross-sections measured
(Table 1). Of the 34 analyzed bends, 7 were manually removed as a
result of: atypical thalweg pathways generated through multiple
phases of channelization (CH1-B1, CH1-B3); poorly defined thal-
wegs within the most upslope segments of each channel (CH2-B1,
CH3-B1, CH3-B2, CH3-B3); and acquisition artifacts within the
bathymetric dataset (CH3-B12). The analyzed 27 bends were sub-
sequently transformed and rotated to determine bend apexes



Fig. 2. (A) Study area location offshore central California (Map data: Google, CSUMB SFML, CA OPC, MBARI). White box denotes the location of the Lucia Chica Channel System
illustrated in Part B. (B) Autonomous underwater vehicle (AUV) multibeam bathymetric data. Dashed black boxes denote zoomed in areas in Parts C and D. (C, D) Zoomed in sea-
floor images of the 3 analyzed channels. In total 34 channel bends were analyzed with 306 cross-sections measured.
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(Fig. 4AeC).
5. Results

5.1. Sinuosity

Overall, the submarine channel system comprises segments
with sinuosities ranging from 1.0 to 3.0 (Table 1). Of the 27 total
analyzed bends, 6 channel segments (22%) are considered straight
with sinuosities from 1 to 1.05, 11 (41%) exhibit low sinuosities
ranging from 1.05 to 1.2, and 10 (37%) display high sinuosities
greater than 1.2 (Fig. 4D). The channels do not demonstrate
downslope sinuosity trends. Low and high sinuous channel bends
(sinuosities >1.05) are most dominant whereas straight channel
segments (sinuosities 1.0 to 1.05) are the least common.
5.2. Channel morphologies

LCCS submarine channels are concave upward, V- or U-shaped
in cross-section, and generally characterized by a slightly rugose to
smooth basal surface. The thalweg or axis of a channel can be
narrow (<5 m) or broad (50 m), with channel margins occasionally
characterized by terraces or steps. Channel widths in the LCCS
range from 100 to 500 m (average 195 m) with up to 20 m of relief,
and aspect-ratios ranging from 10 to 80 (average 23) (Table 1).

Three channel morphologies are classified based on the location
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of the thalweg with respect to the inner bend margin. The
measured geometries are herein referred to as normal asymmetric,
symmetric, and inverse asymmetric (Fig. 5). Normal asymmetrical
channels are the typical channel morphologies observed around
sinuous channel bends and have been described from numerous
stratigraphic datasets (Campion et al., 2000; Sullivan et al., 2000;
Babonneau et al., 2002; Deptuck et al., 2007). The calculated
asymmetry values for these forms are greater than 0.55, indicating



Table 1
Cross-sections and calculated channel morphometrics.

Group Bend Cross-section Arc length Distance from apex Normalized distance Channel width Distance to thalweg Asymmetry Incision Aspect-ratio Sinuosity

1* CH1-B1 C1-1 494 �260 �0.5 173 122 0.71 5.8 29.9 1.8
1 CH1-B2 C1-10 889 �470 �0.5 184 89 0.48 7.3 25.3 3.0
1* CH1-B3 C1-19 594 �310 �0.5 164 109 0.66 10.3 15.9 1.5
1 CH1-B4 C1-28 744 �359 �0.5 267 104 0.39 8.9 30.1 2.1
1 CH1-B5 C1-37 519 �255 �0.5 177 104 0.59 16.5 10.7 1.3
1 CH1-B6 C1-46 590 �275 �0.5 184 136 0.74 12.7 14.5 1.1
1 CH1-B7 C1-55 365 �175 �0.5 192 88 0.46 10.8 17.7 1.1
1 CH1-B8 C1-64 761 �406 �0.5 178 137 0.77 8.6 20.6 1.3
1 CH1-B9 C1-73 467 �230 �0.5 188 116 0.62 5.0 37.2 1.2
1* CH2-B1 C2-1 441 �235 �0.5 112 39 0.35 3.6 31.3 1.8
1 CH2-B2 C2-10 671 �330 �0.5 155 84 0.55 4.8 32.5 2.2
1 CH2-B3 C2-19 441 �190 �0.4 131 70 0.53 7.4 17.7 1.2
1 CH2-B4 C2-28 465 �207 �0.4 168 89 0.53 9.4 17.8 1.0
1* CH3-B1 C3-1 855 �410 �0.5 202 48 0.24 2.5 79.5 1.8
1* CH3-B2 C3-10 425 �195 �0.5 135 87 0.64 1.5 90.6 2.5
1* CH3-B3 C3-19 570 �290 �0.5 92 34 0.37 0.9 100.1 3.5
1 CH3-B4 C3-28 645 �330 �0.5 170 100 0.59 7.0 24.2 2.1
1 CH3-B5 C3-37 370 �185 �0.5 181 92 0.51 10.1 18.0 1.7
1 CH3-B6 C3-46 405 �190 �0.5 143 68 0.48 11.1 12.8 1.1
1 CH3-B7 C3-55 985 �500 �0.5 183 127 0.70 5.4 34.0 1.1
1 CH3-B8 C3-64 845 �400 �0.5 193 112 0.58 5.1 37.4 1.6
1 CH3-B9 C3-73 425 �225 �0.5 213 91 0.43 7.2 29.4 1.5
1 CH3-B10 C3-82 360 �170 �0.5 199 108 0.54 6.2 32.1 1.1
1 CH3-B11 C3-91 475 �230 �0.5 158 91 0.57 7.1 22.4 1.1
1* CH3-B12 C3-100 260 �110 �0.4 202 66 0.32 11.6 17.5 1.1
1 CH3-B13 C3-109 355 �180 �0.5 172 94 0.55 14.9 11.5 1.1
1 CH3-B14 C3-118 210 �95 �0.5 177 91 0.51 14.2 12.5 1.0
1 CH3-B15 C3-127 560 �275 �0.5 188 100 0.53 12.0 15.7 1.1
1 CH3-B16 C3-136 250 �125 �0.5 206 117 0.57 15.6 13.2 1.0
1 CH3-B17 C3-145 570 �260 �0.5 191 95 0.50 15.4 12.4 1.1
1 CH3-B18 C3-154 945 �525 �0.6 204 132 0.65 6.8 29.9 1.7
1 CH3-B19 C3-163 619 �275 �0.4 212 127 0.60 18.4 11.5 1.0
1 CH3-B20 C3-172 459 �204 �0.4 175 113 0.64 8.3 21.0 1.0
1 CH3-B21 C3-181 339 �151 �0.4 103 46 0.45 3.1 33.1 1.0
2* CH1-B1 C1-2 494 �195 �0.4 198 145 0.73 6.1 32.7 1.8
2 CH1-B2 C1-11 889 �352 �0.4 183 146 0.80 11.0 16.6 3.0
2* CH1-B3 C1-20 594 �232 �0.4 161 102 0.64 10.1 16.0 1.5
2 CH1-B4 C1-29 744 �270 �0.4 322 281 0.87 9.3 34.7 2.1
2 CH1-B5 C1-38 519 �191 �0.4 188 124 0.66 14.7 12.8 1.3
2 CH1-B6 C1-47 590 �206 �0.3 211 168 0.80 12.1 17.4 1.1
2 CH1-B7 C1-56 365 �131 �0.4 183 104 0.57 11.4 16.1 1.1
2 CH1-B8 C1-65 761 �305 �0.4 197 152 0.77 7.4 26.6 1.3
2 CH1-B9 C1-74 467 �173 �0.4 217 162 0.75 5.7 38.3 1.2
2* CH2-B1 C2-2 441 �176 �0.4 124 34 0.27 3.4 37.0 1.8
2 CH2-B2 C2-11 671 �248 �0.4 145 98 0.68 5.8 24.9 2.2
2 CH2-B3 C2-20 441 �143 �0.3 139 84 0.61 11.1 12.6 1.2
2 CH2-B4 C2-29 465 �155 �0.3 164 111 0.68 9.1 18.1 1.0
2* CH3-B1 C3-2 855 �308 �0.4 281 182 0.65 3.7 76.2 1.8
2* CH3-B2 C3-10 425 �146 �0.3 135 87 0.64 1.5 90.6 2.5
2* CH3-B3 C3-20 570 �217 �0.4 178 92 0.52 3.0 59.9 3.5
2 CH3-B4 C3-29 645 �247 �0.4 187 106 0.57 7.2 26.2 2.1
2 CH3-B5 C3-38 370 �139 �0.4 237 113 0.47 10.3 23.0 1.7
2 CH3-B6 C3-47 405 �143 �0.4 150 80 0.53 10.6 14.2 1.1
2 CH3-B7 C3-56 985 �375 �0.4 188 140 0.75 5.3 35.1 1.1
2 CH3-B8 C3-65 845 �300 �0.4 330 248 0.75 5.8 56.6 1.6
2 CH3-B9 C3-74 425 �169 �0.4 226 119 0.52 7.8 29.1 1.5
2 CH3-B10 C3-83 360 �128 �0.4 206 125 0.61 7.4 27.9 1.1
2 CH3-B11 C3-92 475 �173 �0.4 167 119 0.71 7.6 21.9 1.1
2* CH3-B12 C3-101 260 �82 �0.3 201 61 0.30 12.8 15.6 1.1
2 CH3-B13 C3-110 355 �135 �0.4 179 108 0.61 11.1 16.1 1.1
2 CH3-B14 C3-119 210 �71 �0.3 170 87 0.51 14.1 12.1 1.0
2 CH3-B15 C3-128 560 �206 �0.4 197 115 0.58 11.2 17.6 1.1
2 CH3-B16 C3-137 250 �94 �0.4 200 116 0.58 16.0 12.5 1.0
2 CH3-B17 C3-146 570 �195 �0.3 196 111 0.56 16.6 11.8 1.1
2 CH3-B18 C3-155 945 �394 �0.4 222 169 0.76 6.5 34.1 1.7
2 CH3-B19 C3-164 619 �206 �0.3 192 117 0.61 19.8 9.7 1.0
2 CH3-B20 C3-173 459 �153 �0.3 175 112 0.64 8.4 20.9 1.0
2 CH3-B21 C3-182 339 �113 �0.3 126 60 0.48 5.0 25.1 1.0
3* CH1-B1 C1-3 494 �130 �0.3 234 96 0.41 8.2 28.6 1.8
3 CH1-B2 C1-12 889 �235 �0.3 187 138 0.74 16.0 11.6 3.0
3* CH1-B3 C1-21 594 �155 �0.3 190 132 0.69 12.4 15.3 1.5
3 CH1-B4 C1-30 744 �180 �0.2 339 235 0.69 10.6 32.0 2.1
3 CH1-B5 C1-39 519 �127 �0.2 219 167 0.76 15.8 13.9 1.3

(continued on next page)
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Table 1 (continued )

Group Bend Cross-section Arc length Distance from apex Normalized distance Channel width Distance to thalweg Asymmetry Incision Aspect-ratio Sinuosity

3 CH1-B6 C1-48 590 �137 �0.2 230 184 0.80 12.7 18.1 1.1
3 CH1-B7 C1-57 365 �87 �0.2 180 114 0.63 11.5 15.6 1.1
3 CH1-B8 C1-66 761 �203 �0.3 244 211 0.86 9.0 27.0 1.3
3 CH1-B9 C1-75 467 �115 �0.2 238 199 0.84 6.2 38.5 1.2
3* CH2-B1 C2-3 441 �118 �0.3 121 34 0.28 3.1 38.8 1.8
3 CH2-B2 C2-12 671 �165 �0.2 144 108 0.75 9.0 15.9 2.2
3 CH2-B3 C2-21 441 �95 �0.2 154 93 0.60 12.7 12.2 1.2
3 CH2-B4 C2-30 465 �103 �0.2 153 102 0.67 9.0 17.0 1.0
3* CH3-B1 C3-3 855 �205 �0.2 274 206 0.75 3.7 73.5 1.8
3* CH3-B2 C3-12 425 �97 �0.2 152 76 0.50 1.1 136.6 2.5
3* CH3-B3 C3-21 570 �145 �0.3 178 127 0.72 4.5 39.3 3.5
3 CH3-B4 C3-30 645 �165 �0.3 202 128 0.64 7.3 27.5 2.1
3 CH3-B5 C3-39 370 �92 �0.2 238 131 0.55 10.4 22.8 1.7
3 CH3-B6 C3-48 405 �95 �0.2 156 88 0.56 12.1 12.9 1.1
3 CH3-B7 C3-57 985 �250 �0.3 219 170 0.78 4.9 44.5 1.1
3 CH3-B8 C3-66 845 �200 �0.2 388 322 0.83 5.5 70.2 1.6
3 CH3-B9 C3-75 425 �112 �0.3 230 125 0.54 9.7 23.7 1.5
3 CH3-B10 C3-84 360 �85 �0.2 206 130 0.63 6.8 30.1 1.1
3 CH3-B11 C3-93 475 �115 �0.2 178 121 0.68 7.0 25.3 1.1
3* CH3-B12 C3-102 260 �55 �0.2 181 67 0.37 13.4 13.5 1.1
3 CH3-B13 C3-111 355 �90 �0.3 181 115 0.64 14.3 12.7 1.1
3 CH3-B14 C3-120 210 �48 �0.2 162 82 0.50 14.0 11.6 1.0
3 CH3-B15 C3-129 560 �138 �0.2 199 136 0.68 10.4 19.2 1.1
3 CH3-B16 C3-138 250 �63 �0.3 194 122 0.63 16.7 11.6 1.0
3 CH3-B17 C3-147 570 �130 �0.2 193 120 0.62 15.2 12.7 1.1
3 CH3-B18 C3-156 945 �263 �0.3 235 185 0.79 6.1 38.8 1.7
3 CH3-B19 C3-165 619 �137 �0.2 189 81 0.43 19.4 9.7 1.0
3 CH3-B20 C3-174 459 �102 �0.2 178 116 0.65 11.1 16.0 1.0
3 CH3-B21 C3-183 339 �75 �0.2 133 73 0.55 5.0 26.9 1.0
4* CH1-B1 C1-4 494 �65 �0.1 254 70 0.27 9.1 27.9 1.8
4 CH1-B2 C1-13 889 �117 �0.1 195 138 0.71 17.3 11.3 3.0
4* CH1-B3 C1-22 594 �77 �0.1 215 144 0.67 13.1 16.3 1.5
4 CH1-B4 C1-31 744 �90 �0.1 333 272 0.82 11.6 28.6 2.1
4 CH1-B5 C1-40 519 �64 �0.1 243 187 0.77 15.8 15.4 1.3
4 CH1-B6 C1-49 590 �69 �0.1 241 197 0.82 13.2 18.2 1.1
4 CH1-B7 C1-58 365 �44 �0.1 185 130 0.71 12.9 14.3 1.1
4 CH1-B8 C1-67 761 �102 �0.1 268 235 0.88 6.2 43.1 1.3
4 CH1-B9 C1-76 467 �58 �0.1 250 214 0.86 6.7 37.0 1.2
4* CH2-B1 C2-4 441 �59 �0.1 123 71 0.58 3.6 34.6 1.8
4 CH2-B2 C2-13 671 �83 �0.1 152 114 0.75 8.7 17.4 2.2
4 CH2-B3 C2-22 441 �48 �0.1 168 103 0.61 12.6 13.3 1.2
4 CH2-B4 C2-31 465 �52 �0.1 143 98 0.69 8.3 17.1 1.0
4* CH3-B1 C3-4 855 �103 �0.1 266 226 0.85 4.3 61.4 1.8
4* CH3-B2 C3-13 425 �49 �0.1 168 35 0.21 1.0 160.6 2.5
4* CH3-B3 C3-22 570 �72 �0.1 207 152 0.73 4.7 44.2 3.5
4 CH3-B4 C3-31 645 �82 �0.1 224 147 0.66 7.7 28.9 2.1
4 CH3-B5 C3-40 370 �46 �0.1 223 150 0.67 11.4 19.5 1.7
4 CH3-B6 C3-49 405 �48 �0.1 156 99 0.64 12.2 12.7 1.1
4 CH3-B7 C3-58 985 �125 �0.1 253 181 0.72 5.5 45.7 1.1
4 CH3-B8 C3-67 845 �100 �0.1 461 396 0.86 7.3 63.4 1.6
4 CH3-B9 C3-76 425 �56 �0.1 253 146 0.58 11.1 22.8 1.5
4 CH3-B10 C3-85 360 �43 �0.1 216 148 0.69 7.7 28.1 1.1
4 CH3-B11 C3-94 475 �58 �0.1 202 150 0.74 8.0 25.2 1.1
4* CH3-B12 C3-103 260 �27 �0.1 156 77 0.49 15.3 10.2 1.1
4 CH3-B13 C3-112 355 �45 �0.1 185 112 0.61 15.9 11.6 1.1
4 CH3-B14 C3-121 210 �24 �0.1 153 78 0.51 13.7 11.1 1.0
4 CH3-B15 C3-130 560 �69 �0.1 206 144 0.70 9.6 21.3 1.1
4 CH3-B16 C3-139 250 �31 �0.1 186 120 0.65 17.7 10.5 1.0
4 CH3-B17 C3-148 570 �65 �0.1 177 111 0.63 12.4 14.3 1.1
4 CH3-B18 C3-157 945 �131 �0.1 250 206 0.82 5.5 45.8 1.7
4 CH3-B19 C3-166 619 �69 �0.1 181 76 0.42 17.4 10.4 1.0
4 CH3-B20 C3-175 459 �51 �0.1 169 108 0.64 10.1 16.8 1.0
4 CH3-B21 C3-184 339 �38 �0.1 137 82 0.60 6.6 20.8 1.0
4* CH1-B1 C1-5 494 0 0.0 257 135 0.53 7.9 32.4 1.8
5 CH1-B2 C1-14 889 0 0.0 208 163 0.78 16.8 12.4 3.0
5* CH1-B3 C1-23 594 0 0.0 229 153 0.67 12.9 17.7 1.5
5 CH1-B4 C1-32 744 0 0.0 328 276 0.84 14.5 22.7 2.1
5 CH1-B5 C1-41 519 0 0.0 240 189 0.79 15.3 15.7 1.3
5 CH1-B6 C1-50 590 0 0.0 246 200 0.81 14.7 16.8 1.1
5 CH1-B7 C1-59 365 0 0.0 175 134 0.77 13.8 12.6 1.1
5 CH1-B8 C1-68 761 0 0.0 266 218 0.82 3.8 69.3 1.3
5 CH1-B9 C1-77 467 0 0.0 262 223 0.85 6.8 38.4 1.2
5* CH2-B1 C2-5 441 0 0.0 130 96 0.74 3.4 38.4 1.8
5 CH2-B2 C2-14 671 0 0.0 120 86 0.71 6.6 18.3 2.2
5 CH2-B3 C2-23 441 0 0.0 168 110 0.65 13.6 12.3 1.2
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Table 1 (continued )

Group Bend Cross-section Arc length Distance from apex Normalized distance Channel width Distance to thalweg Asymmetry Incision Aspect-ratio Sinuosity

5 CH2-B4 C2-32 465 0 0.0 143 99 0.69 7.3 19.7 1.0
5* CH3-B1 C3-5 855 0 0.0 243 212 0.87 3.0 80.1 1.8
5* CH3-B2 C3-15 425 0 0.0 33 14 0.42 0.4 80.9 2.5
5* CH3-B3 C3-23 570 0 0.0 208 168 0.81 3.0 68.1 3.5
5 CH3-B4 C3-32 645 0 0.0 228 170 0.75 6.5 35.1 2.1
5 CH3-B5 C3-41 370 0 0.0 197 146 0.74 11.1 17.8 1.7
5 CH3-B6 C3-50 405 0 0.0 170 112 0.66 11.9 14.3 1.1
5 CH3-B7 C3-59 985 0 0.0 246 194 0.79 6.2 39.7 1.1
5 CH3-B8 C3-68 845 0 0.0 513 427 0.83 6.0 85.8 1.6
5 CH3-B9 C3-77 425 0 0.0 214 164 0.77 10.2 21.1 1.5
5 CH3-B10 C3-86 360 0 0.0 214 161 0.75 8.5 25.3 1.1
5 CH3-B11 C3-95 475 0 0.0 210 152 0.72 12.9 16.2 1.1
5* CH3-B12 C3-104 260 0 0.0 143 79 0.55 16.0 8.9 1.1
5 CH3-B13 C3-113 355 0 0.0 175 104 0.59 16.0 10.9 1.1
5 CH3-B14 C3-122 210 0 0.0 148 71 0.48 13.3 11.1 1.0
5 CH3-B15 C3-131 560 0 0.0 207 146 0.71 13.6 15.2 1.1
5 CH3-B16 C3-140 250 0 0.0 183 114 0.62 18.3 10.0 1.0
5 CH3-B17 C3-149 570 0 0.0 157 104 0.66 12.1 13.0 1.1
5 CH3-B18 C3-158 945 0 0.0 236 195 0.83 6.5 36.6 1.7
5 CH3-B19 C3-167 619 0 0.0 211 101 0.48 16.1 13.1 1.0
5 CH3-B20 C3-176 459 0 0.0 165 101 0.61 9.8 16.8 1.0
5 CH3-B21 C3-185 339 0 0.0 140 85 0.61 8.1 17.2 1.0
6* CH1-B1 C1-6 494 59 0.1 252 164 0.65 7.2 35.0 1.8
6 CH1-B2 C1-15 889 105 0.1 201 146 0.73 13.6 14.7 3.0
6* CH1-B3 C1-24 594 71 0.1 260 125 0.48 12.9 20.2 1.5
6 CH1-B4 C1-33 744 96 0.1 214 169 0.79 13.4 16.0 2.1
6 CH1-B5 C1-42 519 66 0.1 230 178 0.77 15.9 14.5 1.3
6 CH1-B6 C1-51 590 79 0.1 237 195 0.82 14.1 16.7 1.1
6 CH1-B7 C1-60 365 47 0.1 161 121 0.76 14.4 11.2 1.1
6 CH1-B8 C1-69 761 89 0.1 200 159 0.80 3.4 59.6 1.3
6 CH1-B9 C1-78 467 59 0.1 268 227 0.85 6.6 40.8 1.2
6* CH2-B1 C2-6 441 51 0.1 138 96 0.70 3.0 45.8 1.8
6 CH2-B2 C2-15 671 85 0.1 103 75 0.72 5.3 19.4 2.2
6 CH2-B3 C2-24 441 63 0.1 158 107 0.68 12.5 12.6 1.2
6 CH2-B4 C2-33 465 52 0.1 141 96 0.68 7.0 20.2 1.0
6* CH3-B1 C3-6 855 111 0.1 197 168 0.85 2.4 83.4 1.8
6* CH3-B2 C3-16 425 57 0.1 29 17 0.58 0.2 134.6 2.5
6* CH3-B3 C3-24 570 70 0.1 102 59 0.58 1.3 81.0 3.5
6 CH3-B4 C3-33 645 79 0.1 207 169 0.81 4.9 42.2 2.1
6 CH3-B5 C3-42 370 46 0.1 186 129 0.69 9.8 19.1 1.7
6 CH3-B6 C3-51 405 54 0.1 173 110 0.64 10.3 16.8 1.1
6 CH3-B7 C3-60 985 121 0.1 190 146 0.77 5.6 33.7 1.1
6 CH3-B8 C3-69 845 111 0.1 451 411 0.91 3.8 118.1 1.6
6 CH3-B9 C3-78 425 50 0.1 212 169 0.79 8.9 23.8 1.5
6 CH3-B10 C3-87 360 48 0.1 198 158 0.80 9.8 20.2 1.1
6 CH3-B11 C3-96 475 61 0.1 183 122 0.66 12.6 14.5 1.1
6* CH3-B12 C3-105 260 38 0.1 132 74 0.56 16.1 8.2 1.1
6 CH3-B13 C3-114 355 44 0.1 170 95 0.56 16.7 10.2 1.1
6 CH3-B14 C3-123 210 29 0.1 157 73 0.47 12.9 12.2 1.0
6 CH3-B15 C3-132 560 71 0.1 192 118 0.62 13.0 14.8 1.1
6 CH3-B16 C3-141 250 31 0.1 170 102 0.60 17.4 9.7 1.0
6 CH3-B17 C3-150 570 78 0.1 152 97 0.64 11.0 13.8 1.1
6 CH3-B18 C3-159 945 105 0.1 230 150 0.65 6.6 34.9 1.7
6 CH3-B19 C3-168 619 69 0.1 223 117 0.52 13.8 16.2 1.0
6 CH3-B20 C3-177 459 51 0.1 173 109 0.63 9.3 18.7 1.0
6 CH3-B21 C3-186 339 38 0.1 146 91 0.62 7.5 19.4 1.0
7* CH1-B1 C1-7 494 117 0.2 203 146 0.72 7.7 26.3 1.8
7 CH1-B2 C1-16 889 210 0.2 207 105 0.51 12.1 17.1 3.0
7* CH1-B3 C1-25 594 142 0.2 261 95 0.36 11.8 22.2 1.5
7 CH1-B4 C1-34 744 192 0.3 181 139 0.77 12.3 14.7 2.1
7 CH1-B5 C1-43 519 132 0.3 216 166 0.77 15.4 14.0 1.3
7 CH1-B6 C1-52 590 157 0.3 225 177 0.78 12.6 17.9 1.1
7 CH1-B7 C1-61 365 95 0.3 146 105 0.72 14.3 10.2 1.1
7 CH1-B8 C1-70 761 178 0.2 255 214 0.84 4.8 53.1 1.3
7 CH1-B9 C1-79 467 118 0.3 268 227 0.85 6.7 40.3 1.2
7* CH2-B1 C2-7 441 103 0.2 133 90 0.68 3.2 41.1 1.8
7 CH2-B2 C2-16 671 170 0.3 105 72 0.68 5.3 19.7 2.2
7 CH2-B3 C2-25 441 125 0.3 158 103 0.65 10.6 14.9 1.2
7 CH2-B4 C2-34 465 103 0.2 136 87 0.64 6.4 21.3 1.0
7* CH3-B1 C3-7 855 223 0.3 80 56 0.69 1.7 46.2 1.8
7* CH3-B2 C3-16 425 115 0.3 29 17 0.58 0.2 134.6 2.5
7* CH3-B3 C3-25 570 140 0.2 55 24 0.44 0.5 105.0 3.5
7 CH3-B4 C3-34 645 157 0.2 175 124 0.71 4.6 38.2 2.1
7 CH3-B5 C3-43 370 92 0.2 167 109 0.65 9.4 17.9 1.7

(continued on next page)
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Table 1 (continued )

Group Bend Cross-section Arc length Distance from apex Normalized distance Channel width Distance to thalweg Asymmetry Incision Aspect-ratio Sinuosity

7 CH3-B6 C3-52 405 108 0.3 173 113 0.65 8.8 19.7 1.1
7 CH3-B7 C3-61 985 243 0.2 179 140 0.78 4.3 41.7 1.1
7 CH3-B8 C3-70 845 223 0.3 136 96 0.71 5.4 24.9 1.6
7 CH3-B9 C3-79 425 100 0.2 201 153 0.76 6.8 29.4 1.5
7 CH3-B10 C3-88 360 95 0.3 172 128 0.75 9.3 18.5 1.1
7 CH3-B11 C3-97 475 123 0.3 183 114 0.62 12.3 14.9 1.1
7* CH3-B12 C3-106 260 75 0.3 131 67 0.51 16.3 8.1 1.1
7 CH3-B13 C3-115 355 88 0.2 176 97 0.55 16.6 10.6 1.1
7 CH3-B14 C3-124 210 58 0.3 165 73 0.44 13.2 12.5 1.0
7 CH3-B15 C3-133 560 143 0.3 174 88 0.51 15.4 11.3 1.1
7 CH3-B16 C3-142 250 63 0.3 162 85 0.53 16.7 9.7 1.0
7 CH3-B17 C3-151 570 155 0.3 167 80 0.48 10.4 16.2 1.1
7 CH3-B18 C3-160 945 210 0.2 260 209 0.80 7.7 33.6 1.7
7 CH3-B19 C3-169 619 137 0.2 224 127 0.57 13.0 17.2 1.0
7 CH3-B20 C3-178 459 102 0.2 186 105 0.56 8.4 22.2 1.0
7 CH3-B21 C3-187 339 75 0.2 156 98 0.62 7.9 19.9 1.0
8* CH1-B1 C1-8 494 176 0.4 194 138 0.72 7.5 25.9 1.8
8 CH1-B2 C1-17 889 314 0.4 153 98 0.64 12.8 12.0 3.0
8* CH1-B3 C1-26 594 213 0.4 244 177 0.73 12.2 20.0 1.5
8 CH1-B4 C1-35 744 288 0.4 183 140 0.76 12.9 14.2 2.1
8 CH1-B5 C1-44 519 199 0.4 195 147 0.76 14.8 13.1 1.3
8 CH1-B6 C1-53 590 236 0.4 219 164 0.75 11.7 18.7 1.1
8 CH1-B7 C1-62 365 142 0.4 141 98 0.69 13.7 10.3 1.1
8 CH1-B8 C1-71 761 266 0.3 216 173 0.80 6.0 36.1 1.3
8 CH1-B9 C1-80 467 177 0.4 260 222 0.85 6.3 41.6 1.2
8* CH2-B1 C2-8 441 154 0.3 143 88 0.62 3.6 39.1 1.8
8 CH2-B2 C2-17 671 255 0.4 116 73 0.63 5.3 22.0 2.2
8 CH2-B3 C2-26 441 188 0.4 163 108 0.66 9.8 16.6 1.2
8 CH2-B4 C2-35 465 155 0.3 145 87 0.60 5.8 25.0 1.0
8* CH3-B1 C3-8 855 334 0.4 78 60 0.77 0.4 192.4 1.8
8* CH3-B2 C3-17 425 172 0.4 44 27 0.61 0.4 120.4 2.5
8* CH3-B3 C3-26 570 210 0.4 74 49 0.66 1.7 45.0 3.5
8 CH3-B4 C3-35 645 236 0.4 135 84 0.62 9.1 14.8 2.1
8 CH3-B5 C3-44 370 139 0.4 146 82 0.56 9.4 15.6 1.7
8 CH3-B6 C3-53 405 161 0.4 176 81 0.46 9.1 19.5 1.1
8 CH3-B7 C3-62 985 364 0.4 215 144 0.67 3.7 58.7 1.1
8 CH3-B8 C3-71 845 334 0.4 162 103 0.63 7.3 22.3 1.6
8 CH3-B9 C3-80 425 150 0.4 179 128 0.72 6.1 29.2 1.5
8 CH3-B10 C3-89 360 143 0.4 156 106 0.68 7.7 20.2 1.1
8 CH3-B11 C3-98 475 184 0.4 177 89 0.50 12.0 14.8 1.1
8* CH3-B12 C3-107 260 113 0.4 131 64 0.49 15.5 8.5 1.1
8 CH3-B13 C3-116 355 131 0.4 181 93 0.51 15.7 11.5 1.1
8 CH3-B14 C3-125 210 86 0.4 175 77 0.44 13.0 13.5 1.0
8 CH3-B15 C3-134 560 214 0.4 202 99 0.49 16.6 12.2 1.1
8 CH3-B16 C3-143 250 94 0.4 159 78 0.49 16.4 9.7 1.0
8 CH3-B17 C3-152 570 233 0.4 193 82 0.43 8.9 21.7 1.1
8 CH3-B18 C3-161 945 315 0.3 252 187 0.74 8.0 31.6 1.7
8 CH3-B19 C3-170 619 206 0.3 233 152 0.65 12.7 18.3 1.0
8 CH3-B20 C3-179 459 153 0.3 185 119 0.64 9.3 19.9 1.0
8 CH3-B21 C3-188 339 113 0.3 162 102 0.63 7.3 22.3 1.0
9* CH1-B1 C1-9 494 234 0.5 194 138 0.71 7.5 25.8 1.8
9 CH1-B2 C1-18 889 419 0.5 157 80 0.51 11.0 14.3 3.0
9* CH1-B3 C1-27 594 284 0.5 261 206 0.79 9.5 27.4 1.5
9 CH1-B4 C1-36 744 385 0.5 170 83 0.49 15.9 10.7 2.1
9 CH1-B5 C1-45 519 265 0.5 183 137 0.75 12.7 14.4 1.3
9 CH1-B6 C1-54 590 315 0.5 197 148 0.75 11.1 17.8 1.1
9 CH1-B7 C1-63 365 190 0.5 151 84 0.56 12.3 12.3 1.1
9 CH1-B8 C1-72 761 355 0.5 196 124 0.63 4.7 41.5 1.3
9 CH1-B9 C1-81 467 236 0.5 247 166 0.67 6.7 37.1 1.2
9* CH2-B1 C2-9 441 205 0.5 154 77 0.50 4.4 35.0 1.8
9 CH2-B2 C2-18 671 340 0.5 124 66 0.53 6.5 19.0 2.2
9 CH2-B3 C2-27 441 250 0.6 173 98 0.56 9.5 18.3 1.2
9 CH2-B4 C2-36 465 207 0.4 169 82 0.49 4.6 36.9 1.0
9* CH3-B1 C3-9 855 445 0.5 134 87 0.65 1.4 97.0 1.8
9* CH3-B2 C3-18 425 230 0.5 87 55 0.63 0.9 101.6 2.5
9* CH3-B3 C3-27 570 280 0.5 86 47 0.54 2.0 43.4 3.5
9 CH3-B4 C3-36 645 315 0.5 145 59 0.41 9.5 15.3 2.1
9 CH3-B5 C3-45 370 185 0.5 143 68 0.48 11.1 12.9 1.7
9 CH3-B6 C3-54 405 215 0.5 176 64 0.36 8.1 21.8 1.1
9 CH3-B7 C3-63 985 485 0.5 192 84 0.44 3.1 61.1 1.1
9 CH3-B8 C3-72 845 445 0.5 207 117 0.57 6.9 30.0 1.6
9 CH3-B9 C3-81 425 200 0.5 195 105 0.54 6.0 32.3 1.5
9 CH3-B10 C3-90 360 190 0.5 157 103 0.65 6.9 22.8 1.1
9 CH3-B11 C3-99 475 245 0.5 175 88 0.50 12.4 14.1 1.1
9* CH3-B12 C3-108 260 150 0.6 131 66 0.50 14.9 8.8 1.1
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Group Bend Cross-section Arc length Distance from apex Normalized distance Channel width Distance to thalweg Asymmetry Incision Aspect-ratio Sinuosity

9 CH3-B13 C3-117 355 175 0.5 180 87 0.49 14.5 12.4 1.1
9 CH3-B14 C3-126 210 115 0.5 179 74 0.41 10.3 17.4 1.0
9 CH3-B15 C3-135 560 285 0.5 212 95 0.45 15.2 14.0 1.1
9 CH3-B16 C3-144 250 125 0.5 179 64 0.36 16.4 10.9 1.0
9 CH3-B17 C3-153 570 310 0.5 199 100 0.50 7.5 26.4 1.1
9 CH3-B18 C3-162 945 420 0.4 220 126 0.57 9.3 23.7 1.7
9 CH3-B19 C3-171 619 275 0.4 261 168 0.64 9.8 26.6 1.0
9 CH3-B20 C3-180 459 204 0.4 188 126 0.67 8.9 21.0 1.0
9 CH3-B21 C3-189 339 151 0.4 168 102 0.60 7.2 23.5 1.0

*Removed cross-sections.

Fig. 4. Translated and rotated channel segments of (A) straight, (B) low, and (C) high sinuous bends for this analysis. (D) Cumulative pie graph illustrating the breakdown of bend
sinuosities. The LCCS is a sinuous channel system with the majority of channel bends greater than 1.05. (E) Bathymetric image of the 3 analyzed channels and the individual bends
within this study. See Table 1 for all the measured morphometric and sinuosity data.
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the thalweg is skewed toward the outer bend margin (Fig. 5A).
Symmetrical channels exhibit asymmetry values of 0.5, indicating
the thalweg is aligned with the centerline of the channel (Fig. 5B).
We classify any channel with asymmetry values between 0.45 and
0.55 as symmetric. Inverse asymmetrical channels exhibit thalweg
positions skewed toward the inner bend margin, and are charac-
terized by asymmetry values less than 0.45 (Fig. 5C). Of the 243
analyzed cross-sections, 185 sections (76%) are normal asymmet-
rical (ranging from 0.55 to 0.91, average 0.70), 45 (19%) are sym-
metrical and 13 (5%) are weakly inverse asymmetrical (ranging
from 0.36 to 0.45, average 0.42).
5.3. Cross-sectional asymmetry distributions

Overall, straight channel segments display a unimodal and
slightly negatively skewed distribution of cross-sectional asym-
metry values (Fig. 6A). The population exhibits a mean asymmetry
value of 0.57, with 74% of the cross-sectional asymmetries between
0.45 and 0.65. Low sinuosity channel bends exhibit a unimodal
normal distribution, with a mean asymmetry value of 0.65 and 75%
of data contained between 0.55 and 0.85 (Fig. 6B). High sinuosity
channel bends display a unimodal distribution that is more nega-
tively skewed as compared to the straight channel segment pop-
ulation (Fig. 6C). The population exhibits a mean asymmetry value
of 0.69, with 77% of the data contained within the interval ranging
from 0.55 to 0.85. Overall, mean/median asymmetry values pro-
gressively increase with each increasing sinuosity population, with
more asymmetrical channel cross-sections associated with higher
sinuosity channel bend populations.
5.4. Channel bend morphometric characterization

Straight channel segments (sinuosities 1.0e1.05) constitute 54
of the 243 analyzed cross-sections (22%). Collectively, channel
cross-section asymmetry ranges from 0.36 to 0.69 (Fig. 7A). Cross-
sectional asymmetry exhibits a maximum mean value (0.59)
slightly downslope of the middle of the segment (population 6).
This maximum mean asymmetry value is significantly lower than
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the values measured at more sinuous channel bends. In addition,
straight channel segments exhibit the smallest relative change in
mean asymmetry values from the two inflection points to the bend
apex. From the most upslope position to the apex, the change in
mean asymmetry values is 0.03. Conversely, the change in mean
asymmetry values from the apex to the most downslope position is
0.05.

Low sinuosity channel bends (sinuosities 1.05e1.2) make up 99
of the 243 analyzed cross-sections (41%). Channel cross-sections
are the closest to symmetrical at the inflection points, with mean
asymmetry values of 0.57 and 0.54 (populations 1 and 9; Fig. 7B).
Altogether, cross-sectional asymmetry is at a maximum (mean
0.72) at the bend apex (population 5); with a change in mean
asymmetry from the upslope inflection position to the apex of 0.15,
and from the apex to the downslope position of 0.18.

High sinuosity channel bends (sinuosities >1.2) constitute 90 of
the 243 analyzed cross-sections (37%). Channel cross-sections are
symmetrical at the two inflection positions, with mean asymmetry
values measuring 0.55 (populations 1 and 9; Fig. 7B). Cross-
sectional asymmetry values are at a maximum (mean 0.79) at the
bend apex position (population 5). Overall, this population exhibits
the greatest magnitude of change in asymmetry values from
interbend inflection points to the apex; from the upslope position
to the apex the change is 0.23, and from the apex to the downslope
position it is 0.24.

Altogether, straight channel segments exhibit the most sym-
metrical cross-sectional morphologies, with higher asymmetry
values occurring in more sinuous channel bend populations. Low
and high sinuosity channel bends exhibit comparable overall
trends, with the most symmetrical channel cross-sections present
at inflection points and maximum asymmetry values at bend
apexes. Although rigorous comparison has not been made, cross-
sectional asymmetry value distributions around a bend appear
similar to what is observed in fluvial channels, with symmetrical
channel morphologies only occurring at the inflection points
(Leopold and Wolman, 1960; Knighton, 1981, 1982; Milne, 1983).
5.5. Quantitative channel asymmetry relationship

Calculated channel asymmetries are directly related to
normalized distances away from bend apexes in a series of scatter
plots (Fig. 7DeF). Negative normalized distances represent cross-
sections upslope of the bend apex, where positive values indicate
downslope positions. In all the analyzed channel bend populations,
maximum asymmetry values are associated with the bend apex
(normalized distance¼ 0), with values decreasing to approximately
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0.5 at the distal end positions away from the apex.
Second-degree polynomial best-fit lines capture the overall

convex upward trends for the data along straight channel segments
(Fig. 7D), low sinuosity channel bends (Fig. 7E), and high sinuosity
channel bends (Fig. 7F). These curves mathematically relate the
degree of channel asymmetry to the normalized distance away
from the bend apex, amongst populations defined by channel sin-
uosity. In these data, straight channel populations exhibit a very
slight convex upward trend with the highest data density associ-
ated with symmetrical channels (sinuosities 0.45e0.55). In addi-
tion, the polynomial curves capture the trend for both the low and
high sinuous channel populations, where the most asymmetrical
channel cross-sections correspond to the bend apex and symmet-
rical channel cross-sections at the inflection points between suc-
cessive channel bends. The heat maps in Fig. 7DeF illustrate the
variability of the cross-sectional asymmetry data for each sinuosity



Fig. 7. (AeC) Box-and-whisker plots based on the measured bend sinuosities, illustrating the minimum, lower quartile, median, upper quartile and maximum asymmetry values
measured at each cross-sectional group. Mean values for each group are demarcated by red diamonds. (DeF) Scatter plots, based on the measured bend sinuosities, relating
measured asymmetry values to the normalized distances away from the bed apex. Heatmaps illustrate the point density, and are overlain behind the scatter plots. Hot colors
demarcate areas with higher data density. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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population. Straight channel segments exhibit the least amount of
data spread, with the highest density of data occurring near the
upper symmetrical channel threshold (0.55). Low sinuous channel
bends exhibit the most asymmetry variability downslope of the
bend apex; conversely, high sinuous channel bends exhibit the
most spread in the data upslope of the bend apex. The derived
equations from the defined best-fit curves (Fig. 7DeF) can be uti-
lized to infer channel cross-sectional morphology, relative to bend
apexes, for stratigraphic models of deep-water slope deposits in
which gross planform shape is adequately defined (e.g., in 3-D
seismic time slices).
5.6. Cross-sectional asymmetry vs. planform sinuosity

Based on information from the stratigraphic record, it has been
shown that, in general, symmetrical channel cross-sections occur
within straighter channel segments (Pyles et al., 2010; Macauley
and Hubbard, 2013), which is consistent with the LCCS dataset
(Fig. 8). At the threshold between straight to low sinuosity channel
bends, cross-sectional asymmetries increase significantly, sug-
gesting any deviation from straight channel trajectories promotes
the development of asymmetrical channel morphologies (blue to
red in Fig. 8). In contrast, as channels traverse to higher sinuosity
channel bends, cross-sectional asymmetries increase by a relatively
lower magnitude (red to green in Fig. 8). It is hypothesized that this
increase would reach a maximum asymmetry value and remain
relatively constant with increasing sinuosities. This positive rela-
tionship with respect to increasing sinuosities is also observed in
both histograms and scatter plots (Figs. 6 and 7). However, this
relationship towards a maximum asymmetry value cannot be fully
quantified as a result of limited data in the higher sinuous bend
populations. A one-way ANOVA analysis was computed to compare
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the effect of sinuosity on cross-sectional channel asymmetry in
submarine channels. The statistical significance test indicates sin-
uosity does have an effect on cross-sectional channel asymmetry at
a p < 0.05 level for the three sinuosity populations (e.g., straight,
low and high) [F(2,240) ¼ 19.81, p ¼ 1.08E-08]. This analysis cor-
roborates previous findings that cross-sectional asymmetry is
indeed proportional to the magnitude of sinuosity (e.g., Peakall
et al., 2000; Abreu et al., 2003; Pyles et al., 2010; McHargue et al.,
2011), but the magnitude of change in cross-sectional asymmetry
with respect to sinuosity is the greatest at the transition from
straight to low sinuous channel bends.
6. Application: Tres Pasos Formation outcrop analog

Two outcrop locations, Puma Picana Confluence (PPC) and Puma
Picana Confluence North (PPCN), exposed in the Ultima Esperanza
District of southern Chile, offer exceptional exposure of a deep-
water sinuous slope channel system in the Upper Cretaceous Tres
Pasos Formation (Fig. 9); however, these outcrops are separated by
over 1 km of limited to absent exposure. Bed-scale facies charac-
terization, mapping of stratigraphic architecture, and paleoflow
analysis at each outcrop indicates the strata are part of a sinuous
submarine channel system (Fig. 9). The sinuous planform of seven
distinct channel bodies is extrapolated based on outcrop data.
Applying the sinuous channel morphometrics derived from the
Lucia Chica Channel System to the interpreted channel planforms, a
3-D architectural model of the strata is produced, connecting the
two outcrop locations. The quantified asymmetry relationships
produced inform reconstruction of geologically realistic 3-D sur-
faces, which are the basis for accurate architectural models of
sinuous deep-water channelized systems constructed with data-
limited datasets.
6.1. Outcrop context

The ancient deep-water succession in southern Chile was
deposited within the Magallanes retroarc foreland basin, which
formed in response to Andean orogenesis during the Late Creta-
ceous (Wilson, 1991; Fildani et al., 2003; Fildani and Hessler, 2005;
Fosdick et al., 2011). The foredeep succession includes >4000 m of
deep-water sedimentary strata that were deposited over ~20 Myr
(Katz, 1963; Romans et al., 2010; Bernhardt et al., 2012). The final
stage of deep-marine basin infill is recorded by the southward
progradation of high relief (>1000 m) clinoform systems (Hubbard
et al., 2010). These systems filled the basin axially and consist of the
analyzed deep-water slope deposits of the Tres Pasos Formation
(Hubbard et al., 2010; Schwartz and Graham, 2015; Pemberton
et al., 2016). Paleoflow during deposition of the deep-water Tres
Pasos Formation was due south on average, parallel to the axis of
the foreland basin (Shultz et al., 2005; Romans et al., 2009;
Hubbard et al., 2010; Macauley and Hubbard, 2013).

The PPC outcrop consists of 50e55 m of slope channel strata
exposed on modern erosional valley walls along the Arroyo Picana;
outcrop exposures provide 3-D context (Fig. 9B). The PPCN outcrop
(~50 m thick) is exposed along a 2-D outcrop face on a tributary to
Arroyo Picana approximately 1 km north of PPC (Fig. 9C). Collec-
tively, the two outcrops are approximately 25 km from the mapped
paleoshelf-edge (Hubbard et al., 2010). Traditional field methods
including stratigraphic sections and photomosaic interpretations,
coupled with high-resolution (5e10 cm) differential GPS surveying,
fostered the documentation of detailed sedimentology and strati-
graphic architecture. In addition, paleoflow indicators were
measured from sole marks, ripples, and imbricated clasts to help
constrain the planform expression of the slope channel system.
Paleocurrent measurements average 240� at PPC and 175� at PPCN,
which reflects the sinuous nature of the studied channel system
(Fig. 9B, C).

Both outcrops expose two distinct channelization phases. An
early phase is dominated by stratified conglomerate and coarse-
grained sandstone over a belt at least 600 m wide. This basal unit
is 17 m thick and displays a highly varied internal architecture with
a high degree of bed and sedimentary body amalgamation (Fig. 10).
It is interpreted as a disorganized channel complex that resulted
from numerous channel avulsions (cf. Deptuck et al., 2003;



Fig. 9. (A) Interpreted reconstruction of seven vertically stacked sinuous channel fills overlain on a satellite image, based on data collected at PPC (Part B) and PPCN (Part C) (Map
data: Google, Digital Globe). These data include facies transitions, stratigraphic stacking of channel bodies and paleoflow measurement. Cross-section AeA0 shown in Fig. 10. (B)
Close-up image of PPC, and (C) PPCN highlighting the surfaces surveyed (colored lines) and paleoflow rose diagram locations (Map data: Google, Digital Globe).
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Hodgson et al., 2011; McHargue et al., 2011; Bain and Hubbard,
2016). The second phase, which is the focus of this study, consists
of seven distinct slope channel fills that are estimated to be ~220 m
wide on average (Fig. 10). The channel fills are demarcated by
characteristics defined by numerous authors, including Mutti and
Normark (1987), Pyles et al. (2010), and Hubbard et al. (2014).
These channel fills are 8e11m thick, characterized by asymmetrical
cross-sectional fill pattern and architecture, and are aggradational
in nature. Collectively, they comprise an organized channel com-
plex (cf. Campion et al., 2000; Sprague et al., 2002; Beaubouef,
2004) that was correlated between the two outcrops, with each
of the seven channel fills identified at both locations.



Fig. 10. Strike-oriented cross-section (AeA0) of the approximately 55 m thick deep-water succession exposed at PPC. The lower amalgamated channel phase (orange) is charac-
terized by numerous channel fills that exhibit a highly varied internal architecture with a high degree of bed and sedimentary body amalgamation. It is interpreted as a disorganized
channel complex that resulted from numerous channel avulsions. The upper aggradational phase (this study) consists of a series of seven distinct slope channel fills that are
estimated to be ~220 m wide. Channel fills are more aggradational in nature; are characterized by asymmetrical cross-sectional fill pattern and architecture; and comprise an
organized channel complex. Cross-section location is shown on Fig. 9. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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6.2. Model construction

High-resolution field mapping of channelform surfaces was
performed using differential GPS surveying and augmented with
bed-scale characterization of internal fill facies and stratigraphic
relationships. These observations, coupled with paleoflow mea-
surements, facilitated the reconstruction of planform projections of
each channel fill between and beyond the two outcrop locations
(Fig. 9A). Inflection points between channel bendswere selected for
each of the seven channel fills. The defined channel bends were
isolated and translated to a reference origin, rotated to a horizontal
position and apexes determined (Fig. 3). Sinuosities were subse-
quently calculated along with the normalized distances up- and
down-slope from the bend apexes. Using the quantified relation-
ship defined by the 2nd degree polynomial curves capturing the
degree of channel asymmetry versus the normalized distance away
from the bend apex (Fig. 7DeE), channel cross-sectional asymme-
tries were calculated around each bend. For this calculation, three
derived equations from the scatter plots were utilized to predict the
degree of channel asymmetry for (1) straight segments, (2) low
sinuosity bends, and (3) high sinuosity channel bends.

The channelform surfaces were constructed in 3-D modeling
software using two point-sets: (1) the interpreted channel edges
based on the mapped planform reconstructions; and (2) the
calculated thalweg position along the entire channel length based
on the relationships defined by the morphometric analysis of the
LCCS. The thalweg position for each bend is the product of the
calculated asymmetry value at a given geographical location
around the bend and the channel width. This value defines the
magnitude of the vector normal to the inner margin of the bend to
the thalweg position (Dt) (Eq. (1)). Thalweg positions were calcu-
lated every 20m and incorporated into a single line that defines the
thalweg along the entire length of the channel, intersecting the two
outcrop locations at accurate positions based on field observations.
Subsequently, the vertical distance from the thalweg to the top of
the channel fill was derived from measured stratigraphic sections
(Fig. 10). The two defined point-sets were then interpolated to
construct channelform surfaces.
6.3. Model results

6.3.1. Planform thalweg lines
To qualitatively investigate and test the validity of the thalweg

line generation workflow for prediction of the thalweg location
around a sinuous bend, a thalweg line was calculated for a: (1)
sinuous channel interpreted from the Chilean outcrop (Fig. 11A);
and (2) two high sinuosity channel bend examples from the mod-
ern Y channel system on the western Niger Delta slope (Fig. 11B;
Jobe et al., 2015). For the ancient Chilean channel, box-and-whisker
plots of measured asymmetry values from the LCCS analysis were
scaled to the outcropping channel width (220 m) and positioned
with respect to the 9 measured cross-section populations (cf.
Fig. 3). As expected, the generated thalweg line for the ancient
Chilean system predicts a thalweg position more proximal to the
outer edge of the channel near the bend apex, and a thalweg po-
sition more proximal to the channel centerline at inflection points.
The line predicts normal asymmetrical channel cross-sections
occur around channel bends with more symmetrical channel
cross-sections near the inflection points, consistent with observa-
tions from the LCCS analysis.

Calculated thalweg lines generated solely from channel plan-
form information for the two high sinuosity channel bend exam-
ples in the Niger Delta slope are illustrated in Fig. 11B. In both
examples the calculated line predicts a thalweg position proximal
to the outer bend margin around the bend, similar to the natural
thalweg pathway in both bends. In the most upslope bend (Fig. 11B;
sinuosity 1.3) the calculated line overestimates the thalweg posi-
tion up to a maximum of 35 m towards the outer bend margin (19%
difference versus the average channel width), with the largest
discrepancy occurring near the bend apex. The second bend (sin-
uosity 1.5) exhibits the greatest discrepancy between the calculated
and natural thalweg lines near to the upslope inflection point
(Fig. 11B). At this location, the natural thalweg line takes an atypical
trajectory towards the inner margin before ultimately transitioning
towards the outer margin. The calculated line underestimates the
thalweg position by a maximum of 25 m (9% difference), again near
the bend apex; however, the natural and calculated lines closely
correlate to one another downslope of the bend apex before tran-
sitioning into the successive bend. The differences in the calculated
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and natural thalweg lines may be influenced by the changes in
 sediment routing and flux within the Nigerian system (cf. Jobe
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et al., 2015). The bathymetric surface morphology is a product of a
channel system that was abandoned during the Late Pleistocene
(~130 ka), which subsequently captured a smaller channel system
upslope (~50 ka). The re-occupation of the channel system with
smaller, underfit flows resulted in variable sedimentation in the
channel on both outer and inner channel bends (cf. Jobe et al.,
2015). Despite geomorphic modifications by underfit flows, the
analysis shows the thalweg line generation methodology is able to
predict the thalweg position in a natural slope channel system. One
assumption for the developed workflow is that channel widths
remain close to constant around a sinuous bend, which is not al-
ways the case in natural systems (Fig. 11B; Babonneau et al., 2002;
Jobe et al., 2015); however, if the channel width does not change
significantly, the average width around a bend can substitute for
the actual channel width to predict the thalweg position, as shown
in the Nigerian slope channel bend examples.

6.3.2. Channel morphology and stacking pattern
The interpolated channelforms from the outcrop analysis are

broad with thalweg widths ranging from 10 to 20 m. Channel
surfaces exhibit steeper slopes on the outer bank with the inner
bank characterized by a more gradual slope towards the thalweg
around sinuous bends (Fig. 12). Thesemorphological characteristics
are comparable with channelform surfaces observed in the LCCS
dataset and consistent with outcrop observations (Fig. 13). In
addition, generated channel surfaces exhibit symmetrical channel
cross-sections at the inflection points between two successive
channel bends (Fig. 12).

From the outcrop, lithologies and stratigraphic relationships
Fig. 12. Generated architectural model of the outcropping Chilean deep-water slope chann
perspective of the architectural model. (B) Perspective image of the architectural model lo
bends showing the generated symmetrical cross-sectional channelforms constrained from
channel bend illustrating the generated asymmetrical channelforms. (For interpretation of th
this article.)
indicate that channelforms systematically step (lateral and vertical
offset) towards outer channel bends (Fig. 10). This stratigraphic
relationship is captured in the architectural surface model (Fig. 12).
Lateral stacking relationships of slope channels, such as those
observed in Chile, have been documented in numerous outcrop
exposures (Clark and Pickering,1996; Campion et al., 2005; O’Byrne
et al., 2007; Hodgson et al., 2011; Khan and Arnott, 2011; Pyles
et al., 2010; Jobe et al., 2010; Di Celma et al., 2011; Moody et al.,
2012), as well as seismically imaged systems (Posamentier and
Kolla, 2003; Deptuck et al., 2003; Mayall et al., 2006; Babonneau
et al., 2010; Kolla et al., 2012). This stacking relationship is linked
to the systematic lateral sinuous bend expansion (swing) and
downslope translation (sweep) of successive channels (cf. Peakall
et al., 2000).

7. Discussion

7.1. Geomorphic vs. stratigraphic surfaces

Analysis of the Earth’s surface offers the opportunity to quantify
geomorphic features (Mutti and Normark, 1987; Clark and
Pickering, 1996; Babonneau et al., 2010; Sylvester et al., 2012;
Maier et al., 2012; Jobe et al., 2015); however, geomorphic sur-
faces are commonly not fully preserved in the rock record as a
result of protracted processes of erosion and deposition
(Pemberton et al., 2016). In contrast, stratigraphic surfaces,
including channelforms, capture a wide range of temporal scales.
These surfaces are typically diachronous, sculpted on the seafloor
by innumerable erosive and depositional events (cf. Strong and
el system. The yellow sinuous channel fills are the focus of this analysis. (A) Planform
oking upslope. (C) Strike-cross section at the inflection point between two successive
the LCCS morphometric data. (D) Strike cross-section at the apex of a high sinuous
e references to colour in this figure legend, the reader is referred to the web version of



Fig. 13. (A) Overview photomosaic of the strike orientated outcrop at PPC. Photo location shown in Fig. 10(B) Line-drawing trace of stacked slope channel deposits at PPC. The
stratigraphic succession is characterized by a series of asymmetrical channelform bodies, shifting progressively and systematically southward. (C) Enlarged photo illustrating several
erosional surfaces that downlap onto the channel base, generating a highly composite surface that formed over the channel lifecycle.
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Paola, 2008; Conway et al., 2012; Sylvester et al., 2012; Hubbard
et al., 2014). Sheets et al. (2008) used scaled-down physical ex-
periments to demonstrate that alluvial channel bodies and their
associated stratigraphic surfaces were larger in cross-sectional ge-
ometry than the channels that formed them. However, the pre-
served stratigraphic surfaces shared similar geometrical artifacts
with their geomorphic counterparts (e.g., width to depth/thickness
ratio). Therefore, despite the fact that geomorphic surfaces are
typically not entirely preserved in the rock record, their
morphology is partially recorded in the stratigraphic product. This
has important implications for the utility of seafloor surfaces in the
interpretation of the stratigraphic record, as has been undertaken
in this study.

Numerous stages of erosion result in outcropping channel base
surfaces that exhibit slightly rugose to smooth profiles; locally,
distinct steps, or notches are present (e.g., Hubbard et al., 2014).
Likewise, channel base morphologies from LCCS occasionally
exhibit stepped or terraced margins on the inner bank (Maier et al.,
2012, 2013). These terraced surfaces are interpreted to have
generated through progressive erosion, channel migration and
meander development as the sinuous system evolved (e.g.,
Babonneau et al., 2010; Hubbard et al., 2014; Jobe et al., 2015). At
the outcrop, several intra-channel erosion surfaces that merge or
downlap onto primary basal channelform surfaces, contribute to
the generation of a highly composite stratigraphic surface (Fig. 13).

A comparison of the modeled channelform from the Lucia Chica
analysis and stratigraphic surfaces from the Tres Pasos Formation
informs the limitations of the analysis. A notable limitation of the
comparison is that channel fills are not entirely preserved in the
outcrop and instead asymmetry is largely interpreted from internal
lithofacies and stratigraphic stacking patterns. Overall, the inter-
preted cross-sectional area of the organized, aggradational channel
complex in the vicinity of PPC is 7275 m2 (Fig. 10); the LCCS-based
model measures 6206 m2 (Fig. 12D). The difference between the
two strike cross sections is 1070 m2 (16%) with the greatest
discrepancy at the outer margin of the channelized bodies. The
model underestimates the cross sectional area, or more impor-
tantly the three-dimensional volume of the modeled slope channel
fills. This is inferred to be a direct result of the protracted devel-
opment of stratigraphic surfaces, which are sculpted by multiple
phases of erosion and deposition during the channel lifecycle (e.g.,
Sheets et al., 2008; Hubbard et al., 2014).

7.2. Formative channel processes

Turbulent density currents that form and maintain submarine
channels contain secondary flows, which influence cross-sectional
channel morphologies (cf. Corney et al., 2006; Keevil et al., 2006;
Peakall et al., 2007; Peakall and Sumner, 2015). These flows form
a characteristic helical spiral motion, similar to flows observed in
their fluvial counterparts (Thorne et al., 1985), resulting from
pressure forces associated with super-elevation of the denser,
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sediment-laden fluid towards the outer bank (cf. Corney et al.,
2006; Keevil et al., 2006; Peakall and Sumner, 2015). Secondary
flows are expected to occur within, straight, low, and high sinuous
submarine channel bends, and have been documented in physical
and numerical models (Kassem and Imran, 2004; Corney et al.,
2006; Keevil et al., 2006; Huang et al., 2012; Janocko et al.,
2013b), as well as in active lacustrine systems (Wei et al., 2013)
and saline density-current driven channels (Parsons et al., 2010;
Sumner et al., 2014). Secondary flows can be normal or reverse
depending on flow parameters (Corney et al., 2006; Keevil et al.,
2006; Peakall et al., 2007; Corney et al., 2008; Peakall and
Sumner, 2015); reverse secondary flows are represented by a he-
lical motion in which the basal flow is directed towards the outer
bank at the bend apex (Fig. 14A, B; Corney et al., 2006; Keevil et al.,
2007), whereas normal secondary flows exist when the basal flow
is orientated towards the innermargin at the bend apex (Fig.14A, B;
Kassem and Imran, 2004; Imran et al., 2007).
Channel Margin
Channel Centerline
Enhanced Erosion

Bend Apex

9
5

1

A B

C

Cross-
Sections

Inner Margin

Inner Margin

Enhanced E

Inner Margin

C

Secondary F

Flow

Sinuous 
Channel 

(>1.05)

pop. 2

pop. 3

pop. 4
pop. 5
(apex)

Density Probability of Channel Asymmetries
Upslope of Bend Apex 

0.2 0.4 0.6 0.8 1.0

R
el

at
iv

e 
P

ro
ba

bi
lit

y

Asymmetry

pop. 1
(inflection)

Fig. 14. (A) A generalized model for a sinuous submarine channel based on physical densit
green areas (modified from Amos et al., 2010). Cross-sectional groups are shown by grey li
bend apex of a sinuous submarine channel (cross-section 5 in Part A). Cross-sections are loo
bend apex. Normal flows represent a basal inward directed flow vector at the bend apex. Wh
(C) Density probability plots of channel morphologies upslope and downslope of the bend
apex (population 5) with symmetrical channels near the inflection point (population 1 and
referred to the web version of this article.)
Experimental results of secondary flow cells, reverse or normal,
suggest the outer margin of a channel bend is exposed to consid-
erably higher shear stress then the inner margin, contributing to
enhanced erosion along the outer margin of a bend (Fig. 14A) (cf.
Corney et al., 2006; Keevil et al., 2006; Peakall et al., 2007; Amos
et al., 2010). Enhanced erosion sculpts asymmetrical channel
cross-sections around the bend and proximal to the apex (Fig. 5A),
consistent with the LCCS (populations 3e7; Fig. 14C). Although
experimental work has suggested higher outer bend erosion is
concentrated downstream of a bend apex (Amos et al., 2010; Straub
et al., 2011), our channel asymmetry measurements do not appar-
ently validate this hypothesis (Fig. 7). Keevil et al. (2006) suggests
that the overall strength of these secondary flow cells increase as a
function of sinuosity, which most likely contributes to the overall
higher cross-sectional asymmetry values in the higher sinuosity
bend populations. Through time, enhanced erosion along outer
channel margins promotes bend expansion, leading to an increase
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in sinuosity (cf. Peakall et al., 2000; Posamentier and Kolla, 2003;
Pyles et al., 2010). Conversely, at inflection points, secondary
flows exhibit more uniform helical profiles focused around the
channel centerline, suggesting limited shear stress along one spe-
cific margin (cf. Keevil et al., 2006). This condition most likely
contributes to the more symmetrical channel cross-sections
encountered at the inflection points (populations 1 and 9; Fig. 14C).

In straight channels, multiple secondary helical cells are the
dominant process that influences cross-sectional geometries (cf.
Peakall and Sumner, 2015). These multiple cells can be caused by
anisotropy in turbulent fluctuations, oblique to the main flow
(McLelland et al., 1999; Albayrak and Lemmin, 2011). Although,
multiple helical cells have only been documented in fluvial exper-
iments of straight channels, it is postulated that they would
generate conditions where shear stress is not focused along one
specific margin in a submarine channel, in contrast to sinuous
channel bends; overall they generate more symmetrical channel
cross-sections (Fig. 5B), consistent with the more frequent sym-
metrical channelforms encountered within straighter channel
populations from the LCCS.

Secondary flow cells can change orientations from normal to
reverse as a result of temporal and spatial changes within the flow
including, but not limited to: loss of flow confinement and overspill
(Dorrell et al., 2013), and waning of the flow as it evolves through
time (Giorgio Serchi et al., 2011). Based on conceptual fluid dy-
namics models, the change in helical polarity is postulated to force
the migration of the high velocity core of the main downslope flow
to towards the inner margin (Giorgio Serchi et al., 2011). If flow
orientation changes are prolonged, shear stress would perhaps
have a significant impact along the inner margin, facilitating
enhanced erosion and potentially aiding in the sculpting of inverse
asymmetrical channel morphologies (Figs. 5 and 14B). In the LCCS
dataset, these channelforms more frequently occur near the
downslope inflection point, potentially related to flow overspill
around the bend.

7.3. Reservoir prediction implications

Reservoir connectivity is strongly dependent on channel sinu-
osity and stacking patterns. In more sinuous channel fill succes-
sions, connectivity is controlled by the position of thalweg deposits
and the amount of incision with respect to the underlying channel
fill, impacting the vertical and lateral connectivity of reservoir
quality facies (Barton et al., 2010; Di Celma et al., 2011; Funk et al.,
2012; Jackson, 2014). Further impacting reservoir connectivity is
aggradation rate and the associated stacking pattern of successive
channel fill sequences (cf. Mayall and O’Byrne, 2002; Abreu et al.,
2003; Mayall et. 2006; Cross et al., 2009; Funk et al., 2012). If the
amount of aggradation is less than the underlying channel fill
thickness, with minimal lateral offset, channel fills have an
increased likelihood of being connected in 3-D space. Pyles et al.
(2010) document highest geobody connectivity in straighter
channel segments, which exhibit symmetrical channel morphol-
ogies that vertically aggrade. Conversely, reservoir connectivity is
lowest associated with asymmetrical channel cross-sectional ge-
ometries, where channel fills laterally offset successive bodies,
driven by sinuous bend expansion and translation (cf. Peakall et al.,
2000; Posamentier and Kolla, 2003; Pyles et al., 2010). Therefore,
recognizing and accurately predicting channel stacking patterns, as
well as cross-sectional morphologies, is important to mitigate risk
associated with reservoir compartmentalization (Mayall and
O’Byrne, 2002; Mayall et al., 2006).

The application of the methodology and morphometric analysis
presented in this study can be used as a tool to bridge the gap
between 1-D borehole and 3-D seismic reflection data, aimed at
building more predictive models of channel connectivity. Planform
geometries or channel centerlines roughly interpreted from seismic
(e.g., deep-water channels offshore west Africa; Abreu et al., 2003;
Deptuck et al., 2003, 2007; Mayall et al., 2006; Cross et al., 2009;
Jobe et al., 2015) combined with the equations presented herein
can be leveraged to generate realistic channelform surfaces. This
methodology is a deterministic approach where cross-sectional
channel asymmetries are predicted based on the best-fit equa-
tions for multiple channel bends from the LCCS dataset. Uncer-
tainty is prevalent in these interpretations as a function of the
limitations of resolution and incomplete subsurface sampling from
wireline logs, drill cores or seismic reflection data. To capture the
range of uncertainty associated with hydrocarbon volumes and
connectivity of reservoir units, the workflow could be repeated for
several stochastic simulations of possible channel centerline sce-
narios (e.g., centerline prediction from event-based modeling
workflows; Pyrcz et al., 2015 and references therein). Each
centerline would then serve as the basis to stochastically assigned
planform extents and cross-sectional asymmetries constrained by
the range of statistical variation presented from the LCCS dataset
and a distribution of probable channel widths. Bothmethodswould
generate several reservoir models that could subsequently be used
to better constrain the uncertainty of initial reservoir volumes and
net pay connectivity from channel to channel.

8. Conclusions

The results of this study inform a range of slope channel mor-
phologies and the geomorphic relationship between planform
morphology and cross-sectional asymmetry in sinuous submarine
channel systems. Three channel morphologies, normal asymmetric,
symmetric, and inverse asymmetric, are classified based on the
location of the thalweg with respect to the inner bend margin. This
analysis documents that straight channel segments (sinuosities
1.0e1.05) exhibit the most symmetrical cross-sectional morphol-
ogies, with higher cross-sectional asymmetry values occurring in
more sinuous channel bend populations. Low (sinuosities 1.05e1.2)
and high sinuosity (sinuosities >1.2) channel bends exhibit
maximum cross-sectional asymmetries at the bend apex, with the
most symmetrical morphologies occurring at the inflection points
between two successive bends. Altogether, asymmetry values
progressively increase within each increasing sinuosity population,
highlighting that cross-sectional asymmetry is proportional to the
magnitude of sinuosity. The magnitude of change in cross-sectional
asymmetrywith respect to sinuosity is the greatest at the transition
from straight to low sinuous channel bends, and it appears to in-
crease by a lesser degree between the low to high sinuous channel
bend populations. The quantified relationships are used to condi-
tion an architectural model based on a sinuous slope channel
complex (Cretaceous Tres Pasos Formation) deposit sporadically
exposed in outcrops of southern Chile. The application of the
methodology derived from morphometric analysis can be used to
build more geologically accurate reservoir models, improve pre-
dictions of reservoir architecture and flow connectivity, and bridge
the resolution gap between 1-D borehole and 3-D seismic reflec-
tion datasets in the subsurface.
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