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78713, USA 
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c Ocean College, Zhejiang University, Hangzhou, Zhejiang Province, 310058, People‟s Republic of China 
d Department of Physical& Environmental Sciences, University of Toronto Scarborough, 1265 Military Trail, 

Toronto, ON M1C1A4, Canada 

ABSTRACT 

3D seismic data from the northwestern South China Sea margin, coupled with 

the quantification of oceanographic processes and morphological results, were used to 

infer three-dimensional flow processes and in turn sedimentation in contourite 

channels. Contour currents resulting from the Northern Pacific Deep Water 

(NPDW-CCs) flowing through the bends of contourite channels around a topographic 

high lead to an imbalance in the transverse direction, around the bend, between three 

competing forces (i.e., upslope directed Coriolis forces versus downslope directed 

centrifugal and pressure-gradient forces). The interface deflection of NPDW-CCs by 

Coriolis, pressure gradient, and centrifugal forces yields a helical flow cell consisting 

of upper return flows directed downslope and basal flows orientated upslope. Ekman 

boundary layers, at the base and flow interface, are also likely present leading to flows 

in the downslope direction. The helical flow cell in the bulk of contour currents, and 

Ekman boundary layers, constitute a Coriolis force-induced helical flow circulation, 
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which we suggest promoted asymmetric intra-channel deposition (i.e., downslope 

deposition versus upslope erosion), forcing contourite channels to consistently 

migrate in an upslope direction. Such Coriolis force-induced helical flow circulation 

is evidenced by occurrence of volumetrically significant overbank deposits along 

downslope margins and by asymmetric channel cross-sections with steepened channel 

walls and truncation terminations along upslope margins. The Coriolis force-induced 

helical flow circulation exhibits subcritical flow conditions (represented by internal 

Froude numbers estimated as 0.04 to 0.19), and is sufficiently deep to spill out of the 

studied contourite channels, yielding overbank deposits along the downslope flanks of 

the contourite channels. 

Keywords: Contourite channels, northwestern South China Sea margin, Coriolis 

forces, helical flow circulation, Ekman boundary layer 
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1. Introduction 

On the basis of sediment transport processes, two different types of deep-water 

channels have been recognized and extensively documented in the literature, namely 

turbidite channels created predominantly by downslope sediment density flows (e.g., 

Menard, 1955; Wynn et al., 2007; Pyles et al., 2012; Kane et al., 2013) and contourite 

channels produced by alongslope contour currents (e.g., Heezen and Hollister, 1964; 

Faugères et al., 1993, 1999; Hernández-Molina et al., 2014). Both turbidite and 

contourite channels have been the subject of increasingly intense studies in recent 

years (e.g., Viana and Faugères, 1998; Wynn et al., 2007; Pyles et al., 2012; Kane et 

al., 2013; Rebesco et al., 2014; Sylvester and Covault, 2016). This is largely because 

they: (1) are long-lived features that are common on Earth‟s siliciclastic continental 

margins (e.g., Normark, 1970; Wynn et al., 2007; Peakall et al., 2012; Kane et al., 

2013; Hernández-Molina et al., 2014); (2) serve as effective conduits for the delivery 

of sediment and organic material into deep-water settings (e.g., Menard, 1955; 

Shepard and Emery, 1973; Clift and Gaedicke, 2002; Galy et al., 2007; Peakall and 

Sumner, 2015); and (3) are repositories for substantial amounts of coarse-grained 

sediments on and beyond the continental slope. In the case of turbidites these deposits 

have proven to be one of the most common types of deep-water reservoirs, whilst 

sandy contourites have great potential to act as reservoirs (e.g., McHargue et al., 2011; 

Stow et al., 2013; Gong et al., 2016).  

In recent years, an increasing effort has been made to understand flow dynamics 

of turbidite channels through sedimentological analysis of outcrops (e.g., Dykstra and 
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Kneller, 2009; Pyles et al., 2012), direct measurement of density flows in modern 

sinuous submarine channels and similar downslope analogs (e.g., Vangriesheim et al., 

2009; Parsons et al., 2010; Sumner et al., 2014), physical experiments (e.g., Corney et 

al., 2006; Keevil et al., 2006; Peakall et al., 2007; Cossu and Wells, 2010, 2013; Ezz 

et al., 2013; Janocko et al., 2013; Cossu et al., 2015), and numerical simulations (e.g., 

Corney et al., 2006; Imran et al., 2007; Giorgio Serchi et al., 2011; Dorrell et al., 2013; 

Janocko et al., 2013; Ezz and Imran, 2014). However, whilst there is a good 

understanding of the underlying flow processes in contourite channels (e.g., Faugères 

et al., 1993; Rebesco, 2005; Faugères and Stow, 2008; Rebesco et al., 2014), the 

detailed three-dimensional flow dynamics and their control on sedimentation in 

isobath-parallel contourite channels remain comparatively poorly studied. The 

occurrence of previously undocumented, seismically well-imaged contourite channels 

on the northwestern South China Sea margin, together with an extensive (ca 3000 

km2), high-quality (ca 10 m vertical and 12.5 m lateral resolution), time-migrated 3D 

seismic database (Figs. 1 and 2), make the study area a suitable place to study how the 

interplay of Coriolis, centrifugal, and pressure forces control sedimentation in 

contourite channels. Using integrated 3D seismic data and the quantification of 

oceanographic processes, the current work addresses three-dimensional flow 

dynamics and sedimentation patterns of a contourite channel on the northwestern 

South China Sea margin. Results from this study contribute to an improved 

understanding of the role of contour currents and Coriolis, pressure gradient, and 

centrifugal forces in shaping sedimentation in deep-water channels. 
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2. Geological and oceanographic background 

2.1. Geological context 

Our study area is located on the northwestern South China Sea margin (Figs. 1A 

and 1B), which was created by the convergence between the Eurasian and Philippine 

Sea plates (e.g., Peron-Pinvidic et al., 2013). The northwestern South China Sea 

margin experienced three stages of tectonic-stratigraphic evolution, namely a rifting 

stage from 45 to 21 Ma, a rift-drift transition stage form 21 to 10.5 Ma, and a drifting 

stage from 10.5 Ma to present (e.g., Gong et al., 2014; Zhao et al., 2015a). 

Accordingly, the basin infill of the northwestern South China Sea margin can be 

divided into three supersequences, namely an Eocene to Oligocene synrift 

supersequence, an early to middle Miocene rift-drift supersequence, and a late 

Miocene to Quaternary drifting supersequence (e.g., Gong et al., 2014). Depositional 

systems formed in neritic, deltaic and nearshore environments became prevalent 

within the synrift and rift-drift supersequences, whereas „typical‟ deep-water systems 

and coeval shallow-water systems were well developed within the drifting 

supersequence, in response to the development of a prominent shelf-slope-basin 

physiography (e.g., Gong et al., 2014; Zhao et al., 2015a). Deep-water channels, as 

evident on bathymetric maps of the modern seafloor of the study area, were developed 

within the drifting supersequence of the northwestern South China Sea margin, and 

are the focus of this study (Figs. 1B and 2). In particular, the current study focuses on 

curved channels around a pre-existing topographic high seen in bathymetric maps of 

Fig. 2. 
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2.2. Oceanographic context 

Modern oceanic circulation in the South China Sea shows a “sandwich” pattern 

consisting of seasonal surface-water circulation (<26 kg/m3ı0), intermediate water 

circulation resulting from the North Pacific Intermediate Water (NPIW) (26 to 27.3 

kg/m3ı0), and deep-water circulation resulting from the Northern Pacific Deep Water 

(NPDW) (>27.3 kg/m3ı0) (Yang et al., 2010; Gong et al., 2015; He et al., 2013) (Fig. 

1A). The seasonal surface-water circulation with effective depth of <350 m is driven 

by monsoons, and is clockwise in the summer, but counter-clockwise during the 

winter (Zhu et al., 2010; He et al., 2013). It has temperature ranges of 17 to 20°C and 

salinity ranges of 34.60 to 34.65 (Yang et al., 2010). Intermediate water circulation is 

clockwise with an effective depth of 350 to 1350 m, and is characterized by 

temperature ranges of 7 to 10°C and salinity ranges of 34.35 to 34.43 (Yang et al., 

2010; Gong et al., 2015) (Fig.1). Deep-water circulation is counter-clockwise with an 

effective depth of >1350 m, and has temperature ranges of 2 to 7°C and salinity 

ranges of ca 34.60 to 34.58 (Yang et al., 2010; Gong et al., 2015) (Fig.1). 

Contour-flowing currents of NPDW–CCs are interpreted to play a pivotal role in 

controlling deep-water sedimentation on the continental slope and the adjacent 

abyssal plain, resulting in contourite drifts near the ODP site 1144 and fine-grained 

bottom-current sediment waves on the abyssal plain (e.g., Li et al., 2013; Gong et al., 

2015). The effects of NPDW–CCs in controlling sedimentation in contourite channels 

are the focus of the present study. 

3. Database and methodology 
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3.1. Seismic data interpretation 

The primary source of the datasets used in this study is ca3000 km2 of 3D 

seismic data, acquired from the northwestern South China Sea margin (Figs. 1 and 2). 

The frequency of the time-migrated volume varies with depth, but is approximately 30 

Hz for the study interval of interest, yielding an estimated vertical resolution of ca 

12.5 m. 3D seismic reflection data have a 4-ms vertical sampling rate and bin spacing 

of 25 × 12.5 m. They were processed to zero phase and were displayed using „SEG 

reverse polarity‟, where an increase in acoustic impedance is represented by a positive 

(peak) reflection event. 

This work integrates “classical” 2D seismic facies analysis with the 3D seismic 

geomorphology approach, through which seismic stratigraphy and geomorphology of 

the interpreted channels are quantitatively analyzed. Root-mean-square (RMS) 

amplitude that calculates the square root of the sum of the time-domain energy, 

together with seismic amplitude cubes, offer enhanced visualization of the 

stratigraphic architecture of small-scale depositional elements. They are, thus, used to 

delineate architectural styles of the interpreted channels and concomitant depositional 

elements, and were created via the following two steps. The first step was to flatten 

the 3D seismic amplitude volumes using the seafloor as the hanging horizon (0 ms). 

The second step was to create 3D seismic amplitude cubes and 3D RMS attribute 

probes. 

3.2. Quantitative analysis 

Several numerical approaches were employed to quantitatively document 
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morphometric properties and stacking patterns of the documented channels. They are: 

channel aspect ratios (W/T, dimensionless) and channel migration to aggradation 

ratios (Lm/Va, dimensionless), which are, respectively, given by: 

Channel aspect ratios =W/T                           (1) 

Channel migration to aggradation ratios = dx/dy            (2) 

Where W is the average channel width, T is the average channel thickness, dx (Lm) is 

the lateral component (lateral migration component) of a specific channel-growth 

trajectory, and dy (Va) is the vertical component (vertical aggradation component) of a 

given channel-growth pathway. Direct measurements of W, T, dx, and dy were 

converted from time to depth,using an average velocity of 2003 m/s for the shallow 

siliciclastics and 1500 m/s for seawater, as calculated from well YC 35-1-2 (see Fig. 1 

for well location). The component of channel-growth trajectories (reported as Lm/Va) 

is an additional means, through which stacking patterns of the documented channels 

can be quantitatively documented and differentiated. 

4. Seismic geomorphology and stratigraphy 

Examination of 2D seismic lines and 3D time slices allowed the differentiation 

of three main seismic facies (Figs. 3 to 6). See Table 1 for a complete description and 

interpretation of them. 

4.1. Seismic facies description 

4.1.1. Alongslope seismic facies 

In cross-sectional view, alongslope seismic facies are seen as lens-shaped, 

continuous low- to mid-amplitude reflections (Figs. 5 and 6, and Table 1). Their bases 
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are marked by V- or U-shaped basal bounding surfaces, truncation of underlying units, 

and with surfaces onlapping onto these bounding surfaces (Figs. 5 and 6, and Table 1). 

Morphologically, alongslope seismic facies are approximately 3–5 km wide (W) 

(averaging 4.1 km) and 175–253m deep (T) (averaging 225 m), giving rise to 

relatively low W/T of 12–25 (averaging 18) (Fig. 7B, and Table 2), as compared to 

downslope seismic facies discussed below. One of the most distinctive morphological 

characteristics of them is that their upslope walls are, overall, steeper than their 

downslope counterparts, resulting in asymmetrical cross-sectional geometries (Figs. 5 

and 6). 

In plan view, alongslope seismic facies are expressed on seismic amplitude slices 

as low amplitude bands (Figs. 3, 4, and 8A to 10A), and manifest on 3D RMS 

attribute volumes as low RMS-attribute bands (Figs. 8B to 10B, and Table 1). They 

show slightly sinuous channel courses of ca 10s kilometres long, and are orientated 

parallel or subparallel to the regional contour lines (Figs. 1B, 2, 3 to 4, and 8 to 10). 

4.1.2. Overbank seismic facies 

In cross-sectional profile, reflectors in the central part of the overbank seismic 

facies are generally well-layered, low amplitude, and laterally continuous (Figs. 5 and 

6, and Table 1). They are bounded at their base by a prominent high-amplitude 

reflection, which separates the overlying well-layered, parallel to subparallel, 

continuous seismic reflections from the underlying strata that are intensively cut by 

polygonal faults (Fig. 6A). Reflectors on the upslope margins of the overbank seismic 

facies (i.e., margins against the alongslope seismic facies) are commonly associated 
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with discontinuous and even truncated reflections (Figs. 5A, 5B, and 6A). Their 

thicknesses (T) varies from 0 m to 200 m, with a mean value of T =150 m (Figs. 5 and 

6). 

In planform, overbank seismic facies occur along the left-hand sides of the 

alongslope seismic facies (looking from east to west) (Fig. 5 to 6 and 8 to 10). They 

extend in both dip and strike views for 10s km, extend in the strike view for tens of 

kilometres, and occupy an area of up to 100s km2 (Fig. 5 to 6 and 8 to 10). They are 

expressed on the flattened horizontal seismic amplitude slices as fan-shaped low 

seismic amplitude sheets, and appear on the flattened horizontal RMS-attribute slices 

as fan-shaped low RMS-attribute accumulations (Figs. 8 to 10).  

4.1.3. Downslope seismic facies 

Downslope seismic facies are made up of continuous to discontinuous, moderate- 

to high-amplitude reflections (Fig. 11). They appear on time slices as wide, 

north-south-trending high- or low-amplitude bands (Figs. 8A to 10A). They are seen 

in RMS attribute-extraction maps as wide, high- or low-RMS attribute sheets (Figs. 

8B to 10B). One of the most distinctive architectural properties of the downslope 

seismic facies is that they consistently migrated to the SW for a few kilometres, 

resulting in wide lateral channel migration (Fig. 11). 

Downslope seismic facies are made up of two discrete channel-complex sets 

(CCS1 and CCS2) that are seismically resolvable (Fig. 11). CCS1 and CCS2 are, 

overall, short and relatively straight, and are a few tens of kilometres in length and 0 – 

95 m in thickness (Fig. 12). They are characterized by W of 7.7 to 11.2 km (averaging 
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9.0 km), T of 79 to 155 m (averaging 115 m), and W/T of 63 to 109 (averaging 81) 

(Fig. 7, and Table 3). 

4.2. Sedimentologic interpretation 

4.2.1. Alongslope seismic facies: Contourite channels 

Alongslope seismic facies are orientated parallel or subparallel to regional 

isobaths (Figs. 5 to 6 and 8 to 10, and Table 1). The channels are characterized by 

small channel aspect ratios (~3-5; Fig. 7), exhibit little lateral channel migration (Lm 

of 0.6 to 2.1 km, with a mean value of Lm = 1.4 km) relative to vertical channel 

aggradation (Va of 49 – 221 m, with a mean value of Va = 146 m) (red triangles in 

Fig.13A), and display clear upslope migration (reported as low Lm/Va of ca 5 to 10) 

(Figs. 5A, 6A, and 14A, and Table 2). These channel geometries are in marked 

contrast to the downslope channels observed, which are much wider and shallower 

(Fig. 7), and exhibit lateral migration that is an order of magnitude greater than that 

observed for the alongslope channels (Fig. 13). Furthermore, the basal surface of the 

present alongslope channel is characterised by marked topography, and in places the 

channel shallows downstream. Such topography is atypical of turbidite channels 

where suspension driven deposition would normally „heal‟ such topography, leading 

to slopes that gradually decrease downslope (Kneller, 2003). Finally, deposits on the 

upslope side are deposited at greater elevations than those on the downslope overbank 

side, reflecting that flow super-elevation was towards the inner bend, rather than the 

outer bend as is typically observed in turbidite channels (Peakall and Sumner, 2015).  

In contrast, all these observations are commonly related to alongslope contour 
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currents (i.e., contourite currents) (e.g., Brackenridge et al., 2013; Stow et al., 2013; 

Hernández-Molina et al., 2014; Gong et al., 2015). 

In addition, the documented alongslope channels are separated from the coeval 

shelf and upper slope by the isobath-subparallel Xisha Trough (Fig. 1A). The Xisha 

Trough is U-shaped in cross-sectional view, and has relief of ca. 100 to 500 m and 

width of 6.4 to 13.8 km (Liu and Wu, 2006), yielding a significant negative 

topographic relief. This pronounced negative topographic relief would have acted as 

the physiographic “container” and accommodation space for many turbidity currents, 

resulting in a giant, S-shaped, slope-subparallel submarine canyon, with length of ca 

425 km, width of ca 3 to 12 km, and area of ca 50,000 km2 (see Gong et al., 2011 for 

a detailed discussion) (i.e., central submarine canyon in Fig. 1A). Turbidity currents 

derived from the upper slope or contemporaneous feeder systems (i.e., rivers draining 

southeastern Hainan Island or eastern Vietnam) would, thus, preferentially be captured 

by this physiographic “container”. This, together with the fact that the documented 

alongslope channels are approximately 15 km far away from the coeval downslope 

channels as discussed later (Figs. 8 to 10), further suggest that the alongslope channels 

are the product of contourites. Turbidity currents do not therefore appear to play a 

significant role in the modulation of flow processes in the slope parallel channels. 

Herein, we focus on the flow processes and sedimentation in these contourite 

channels. 

4.2.2. Overbank seismic facies: Overbank deposits 

Overbank seismic facies were developed at the sharp bends of the interpreted 
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channels (Fig. 2, 8 to 10, and 15), and this areal distribution of overbank seismic 

facies suggests that these are not classical mounded drifts (e.g., Faugères and Stow, 

2008; Hernández-Molina et al., 2014). The facies occurs in overbank settings of the 

interpreted channels, and appear to be created by overbank flows at the sharp bends, 

as discussed in Section 6.2, giving rise to overbank deposits (Figs. 5, 6, and 14, and 

Table 1). 

In addition, levee crests are seen to develop immediately below the basal 

bounding surface of the interpreted overbank deposits (Figs. 6A, 6C, and 14A). They 

show an overall mounded and downlapping character in cross-sectional view (see 

downlap terminations marked as red dots in Fig. 6C). They appear in plan-view time 

slices as alternating sets of closely spaced, crescent-shaped, high- and low amplitude 

threads (Figs. 4A and 4B). They are regionally localized, and occur at the sharp bends 

of the slope parallel channels (Figs. 2, 4A and 4B). Similar mounded, stacked, 

downlapping seismic reflection packages have also been observed on the Amazon and 

Hueneme fans (Piper and Normark, 2001) and in the Einstein channel-levee system 

(Ezz et al., 2014), and were interpreted to be created by flow stripping (e.g., Piper and 

Normark, 1983). These levee crests appear to diminish in an upsection direction, 

disappearing at the basal bounding surface of the overbank seismic facies, and were 

then draped by well-layered, parallel to subparallel, continuous reflections (Figs. 3 

and 6C). Downlap terminations as seen in the older levee crests are absent in the 

upper overbank seismic facies, strongly suggesting the progressive draping of levee 

crests by overbank flows as discussed in Section 6.2 (Figs. 3 and 6C). 
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Given the presence of both alongslope and downslope channels in the dataset, 

reflecting a mixed turbidite-contourite system in this geographic area, then a key 

question is whether turbidity currents played a role in the slope parallel channels, and 

if this is reflected in their overbank deposits. Turbidite levees and contourite mounds 

exhibit many similarities including low amplitude, continuous reflectors in seismic, 

and the presence of levee-crest geometries (e.g., Piper and Normark, 2001; Rebesco et 

al., 2014). Whilst, the presence of a turbiditic component, particularly in the 

lowermost deposits characterized at the bend apex by levee-crest geometries, cannot 

be easily ruled out, the observed geometric differences between the alongslope and 

downslope channels strongly suggest that these channels are dominantly contourite 

driven. In particular, the alongslope channels are much narrower, migrate upslope, and 

show deposits on the upslope side that are higher than those on the downslope side 

(see Section 4.2.1 for further details). 

4.2.3. Downslope seismic facies: Unidirectionally migrating deep-water channels 

Downslope seismic facies, which are orientated roughly perpendicular to 

isobaths and developed on continental slopes, are commonly interpreted to be 

deep-water channels (e.g., Wynn et al., 2007; Gong et al., 2013; Janocko et al., 2013). 

They differentiate from other well-documented turbidite channels by long-term 

(Million-year scale), persistently unidirectional channel trajectories (Fig. 11A), 

forming unidirectionally migrating deep-water channels (see Gong et al., 2013, 2016 

for a detailed interpretation). They exhibit wide lateral channel migration (measured 

as high Lm of 9.2 to 21.3 km, with a mean value of Lm = 17.5 km) relative to vertical 
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channel aggradation (measured as low Va of 185 to 251 m, with a mean value of Va = 

227 m) (blue dots in Fig. 13A), giving rise to wide lateral channel migration 

(represented by high Lm/Va of ca 72 to 90, with a mean value of Lm/Va = 78) (blue dots 

in Fig.13B). 

In addition, unidirectionally migrating deep-water channels are isolated and are 

far away from the coeval contourite channels (Figs. 8 to 10). They are not linked to 

coeval shelf edges, and initiated at the middle to lower slope of the southwestern 

South China Sea margin, with their heads located at some point beyond the northern 

border of the 3D seismic volume used in this work (Figs. 8 to 10 and 11B). These two 

lines of argument, coupled with the fact that they are separated from the 

contemporaneous shelf edge by the depositional strike-orientated Xisha Trough (Fig. 

1A), suggest that the downslope seismic facies were probably triggered by small-scale 

instability or localized collapses of the middle to lower northwestern South China Sea 

slope. 

5. Flow dynamics of the documented contourite channels 

5.1. Alongslope contour currents of NPDW-CCs with effective depth of >1350 m 

Previous studies suggest that NPDW from the Pacific Ocean exchanged freely 

with the South China Sea since at least the Early Miocene (Zhu et al., 2010; Gong et 

al., 2013) (Fig. 1A). Geostrophic contour currents usually involve significant water 

mass over large areas and persist for very long time intervals of up to millions of 

years (e.g., Shanmugam, 2008; Stow et al., 2008; Gong et al., 2015). This, in turn, 

suggests that NPDW-CCs with effective depth of >1350 m were probably involved in 
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the construction of the interpreted channels distributed in water depths of >1300 m, 

forming contourite channels and concomitant unidirectionally migrating deep-water 

channels (Figs. 8 to 11). Gong et al. (2013, 2016) have also attributed the long term 

unidirectional migration of deep-water turbidite channels, as recorded by downslope 

seismic facies, to the interaction of downslope gravity currents with contour currents 

that have predominantly unidirectional flow conditions.  

Preliminary bedform-velocity analysis by Gong et al. (2015), coupled with field 

measurements by Yang et al. (2010) and Zhao et al. (2015b), suggests that 

NPDW-CCs have a maximum flow velocity of ca 3 to 7 cm/s. Such slow contour 

current flow speeds are likely amplified as water is deflected around the topographic 

high or as they flow through the narrow conduit around the topographic obstruction 

(Fig. 2; Brackenridge et al., 2013). For example, contour currents resulting from 

Mediterranean Outflow Water are thought to locally reach velocities in excess of 2.5 

m/s when they flow through the narrow gateway of the Strait of Gibraltar (Mulder et 

al., 2003). We, therefore, assume that NPDW-CCs have maximum velocities of 3 to 

10 cm/s, when they flow through narrow contourite channels around a topographic 

high (Figs. 2 and 15A). 

5.2. Coriolis forces directed towards the upslope margins 

Coriolis forces have been experimentally proven to influence helical flow 

structures in many submarine turbidite channels, in marked contrast to rivers where 

Coriolis forces are negligible (Cossu and Wells, 2010, 2013). The relative influence of 

Coriolis forces on secondary flow fields in deep-water channels is measured via the 
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Rossby number (R0), which is defined by: 

R0= ̮U/Wf̮(3)                 (Cossu and Wells, 2013) 

where U is the mean velocity (ca 3 to 10 cm/s for NPDW-CCs), W is the average 

channel width (ca 4.1 km for the interpreted channels) (Table 2), and f is the Coriolis 

parameter defined as f = 2ȍ sin(ș), with ȍ being the Earth‟s rotation rate and ș being 

the latitude (ca 15.5º north for the studied channels). 

Therefore, when U = 0.03 m sec-1, R0 = ̮0.03/(4100 ×2ȍsin15.5º)̮≈ 0.44; 

or when U = 0.10m sec-1, R0 =̮0.10/(4500 ×2ȍsin15.5º)̮≈ 0.62. In both cases, R0 

is <<1, suggesting that, no matter how strong (up to 0.10m sec-1) or weak (down to 

0.03 m sec-1) contour currents of NPDW-CCs may be, Coriolis forces (Figs. 14B, 14C, 

and 15B) always play a pivotal role in the modulation of the secondary flow structures 

in the studied channels (Thomson et al., 2010; Cossu and Wells, 2013). In the 

Northern Hemisphere, Coriolis forces will deflect the bulk flow to the right hand side, 

as looking downstream (e.g., Cossu and Wells, 2010, 2013; Cossu et al., 2015). This, 

in turn, leads to the superelevation of the flow on the right-hand side, up against the 

upslope side (e.g., Cossu and Wells, 2013). Associated with this, the downstream 

velocity core (the fastest part of the flow) is also focused against this outer (i.e., 

upslope) bank (e.g., Cossu and Wells, 2010, 2013; Cossu et al., 2015) (Figs. 14B, 14C, 

and 15B).  

5.3. Coriolis-driven Ekman boundary layers directed towards the downslope margins 

Ekman boundary layers should also be created by Coriolis forces as shown 

numerically for straight submarine channels at the lower and upper interfaces of the 
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flow (Wåhlin, 2004; Cossu et al., 2010), and in field data from straight contourite 

currents (Johnson and Sandford, 1992). The basal Ekman boundary layer has been 

shown to play a critical role in determining the sedimentary flow structures (Cossu 

and Wells, 2010, 2013). Ekman boundary layers will be directed to the left (looking 

downstream, from east to west), suggesting that the Coriolis-driven Ekman boundary 

layers would deflect the basal flow of NPDW-CCs to the downslope margins of the 

studied channels (Cossu and Wells., 2010; Cossu et al., 2010; Thomson et al., 2010) 

(Figs. 14B, 14 C, and 15B). Such Coriolis-driven Ekman boundary layers should 

theoretically be present below the main secondary circulation driven by the Coriolis 

forces (Cossu and Wells, 2010; Cossu et al., 2010), as described in Section 5.2. 

5.4. Centrifugal forces directed towards the downslope margins 

A topographic high occurs along the right-hand sides of the interpreted channels 

(looking from east to west), and predated their formation (Figs. 2 and 15A). It might 

act to sculpt and shape the main contour current cores of NPDW-CCs travelling 

around a bend with a well-defined radius (Figs. 2 and 15A), suggesting that 

centrifugal forces created by the tangential velocity (Figs.14B, 14C, and 15B) 

probably influenced secondary flow fields in the studied channels. Centrifugal forces 

act away from the centre of curvature, and are therefore directed downslope (Figs. 

14B, 14 C, and 15B). They show a vertical structure as governed by the vertical 

velocity profile (Corney et al., 2006, 2008; Dorrell et al., 2013; Peakall and Sumner, 

2015), with low density stratification induced by the likely presence of fine-grained 

sediment, leading to the vertical position of the downstream velocity (Umax) being 
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located high in the flow (Corney et al., 2008; Peakall and Sumner, 2015). In turn this 

will result in the strongest centrifugally-driven flow in the upper parts of the current, 

acting towards the downslope side, partly offsetting the growth of Coriolis induced 

superelevation (Figs.14 and 15). 

5.5. Pressure-gradient forces directed towards the downslope margins 

Recent studies investigating flow properties at submarine channel bends have 

focused on helical flow structures induced by the centrifugal force which sets up a 

superelevation of the flow (e.g., Corney et al., 2006; Parsons et al., 2010; Janocko et 

al., 2013). In turn, this superelevation sets up an opposing pressure-gradient force that 

acts away from the superelevation (e.g., Corney et al., 2006; Keevil et al., 2006; Imran 

et al., 2007; Dorrell et al., 2013; Janocko et al., 2013; Sumner et al., 2014). As 

Coriolis forces are estimated to be dominant in the documented contourite channels, 

superelevation is highest on the upslope margin, as shown by the deposits of draped 

material there at greater topographic heights than the main sediment-drift (see Figs. 2 

and 15A). Consequently, the pressure-gradient force acts towards the downslope 

margin of the studied channels (white arrows on Figs. 14 and 15). 

6. Sedimentation styles in contourite channels 

6.1. Helical flow circulation created by the transverse tilt of contour currents 

In summary, four competing forces are generated when contour currents of 

NPDW-CCs flow through the interpreted channels. Coriolis forces direct the bulk 

flow upslope and set up flow superelevation on the upslope side (Figs. 14B, 14C, and 

15B). Models also predict that there will be thin downslope orientated Coriolis-driven 
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Ekman boundary at the base, and upper interface, of the flow (Wåhlin, 2004; Cossu et 

al., 2010) (Figs. 14B, 14C, and 15B). Opposing the Coriolis force that acts on the bulk 

flow are the centrifugal forces and the pressure-gradient forces (red and white arrows 

in Figs. 14B and 15B, respectively). Centrifugal forces have a pronounced vertical 

structure and increase upwards away from the bed, whereas pressure-gradient forces 

are constant through the depth of NDPW-CCs (e.g., Corney et al., 2006, 2008). The 

interplay of upslope directed Coriolis forces versus downslope directed 

pressure-gradient and centrifugal forces acting on the NPDW-CCs, therefore, yields 

an imbalance, through the flow depth, and resultant transverse tilt of contour currents 

within the studied channels (e.g., Cossu et al., 2010, 2013). This, in turn, sets up a 

primarily Coriolis force-induced helical flow circulation composed of a large-scale 

secondary cell and Ekman boundary layers at the lower and upper interfaces 

(Figs.14B, 14C, and 15B). The base of the main secondary flow cell is directed 

upslope as Coriolis forces exceed radial pressure gradient and centrifugal forces, 

whereas the top of the flow is directed towards the downslope side of the interpreted 

channels as pressure gradient and centrifugal forces dominate near the free surface. A 

thin downslope orientated Coriolis-driven Ekman boundary layer will be present at 

the very base of the along-channel flows (Figs. 14B, 14C, and 15B). 

6.2. Superelevation and overspill 

Recent studies in turbidite channels show that superelevation and overspill (if 

present) are very important in determining the orientation of the secondary flows 

(Dorrell et al., 2013; Sumner et al., 2014; Peakall and Sumner, 2015). However, in 
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turbidite channels, superelevation and overspill commonly occur at outer banks 

(Dorrell et al., 2013; Peakall and Sumner, 2015). In the interpreted contourite 

channels, superelevation is present on the upslope side, and overspill must clearly 

occur on the downslope side in order to build volumetrically extensive overbank 

deposits (Figs. 14B, 14C, and 15B). Therefore, the overbank flow may act to partly 

offset the growth of the superelevated flow on the upslope side, but the draped 

sedimentation on the upslope side demonstrates that overspill is not the dominant 

process that it can be in sinuous turbidite channels (Dorrell et al., 2013). The 

sedimentation patterns do show however that cross-stream flows in the studied 

channels are characterized by flow heights (h) that exceed channel depths (reported as 

hı150–250 m for the interpreted contourite channels). Flow heights in excess of 

channel depths are common for turbidite channels (Peakall et al., 2000; Mohrig and 

Buttles, 2007; Pyles et al., 2012). 

6.3. Parameterizing Coriolis force-induced helical flow rotation across topographic 

highs 

There is a prominent topographic obstruction (i.e., sill seen in the bathymetric 

map half way around the illustrated channel in Figs. 2 and 15A) across the path of the 

along-channel flows. Such topographic obstacles have been suggested to induce 

oscillations on secondary flows (Thomson et al., 2010). The internal Froude number 

(Fr) is employed to examine the effect of topographic highs on the interface between 

contour currents and the overlying water column, and is defined as: 

`r
U

F
g h


                        (4) (Kneller and Buckee, 2000) 
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where g` is the reduced gravity of the interface between the contour currents and the 

overlying water column, and equals to g×(ȡ/ȡ0), so that: 

0` [ ( / ) ]r
U U

F
g h g h 

 
  

                           (5) 

where U is the mean downstream velocity, g is the vertical acceleration due to gravity 

(9.8 m/s2), ȡ is the bulk density difference between the contour currents and the 

overlying water mass, ȡ0 is the density of sea water (ca 1027 kg/m3), and h is the 

thickness of cross-stream flows in the studied channels (ca 150 to 250 m for the 

studied channels). Yang et al. (2010) suggest that Northern Pacific Deep Water 

involved in the construction of the studied channels has a persistent density difference 

(ȡ) of ca 0.2 kg/m3. 

Therefore, using equation 5, when U = 0.03 m sec-1, Fr are calculated to range 

from 0.04 to 0.06; or when U = 0.1m sec-1, Fr are reconstructed to vary from 0.14 to 

0.19. In both cases, Fr are < 1 (reported as Fr = 0.04 to 0.19), suggesting that 

secondary flows in the documented contourite channels display subcritical flow 

regimes (Kneller and Buckee, 2000, and references therein). This suggests that 

overspilling currents are subcritical, and as a result of deceleration will rapidly 

become depositional, giving rise to the overbank deposits along the downslope 

margins of the studied channels (Figs. 14 and 15). 

6.4. Sedimentation in contourite channels 

Contour currents may carry in suspension muddy fines and particulate organic 

matter, forming significant nepheloid layers with the average thicknesses of ca 150 to 

1500 m and average concentrations of suspended matter of 0.01 to 0.5 mg/L (McCave, 
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2008; Rebesco et al., 2014). The aforementioned Coriolis-force induced helical flow 

rotation consists of an upper return flow towards the downslope and a lower basal 

flow towards the upslope with a thin downslope orientated Coriolis-driven Ekman 

boundary layer at the very base. There will also be corresponding changes in the 

position of the downstream velocity core, which is positioned against the topographic 

high (Figs. 14 and 15). Such secondary flow structures are shown by the following 

two lines of evidence. Firstly, more intense erosion preferentially occurs along the 

upslope margins of the interpreted channels, as evidenced by asymmetric channel 

cross sections with steeper channel walls and widespread occurrence of truncation 

terminations along the upslope margins (Figs. 2, 5A, 6A, 14A, and 15A). Secondly, 

deposition preferentially happens along the downslope margins of the documented 

channels, as suggested by gentler channel walls and volumetrically extensive 

overbank deposits near the downslope sides (Figs. 2, 5A, 6A, 14A, and 15A). These 

observations suggest that Coriolis force-induced helical flow rotation in the studied 

channels favoured upslope-margin erosion induced by the high-velocity core near the 

upslope margin, but promoted downslope-margin deposition created by the overbank 

flow from the upper parts of the flow along the downslope flank (Figs. 14 and 15). 

Additionally, the combination of the basal Ekman boundary layer, the centrifugal 

force, and pressure-gradient induced force will act to move material in suspension 

immediately above the bed, and bedload towards the downslope side, accreting 

material to the inner part of the overbank deposits (Figs. 14 and 15). In combination, 

the interpreted Coriolis force-induced helical flow circulation results in asymmetric 
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deposition-and-erosion patterns and the resultant upslope migration of the interpreted 

channels (Figs.14 and 15). 

7. Conceptual implications 

The present model for the NPDW-CCs provides insight into three-dimensional 

flow fields in contourite currents and their linkage to sedimentation. This study and its 

comparison with experimental, analytical and numerical work on turbidite channels at 

low and high latitudes suggests that three-dimensional flow fields in a contourite 

channel on the northwestern South China Sea margin are more complicated than a 

single helical flow cell (cf. Hernandez-Molina et al., 2008; Rebesco et al., 2014), and 

that it combines a helical flow cell in the bulk of the flow and lower and upper Ekman 

boundary layers which are enhanced by the pressure-gradient force caused by flow 

superelevation. Where contourite channels exhibit curvature induced by pre-existing 

topography then these Ekman layers can also be enhanced (or reduced) by centrifugal 

forces depending on the orientation of the curvature. Specific to the present South 

China Sea case, the Ekman boundary layers are enhanced by centrifugal forces (Figs. 

14B, 14C, and 15B). In the opposite case where the centrifugal force opposes the 

Ekman layers, then at a given, but as yet unknown, Rossby number, the Ekman 

boundary layers would start to be disrupted. Previous work has examined the Ekman 

boundary layer in straight channels (e.g., Johnson and Sandford, 1992; Wåhlin, 2004; 

Cossu et al., 2010, 2013). However, the detailed influence of bend curvature and 

centrifugal forces on Ekman boundary layers has yet to be addressed. The bulk 

secondary flow will lead to the migration of the downstream high velocity core to the 
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right hand side (upslope) as looking downstream (in the northern hemisphere). Such 

helical flow cells, in parallel with sedimentation on the downslope side (as suggested 

by the occurrence of overbank deposits along this region), act to focus erosion on the 

upslope side. There are a series of erosional terminations (blue dots in Figs. 5A and 

6A) showing that the position and strength of this high-velocity core changes with 

time, reflecting changes in the velocity and excess density of the contour current over 

time. 

8. Conclusions 

This study documents, from a joint 3D seismic and oceanographic perspective, 

flow processes and in turn sedimentation in contourite channels on the northwestern 

South China Sea margin. Our results suggest that NPDW-CCs flowing through bends 

of contourite channels around a topographic high would yield an imbalance, through 

the flow depth, of upslope directed Coriolis forces versus downslope directed 

pressure-gradient and centrifugal forces. This, in turn, drives a Coriolis force-induced 

helical flow rotation composed of a large-scale secondary cell (i.e., an upper return 

flow towards the downslope and a basal flow towards the upslope) and an Ekman 

boundary layers at the very base. This Coriolis force-induced helical flow circulation 

most likely favored downslope deposition and resultant aerially extensive coverbank 

deposits along the downslope margins, but promoted upslope erosion and resultant 

asymmetric channel cross-sections with steepened channel walls and truncation 

terminations along upslope margins. Such asymmetric deposition-and-erosion patterns 

forced the studied channels to progressively migrate in an upslope direction, resulting 
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in clear upslope migration. Furthermore, the Coriolis force-induced helical flow 

rotation exhibits subcritical flow conditions (estimated as Fr of 0.04 to 0.17), and is 

sufficiently overbank to spill out of the studied contourite channels, yielding overbank 

deposits along the downslope flanks of the contourite channels. 
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Figure captions 

Fig. 1. (A) Bathymetric map (provided by Guangzhou Marine Geological Survey) 

showing geographical context of the study area (solid box with red outline) along the 

northwestern South China Sea margin. Also shown are regional plan-view locations of 

bathymetric maps (Fig. 1B) and geomorphic images (Figs. 8 to 10). Pathways of the 

North Pacific Intermediate Water (NPIW) and North Pacific Deep Water (NPDW) are 

from Gong et al. (2013, 2015). (B) Bathymetric map of the modern seafloor of the 

study area showing map-view locations of seismic sections presented in Figs. 5A, 5B, 

6A, 6B, 11A, 11B, and 14A. Also shown are plan-view locations of bathymetric maps 

shown in Figs. 2 and 15A and time slices presented in Figs. 3 and 4. Note that time 

slices shown in Figs. 8 to 10, together with bathymetric map of Fig. 1B, cover the full 

3D seismic survey marked by the solid box in Fig. 1A, but that time slices shown in 

Figs. 3 and 4 (marked by red boxes in Fig. 1B) only cover a part of the 3D seismic 

survey. 

Fig. 2. Three-dimensional perspective of time structure diagram of the modern 

seafloor (map location shown in Fig. 1B) illustrating plan-view morphology of 

contourite channels (alongslope seismic facies) and overbank deposits (overbank 

seismic facies). Hot and cool colours for the depth scale correspond to topographic 

highs and lows, respectively (also in the bathymetric maps of Figs. 1B and 15A). 

Fig. 3. Flattened horizontal amplitude slices (plan-view locations shown in Figs. 1B 

and 8A to 10A) taken at 24 ms (A) and 132 ms (B) below the modern seafloor 

illustrating plan-view geomorphological characteristics of contourite channels and 

concomitant overbank deposits. Note that the seismic horizon slice of Fig. 3A may not 

strictly follow the seismic reflection of the modern seafloor, giving rise to closely 

spaced, wavy seismic reflection patterns. 

Fig. 4. Flattened horizontal amplitude slices (plan-view locations shown in Figs. 1B 

and 8A to 10A) seen at 168 ms (A) and 250 ms (B) below the modern seafloor 
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showing plan-view geomorphological characteristics of contourite channels and 

concomitant overbank deposits. 

Fig. 5. Dip- and strike-view seismic lines (panels A and B, respectively) illustrating 

cross-sectional seismic manifestations of contourite channels (alongslope seismic 

facies) and contemporaneous overbank deposits (overbank seismic facies). The small 

blue dots represent the base of the overbank facies. See Figs. 1B, 3 to 4, and 8A to 

10A for line locations. 

Fig. 6. Dip- and strike-orientated seismic sections (panels A and B, respectively) 

showing cross-sectional seismic expression of contourite channels (alongslope 

seismic facies) and contemporaneous overbank deposits (overbank seismic facies). 

The small blue dots represent the base of the overbank facies. See line locations in 

Figs. 1B, 3 to 4, and 8A to 10A. (C) The enlarged seismic section illustrating a 

close-up view of levee crests with downlap terminations (red dots) and overlying 

levee crest draping imaged as well-layered, parallel to subparallel, continuous 

reflections.  

Fig. 7. (A) Plots of average width (W) versus average thickness (T) for contourite 

channels (red triangles) and unidirectionally migrating deep-water channels (blue 

dots). (B) Plots of channel aspect ratios (W/T) against average thickness (T) for 

contourite channels (red triangles) and unidirectionally migrating deep-water channels 

(blue dots). Refer to Tables 2 and 3 for full details. A t-test, conducted at a confidence 

interval of 95%, concludes the populations to be statistically distinctive either by W, T 

or by W/T. 

Fig. 8. Flattened horizontal seismic amplitude (panel A) and RMS-attribute slices 

(panel B) seen at 150 ms (TWTT) below the modern seafloor (for location see Fig. 1A) 

showing plan-view geomorphological manifestations of contourite channels, overbank 

deposits, and channel-complex set 1 (CCS1) of unidirectionally migrating deep-water 

channels. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 34 

Fig. 9. Flattened horizontal seismic amplitude (panel A) and RMS-attribute slices 

(panel B) taken at 170 ms (TWTT) below the modern seafloor (see Fig. 1A for 

location) illustrating plan-view geomorphological appearance of contourite channels, 

overbank deposits, and channel-complex set 1 (CCS1) of unidirectionally migrating 

deep-water channels. 

Fig. 10. Flattened horizontal seismic amplitude (panel A) and RMS-attribute slices 

(panel B) seen at 180 ms (TWTT) below the modern seafloor (for location see Fig. 1A) 

showing plan-view geomorphological expression of contourite channels, overbank 

deposits, and channel-complex set 1 (CCS1) of unidirectionally migrating deep-water 

channels. 

Fig. 11. Depositional strike- and dip-orientated seismic sections (upper and lower 

panels, respectively) showing cross-sectional seismic expression of unidirectionally 

migrating deep-water channels (i.e., downslope seismic facies). See Fig. 1B for line 

locations. In depositional strike view (A), unidirectionally migrating deep-water 

channels comprise two different channel-complex sets (CCS1 and CCS2); these 

consistently migrated from CCS2 to CCS1, and exhibit unidirectional channel 

trajectories. In depositional dip view (B), they are not linked to the coeval shelf edges, 

with their heads merging into the regional slope of the studied margin. 

Fig. 12. Isopach maps (depicted by 10 m contours) of channel-complex sets (CCS1 

and CCS2) of unidirectionally migrating deep-water channels (left and right panels, 

respectively). 

Fig. 13. (A) Plots of Va versus Lm for contourite- and unidirectionally migrating 

deep-water channels (red triangles and blue dots, respectively). (B) Lm/Va  against Lm 

for contourite channels and unidirectionally migrating deep-water channels (red 

triangles and blue dots, respectively). Lm and Va refer to lateral and vertical 

components of a specific channel-growth trajectory, respectively. A t-test confirms 

that the differences between Lm and Lm/Va populations are statistically significant with 
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a 95% confidence interval. 

Fig. 14. (A) Two-dimensional seismic transects from 3D seismic volume (for line 

location see Figs. 1B, 3 to 4, and 8A to 10A) illustrating the cross-sectional seismic 

appearance of contourite channels and their associated overbank deposits. (B) 

Cartoon-style illustration of the cross-sectional view of the Coriolis force-induced 

helical flow rotation in the interpreted contourite channels. (C) Line drawing 

illustrating the main forces operating within contourite channels; shown for the 

northern hemisphere. The dominant Coriolis force, opposed by the pressure gradient 

and centrifugal force (blue arrows), leads to super-elevation on the right hand side of 

the channel, as looking downstream. The main helical cell, shown by the solid black 

line, is the result of these three opposing forces, with lower levels of the flow moving 

in the upslope (transverse) direction, and the upper flow moving downslope. At the 

basal and upper flow interfaces, Ekman boundary layers form (black straight arrows), 

and these are orientated in a downslope (transverse) direction. The basal Ekman 

boundary layer is particularly important for basal sediment transport. See text for 

further details. Figure based on Cossu et al., (2010) and Cossu and Wells (2010). 

Fig. 15. (A) Three-dimensional perspective of time bathymetric map of the modern 

seafloor illustrating plain-view morphology of contourite channels around a 

topographic high and flow processes flowing through them. (B) Cartoon-style 

illustrations of the plan view of the Coriolis force-induced helical flow circulation in 

the studied contourite channels. 
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Table captions 

Table 1 Tabulation of seismic facies descriptions and interpretations. 

Table 2 Morphometric properties of contourite channels recognized as alongslope 

seismic facies. 

Table 3 Morphometric properties of two channel-complexes sets (CCS1 and CCS2) 

recognized in the unidirectionally migrating deep-water channels. 
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Graphical abstract 
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Figure 1 (two-column width, color). 
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Figure 2 (two-column width, color). 
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Figure 3 (two-column width, color). 
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Figure 4 (two-column width, color). 
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Figure 5 (two-column width, color).
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Figure 6 (two-column width, color).
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Figure 7 (two-column width, color).
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Figure 8 (two-column width, color).
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Figure 9 (two-column width, color).
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Figure 10 (two-column width, color).
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Figure 11 (two-column width, color).
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Figure 12 (two-column width, color).
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Figure 13 (two-column width, color).
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Figure 14 (two-column width, color).
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Figure 15 (two-column width, color). 
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Table 1 (landscape). 

Seismic 

facies 

Cross-sectional seismic 

expression 
Plan-view appearance Seismi

c 

examp

les 

Hydrodyna

mic 

interpretati

on 

Amplit

ude 

Continui

ty 
Geometry 

RMS 

attribute 

maps 

seismic 

amplitude 

maps 

Alongsl

ope 

seismic 

facies 

Low to 

moderat

e  

Continu

ous 

Lens-sha

ped, 

concave-

up 

Isobath-para

llel, low 

RMS-attrib

ute bands 

Isobath-para

llel, low 

amplitude 

bands 

Figs. 3 

to 6 

and 8 

to 10 

Contour 

currents 

Overban

k 

seismic 

facies 

Low 
Continu

ous 

Elongated

, 

mounded 

Low 

RMS-attrib

ute tongues 

Low 

amplitude 

tongues 

Figs. 3 

to 6 

and 8 

to 10 

Contour 

currents 

Downsl

ope 

seismic 

facies 

Large-scale incisions oriented roughly perpendicular to 

regional contour lines 

Figs. 8 

to 10 

and 11 

Interplay 

of contour 

and 

turbidity 

currents 
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Table 2 (two-column width). 

Seismic 

lines 

Width 

(W, km) 

Height 

(T, m) 
W/T 

Lateral 

migration (Lm, 

km)  

Vertical 

aggradation (Va, 

m) 

Lm/Va 

(dimensionless) 

Line 

1720 3.0 240 13 1.0 180 5 

Line 

1760 2.8 235 12 0.9 157 6 

Line 

2040 4.6 239 19 1.9 185 10 

Line 

2080 5.2 238 22 2.0 221 9 

Line 

2250 3.8 231 17 1.3 198 7 

Line 

2280 4.0 231 17 1.2 196 6 

Trace 

5240 
3.5 175 20 0.6 49 12 

4.9 203 24 1.1 96 11 

Trace 

5260 
3.1 212 15 0.6 56 11 

4.7 251 19 1.2 103 12 

Trace 

5360 4.2 227 18 1.7 140 12 

Trace 

5440 
3.9 230 17 1.4 113 13 

4.9 253 19 2.0 169 12 

Trace 

5480 
3.3 229 15 1.4 124 11 

5.1 203 25 1.7 160 10 

Trace 

5500 
2.9 216 14 1.1 131 8 

5.2 208 25 2.1 196 11 

Average 4.1 225 18 1.4 146 10 
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Table 3 (two-column width). 

Seismic 

lines 
CCSs 

Width 

(W, 

km) 

Height 

(T, m) 
W/T 

Lateral 

migration 

(Lm, km)  

Vertical 

aggradation 

(Va, m) 

Lm/Va 

(dimensionless) 

Line 

3000 

CCS1 10.1 92 109 
21.3 238 89 

CCS2 11.2 146 77 

Line 

3100 

CCS1 9.2 88 105 
19.2 222 86 

CCS2 10.0 134 74 

Line 

3200 

CCS1 8.6 84 102 
19.1 240 80 

CCS2 10.5 155 67 

Line 

3300 

CCS1 8.1 89 91 
17.8 210 84 

CCS2 9.7 121 80 

Line 

3500 

CCS1 8.2 88 93 
17.9 228 79 

CCS2 9.7 140 69 

Line 

3600 

CCS1 7.7 79 98 
17.1 203 84 

CCS2 9.4 124 76 

Line 

3700 

CCS1 8.0 96 83 
16.8 216 78 

CCS2 8.8 120 73 

Line 

3800 

CCS1 8.9 103 87 
18.2 243 75 

CCS2 9.3 141 66 

Line 

3900 

CCS1 8.9 107 83 
18.3 251 73 

CCS2 9.4 144 66 

Line 

4000 

CCS1 8.5 93 92 
18.2 239 76 

CCS2 9.7 146 67 

Line 

4100 

CCS1 8.7 97 90 
18.3 230 80 

CCS2 9.6 134 72 

Line 

4200 

CCS1 8.4 99 84 
17.0 236 72 

CCS2 8.6 136 63 

Line 

4300 

CCS1 8.2 89 92 
17.3 234 74 

CCS2 9.2 146 63 

Line 

4400 

CCS1 8.0 97 82 
17.2 235 73 

CCS2 9.2 138 66 

Line 

4500 

CCS1 7.7 96 80 
16.4 227 72 

CCS2 8.8 131 67 

Average CCSs 9.0 115 81 18.0 230 78 
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Highlights 

• Coriolis force-induced helical flow cell consists of a large-scale secondary cell and Ekman 

boundary layers at the very base. 

• Coriolis force-induced helical flow cell exhibits unconfined, subcritical flow conditions. 

• Coriolis force-induced helical flow cell yields downslope deposition versus upslope erosion. 


