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Abstract

In deep-marine environments, the inception of channels can be induced by the interaction
between bottom currents and rough topography. However, it is still unclear under which
conditions such features can form and what happens in the earliest phase of channel
development. In this study, based on the morphological, sedimentary and oceanographic
settings of a pockmark field in the NW South China Sea, we reveal the process of channel
inception through the erosion of pockmarks by bottom currents. Using numerical
simulations, we show that an appropriate current velocity can induce the erosion of
pockmark trains in cohesive sediments, leading to the coalescence of discrete pockmarks
and the formation of a channel with a rough thalweg. The interaction of bottom currents
with the pockmarks induces a significant erosion along the pockmarks axis. Bottom
current erosion is strongest at the downstream edges of pockmarks, where the horizontal
velocity reaches a maximum and an upwelling forms. Erosion increases as the distance
between pockmarks reduces. In our simulation results, a channel is only formed by the
coalescence of pockmarks if the distance between pockmarks is <6 times the diameter
of the pockmark. This study provides evidence of the formation of channels by bottom
currents, which helps reconstruct paleoceanographic conditions based on sediment
architecture. It also shows the complex hydrodynamics at these structures that strongly
control sedimentary processes and may affect distribution of benthic ecosystems in
marine environments.

Keywords: Channel inception, Bottom current erosion, Pockmark, Numerical simulation,
Morphological evolution.
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1. INTRODUCTION

Channels are prominent topographic features on the seafloor of continental slopes and
basin plains. Their inception and evolution significantly control sediment transport and
deposition in deep-water environments (Stow and Mayall, 2000; Habgood et al., 2003;
Posamentier and Kolla, 2003). Along-slope bottom currents (e.g. contour currents) and
down-slope turbidity currents are considered as two of the main mechanisms controlling
or influencing the development of deep-water channels (Peakall et al., 2007; Stow et al.,
2009; Rebesco et al., 2014; Peakall and Sumner, 2015; Miramontes et al., 2019a;
2020). Channels formed by down-slope gravity-driven processes are commonly defined
as “submarine channels”, and their inception can happen either through erosion (i.e.
slope channel incision, Fildani et al., 2013; Covault et al., 2014) and/or deposition (i.e.
forming channel levees and flow confinement, de Leeuw et al., 2016) by turbidity
currents. Near-bed currents, generally observed at within 100 m above the seafloor
(e.g. Miramontes et al., 2019b; Fuhrmann et al., 2020; Ye et al., 2023), induced by
oceanographic processes (i.e. bottom currents) can be accelerated by topographic
obstacles, resulting in seafloor erosion and the formation of channels (or moats) that are
commonly parallel to the bathymetric contours (Miramontes et al., 2021; Wilckens et al.,
2021; 2023). However, bottom-current-related channels can also be found away from
topographic obstacles (Fig. 1), and their inception is still poorly understood.

Pockmarks are “crater-like” depressions on the seafloor formed by fluid seepage, which
have been observed worldwide and often coexist with channels (Pilcher and Argent,
2007; Cartwright and Santamarina, 2015; Yu et al., 2021). In several areas around the
world, it has been suggested that pockmarks can be enlarged (Michaud et al., 2018),
reshaped (Cukur et al., 2019) and elongated (Andresen et al., 2008) by bottom-current
action (Fig. 1). Based on geophysical data analyses, Kilhams et al. (2011) and Yu et al.
(2021) demonstrated that the inception of bottom-current-related channel might be
initiated from pockmarks that are trail-aligned parallel to the seafloor contours. However,
the specific processes of channel inception from pockmarks are still unknown. This
study aims to reconstruct the morphological evolution of pockmarks controlled by
bottom currents through numerical simulations based on seafloor observations from the
NW South China Sea (Fig. 1C), and to decipher the hydrodynamic conditions that are
necessary for channel inception. The reconstructed along-slope evolutionary processes
from pockmarks to channel confinements will not only contribute to the recognition of
bottom-current genesis for channel inception, but also provide important implications for
understanding the development of pockmark-related benthic ecosystems and
reconstructing paleoceanography and paleoenvironment.
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Figure 1. Examples of pockmarks influenced by bottom currents, and their locations. 1.
Gulf of Mexico (Davies et al., 2010); 2. Carnegie Ridge Offshore Ecuador (Michaud et
al., 2018); 3. SE Brazilian Continental Margin (Berton and Vesely, 2018); 4. Alongslope
pockmark trains at the western shelf of Scotland (shown as fig. 1A modified from
Audsley et al., 2019); 5. Danish North Sea (Andresen et al., 2008); 6. Western
Continental Margin of Norway (Webb et al., 2009); 7. Elongated pockmarks in the NW
Mediterranean Sea (shown as fig. 1B modified from Miramontes et al., 2019a); 8. Strait
of Gibraltar (Ledn et al., 2014); 9. Namibia Continental Margin (Wenau et al., 2021); 10.
Western Indian Continental Margin (Dandapath et al., 2010); 11. Maldives, Indian
Ocean (Betzler et al., 2011); 12. Pockmark field in the NW South China Sea (shown as
Fig. 1C, modified from Yu et al., 2021); 13. SE Korean Continental Shelf (Cukur et al.,
2019); 14. NW Australian Continental Margin (Picard et al., 2018).



85

86
87
88
89
90
91

92

93

94
95
96
97
98
99

100
101

102
103
104

Manuscript published in Earth Surface Processes and Landforms
https://doi.org/10.1002/esp.5610

2. GEOLOGICAL SETTING

In this study, the settings of the numerical simulation are based on the sedimentological
and oceanographic conditions of a pockmark field located in the southwest of Xisha
Archipelago, South China Sea (Fig. 2). In the Xisha Archipelago, active fluid seepage
and wide development of pathways, i.e. faults, gas chimneys and pipe structures within
the underlying strata, jointly predefine the weakness zones and precondition the
pockmark formation (Sun et al., 2011; Chen et al., 2018).

Depth/km

Figure 2. Bathymetric and topographic map of the northwestern South China Sea,
showing the location of the pockmark field. Sediment cores (red dots) and in-situ
measurements for current velocity (yellow dots) are cited from Astakhov (2004) and
Yang et al. (2019), respectively. The purple arrows indicate the simulated ocean
currents at water depth between 700 to 1500 m from Quan and Xue (2018). XA, Xisha
Archipelago; ZA, Zhongsha Archipelago.

2.1 Sedimentology

According to the bottom sediment dataset collected by Astakhov (2004), in the NW
South China Sea (Fig. 2), surface and subsurface sediments (down to 3 m below the
seafloor) are dominated by very fine silt, which shows a seafloor composed of cohesive
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sediments (median grain diameter D50 = ~50 ym) with mainly silt (66%), clay (28%) and
some sand (6%). Moreover, the abundant published grain size data from surface
sediments of the continental shelf and slope of the northern South China Sea confirmed
that the zones below 200 m water depth are commonly dominated by sediments with
mean grain sizes ranging between 4 and 20 ym (Zhong et al., 2017). We can thus
assume that the sediments in the pockmark field of this study are cohesive sediments
mainly composed of silt.

In the Xisha Archipelago, carbonate biogenic materials forms around the carbonate
reefs, occupying a high percentage (ca. 54%) in the surface sediments adjacent to the
reefs (Liu et al., 2013, Yi et al., 2018). The high percentage of biogenic materials may
increase sediment grain size and alter sediment properties. However, the percentage of
biogenic material significantly declines in the deeper region, away from the carbonate
reefs (Liu et al., 2014; Zhang et al., 2015). In this study, we aim to reveal the evolution
of pockmarks away from topographic obstacles, hence the impact of biogenic materials
has been disregarded.

2.2 Oceanography

The South China Sea is composed of four main water masses: surface water (at a
water depth between 0 and 750 m), intermediate water (at water depths between 750
and 1500 m), deep and bottom waters below 1,500 m (Liu et al., 2008; Yin et al., 2021).
The pockmark field is located in the northwestern South China Sea at water depths
ranging from 750 to 1300 m (Figs. 1 and 2), and thus under the influence of the
intermediate water mass. According to the layered circulation model of the South China
Sea proposed by Quan and Xue (2018), ocean currents flow through the pockmark field
with a southwestward direction (Fig. 2). Furthermore, vessel-mounted ADCP data from
Yang et al. (2019) shows a variable speed of ocean currents relatively close to the
pockmark field, with an average speed ranging from 10 to 20 cm/s and maximum speed
of ca. 80 cm/s.

3. METHODOLOGY

The numerical model of this study is set up with the Delft3D modeling system (Deltares,
2014) that solves the equations of horizontal momentum, continuity, and transport on a
staggered model grid using an implicit finite-difference scheme (Lesser et al., 2004). In
this study, setup of the numerical simulation includes bathymetric setting, sensitivity
analysis of input parameters and modelling processes. The sensitivity analysis of input
parameters is detailed in the supporting information (Tables S1-S4).

3.1 Bathymetric setting

The model bathymetry was created based on a pockmark field identified in the NW
South China Sea, which is observed on multibeam bathymetric data acquired in 2008
by the Guangzhou Marine Geological Survey (Yu et al., 2021). The bathymetric dataset
covers an area of ~10,000 km? with a water depth range between 300 and 1300 m, a



144
145

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

169

170

171
172
173

Manuscript published in Earth Surface Processes and Landforms
https://doi.org/10.1002/esp.5610

horizontal resolution of ~100 m (cell size) and a vertical resolution of ~3 m (3%o of the
water depth).

The geometrical parameters, pockmark depth and diameter, of 25 circular pockmarks in
the pockmark field were measured using Global Mapper® (Table S5; Fig. 3). The
average geometrical parameters were used to create the modelling bathymetries with
an isolated pockmark or a pockmark train (in idealized geometries). The maximum
erosion depth in Delft3D is 10 meters, while the erosion depth observed at the real-
sized pockmarks can be more than 100 meters. In order to simulate the complete
erosion process, the diameter and depth of the simulated pockmarks are reduced by ten
times compared to the real-sized pockmarks. Therefore, the simulated pockmarks have
a diameter of 95 m, a depth of 8 m, and were simulated at a water depth of 85 m, with
an initial sediment thickness of 10 m (Table 1). In order to assess the impact of reducing
pockmark scale on modeling results, the hydrodynamic simulation (without
morphological change) with real-sized and reduced-sized pockmarks was carried out for
comparison (Fig. 4). The modelling of two different sized pockmarks was carried out
with the same number of layers and input velocity. Therefore, the bottom layer in the
modelling of real-sized pockmark is ten times thicker, while the induced horizontal
velocity decreases towards to the seabed. Thus, the greater thickness led to a higher
horizontal velocity (in average) in the modelling of real-sized pockmark (Fig. 4). More
importantly, the modelling results of two different sized pockmarks show a similar
hydrodynamic pattern of near-bed currents (i.e. the current in the first layer above the
seafloor, in the modeling of this study), both for vertical and horizontal velocities (Fig. 4).
Therefore, we assume that the change of pockmark scale does not have a significant
impact on the simulation results, and the evolutionary processes dominated by the
bottom current erosion on real-sized and reduced-sized pockmarks are comparable.

Pockmark 1 |Water Depth (m)| Dimension (m) Depth (m)
Profile a 910 710 58
Profile b 890 830 80

Water Depth (m)

900

950

Length (m) 250 500 750 1000

Water Depth (m)

600 [N - e

950 [N ool
0 7.5 15.0

0.
Slope gradient (deg) FH———r'————

Length (m) 250 500 750 1000

Figure 3. Example showing the geometrical measurement of a single pockmark. 25
pockmarks are measured for the design of the bathymetric setting in this study, and the
detail information is shown in Table S5.
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Table 1. Initial bathymetric settings of pockmarks used in the numerical simulation.

Scenarios Real-size pockmark Single pockmark Pockmark Train
Grid length 10000 m 1000 m 1200 to 2400 m
Grid width 4000 m 400 m 400 m
Bathymetric resolution 20 m 2m 2m
Water depth 850 m 85 m 85 m
Pockmark diameter 950 m 95 m 95 m
Pockmark depth 80 m 8m 8m
Angle of the pockmark 95° 9.5° 95°
flanks
Number of pockmarks 1 1 3
Interval distance - - 0 to 600 m
Initial sediment thickness 10 m 10 m 10 m
Seafloor slope 0° 0° 0°
Increase of horizontal velocity u (m/s) Increase of horizontal velocity u(m/s)
0.1568 m/s 0.158 m/s
300 i | L3000 e
E :'S Reduced-sized pockmark E @‘ Real-sized pockmark
F260--E--------7----=== 1 I F2800-E--------7------= e e
> - 1 I -
100 Layer thickness is ~0.9 m| - 1000 Layer thickness is ~9 m
(1% of water mass) (1% of water mass)
20 Aol o 800 x_dir (m)| | Plan-view 2000 4000 6000 8000 x_dir (m)

u (m/s) u (m/s)
90 0.07 0.08 0.09 | [-900 0.085 0.095 0.105
. [ EEmE— ] i HET "~
Axial profile | | | ] Axial profile | | | 1
w(m/s w(m/s
Downwelling Upwelling 0.158 m}S ) @ Downwelling Upwelling 0.158 m/(S )
300 3000
- Reduced-sized pockmark| 2 E i’ Real-sized pockmark
"
i 5
100 1000
2?0 4c|)o G(Im 890 X-dir (m)| | Plan-view quO 40|UD GOIDO BUIDO X-dir (m)
Depth (m) Depth (m)
85 850
‘ , w (m/s) ‘ I w (m/s)
90 ; -0.03 0 0.03 | [-900 _ -0.03 0 0.03
Axial profile | Dowmlvalllng Upweiling _:— Axial profile | Duwnvlvelllng Upwe:ling _—I—v—-

Figure 4. Results of hydrodynamic simulations (without morphological change) of
reduced-sized pockmark (A and C) and real-sized pockmark (B and D). The greater
thickness of the bottom layer led to a higher horizontal velocity (in average) in the
modelling of real-sized pockmark. In general, the real-sized and reduced-sized
pockmarks have a similar impact on bottom current actions that: horizontal velocity
significantly increases in the upstream and downstream edges of pockmarks, with the
upwelling and downwelling formed in the inside slopes of pockmarks. Therefore, the
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185 induced hydrodynamic pattern of near-seafloor currents of the two different scenarios
186 are similar and comparable.

187
188 3.2 Numerical model setup

189 Two sets of simulations were carried out with different purposes in this study (Table 1):
190 the first set of simulations aims to understand the impact of bottom currents above an
191 isolated depression (single pockmark); the second set of simulations looks at pockmark
192 trains with different interval distances to investigate channel inception from discrete
193 depressions (pockmark train). For all of the simulations, the domain was set with two
194  open boundaries, the entrance (left boundary) as a set input velocity with a steady

195 sediment input (0.02 kg/m?3), and the exit (right boundary of the bathymetry) as a

196 constant water level of 0 m. Each simulation lasts 72 hours and contains two phases
197 (Fig. 5). In phase 1, the current velocity increases from 0 to the chosen value (after 6
198 hours) and then stabilizes (from 6 to 12 hours) (Fig. 5A). Morphological changes only
199  occur during phase 2, when the current velocity is stable (from 12 hours to the end)
200 (Fig. 5B). During the simulation, the initial and final stages indicate the beginning and
201  end of the morphological evolution.

Bottom currents [Phase 1: Current velocity increasing and stabilizing (No morphological change) |
s — @s : ;
E = 1
86 ] T i
= I S = A—
g 4 “— [Phase 2: Stable current velocity (Morphological Change) | N :
§ 2 1 24 Hours 48 Hours 72 I-iuurs
i 1 1 1
Initial Stage E—— Final Stage
1 ~. (12 hours) Time (72 hours)
A Water depth (m)
% [ ]
g - 85 89 93
=~ Pockmark train at
~ _ Initial Stage
— / P
Initial Bedform (12 hours) Current Direction ‘ ST
l Decreasing erosion rate
-85 — — o= AN~ —-—==z
—N 1 \1 !1 -
) 1 - ~
= 1 | gem ) e ! Final Bedform =0
£ \1 w‘ (72 hours) L 0 B
-90E 1 [
a b, / Vo w Pa—— Surface sediments removed in every 4 hours
& b N X2 PIDS 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72hours
400 600 800 1000 ; (|
203 \ I I [ Xdir{m) Time

204 Figure 5. Sketch showing the detailed simulation process composed by two phases. (A)
205 Change of current velocity recorded by three monitoring points (shown as the dark blue,
206 red and orange triangles) at the first layer above seafloor. Current velocity increases to
207 its set value and stabilizes in phase 1 (from 0 to 12 hours), morphological changes only
208 occur in phase 2 which starts at “initial stage” (12 hours) and ends at “final stage” (72
209 hours). (B) Morphological profile showing the progressive erosion that is characterized
210 by a decreasing trend of erosion rate.
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In addition, according to the high-resolution records from drill sites and in-situ
observation, bottom-current action and the related morphological evolution is a
persistent and long-term process (Bahr et al., 2015; Miramontes et al., 2019b, 2021). In
many previous studies, long-term morphological processes have been reconstructed by
numerical simulations accelerated by setting a morphological time-scale factor, which
amplifies the sediment transport processes based on simulated hydrodynamics
(Cayocca, 2001; Dastgheib et al., 2008; Van Der Wegen and Roelvink, 2008; Zhang et
al., 2010). In Delft3D, the morphological time-scale factor can also be applied to reduce
computational time by applying a scalar multiplier to the sediment continuity equation
(Roelvink, 2006; Briere et al., 2011; Morgan et al., 2020). In this study, a sensitivity
study of the morphological time-scale factor (MORFAC) has been tested, with MORFAC
in the range 1 to 10000 (Table S1). A higher morphological time-scale factor magnifies
the feedback of seabed (morphological change), through multiplying the erosion and
deposition rate by a constant factor. Importantly, the final results of the tests with
different morphological time-scale factors are generally identical, revealing a constant
trend for morphological evolution. This is because the imposed hydrodynamics are
constant in time during the morphological evolution. In this study, the numerical
simulation of bottom current was set with a scaled bathymetry and accelerated by
morphological time-scale factor of 3000 (Table S1). This means that the flow velocity
and sediment properties have the same scale as in a natural environment, and the
morphology and its evolution are scaled in order to accelerate computation time. In this
way, the long-term morphological evolution (lasting tens of years) can be effectively
reconstructed in the 72 hours simulation time (Fig. 5B).

In this study, we analyze the modelled velocities above pockmarks and the bed shear
stress (1) induced by currents, calculated as (Deltares, 2014):

,1—;’ — gpozlz;lﬁl;l (1)

Where, g (9.81 m/s?) is the gravity acceleration, p, (1026 kg/m?3) is the reference density
of water, u, indicates the horizontal velocity of the first layer just above the seabed and
C is the Chezy coefficient (set as 34 m'?/s).

4. RESULTS
4.1 Morphological evolution of pockmarks

Following our modelling setup, three representative velocities (0.120, 0.158 and 0.170
m/s) of bottom currents are identified to exemplify three distinctive patterns for the
possible evolution of a single pockmark (Fig. 6). From these results, some common
patterns can be identified. The highest bed shear stress is located at the streamwise
edges of the pockmark, and the lowest at the bottom of the pockmark (Figs. 6E to H).
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An input velocity of 0.120 m/s induces a bed shear stress lower than the threshold value
for deposition (0.04 N/m?), resulting in the accumulation of a thin layer of sediment (<0.5
m) on the seafloor and in the formation of small levees at the crosswise banks of the
pockmark (Figs. 6B and F). With an input velocity of 0.158 m/s, an erosion is induced at
the upstream (to a depth of ca. 1.5 m) and downstream (ca. 5 m) edges of the
pockmark. As a consequence, the pockmark elongates 120 m in the upstream direction
and 310 m in the downstream direction (Figs. 6C and G). An input velocity of 0.170 m/s
induces a bed shear stress higher than the threshold value for erosion in nearly the
whole domain, resulting in widespread seafloor erosion and removing most part of the
pockmark topography (Figs. 6D and H).

Axial profile showing morphological change

Morphological change in plan-view and bed shear stress
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Figure 6. (A, B, C and D) Plan-view pockmark geometries of a single pockmark at the
initial (A) and the final stages (B, C and D) of morphological change under different
input current velocities. (E) Three different input velocities inducing different bed shear
stress (red lines) along the axis of the pockmark at the initial stage of morphological
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change. (F, G and H) Axial profiles of the pockmark showing the changes of axial
geometries (upper part) and bed shear stresses (lower part) before and after
morphological change. In F, G and H, blue and orange dashed lines indicate the erosion
and deposition occurred during the morphological change. White dashed lines in plan-
view maps indicate the location of profiles. Blue arrows indicate the current direction. In
E, F, G and H, red and black dashed lines indicate the threshold values of bed shear
stress for erosion and deposition, respectively.

The second set of simulations is carried out with a steady current of 0.158 m/s flowing
over a pockmark train composed of three pockmarks with different interval distances
(Fig. 7). In all cases, the erosion is focused along the thalweg of the pockmark train, and
erodes a wide area of the seafloor on the downstream edge (Figs. 7E to G). During the
initial stage, the bed shear stress increases between the pockmarks and reaches a
maximum when the pockmarks are directly connected (Fig. 7E). At the final stage, the
bed shear stress significantly decreases between the pockmarks and at their
streamwise edges, resulting in a decrease of the erosion rate (Figs. 5B and 7E to G).
The induced erosion significantly smoothens the seafloor along the pockmark train,
reflected by the significant deepening of the seafloor between the pockmarks and by the
decrease in gradient of the inside streamwise slopes of pockmarks (Figs. 7E to G), as
observed in natural examples (profiles AA’ and BB’ in Fig. 1). In this simulation, with the
input velocity of 0.158 m/s, the maximum distance between pockmarks at which a
pockmark train can be coalesced into a channel is ~6 times the diameter of the
pockmark (Fig. 7D). In addition, two sets of simulations with pockmarks deviated from
the center axis of domain (20 m in total, Fig. S1) showed the influence of pockmarks not
directly aligned with the flow. The pockmarks are coalesced along the track of pockmark
trains, while the last pockmark (at the end of trails) is still elongated parallel to the
current direction (Fig. S1).

1"
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Figure 7. (A, B, C and D) Bathymetric maps showing the plan-view geometry of

pockmark trains with different interval distances of 0 m, 50 m, 100 m and 600 m that are

eroded by bottom currents (with input current velocity of 0.158 m/s). Black dashed

circles indicate the initial edges of pockmarks. (E, F and G) Profiles along the axis of the
pockmark train revealing the change of axial morphologies (upper part) and bed shear

stresses (lower part) at initial and final stage of morphological change, with the
threshold values of bed shear stress for erosion and deposition indicated by red and

black dashed lines. The blue dashed lines indicate the eroded seafloor in E, F, G and D.

Blue arrows indicate current direction, and the profile location is shown by the white
dashed lines in plan-view maps.

4.2 Hydrodynamic change corresponding to morphological evolution
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The hydrodynamics of bottom currents not only significantly change upon meeting the
depressions of pockmarks, but also keep changing as the pockmarks evolve (Figs. 8
and 9). The horizontal velocity is highest at the streamwise edges of the pockmark, and
decrease to lowest at the bottom of the pockmark (Figs. 8A and B). Moreover, the
enhancement of horizontal velocity is more remarkable at the downstream edge of the
pockmark than at the upstream edge, and the acceleration in horizontal velocity
gradually decreases as the pockmark elongates and becomes smooth (Figs. 8A and B).
In addition, the upwelling and downwelling of near-bed currents are induced by the
inside slopes of the pockmark, and they also diminish with the decline of slope gradient
inside the pockmark (Figs. 8C and D). In general, the hydrodynamic change revealed by
the velocities is a continuous process, with the general velocity near the seafloor
becoming increasingly homogenous as the seafloor morphology changes.

(Al Initial Stage u(m’ss) |(B] Final Stage u(mis)
0.158 m/s 0.158 m/s

300 /FHV = | L300
E 4 -3\ E was =

-l S 7 L B [\ 250
2 Circular pockmark & Elongated pockmark

100 100

Plan-view 200 A G 800 x-dir(m)| | Plan-view 290 o e 800 -dir (m)

Depth (m)

Y-
G

\ / u (m/s) u (m/s)
90 V/ 0.07 0.09 011 0.13|F90 \ 0.07 0.09 0.11 0.13
0 | — ] q | — ]
Axial profile | FITV_' | ] Axial profile L ! 1
Initial Stage w (m/s) ||[D] Final Stage w (m/s)
0.158 m/s 0.158 m/s
300 el | | 300 —
E B E F R
F260--Z--------7---—--4 (——, ————————————————————— 200 S-—------7-------@-- e E L e
" e = T S -
2 Circular pockmark s Elongated pockmark
100 100
Plan-view 2?0 4?0 6?0 890 X-dir (m)| | Plan-view 2?0 4?0 6?0 8?0 X-dir (m)
Depth (m) Depth (m)
85 -85
\ , w (m/s) w (m/s)
90 -0.03 0 0.03 |90 \ t -0.03 0 0.03
Axial profile | : D uw i _:- Axial profile | L ow T uw __I—'_-

Figure 8. Hydrodynamic change of near-bed currents before (A and C) and after (B and
D) morphological change induced by the bottom current (input velocity of 0.158 m/s)
over a single pockmark. In A, B, C and D, the circular (at initial stage) and elongated
pockmarks (at final stage) are outlined by black dashed contours. The current direction
is indicated by the blue arrows, and current velocity is composed by the horizontal
(streamwise, A and B, the induced crosswise velocity is less than 0.001 m/s, thus we
neglect it) and vertical (C and D) components. The upper parts of A, B, C and D show
the velocity of near-bed currents, and the lower parts of each block reveal the velocity
profile of near-bed currents (0 to 5 m above the mean seafloor depth, shown as axial
profile). u: horizontal streamwise velocity, w: vertical velocity. FHV: focused high
velocity, FLV: focused low velocity, DW: downwelling, UW: upwelling.
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The hydrodynamics of near-bed currents induced by the pockmark train show significant
difference before and after the morphological change (Fig. 9). At the initial stage, the
horizontal velocity is significantly higher at the streamwise edges of pockmarks
(especially at the interval areas between two neighboring pockmarks), and lower inside
the pockmarks and at the crosswise edges (Fig. 9A). At the final stage, as the pockmark
train topography smoothens and discrete pockmarks coalesce, the significantly high
velocities between the pockmarks decrease and the overall horizontal bottom velocity
becomes less variable (Fig. 9B). The flow interacts with the relief of pockmarks,
inducing changes in the vertical velocity: downwelling and upwelling form at the
upstream and the downstream flanks, respectively (Figs. 9C and D). The distribution of
upwelling and downwelling is symmetric at the initial stage (Fig. 9C), but the vertical
velocity is significantly reduced at the final stage, especially the upwelling due to the
decrease in slope gradient and height of the downstream flanks of the pockmarks (Fig.
9D). Furthermore, the lateral deviation of pockmarks leaded to a skewed distribution of
horizontal and vertical velocity, compared with the asymmetrical distribution of velocities
induced by the streamwise-aligned pockmarks (Figs. 9 and S1).
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Figure 9. Change of streamwise horizontal velocity (u) and vertical velocity (w) at the
initial and final stages of the morphological evolution of a pockmark train. In A, B, C and
D, the upper parts show the current velocity in the first layer above the seafloor (~ 0.9
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m), and the lower parts reveal the velocity of near-bed currents (0 to 5 m above the
mean seafloor elevation). The input current direction is shown as blue arrows. FHV:
focused high velocity, FLV: focused low velocity, DW: downwelling, UW: upwelling.

5. DISCUSSION
5.1 Channel inception induced by bottom currents

Turbidite channel inception is formed through the earliest, brief phase of erosion that
coalesces depressions related to cyclic steps and produces early negative relief across-
slope, allowing the establishment of confined flow and subsequent development of
channel-levee systems (Fildani et al., 2013). Channels formed by bottom-current
erosion can also originate from discrete depressions (e.g. from pockmarks, Andresen et
al., 2008; Kilhams et al., 2011; Yu et al., 2021) (Fig. 1C). However, in contrast to the
formation of submarine channels formed by episodic short-lived (hours to days) turbidity
currents, bottom currents have to be sustained over a relatively long time (tens or even
hundreds of years) in order to generate large-scale current-related erosional and
depositional features (Stow et al., 2009; Miramontes et al., 2019b), and thus to coalesce
depressions into channels.

The evolution of channel inception induced by bottom-current erosion experiences three
stages: pockmark train, immature channel with rough thalweg and mature channel with
relatively smooth thalweg (Yu et al., 2021). Based on our results, we can propose a
process-based formation of channels by bottoms currents flowing over pockmark trains
(Fig. 10). The initial rough topography of the pockmark train will lead to an early erosion
phase and channel inception (Figs. 7 and 9). According to the hydrodynamic change of
near-bed currents revealed by the simulation results, it is the pre-existence of
pockmarks that makes the bottom current velocity significantly increase between the
pockmarks or at the streamwise edges of isolated pockmarks (Figs. 8 and 9), resulting
in extensive erosion that removes the surface sediment and results in the coalescence
of discrete pockmarks or elongation of isolated pockmarks (Figs. 6 and 7). With time,
the zones between pockmarks tend to be eroded, smoothening the channel thalweg
and, as a result, bed shear stress decreases in these areas, thereby resulting in a
slowing or stop of the erosion (Figs. 5B, 6 and 9). Conversely, the bottom current
velocity and related bed shear stresses are always the lowest in the center of the
depressions (Figs. 6 to 9). This means that under constant currents and sediment
supply, the depressions will tend to be infilled, resulting in the reduction of pockmark
depth. This has also been observed in natural environments (Yu et al., 2021). Bottom
currents in deep-marine environments commonly show strong velocity fluctuations
(Miramontes et al., 2019b; Yang et al., 2019; Fuhrmann et al., 2020; Ye et al., 2023),
resulting in the alternant occurrence of incision between pockmarks in times of stronger
currents and infilling inside the pockmark in times of slower currents (Figs. 6 and 7),
jointly contributing to a smoother seabed along the pockmark train.
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Active fluid escape may take place in the center of the pockmark (Pilcher and Argent,
2007; Andresen and Huuse, 2011), which can actively inhibit sedimentation and favor
channel development. The steep slope gradient and large flank height of pockmarks,
maintained by the active fluid escape, contribute to a rugged seabed, which is the key
factor inducing channel incision along pockmark trains when current speed accelerates
(Figs. 7 and 9). When bottom currents flow through the pockmarks with a low speed and
a high sedimentation rate, the pockmarks can be filled up or even buried, as observed
in many natural environments (e.g. Dandapath et al., 2010; Betzler et al., 2011).
Pockmarks may be distributed randomly or aligned in trains (Fig. 1). Trains of
pockmarks usually occur when they are related to faults (Pilcher and Argent, 2007),
mass transport deposits (Miramontes et al., 2016) or buried channels (Gay et al., 2003).
If pockmarks are not aligned, the disturbances in the bottom current dynamics are
isolated in each depression, resulting in isolated elongated pockmarks (Figs. 1B and 6).
In contrast, trains of pockmarks that are oriented parallel to the currents affect each
other and can coalesce into a channel, especially when the spacing between the
depressions is relatively short (Fig. 7). In natural environments, the alignments of
pockmark trains are rarely in a completely straight line or fully parallel to the current
direction (Fig. 1). Pockmarks distributed with a moderate deviation (or angle) from
current direction (e.g. within ~ 20% of pockmark diameter, as the modeling of Fig. S1)
can change the velocity distribution of bottom currents, making they follow the ‘irregular’
pockmark train and finally form a channel (Fig. S1). Therefore, the bottom current
erosion, which follows the pockmark alignments, and may alter the main current
direction, demonstrates the dominant control of pre-existed bedforms on hydrodynamics
of bottom currents.

Both for the single pockmark and pockmark train, the bottom current erosion is stronger
on the downstream side than on the upstream pockmark side (Figs. 6 to 9). Therefore,
when pockmarks are uniformly-spaced, the pockmarks located at the downstream side
will coalesce first, resulting in an upstream development of the channel (Fig. 7D), which
has also been observed in the eastern Gulf of Cadiz (Ledn et al., 2014). The number
and internal distance between the pockmarks determine the length of the newly formed
channel, while the channel width is generally equal to the pockmark diameter
perpendicular to the current direction (Figs. 7, 9 and 10). In some of the observed
pockmark fields (Fig. 1), the absence of channel inception could be caused by the
absence of bottom currents fast enough to enable large erosion (Stow et al., 2009), or
by the dispersive distribution of pockmarks.
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Initial stage of Plan view

morphological change

Plan view

Final stage of
morphological change

Figure 10. 3D sketch summarizing channel inception induced by bottom currents and
revealing the change of bottom current dynamics before and after bottom current
erosion, corresponding to the morphological change of the pockmark train.

5.2 Implications of bottom current interaction with a rough seafloor
In deep-water environments, large-scale across-slope depressions, such as submarine

canyons, interact with currents flowing alongslope and typically induce local upwellings
that pump up nutrients and enhance biological productivity (Fernandez-Arcaya et al.,
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2017). The interaction of alongslope currents with across-slope canyons and channels
can also favor the alongslope redistribution of sediments originally transported by
gravity flows and affect the morphology of channels (Miramontes et al., 2020).
Furthermore, the influence of bottom currents on the development of many submarine
channels (formed by gravity-driven currents) has been widely observed, leading to the
formation of mixed (turbidite-contourite) depositional systems around the global
continental margins (Rodrigues et al., 2022).

Similar processes of the interaction between pockmarks and bottom currents, as
analyzed in our study, can be widely observed on the modern and paleo seafloors. The
initial rough topography formed by fluid scape is often modified by bottom currents that
enlarge the depressions, form asymmetric sedimentation and crescentic-shaped
depressions (Sun et al., 2011; Michaud et al., 2018; Cukur et al., 2019; Wenau et al.,
2021). Michaud et al. (2018) and Wenau et al. (2021) observed that sediments were
mainly deposited at the upstream flanks and bottom of depressions, which is probably
related to the effects of downwelling of bottom currents and low current velocities at the
center of the depressions (Figs. 6F, 8 and 9). Under erosive conditions, pockmarks will
be elongated along the downstream direction of bottom currents, sometimes inducing
channel inception, as observed in the Danish North Sea (Andresen et al., 2008), South
China Sea (Yu et al., 2021), NW Mediterranean Sea (Miramontes et al., 2019a),
western continental margin of India (Dandapath et al., 2010), Southeastern Brazil
(Berton and Vesely, 2018), and Strait of Gibraltar (Le6n et al., 2014) (Fig. 1). The
elongated pockmark is initiated from a circular pockmark, while the more intensive
erosion at the downstream flank forms the asymmetrical pockmarks thinning in the
downstream direction, as initially proposed by Andresen et al. (2008) through the 3D
seismic interpretation. This process is fully reconstructed, for the first time, in this study,
and we furtherly revealed the enhancement of upwelling at the downstream flank for the
downstream elongation of pockmarks (Figs. 8 and 9). With our results, we provide
insights for a better interpretation of paleo bottom currents based on the morphology of
pockmarks.

In the present study, we focus on the interaction between bottom currents and
depressions formed by fluid escape, but similar results could apply to other kind of
negative-relief bedforms formed by other factors, such as faulting (Berndt et al., 2012;
Gay et al., 2021) and sediment dissolution (Cavailhes et al., 2022; Kluesner et al.,
2022). On a nearly aclinal seafloor, the bottom current erosion would be stronger at the
downstream flanks (or reaches), shown as the erosion of single pockmark (Fig. 6) or
pockmark train (Fig. 7), which is consistent with the current erosion mainly occurred at
the downstream of an arc-shaped and elongated depression (with a length of ~ 30 km),
at the northern Argentine continental margin (Warnke et al., 2023). In the Grenada
Basin (Gay et al., 2021) and the Hatton Basin (Berndt et al., 2012), the wide
development of giant polygonal faults on the seabed may induce a stronger bottom
current erosion between the neighboring polygons, forming seafloor furrows with a flat
bottom. Moreover, large number of mega-depressions (i.e. sinkholes) can be formed by
the dissolution of carbonate-rich sediments and surface collapse (Cavailhes et al., 2022;
Kluesner et al., 2022), while their interaction between bottom currents is still a poorly
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known processes, and the difference in the impacts from sinkholes and pockmarks on
bottom current actions are also worthy of thorough investigation. In addition, the
development of subsurface structures, i.e. faults, diapir, gas chimney and buried
channels, determines the distribution of pockmarks and other heterogeneities on the
seafloor, subsequently controlling the inception and development of pockmark-related
channels (Pilcher and Argent, 2007; Sun et al., 2011; Cartwright and Santanmarina,
2015; Chen et al., 2018).

The complex hydrodynamics at depressions does not only affect sediment transport and
the depression morphological evolution, it can also play an important role in the
structure of benthic communities. Webb et al. (2009) observed higher abundance of
suspension feeders on the slope of pockmarks, suggesting the presence of relatively
strong currents and high particle resuspension, in agreement with our model results
(Figs. 9 and 10). The interplay between seabed morphology, local hydrodynamics and
habitat distribution is observed over bedforms such as marine dunes (Damveld et al.,
2018), but it is poorly understood in depressions in deep-sea environments. Our
modelling results show the potential implications of the interaction of bottom currents
with depressions, and we hope they will motivate future studies that can measure these
processes in natural environments.

6. CONCLUSION

The evolutionary process of bottom-current-related channel inception from pockmarks
are reconstructed herein from numerical simulations based on observed morphological
data, sediment cores and current measurements. The simulation results effectively
reveal the possible morphological evolution of pockmarks and hydrodynamic change of
bottom currents during the processes of channel inception. The pre-existence of
pockmarks alters the hydrodynamics of bottom currents, leading to seafloor erosion
focused along the thalweg of pockmark trains, especially at the streamwise edges of
pockmarks. The induced upwelling of bottom current generates a stronger erosion,
resulting in a greater elongation, at the downstream edge of the pockmark than on its
upstream side. When the current velocity is constant and stable, the bottom current
erosion is strongest at the initial stage of morphological change, and it will gradually
decrease as the seafloor gets smoother along the pockmark train. Furthermore, the
bottom-current erosion can be enhanced if the interval distance between pockmarks is
reduced, and the coalescence of pockmarks may not happen if the distance between
pockmarks is too wide (i.e. >6 times the diameter of the pockmark in this study). This
study illustrates the reshaping processes of pockmarks by bottom currents and reveals
the detailed processes of channel inception dominated by the influence of bottom
currents.
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