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ABSTRACT

Deep-water fold and thrust belts (DWFTBs) exert a first-order control on turbid-
ity current dynamics and sediment dispersal, yet the influence of segmented
folds on flow behaviour and resultant deposition remains poorly constrained.
This study integrates structural modelling and computational fluid dynamics
(CFD) to investigate the hydraulic behaviour and depositional patterns of
unconfined turbidity currents interacting with en-echelon segmented folds.
Upon encountering segmented folds, unconfined turbidity currents decelerate
and thicken due to reverse underflow and overflow, generating low-frequency
hydraulic jumps with low-amplitude fluctuations of Froude number (Fr) and
height-suppressed Kelvin-Helmholtz (K-H) waves upstream of folds. Concur-
rently, volumetrically small and dilute currents spill through fold segment
boundaries, forming high-frequency hydraulic jumps with high-amplitude fluc-
tuations of Fr and enhanced K-H waves downstream of folds. Upstream hydrau-
lic jumps dominate the preferential sediment deposition into three distinct
depozones: (i) strike-parallel depozones upslope of backlimbs from reverse over-
flow, (ii) strike-parallel elliptical depozones along the base of fold backlimbs
from reverse underflow and overflow and (iii) localised transverse depozones
on fold backlimbs from waning overspill. The influence of segmented folds on
overrunning currents is determined by segment boundary relief, governed by
across-strike distance (AcD) and evolutionary stages. En-echelon folds with low
linkage ratios at early stage of linkage facilitate flow transfer through low-relief
segment boundaries. At late-stage of linkage, sediment transport across folds
depends on AcD: large AcD maintains a flow pathway through the segment
boundary, whereas small AcD blocks flow. As en-echelon folds evolve, reduced
along-strike distance (AID) diminishes sediment deposition. The depocentre
migrates from the base of upslope fold backlimb to that of downslope fold as
AcD decreases. Since en-echelon segmented folds are common features in
DWFTBs, and in salt- or shale-influenced basins, these findings highlight the
critical role of segmented boundaries and their linkage processes in controlling
turbidity current hydrodynamics and turbiditic sedimentation.

Keywords Deep-water fold and thrust belt, hydraulic jump, numerical
modelling, sand dispersal, segmented fold, turbidity currents.
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INTRODUCTION

Turbidity currents, serving as the dominant pro-
cess of sediment transport on continental mar-
gins, ultimately constructing most extensive
submarine depositional systems on Earth (Galy
et al., 2007; Meiburg & Kneller, 2010; Talling
et al, 2012; Kane et al., 2020; Pope et al.,
2022a). In tectonically active basins, structurally
controlled topography exerts first-order controls
on the hydraulics and depositional characteris-
tics of turbidity currents (Ravnds & Steel, 1998;
Gawthorpe & Leeder, 2000; Gee & Gawthorpe,
2006; Mayall et al., 2010). Within deep-water
fold-thrust belts (DWFTBs), the syndepositional
growth of compressional structures generates
intricate three-dimensional seafloor morphol-
ogies through fold segment interaction and pro-
gressive structural evolution (Pizzi et al., 2020).
This structural topography triggers critical
hydraulic transitions as supercritical flows inter-
act with fold backlimb counter-slopes, charac-
terised by flow deceleration and vertical
thickening that culminates in hydraulic jumps
(Pantin & Leeder, 1987; Alexander & Mor-
ris, 1994; Tinterri, 2025). These hydraulic phe-
nomena emerge through a dual reverse flow
mechanism: a surface overflow generated
through flow self-reflection processes, and a
basal underflow resulting from backward extru-
sion of the dense near-bed sediment-laden layer
(Patacci et al., 2015; Tinterri et al., 2016; How-
lett et al., 2019). Meanwhile, certain turbidity
currents either surmount the fold crest or divert
along its flanks, subsequently continuing their
downslope spread along the forelimb (Clark &
Cartwright, 2009, 2011; Howlett et al., 2021).
These processes ultimately govern the locations,
geometries and facies of individual depositional
elements, and the basin-scale distribution of
deep-water sedimentary systems (Gee et al,
2007; Oluboyo et al., 2014; Tinterri & Piazza,
2019; Don et al., 2020; McArthur et al., 2022).
Lateral linkage during progressive fold seg-
ment growth is a key aspect in the evolution of
DWFTBs, as demonstrated through integrated
observational and modelling approaches
(Gruji¢, 1993; Johns & Mosher, 1996; Schmid
et al., 2008). Three-dimensional finite element
modelling by Grasemann & Schmalholz (2012)
identifies four distinct structural configurations
between adjacent fold segments: (i) linear link-
age, (ii) oblique linkage, (iii) oblique non-linkage
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Fig.1. Segmented fold topography and structural
model design. (A) Block diagram of segmented fold
topography with the definitions of across-strike dis-
tance (AcD) and along-strike distance (AID) (seismic
cross-section slightly modified from https://www.pgs.
com/data-library/hotspots/malaysia/geology). (B) Sche-
matic relief profile corresponding to the topography in
(A), with explanation of the structural terminology
used in this study (based partly on Ramsey
et al.,, 2008; Grasemann & Schmalholz, 2012). (C)
Schematic diagram (not drawn to scale) of the struc-
tural model used in this study. The middle half of
the sandstone top surface was imported into turbid-
ity currents modelling as the segmented fold topogra-
phy. For visualisation purposes, the Z axis has been
exaggerated tenfold.
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and (iv) linear non-linkage. Research on turbi-
dite sedimentation around growth folds primar-
ily addresses two aspects: (1) hydrodynamic
interactions between turbidity currents and indi-
vidual fold topography (e.g. flow reflection,
deflection and hydraulic jump) through outcrops
and flume tank simulations (Kneller et al., 1991;
Kneller, 1995; Kneller & McCaffrey, 1995, 1999;
Morris & Alexander, 2003; Amy et al., 2004; Tin-
terri & Tagliaferri, 2015; Cumberpatch et al,
2021; Keavney et al., 2025), and (2) characteris-
tics of deep-water deposits, such as submarine
channel-lobe systems and mass transport com-
plexes reconstructed from seismic facies and
seismic geomorphological analysis (Morley &
Leong, 2008; Anderson et al, 2013; Doughty-
Jones et al, 2017, 2019; Bouchakour
et al.,, 2023). Nevertheless, these studies have
some limitations: Outcrop-based reconstructions
and seismic interpretations offer only indirect
proxies for sedimentation processes, whereas
laboratory experiments have the issue of scaling
discrepancies in Reynolds and Froude numbers
(Wahab et al., 2022). Recent advancements in
computational fluid dynamics (CFD) simula-
tions, empowered by expanding databases of in
situ monitoring (including velocity profiles, sus-
pended sediment concentrations and thermoha-
line properties; Hughes Clarke, 2016;
Azpiroz-Zabala et al., 2017; Zhang et al., 2018;
Heijnen et al., 2022; Muiioz-Royo et al., 2022),
have significantly improved the capability to
model natural-scale turbidity currents. One
strength of CFD modelling is that it enables
quantitative analysis of critical hydrodynamic
processes, such as reverse underflow generation
during flow reflection and Kelvin-Helmholtz
wave induced interface destabilisation (Huang
et al., 2007, 2012; Abd El-Gawad et al., 2012a,b;
Howlett et al., 2019; Salinas et al., 2020, 2021;
Ge et al., 2022).

In this contribution, we expand upon the
work of Howlett et al. (2019) that examined
unconfined turbidity currents interactions with
solitary fold and isolated co-linear fold seg-
ments. We integrate geodynamic process model-
ling of fault-related folds with CFD simulations
to investigate turbidity currents’ response to
en-echelon segmented folds. We present four
experimental scenarios that systematically
examine how hydraulic behaviour and sediment
dispersal patterns vary as turbidity currents
interact with two en-echelon fold segments of
different spatial configurations and oblique link-
age scenarios.
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METHODOLOGY

Segmented fold modelling

Fold segments on continental slopes create com-
plex en-echelon fold networks that affect sea-
floor topography (Hesse et al., 2009, 2010; Pizzi
et al., 2020; McArthur et al., 2022). Individual
fold segments exhibit maximum relief at their
centres, tapering to zero at their tips, with syn-
clinal depocentres developing between adjacent
anticlines (Fig. 1A and B; Nabavi & Fos-
sen, 2021). The spatial and topographic configu-
ration of fold segments in DWFTBs can be
described by the across-strike distance (AcD)
and the along-strike distance (AID) between tips
of adjacent fold segments (Fig. 1A). Specifically,
the down-slope fold spacing is primarily related
to AcD (Ramsey et al., 2008; Zhang et al., 2021),
whereas lateral spacing and propagation during
fold growth are associated with AID (Fernandez
& Kaus, 2014a; Song et al, 2021; Gao
et al., 2023). A negative AID indicates overlap
between two folds.

Segment boundaries are the linkage zones
between adjacent fold segments and are local rela-
tive topographic lows (Figs 1A and B and 2; Bretis
et al., 2011; Grasemann & Schmalholz, 2012; Wu
et al., 2020). In this study, we use two parameters to
describe the geometry and relief of the linkage zone:
the aspect ratio (AID/AcD) and the linkage ratio
(Amia! Amax) (Fig. 1). The aspect ratio is the ratio of
AID to AcD, similar to the ratio between overlap
and separation distance used for linkage between
two normal faults (Fig. 1A; Aydin & Schultz, 1990;
Long & Imber, 2011; Ge et al., 2018). The fold link-
age ratio denotes the ratio of the relative height at
the centre of the linkage zone (A,;;4) to the maxi-
mum relative height of fold segment (A,,x), where
relative height is calculated as the surface height
minus the mean surface elevation (Figs 1A and B
and 2; Grasemann & Schmalholz, 2012). Therefore,
a positive linkage ratio (i.e. Apia/Amax>0) indi-
cates linkage between fold segments, with values
closer to 1 representing strong connectivity. While
a negative value (i.e. Apnid/Amax < 0) indicates that
two fold segments separate in isolation from each
other with non-linkage (Grasemann & Schmal-
holz, 2012; Collignon et al., 2015).

We utilise Underworld2, an open-source finite
element code for geodynamic modelling, to
model the three-dimensional fold topography
(Moresi et al., 2003; Moresi et al., 2007; https://
www.underworldcode.org). It has been validated
across multiple scales, from lithospheric

© 2026 International Association of Sedimentologists, Sedimentology

519017 SUOLULLOD SATIER.ID) 3D 1 [dde aU) AQ POULBAOD 916 DI O 85N J0 S3|N J0J ARIGIT UIIUO AB|IA UO (SUONIPUOD-PUE-SWLBYWI0D" /B | IW AIRIGIRUI|UO//STNY) SUONIPUOD PUE SIS | 341 39S *[9202/80/90] U0 AI1T8UIIUO ABIIM ‘Wine j01iad JO ANSAIIN BUID AQ G800Z PES/TTTT OT/10p/L0" 5|1 Aziq1fpuiuo//sdiy Wwoiy pepeojumod ‘0 ‘T60ES9ET


https://www.underworldcode.org
https://www.underworldcode.org

4 H. Xu et al.

o Amax ® Amid A4
o |ntersection

A Model 1

Culmination o
Culmination

Intra-basinal high

Culmination

kX N Seafloor depth (m)
(I

-1800 -2236
B Model 2

Culmination S
Culmination

Intra-basinal high

Culmination

AID = -2 km

C Model 3

Culmination
Culmination

Depression

100 m|

2km

Culmination o
Culmination
Depression

D Model 4

D1
100
Culmination m|_

Depression

100 m|

Culmipation 2km

D2) Culmination
AcD = 4 km Depression
AID = -2 km

© 2026 International Association of Sedimentologists, Sedimentology

B5UB017 SUOWILIOD 3A 111D 3|qedtjdde 3y Aq peueAoh ae sopile O 138N JO S3|NJ o AReud|1 7 3UIIUO AB]IM UO (SUONIPUOI-PUR-SLUBYW0 AS |1 AReiq) 1B |UO//SUNY) SUOIIPUOD PUE SIS L 3L} 39S *[9202/20/90] U0 AReiqi8uliuo AB|1m ‘wiejonsd JO AISAIUN euUIYD Ag S800L PSS/TTTT OT/I0p/W0d AS | 1M Ateiq 1 Ul jUO//SONY WOy papeo|umod ‘0 ‘T60ESIET



Turbidity currents over en-echelon folds 5

Fig. 2. Segmented fold topography used for turbidity currents simulation in Models 1 to 4 (Table 2). (A-D)
Three-dimensional views for (A) Model 1, (B) Model 2, (C) Model 3, and (D) Model 4, with corresponding
strike-parallel (A,-D;) and strike-orthogonal sections (A,-D,) displayed to the right. Note that the positions of
Amax and Ap,;q, marked with red and blue dots, respectively. The remaining intersections of the associated
cross-sections are marked with purple dots. Ay is approximately 140 m, and the Ap;a/Amax ratio reflects the
relief of the linkage zone. AcD, across-strike distance; AID, along-strike distance. The flow was released towards
the centre of segmented folds from a 1km wide and 75 m high inlet gate located 10 km away from the upslope
fold. The orange arrow indicates the range of the monitor window for bypassed sediment via linkage zones.

(Huismans & Beaumont, 2011; Moresi
et al.,, 2014) to basin-scale deformation (Cruz
et al., 2011; Mondy et al., 2023). Of particular rel-
evance to our study, Underworld2 and other simi-
lar FEM codes have successfully resolved key
mechanisms controlling fold-thrust belt evolu-
tion, including fold nucleation dynamics
(Schmalholz, 2008), structural interactions (Fer-
nandez & Kaus, 2014a,b) and their coupling with
surface processes (Collignon et al., 2014, 2015).
The model domain spans a three-dimensional
space of 40x30x4km, comprising 60 x 45 x 40
cells in the X, Y, and Z directions, respectively,
with a plan-view resolution of 666 m. Vertically,
the model encompasses a 1-km thick stiff sand-
stone layer overlaying a 2-km thick weak vis-
cous layer. Two step-like perturbations (P1 &
P2), identical in material properties to the vis-
cous layer, are prescribed at the interface
between sandstone and viscous layer to induce
folding at a specific location. Perturbation
lengths, widths, and heights are 8 km, 1 km and
100m, respectively, resulting in fold segment
lengths and wavelengths of approximately 8 km
and 4km (Fig. 1C). The material properties of
air, sandstone and the viscous layer are repre-
sented in Table 1, including densities, effective
viscosities, cohesions and angles of internal fric-
tion. Two fold segments are subjected to unidi-
rectional compressional stresses to exclude
thrust and fold with opposite dip in a DWFTB
(Higgins et al., 2007). Boundary conditions are
specified as follows: the top side of model
(Z=4km) is free surface (i.e. normal and shear
stresses on the surface are zero), while bottom
(Z=0km), front and back (Y=0 and 30km)
associated with right boundaries (X =40km) are
all kept planar with free slip (i.e. Vz=0 or
Vy=0 or Vx=0). For the left boundary
(X=0km), a horizontal regional shortening rate
of 2mm year ' (i.e. Vx=0.02m/year) is applied
with each time step of 1000 years (Fig. 1C). The
resultant uplift rate at the fold centre is

~3.5mm year ', producing a maximum absolute

topography of 250m and a maximum relative
height of 150m after 0.07 Ma (Table 1; Oveisi
et al., 2007; Morley, 2009). After the geodynamic
simulation, the top sandstone surface is
extracted to represent segmented fold topogra-
phy and superimposed onto a seafloor slope of
1.25°, consistent with the typical regional slopes
of DWFTBs that range from 0.8° to 3.0° (Heinio
& Davies, 2006; Jolly et al., 2016). The resultant
segmented fold topographies not only represent
thrusts fault-related folds in DWFTBs but are
also similar to deep-water salt- or shale-cored
anticlines (Howlett et al., 2021; Pizzi
et al., 2023).

In order to form representative segmented fold
topography, values of AcD and AID are varied to
span critical thresholds in fold network evolu-
tion. Increasing AcD from 2km to 4 km repre-
sents the across-strike distance between fold
segments gradually approaching the critical
value of half the fold wavelength with the tran-
sition from linkage to non-linkage (Grasemann &
Schmalholz, 2012). Decreasing AID from 2 km to
—2km reflects the transition from along-strike
separated folds to partially overlapping fold seg-
ments. These empirically constrained ranges
encompass the majority of natural fold systems
documented in global DWFTBs (Morley
et al., 2011). Four en-echelon topographic sce-
narios (Table 2) are selected to assess the poten-
tial impact of various segmented fold
topography on hydraulic and sedimentological
behaviours of unconfined turbidity currents:

1 Model 1 simulates the early-stage of oblique
linkage with a small AcD of 2km and AID of
2 km, resulting in a linkage zone aspect ratio of
1. The fold amplitudes (Apax=140m,
Amia=88m) yield a linkage ratio of 0.60
(Fig. 2A, Table 2).

2 Model 2 simulates the late stage of oblique
linkage with a small AcD of 2km and AID of
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Table 1. Parameters of the natural-scale structural modelling used in this study.

Parameter Value (model) Value (prototype)

Length (X) 40 km 40 km

Width (Y) 30 km 30 km

Height (Z) 4 km 4 km

Gravity acceleration 9.81ms 9.81ms 2

Density (air) 1.2kgm3 1.1to 1.4kgm®

Density (sandstone) 2700 kg m~3 1610 to 2760 kg m~3 (Manger, 1963)

Density (viscous layer) 2200 kg m~3 2160 to 2200 kg m~? (Jackson & Talbot, 1986)

Effective viscosity (air) 10" Pas 10" to 10'® Pas

Effective viscosity (sandstone) 10%?Pas 10 to 10%?Pass

Effective viscosity (viscous layer) 10'° Pas 10" to 10%°Pas (Jackson & Hudec, 2017)

Cohesion (sandstone) 107 Pa 107 Pa (Barton & Choubey, 1977)

Cohesion (viscous layer) 8 x 10° Pa 4x10° to 5% 10° Pa (Weijermars et al., 1993)

Angle of internal friction (sandstone) 36° 30° to 40° (Barton & Choubey, 1977)

Angle of internal friction (viscous layer) 22° 20° to 30° (Weijermars et al., 1993)

Angle of internal friction after softening 31° 30° to 40° (Barton & Choubey, 1977)

(sandstone)

Angle of internal friction after softening 21° 20° to 30° (Weijermars et al., 1993)

(viscous layer)

Time 0.07 Ma 0.07 Ma

Shortening rate 2 mm year ' 1 to 10 mm year * (Oveisi et al., 2007; Simons
et al., 2007; Morley, 2009)

Uplift rate 3.36 to 0.3 to 10mm year ' (Oveisi et al., 2007;

3.70 mm year

Morley, 2009)

Note that the ‘Value (model)’ column lists the specific parameter values of the natural-scale model, which fall
within the typical ranges for prototypes given in the ‘Value (prototype)’ column.

—2km (i.e. two fold segments are overlapped
with 2 km), resulting in a linkage zone aspect
ratio of —1. The fold amplitudes (A;;ux=150m,
Amia=118m) yield a linkage ratio of 0.79
(Fig. 2B, Table 2).

3 Model 3 simulates the early-stage of oblique
linkage with a large AcD of 4km and AID of
2 km, resulting in a linkage zone aspect ratio of
0.5. The fold amplitudes (Apax=140m,
Amia=38m) yield a linkage ratio of 0.27
(Fig. 2C, Table 2).

4 Model 4 simulates the late stage of oblique
linkage with a large AcD of 4km and AID of
—2km, resulting in a linkage zone aspect ratio

of —0.5. The fold amplitudes (Auex=129m,
Amig=18m) yield a linkage ratio of 0.14
(Fig. 2D, Table 2).

Turbidity currents modelling

FLOW-3D® (see www.flow3d.com) is used for
the numerical simulation of three-dimensional
unconfined turbidity currents. FLOW-3D® has
been thoroughly verified for its reliability
through comparisons between physical experi-
ments and numerical simulations of turbidity
currents (Heimsund et al., 2007; Basani
et al., 2014), and has been extensively applied
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& . to understand the hydraulic and depositional
E ¥ w— behaviours of turbidity currents over the past
2 _”E-%%? g 8 SN decade (Janocko et al., 2013; Ge et al., 2017,
= S E=% |8 © S S 2018; Vellinga et al., 2018; Howlett et al., 2019;
z - Englert et al, 2023). The numerical code
-‘é “ E describes fluid motion by solving
» g.o % Reynolds-Averaged Navier—Stokes (RANS) equa-
2 B2 8 y 8 q
S = :: = tions through finite-difference and finite-volume
g FE 2 discretisation on rectangular grids, implement-
20 ";Z; S ing the k—e RNG turbulence model (Yakhot
g = S go et al., 1992), coupled with fluid-structure inter-
- TE4d |lg ©» @ © action and sediment scour models (Flow Sci-
= M - ence, 2022). The sediment scour model
2 B estimates the motion of sediment, that is ero-
E g < sion, advection and deposition by computing
g E oz the entrainment or settling and suspended or
2 kG Eo o « © © bedload transport of sediments. The Mastbergen
2 SeE2E T T T 0 & Van Den Berg (2003) formulae are utilised to
2 . model sediment entrainment through picking u
: gh p g up
©
> g and re-suspension. Entrainment and settling of
E
E 5 ° = sediments are opposite processes that occur con-
S g = %D currently. The Richardson & Zaki (1954) correla-
g < = e g E § § tion is employed to consider the hindered
E a settling velocity based on suspended sediment
2 concentration and particle Reynolds number,
ot B instead of grain-grain interactions in suspension.
3 g B%E The Meyer-Peter & Miiller (1948) equation is
4 §%‘ ‘go z used to model bedload transport of sediment
2 é_g 25 lo v o o= that rolls or bounces over the surface of packed
§ eE—= I ® sediment, and the Soulsby-Whitehouse
i Eq. (1997) predicts the critical Shields parameter
= - based on the angle of repose for inclined sur-
= 5 ® ﬁg faces. Further details are available in Ge
= g = ;r!; 5 et al. (2017) and the software user manual (Flow
5 200 § .
@ T 2o, 5 [N ®© © Science, 2022).
= el ~ Te} T} L0 ™ ; )
@ Z2eEZ |8 & & N The experimental set-up adopts hydraulic
§ parameters from Ge et al. (2017, 2018) and How-
- 8 S o - lett et al. (2019) to enable comparison of the
9 %'ﬁ = BN R S OI' responses of turbidity currents to different struc-
— - tural topographies, such as solitary folds, normal
& 2 faults and relay ramps. During the simulation, a
g BEoE uniform sediment-water mixture is released
2 éoé*’ through a 1kmx75m inlet gate on a 1.25°
o ° g% N N & o slope, sustaining for 2h as a surge-type turbu-
_é <T = ! | lent flow (Fig. 2A). The inlet gate is located ca
o 10km up dip from segmented fold (Fig. 2A),
= R . oo
S = = allowing the flow to self-regulate its initial
=2 : §x excess sediment load and stabilise its hydraulic
E 8 = ) behaviour into quasi-steady currents (Kneller &
2 S22 | o o« o« Branney, 1995) before interacting with the fold
E ) o topography. Due to low erosional capabilities of
8 5 < unconfined turbidity currents (Middleton, 1993),
?:‘é = % :0 % % % the substrate is assumed to be non-erodible, but
= g é'g 2T 2 2 2 with a surface roughness of fine-grained sand,
=R nEIZ = = = enabling the flow to erode and re-entrain its
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own unconsolidated deposits (Ge et al., 2017;
Howlett et al., 2019).

The flow begins with an initial forward veloc-
ity of 5ms™" and a sediment concentration of
8vol.%. The velocity of natural turbidity cur-
rents can vary widely, ranging from <1ms™' to
over 20ms 1, due to variability in the external
triggers and internal hydraulic evolution of the
flows (Chikita, 1989; Mulder et al., 1998, 2003;
Xu et al., 2004; Talling et al., 2013). Addition-
ally, latest direct monitoring in the Congo Can-
yon suggests that ~4 to 5ms~ ' is the initial
frontal velocity threshold for canyon flushing
flows (Talling et al., 2022, 2023). In this study, a
modest initial velocity of 5ms " is assumed to
allow the flow to transport sediment while
maintaining <15ms~" velocities across the sim-
ulation domain. Depending on the types of flow
initiation, the volumetric sediment concentra-
tion of natural-scale turbidity currents may
range from <0.01 vol.%, entirely dilute and fully
turbulent, to up to 80vol.% with a possible
dense near-bed layer (Paull et al., 2018; Wells &
Dorrell, 2021; Pope et al, 2022b). The
non-cohesive sediment mixture with an initial
concentration of 8vol.%, comprised 25% silt,
50% very fine sand, and 25% fine sand
(p=2.65gcm°), is assumed for the experimen-
tal flow to minimise grain-grain interactions
while rendering turbulence as the dominant
grain-support mechanism (Bagnold, 1954, 1962;
Kuenen, 1966; Middleton, 1976; Kessel &
Kranenburg, 1996).

The inlet gate scale combined with initial
hydraulic parameters mimics a realistic
surge-type flow originating from localised
mid-slope landslides with various triggering fac-
tors such as earthquakes (Lewis, 1971; Piper
et al., 1999; Piper & Normark, 2009; Howarth
et al., 2021) or from upper-slope large channel,
incised valley or shelf canyon with sediment
masses supplied by a combination of river floods
and tidal flows (Zavala et al., 2006; Talling
et al., 2022; Liu et al, 2023). The Reynolds
number (Re) of the experimental flow is on the
order of 10* to 10°, well above the lower limit of
2000 for turbulent flows and in the range of 10°
to 107 generally accepted as large, natural-scale
turbidity currents (Middleton, 1993; Meiburg &
Kneller, 2010; Cantero et al., 2012; Meiburg
et al., 2015).

The 20x30km model domain (—1800 to
—2236 m depth range) features adaptive grid res-
olution (Fig. 2A): 25 to 50m (X), 50 to 100m
(Y), and 5m (Z), with post-processing bilinear

interpolation achieving 0.05m vertical resolu-
tion for deposition analysis. The 2.6 x 10”7 cell
mesh prioritises refinement in fold interaction
zones. Hydraulic parameters are monitored at
60 s intervals, with visualisation outputs includ-
ing: 0.2 and 0.8 vol.% isoconcentration surfaces,
velocity vector fields, >10vol.% sand packing
isosurfaces and spatiotemporal heatmaps of
depth-averaged Froude number (Fr) evolution
(Figs 3 to 12). Cross-sectional profiles reveal
internal flow structure development. Bypassed
sediment flux and cumulative volume are calcu-
lated based on flow velocity and sediment con-
centration monitored within individual cells
across the linkage zones (Fig. 13, Table 3).
Meanwhile, deposition volumes are quantified
through differential bathymetric analysis to
characterise sediment distribution patterns
(Table 4).

SIMULATION RESULTS

Model 1

The topography in Model 1 comprises two
en-echelon fold segments separated by both
across-strike (AcD) and along-strike distance
(AID) of 2km, and a linkage zone with middle
aspect ratio (AID/AcD=1). This combination of
structural parameters aims to simulate the early
stage of oblique fold linkage involving small
AcD (<1/2 fold wavelength) (Figs 2A and 3 to 6,
Table 2).

Once released from the inlet gate, the turbidity
current immediately spread laterally, forming a
U-shaped frontal zone (150 to 170 m high) fea-
turing characteristic ‘lobe and cleft’ structure
(Simpson, 1986). Rapid self-regulation through
proximal deposition transformed the initial sedi-
ment overload into a quasi-steady supercritical
flow (Figs 3A, 5A and 6D). Within the first kilo-
metre downstream, flow thickness decreased
from 75 m to 50 m while velocity increased from
5ms ' to 12ms . Flow deceleration initiated
2.5km downstream through ambient water
entrainment, accompanied by thickness increase
and bulk concentration reduction below 8 vol.%
(Fig. 3A). This process generated large-scale
Kelvin—-Helmholtz (K-H) waves (200 to 400m
wavelength, 15 to 40m amplitude) through
interfacial shear stress, which induced near-bed
velocity fluctuations (6 to 9ms™') and concen-
tration variations (4 to 6vol.%) through vortex
development (Figs 3 and 4B).
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Fig. 3. Hydraulic behaviour of turbidity currents in response to segmented fold in Model 1 (Table 2). (A-E)
Plan-view snapshots of the flow sediment isoconcentration surface of 0.2vol.% (left) and 0.8 vol.% (middle)
coloured by X velocity and the isoconcentration surface of 0.2vol.% with mean flow velocity vectors (right) at
1200s (A), 1800s (B), 3600s (C), 5400s (D), 7200s (E). Note that the white dashed outline (sediment concentra-
tion >0.2 vol.%) indicates its full extent. For visualisation purposes, the vertical topographic scale has been exag-
gerated tenfold to show the fold relief. Note the lines of longitudinal and transverse cross-sections shown in
Fig. 4.
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Fig.4. Hydraulic longitudinal and transverse cross-sections of the flow approaching and overrunning segmented
fold in Model 1 displayed in Fig. 3 (see the section lines therein). (A, B) Longitudinal cross-sections show the
flow volumetric sediment concentration (top) and X velocity (bottom) of the flow approaching and overrunning
the crests of upslope fold at 5400s (A) and the centre of segmented fold at 7200s (B). (C) Transverse
cross-sections of the flow show the volumetric sediment concentration (top), X velocity (middle) and Y velocity
(bottom) along the upslope fold forelimb and downslope fold backlimb at 7200s. Note the reverse overflow and

the reverse underflow in (A).
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12 H. Xu et al.

After 1200s, the turbidity current approached
the backlimb of the folds and decelerated over
the next 600s, with the flow thickening up to
100m in the lower part of backlimb and gradu-
ally thinning towards the fold crest. While
ascending the backlimb slope of ca 3° and
diverging sideways along backlimb, the flow
transitioned from supercritical to subcritical
with the occurrence of hydraulic jumps
upstream of the fold segments (Figs 3A to C and
6D to F). Also, as the flow encountered the back-
limb of the fold, a reverse underflow developed
as the locally decelerated and thickened paren-
tal flow was squeezed backwards (Fig. 4A and
B). The reverse underflow, had a velocity of ca
—2ms~ ' and sediment concentrations up to
6vol.%, and transported suspended sediment
up to 3-km upstream (Figs 4A and B, 5F and 6A
and B). Upon reaching the base of the backlimb,
the kinetic energy of the reverse underflow dis-
sipated, causing the parental flow to rise and
reflect as a dilute reverse overflow with a veloc-
ity of ca —0.5ms ' and sediment concentration
up to 0.5vol.% (Figs 4A and B and 5E). This
reflected and inflated dilute suspension cloud
extended up to 5km further upstream than the
underflow. The reverse overflow propagated
back along the upper surface of the flow, slow-
ing down the parental flow into a transient sub-
critical regime before collapsing (Figs 4A and B,
5 and 6D and E). Both the reverse overflow and
the underflow weaken as the fold relief
decreases along strike, and they interacted with
the laterally spreading parental flow to form two
bell-shaped reverse and subcritical flow systems
(Figs 3C to E, 4A and B and 6D). The topograph-
ically induced transition from supercritical flow
(i.e. Fr>1) to subcritical flow (i.e. Fr<1)
occurred in a spatially confined and temporally
steady region upslope of the segmented fold
backlimb, termed here ‘upstream hydraulic
jumps’ (Fig. 6D). These upstream hydraulic
jumps typically occurred as relatively transient,
low-frequency  events, characterised by
low-amplitude fluctuations (minimally +0.2; e.g.
Y-20km in Fig. 6G and H) predominantly in the
subcritical regime (Fr < 1) following such jumps.

The parental flow carried a diluted sediment
suspension (ca 0.5vol.%), with ca 3.7vol.% of
the total released sediment volume spilled over
the upslope fold crest (Figs 3C to E and 4A). In
contrast, 11.1vol.% escaped across the down-
slope fold crest (Table 3). Once over fold crest,
the subcritical flow accelerated again down the
4° forelimb slope and transformed into a

supercritical flow with forward velocity increas-
ing from 3ms ' to 4.5ms ' (Figs 4B and C and
6D to F). At the toe of fold forelimb, the flow
slightly decelerated into subcritical with flow
head thickness inflated from 50m to nearly
250 m before accelerating into supercritical flow
downstream and eventually reaching the limit of
the simulation area at 5400 s (Figs 3D, 4B and C
and 6D to F). The topographically induced tran-
sition from supercritical flow to subcritical flow
at the base of the forelimb slope, are termed here
as ‘downstream hydraulic jumps’ (Fig. 6D). In
contrast to the wupstream hydraulic jumps
(Fig. 6D), a series of downstream hydraulic
jumps occurred as continuous, high-frequency
events (locally up to nearly 20 times; e.g. Y-
10km in Fig. 6G and H), characterised by the
flow repeatedly transitioning between supercriti-
cal and subcritical regimes (Fr consistently fluc-
tuating in the range of 0.5 to 1.5 with an
amplitude of ca +0.5; Fig. 6G and H).

In addition to reflection and overspill associ-
ated with the fold segments, the turbidity cur-
rent interacted with the topography of the
linkage zone. Longitudinally, 8.9vol.% of the
sediment was funnelled through the linkage
zone within a relatively high velocity, 4ms™ ",
and concentrated, ca 2.5 vol.%, flow (Figs 3C to
E, 4B and 13A and E). Transversely, the bulk of
the flow exhibited asymmetric diversion along
fold backlimbs, with substantial sediment trans-
port redirected from the backlimb of the upslope
fold to that of the downslope fold through the
linkage zone unidirectionally (Figs 3C to E and
4C). Flow diversion by nearly 90° occurred at
two key locations: (1) the centre of the linkage
zone where the turbidity current diverted from
longitudinal to transverse flow; and (2) the fold
tips where the lateral turbidity current became
convergent from transverse back to longitudinal
flow (Fig. 3C to E). Consequently, 35.2vol.% of
the initial sediment volume bypassed around
fold tips via twice diversions, ultimately spread-
ing onto fold forelimbs. Marked flow asymmetry
resulted in significantly greater sediment
bypassed around the downslope fold tip
(27.4vol.%) than the upslope fold tip
(7.8 vol.%) (Table 3).

Recognisable sediment deposition occurred
extensively across the en-echelon segmented
fold area, with ca 28vol.% of the sediment
released from the inlet gate deposited mainly in
three zones (Fig. 5A, Table 4, Table S1): (i) a
strike-parallel depozone upslope of each back-
limb, up to 2.46 m in thickness and accounting
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Fig.5. Sediment preferential depozones and hydraulic parameters recorded at monitoring stations in Model 1. (A)
Plan-view snapshot of sediment preferential depozones with total sand grain packing of >10vol.% at 10800s.
Note the area of accumulated sediment thickness <0.05 m is shown in white due to resolution limit and the black
dashed outline indicates flow areal extent for mobile sand grain packing of >1vol.%. For visualisation purposes,
the vertical topographic scale has been exaggerated tenfold to show the fold relief. (B-D) Plan-view snapshots of
sediment volume fraction for silt (B), very fine sand (C), and fine sand (D), showing areas where the total sand
grain packing is >10vol.% at 10 800 s. Note that the initial sediment was a mixture of 25 vol.% silt, 50 vol.% very
fine sand, and 25vol.% fine sand. (E, F) Time series and vertical profiles of the flow X velocity and volumetric
sediment concentration at the two monitoring stations indicated in Figs 3D, 4A and 5B, with vertical profiles on
the right illustrating the signatures of reverse overflow and underflow at 3600s.
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for 1.6 vol.%; (ii) a strike-parallel elliptical depo- fold, and up to 9.12m (15.6 vol.%) on the down-
zone along the base of each fold backlimb, up to slope fold; and (iii) a smaller transverse zone on
4.88m in thickness (4.8 vol.%) on the upslope each fold’s backlimb slope, with a maximum
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Fig. 6. Spatial heatmaps and time-series plots of hydraulic parameters in Model 1. (A-D) Spatial heatmaps of the
flow Maximum sediment concentration (A), Maximum velocity magnitude (B), Maximum bed shear stress (C) and
Froude number (Fr) (D) at 7200 s. See the Video S1 for more time-series details. Note the lines of longitudinal and
transverse cross-sections shown in (E) and (G). (E) Time-series plots showing Fr fluctuations along the longitudi-
nal section of turbidity currents (Y-15 km). (F) In-place fluctuations of the flow Fr (dashed line) and Maximum
bed shear stress (solid line) at position of two triangles shown in (E), which correspond to the positions of the
upstream and downstream hydraulic jumps. (G) Time-series plots showing Fr fluctuations along the transverse
section of turbidity currents (X-11.5 km). (H) In-place fluctuations of the flow Fr (dashed line) and Maximum bed
shear stress (solid line) at position of two dots shown in (G), which correspond to the positions of the upstream
and downstream hydraulic jumps. Downstream HJs, downstream hydraulic jumps; Upstream HJs, upstream

hydraulic jumps.

sediment thickness of 1.39m (0.6vol.%). The
linkage zone exhibited limited sediment deposi-
tion, with only 0.11vol.% of the total released
sediment being deposited between the fold seg-
ments (Fig. 13E). Although the initial suspended
sediment comprised 25 vol.% silt, 50 vol.% very
fine sand and 25vol.% fine sand, the grain-size
distribution of deposited sediment varied spa-
tially. Very fine sand dominated in depozones
(i) and (iii), averaging ca 60 vol.%, whereas fine
sand prevailed in depozones (ii), averaging ca
70vol.% (Fig. 5B to D). In addition to sediment
accumulation upstream of the fold, numerous
dispersed and relatively thin deposits, predomi-
nantly fine sand, were also present on the down-
stream slope of the fold forelimb (Fig. 5A to D).

Model 2

Model 2 aims to assess the impact of en echelon
segmented folds transitioning from separated
along strike (AID=2km) to overlapped
(AID = —2 km), whilst maintaining the same AcD
(2km) as in Model 1 (Fig. 2B, Table 2). Thus,
Model 2 represents the late stage of oblique fold
linkage with small AcD (<1/2 fold wavelength).
Due to the overlap between fold segments, topo-
graphic relief in the linkage zone increases sig-
nificantly, and the linkage ratio rises to 0.79
(Figs 2B, 7 and 8, Table 2).

In Model 2, the hydraulic behaviour of the
turbidity current interacting with the two fold
segments resembled a linked solitary fold with a
deflected hinge (Fig. 7A to C). Similar to Model
1, subcritical flows upslope of the two merged
folds exhibited a temporally steady distribution
due to flow reflection associated with upstream
hydraulic jumps. However, they differed from
Model 1 in that no supercritical flow separation
occurred (Fig. 8F). The linkage zone exhibited
higher topographic relief, allowing fewer

(3.2v0ol.%), more diluted (ca 2vol.%) and
slower current (ca 3m s~ ') stripping with down-
stream hydraulic jumps on the forelimb (Figs 7D
and E, 8C to F and 13B and F). However, sedi-
ment bypass over and around the segmented
fold topography was enhanced (reaching
77vol.%; Table 3) due to the shorter effective
blocking length caused by lateral fold-segment
overlap. This was primarily driven by pro-
nounced unidirectional flow diversion from the
backlimb of the upslope fold to that of the
downslope fold across the linkage zone (Figs 7
and 8B). Consequently, sediment bypass around
the downslope fold tip (47.5 vol.%) significantly
exceeded that around the upslope fold tip
(14.7 vol.%). Furthermore, sediment carried by
the dilute turbidity current spilling over the
downslope fold crest was more than triple that
over the upslope fold crest (8.7 and 2.7 vol.%,
respectively) (Fig. 7A to C, Table 3).
Fold-segment overlap not only enhanced over-
all sediment bypass but also reduced deposition
to 24vol.% (Fig. 8A, Table 4). The depozone
configuration in Model 2 resembled that in
Model 1, where marked flow asymmetry resulted
in a more extensive depozone distribution along
the base of downslope fold backlimb. This zone
received a significantly higher proportion of
deposited sediment (13.5vol.%) compared to
the upslope fold (3.5vol.%) (Fig. 8A, Table 4).
As in Model 1, the linkage zone had limited
deposition, with only 0.16vol.% of total
released sediment deposited between the two
overlapping fold segments. This minimal depo-
sition occurred through sediment transport via
ascending dilute waning flows (Fig. 13F).

Model 3

Model 3 aims to evaluate the influence of
increased across-strike spacing (AcD=4km)
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Turbidity currents over en-echelon folds 17

Fig. 7. Hydraulic behaviours of turbidity currents in response to segmented fold in Model 2 (Table 2). (A-C) Plan-
view snapshots of the flow sediment isoconcentration surface of 0.2vol.% (top) and 0.8 vol.% (bottom) with X
velocity as colour scale at 3600s (A), 5400s (B) and 7200s (C). For visualisation purposes, the vertical topo-
graphic scale has been exaggerated tenfold to show the fold relief. Note the lines of longitudinal and transverse
cross-sections shown in (D) and (E). (D) Hydraulic longitudinal cross-sections of the flow approaching and over-
running the centre of segmented fold (A,,;q) show the flow volumetric sediment concentration (top) and X velocity
(bottom) at 7200 s. (E) Hydraulic transverse cross-sections of the flow show the volumetric sediment concentration
(top), X velocity (middle) and Y velocity (bottom) along the upslope fold forelimb and downslope fold backlimb

at 7200 s.

between en-echelon segmented folds while
maintaining the same along-strike spacing as in
Model 1 (AID=2km). This represents the early
stage of oblique fold linkage with large AcD (>1/
2 fold wavelength) (Fig. 2C, Table 2). The link-
age zone features a longitudinal depression
broadly developed between fold culminations
and exhibits low relief with a linkage ratio of
0.27 (Figs 2C, 9 and 10, Table 2).

The increase in AcD allowed turbidity current
entering the linkage zone with sufficient dis-
tance to re-accelerate (Fig. 9A to C), achieving a
time-averaged maximum velocity of ca 6.5ms "
and maximum sediment concentration of ca
2vol.% (Fig. 13C). Consequently, supercritical
flow facilitated direct bypass of a significantly
greater sediment fraction (13.3vol.%) through
the linkage zone, without generating reflected
reverse underflow or overflow (Figs 9D and E,
10F and 13G). Flow reflection decoupling along
the backlimbs of the en-echelon segmented fold
promoted spillover of dilute turbidity current
over fold crests, accounting for ca 33vol.% of
the total sediment load (Fig. 9, Table 3). Nota-
bly, spillover from the downslope fold crest
reached 24vol.%, whereas the upslope fold
crest contributed only 8.9vol.%. This substan-
tial crestal spillover and bypass through the
linkage zone reduced sediment bypass around
fold tips correspondingly, reducing the down-
slope fold tip bypass to 22.1vol.% (Fig. 9C,
Table 3).

These changes collectively reduced total sedi-
ment deposition to 22 vol.% (Fig. 10A, Table 4).
Although  diversion asymmetry persisted
(Fig. 10B), pronounced spillover from the down-
slope fold crest reduced deposition along the
base of its backlimb, resulting in nearly equiva-
lent sediment volumes deposited along the bases
of upslope (7.2vol.%) and downslope
(7.7 vol.%) fold backlimbs (Fig. 10A, Table 4).
Despite enhanced longitudinal flow routing
through the linkage zone to the fold forelimbs,

this region exhibited minimal sediment deposi-
tion, retaining only 0.02vol.% of the total
released sediment.

Model 4

Model 4 aims to assess the impact of en echelon
segmented folds transitioning from separated
(AID=2km) to overlapped (AID = —2km) along
strike while keeping the same across-strike dis-
tance (AcD =4 km) as Model 3 (Fig. 2D, Table 2).
The resultant fold topography resembles the late
stage of oblique fold linkage of folds with wide
spacing (>1/2 fold wavelength). Within the over-
lapped linkage zone, a prominent basinward-
plunging longitudinal depression develops, ori-
ented subparallel to the two fold segments and
displaying a low linkage ratio of 0.14 (Figs 2D,
11 and 12, Table 2).

In addition to flow diversion from the
upslope fold backlimb to the downslope fold
backlimb that is present in the previous three
models, Model 4 exhibited a portion of the flow
that is redirected from the backlimb of the
downslope fold into the overlapped linkage
zone (Figs 11 and 12). This formed a localised
sideways-diverted reverse underflow that
emerged around 5400s (Figs 11E, 12B and
13D). Consequently, although the along-strike
overlap prevented direct turbidity current
bypass through the linkage zone, the suffi-
ciently large across-strike separation distance
and bidirectional flow diversion sustained the
linkage zone as a significant flow pathway
(Figs 11A to D and 12C to F). A substantial sed-
iment fraction (9.8 vol.%) was diverted directly
through the linkage zone with enhanced sedi-
ment concentration (increasing from ca 1.5 to
3vol.%), but reduced velocity (decelerating
from ca 6 to 4ms™') (Figs 11 and 13D and H,
Table 3). Furthermore, spillover from the down-
slope fold crest decreased to 16.1vol.% com-
pared with Model 3, still exceeding that of
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upslope fold with 9.2vol.% (Fig. 11A to C, around the downslope fold tip and significantly
Table 3). The large fold segment overlap greater sediment bypass (41.4 vol.%) compared
resulted in a relatively short diversion path to the upslope fold tip (11.1vol.%) (Table 3).
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Fig. 8. Flow behaviours and sedimentary characteristics in Model 2. (A) Plan-view snapshot of sediment preferen-
tial depozones with total sand grain packing of >10vol.% at 10800s. Note the area of accumulated sediment
thickness <0.05m is shown in white due to resolution limit and the black dashed outline indicates flow areal
extent for mobile sand grain packing of >1vol.%. (B) Plan-view snapshots of the flow sediment isoconcentration
surface of 0.2 vol.% with mean flow velocity vectors at 7200 s. (C-F) Spatial heatmaps of the flow Maximum sedi-
ment concentration (C), Maximum velocity magnitude (D), Maximum bed shear stress (E) and Froude number (Fr)
(F) at 7200s. See the Video S2 for more time-series details. Note the lines of longitudinal and transverse cross-
sections shown in (G) and (I). (G) Time-series plots showing Fr fluctuations along the longitudinal section of tur-
bidity currents (Y-15km). (H) In-place fluctuations of the flow Fr (dashed line) and Maximum bed shear stress
(solid line) at position of two triangles shown in (G), which correspond to the positions of the upstream and
downstream hydraulic jumps. (I) Time-series plots showing Fr fluctuations along the transverse section of turbid-
ity currents (X-11.5 km). (J) In-place fluctuations of the flow Fr (dashed line) and Maximum bed shear stress (solid
line) at position of two dots shown in (I), which correspond to the positions of the upstream and downstream

hydraulic jumps. Downstream HJs, downstream hydraulic jumps; Upstream HJs, upstream hydraulic jumps.

The combined effect of increased across-strike
separation distance and greater segment overlap
reduced total sediment deposition to 19 vol.%,
the minimum value among the four models
(Fig. 12A, Table 4). Critically, compared to
Model 3, the deposited sediment volume along
the base of downslope fold backlimb decreased
significantly to 2.7 vol.%, which is less than half
the 7.8 vol.% deposited along upslope fold back-
limb (Fig. 12A, Table 4). Meanwhile, the linkage
zone retained minimal sediment deposition
(0.07 vol.%) (Fig. 13H, Table 4).

DISCUSSION

This study establishes the first systematic frame-
work for analysing the hydraulic response of
large, natural-scale unconfined turbidity cur-
rents to en-echelon segmented folds. Four dis-
tinct fold configurations (Models 1 to 4)
represent different across-strike separation and
along-strike overlap that are typical of natural
segmented fold arrays. We demonstrate how
linkage zone architecture fundamentally con-
trols flow partitioning and basinward sediment
bypass. Despite significant hydraulic and depo-
sitional variations within linkage zones, fold
topography is identified as the primary control
on turbidity current hydrodynamics, governed
by distinct types of topographically induced
hydraulic jumps. In the discussion, we focus on
how fold topography controls turbidity current
hydrodynamics, the impact of en-echelon seg-
mented folds on flow behaviour and sediment
deposition, and comment on some of the limita-
tions of this study.

Fold topography as a primary control on
turbidity current hydrodynamics

Fold-related topography exerts a first-order con-
trol on the hydraulic response of turbidity cur-
rents, creating distinct flow patterns upstream
and downstream of the segmented folds. In all
our models, the flow decelerates and thickens
twice: firstly on the fold backlimb, and secondly
at the base of the forelimb slope. This general
flow pattern in response to topographic obsta-
cles is similar to that reported by previous labo-
ratory experiments (Rottman & Simpson, 1989;
Edwards et al., 1994; Lamb et al., 2006), numeri-
cal simulations (Howlett et al., 2019) and field
observations of outcrops in Apennine and
Alpine foreland basins (Tinterri et al., 2016,
2022; Tinterri & Piazza, 2019). The present study
demonstrates that the occurrence of two distinct
types of topographically induced transition from
supercritical flow to subcritical flow are directly
related to the aforementioned two deceleration
and thickening processes, namely upstream and
downstream hydraulic jumps. These transitions
exhibit significant differences in their occur-
rence and fluctuations of Fr (Fig. 6H). Such dif-
ferences are attributed to variations in turbidity
current energy fluctuations, which generate
interfacial Kelvin-Helmholtz (K-H) waves of
varying amplitudes.

When the turbidity current encounters fold
topography it is partially reflected, and the
forward-travelling parental flow becomes sand-
wiched between a lower back-squeezed dense
reverse underflow, and an upper inflated dilute
reverse overflow (Figs 3 and 4A and B). Both
the reverse overflow and underflow decrease the
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Fig. 9. Hydraulic behaviours of turbidity currents in response to segmented fold in Model 3 (Table 2). (A-C) Plan-
view snapshots of the flow sediment isoconcentration surface of 0.2vol.% (top) and 0.8 vol.% (bottom) with X
velocity as colour scale at 3600s (A), 5400s (B) and 7200s (C). For visualisation purposes, the vertical topo-
graphic scale has been exaggerated tenfold to show the fold relief. Note the lines of longitudinal and transverse
cross-sections shown in (D) and (E). (D) Hydraulic longitudinal cross-sections of the flow approaching and over-
running the centre of segmented fold (A,,;q) show the flow volumetric sediment concentration (top) and X velocity
(bottom) at 7200 s. (E) Hydraulic transverse cross-sections of the flow show the volumetric sediment concentration
(top), X velocity (middle) and Y velocity (bottom) along the upslope fold forelimb and downslope fold backlimb

at 7200 s.

waning rate of parental flow through sediment
suspension feedback and extend their runout via
the recharging effect (Fig. 5E and F) (see Howlett
et al., 2019; Tinterri et al., 2022). The upstream
inflation and deceleration of this reverse flow
exhibit strong longitudinal and transversal varia-
tions, forming two connected or isolated bell-
shaped subcritical flow systems with upstream
hydraulic jumps (Figs 6D and 10F). Following
the low-frequency upstream hydraulic jumps
with criticality transition, the flow exhibits low-
amplitude fluctuations of Fr while remaining
subcritical during the course (Fr < 1) (Figs 6E to
H, 8G to J, 10G to J and 12G to J). Moreover, the
kinetic energy of turbidity currents dissipates as
the parental flow is raised by reverse underflow
and reflected backwards as reverse overflow,
forming a linear standing-wave billows (Alexan-
der & Morris, 1994) along the base of fold back-
limb (Fig. 3D). These billows represent a
topographically induced smoothing of the flow
boundary (Pantin & Leeder, 1987), accompanied
by prominent suppression of K-H waves
(Figs 4A and B and 5).

On the gentler forelimb slope, the overspilled
supercritical turbidity current rapidly deceler-
ates and thickens, and undergoes a transition
from proximal bypass to distal deposition
(Figs 4A and B and 6B). During the process,
high-frequency downstream hydraulic jumps
occur, marked by high-amplitude fluctuations in
Fr alternating between subcritical and supercrit-
ical regimes (Fig. 14). These frequent jumps
resemble supercritical-to-subcritical transitions
in cyclic steps between the lee and stoss sides
(Slootman & Cartigny, 2020; Maselli et al., 2021;
Englert et al., 2023). Unlike upstream hydraulic
jumps, downstream hydraulic jumps dissipate
turbidity current kinetic energy through
enhanced turbulence, generating large-scale K-H
waves (Komar, 1971). Consequently, such
hydraulic jump causes instantaneous changes in
bed shear stress along the toe of fold forelimb

(Figs 6H and 8]J), increasing local erosion poten-
tial and generating features such as seafloor
scours (Sumner et al., 2013). Along the down-
stream of the forelimb, these jumps significantly
reduce bed shear stress (Figs 6C and 8E), pro-
moting substantial bedload deposition from tur-
bidity currents (Garcia & Parker, 1989;
Garcia, 1993). This mechanism explains enig-
matic seafloor features downstream of slope
breaks, ranging from proximal erosional scour
fields to distal depositional sediment wave
fields, commonly observed in channel-lobe tran-
sition zones (CLTZs) (Wynn et al., 2002; Hodg-
son et al., 2022). Specifically, once depositional
topography becomes sufficiently elevated to
form hydraulic-jump unit bars that obstruct
flow, the downstream hydraulic jumps may
transform into upstream hydraulic jumps (Mac-
Donald et al., 2009; Pohl et al., 2019; Smith
et al., 2020). Our study suggests such transitions
bear fundamental changes in hydraulic
characteristics.

Impact of en-echelon segmented folds on flow
behaviour

Previous research has highlighted the impor-
tance of segmented fold topography on turbid-
ity current dynamics, particularly the role of
segment boundary relief (Morley, 2009; Howlett
et al., 2021; Pizzi et al, 2023). Our findings
suggest that segment boundaries can act either
as a crucial zone for flow transfer and redirec-
tion or as an obstacle blocking flow. The exact
role that a segment boundary may play
depends on the configuration of the fold
boundary and the evolutionary stage of the seg-
mented folds.

At an early stage of linkage of en-echelon seg-
mented folds, due to a low linkage ratio (e.g.
Model 1 and Model 3), segment boundaries
exhibit relatively low topographic relief. Turbid-
ity currents either flow directly through these
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low topography segment boundaries, or are
diverted obliquely along fold backlimbs through
the boundaries (Figs 3 and 9). Flow acceleration
and intensified erosion occur at segment

boundaries due to lateral confinement by grow-
ing fold flanks (Figs 6A to D, 10C to F and 13A
and C). This flow constriction mechanism (or
‘flow convergence’, Soutter et al, 2021)
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Fig. 10. Flow behaviours and sedimentary characteristics in Model 3. (A) Plan-view snapshot of sediment prefer-
ential depozones with total sand grain packing of >10vol.% at 10800s. Note the area of accumulated sediment
thickness <0.05m is shown in white due to resolution limit and the black dashed outline indicates flow areal
extent for mobile sand grain packing of >1vol.%. (B) Plan-view snapshots of the flow sediment isoconcentration
surface of 0.2 vol.% with mean flow velocity vectors at 7200 s. (C-F) Spatial heatmaps of the flow Maximum sedi-
ment concentration (C), Maximum velocity magnitude (D), Maximum bed shear stress (E) and Froude number (Fr)
(F) at 7200s. See the Video S3 for more time-series details. Note the lines of longitudinal and transverse cross-
sections shown in (G) and (I). (G) Time-series plots showing Fr fluctuations along the longitudinal section of tur-
bidity currents (Y-15km). (H) In-place fluctuations of the flow Fr (dashed line) and Maximum bed shear stress
(solid line) at position of two triangles shown in (G), which correspond to the positions of the upstream hydraulic
jumps. (I) Time-series plots showing Fr fluctuations along the transverse section of turbidity currents (X-12.5 km).
(J) In-place fluctuations of the flow Fr (dashed line) and Maximum bed shear stress (solid line) at position of two
dots shown in (I), which correspond to the positions of the upstream and downstream hydraulic jumps. Down-

stream HJs, downstream hydraulic jumps; Upstream HJs, upstream hydraulic jumps.

corresponds to observations from seismic reflec-
tion data of vertically stacked channels showing
increased incision depth and reduced sinuosity
in segment boundaries (Gee et al., 2001; Jolly
et al., 2017; Howlett et al., 2021; Mitchell
et al., 2021a,b, 2022; Pizzi et al., 2023).

At a later stage of the linkage process, the
impact of segment boundaries on turbidity cur-
rents is contingent upon whether the across-
strike distance (AcD) exceeds half of the fold
wavelength (Grasemann & Schmalholz, 2012). In
the case of small AcD (<1/2 fold wavelength),
mature folds develop pronounced longitudinal
relief and subtle transverse depressions with a
higher linkage ratio (e.g. Model 2). As turbidity
currents flow into the depression between two
culminations, the main flow experiences decel-
eration, reflection and wupstream hydraulic
jumps, resulting in locally decreased bed shear
stress (Figs 7 and 8B to F). This is manifested as
the channel system in nature being partially
healed over the initial incision by continuous
backfilling deposits upstream of the segment
boundary, or being diverted sideways along fold
backlimbs to surround fold tips with aggrada-
tional levees (Clark & Cartwright, 2009, 2011,
2012; Howlett et al., 2021; McArthur
et al., 2022). Furthermore, the segment boundary
permits spillover of volumetrically small,
unconfined current funnelled through the topo-
graphic constriction, which then experiences
downstream hydraulic jumps with frequent and
abrupt fluctuations in bed shear stresses
(Figs 8G and H and 13B). Such downstream
hydraulic jumps, which may induce scouring

and initiate deep-water channel erosion, have
also been documented as channel-margin slump-
ing and degradation complexes near the fore-
limb in the Niger Delta slope and NW margin of
Borneo (Heini6é & Davies, 2007; Morley, 2009).

In the case of large AcD (>1/2 fold wavelength),
the linkage ratio decreases with fold lateral
growth (from Model 3 to Model 4), still maintain-
ing a low-relief conduit along the segment bound-
ary even after folds overlap along strike. The low-
relief segment boundary remains an efficient
pathway for sediment transport, facilitating
downslope movement of near-bed, high-
concentration sediments from laterally diverted
reverse underflows (Figs 11, 12B and 13D). Such
significant flow pathways between folds were
also recognised around the DWFTBs in the Niger
Delta, where meandering channels develop along
strike from the upslope fold tip to that of down-
slope fold through the overlapping region (Clark
& Cartwright, 2012; Don et al., 2020).

Influence of en-echelon segmented folds on
sediment dispersal pattern

Previous numerical simulations indicate sedi-
ment dispersal exhibits a patchy spatial distribu-
tion within fold-relief topography, primarily
controlled by turbidity currents’ hydraulics
(Howlett et al., 2019). In addition to the deposi-
tion outside the inlet gate, which is an artefact
of the flow self-regulation before reaching a
quasi-steady supercritical regime (Ge
et al., 2017), our study reveals the pattern of
deposition by unconfined turbidity current
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Fig. 11. Hydraulic behaviours of turbidity currents in response to segmented fold in Model 4 (Table 2). (A-C) Plan-
view snapshots of the flow sediment isoconcentration surface of 0.2vol.% (top) and 0.8 vol.% (bottom) with X
velocity as colour scale at 3600s (A), 5400s (B) and 7200s (C). For visualisation purposes, the vertical topographic
scale has been exaggerated tenfold to show the fold relief. Note the lines of longitudinal and transverse cross-
sections shown in (D) and (E). (D) Hydraulic longitudinal cross-sections of the flow approaching and overrunning
the centre of segmented fold (A;,;4) show the flow volumetric sediment concentration (top) and X velocity (bottom)
at 7200s. (E) Hydraulic transverse cross-sections of the flow show the volumetric sediment concentration (top), X
velocity (middle) and Y velocity (bottom) along the upslope fold forelimb and downslope fold backlimb at 7200 s.

around en-echelon segmented fold is dominated
by topographically induced upstream and down-
stream hydraulic jumps.

Our modelling results show that sedimenta-
tion associated with upstream hydraulic jumps
predominantly occurs in three distinct depo-
zones, described and discussed below from
proximal to distal relative to the flow inlet.
Firstly, strike-parallel depozones upslope of
backlimb (i), that are located progressively fur-
ther upstream of the backlimb from the axis of
flow to edge (Figs 5A, 8A, 10A and 12A, Table 4,
Table S1). This depozone results from upstream
migration of reverse overflow bores, evidenced
by flow thickening boundaries raised by reverse
underflow (Fig. 3). Secondly, strike-parallel
elliptical depozones along the base of the back-
limbs of both upslope and downslope folds (ii),
with thickness up to ca 9m (Figs 5A, 8A, 10A
and 12A, Table 4, Table S1). This depozone is
situated within the parental flow thickening
area, induced by reverse underflow. Sediment
accumulation here stems from backward squeez-
ing of dense near-bed flow, with lateral influ-
ence from where the flow is diverted (Figs 3 and
4). Thirdly, localised transverse zones on fold
backlimbs (iii) (Figs 5A, 8A, 10A and 12A,
Table 4, Table S1) formed by ascending dilute
waning flow at segment boundaries with
reduced sand deposition. Coarser sediments are
predominantly deposited directly at the bases of
fold backlimbs (ii) due to basal dense reverse
underflow (Figs 4 and 5). Finer sediments, how-
ever, are deposited either upslope of the fold
backlimbs (i) or on fold backlimbs (iii) through
upper dilute reverse overflow or flow superele-
vation (Muck & Underwood, 1990; Soutter
et al., 2021). In addition to concentrated sedi-
ment accumulation upstream of the fold, signifi-
cant but scattered sediment deposition occurs
downstream of fold forelimbs. These deposits
result from flow stripping of overspilled turbid-
ity currents, where deposition progressively
thickens downslope due to downstream

hydraulic jumps and amplification of Kelvin—
Helmholtz waves (Figs 4B and 5A to D). These
observations align with the experimental find-
ings of Garcia & Parker (1989), in which the sed-
iment thickness increases downstream has been
documented along with hydraulic jumps.

The growth and linkage of en-echelon seg-
mented folds control the topographic evolution
and associated depocentre migration (Fig. 14). In
general, across-strike distance (AcD) is estab-
lished during fold initial nucleation, whereas
along-strike distance (AID) gradually decreases
during fold growth by lateral propagation, and
eventually stabilises once folds become hard
linked (Ramsey et al., 2008; Fernandez &
Kaus, 2014a; Zhang et al, 2021; Gao
et al., 2023). Sediment deposition decreases dur-
ing oblique linkage of two en-echelon fold seg-
ments, with depocentre migrating from the base
of downslope fold backlimb to that of upslope
fold as AcD increases (Figs 5A, 8A, 10A and
12A, Table 4). When the AcD is small (<1/2 fold
wavelength; e.g. Model 1 & Model 2, Figs 2A
and B and 14A and B), asymmetrical flow diver-
sion promotes greater sediment accumulation at
the base of downslope fold backlimb. However,
late-stage development of the overlapped linkage
zones diminishes sediment accumulation at
bases of both fold backlimbs (Figs 5A and 8A).
When the AcD is large (>1/2 fold wavelength;
e.g. Model 3 & Model 4, Figs 2C and D and 14C
and D), increased separation between fold seg-
ments creates a low relief linkage zone that
serves as an effective conduit for sediment-laden
flow, resulting in reduced sediment deposition
(Figs. 9 to 12, Table 4). As folds grow and they
overlap, confined flow reflection and bidirec-
tional diversion transport sediment away from
the downslope fold backlimb (Fig. 11E), result-
ing in less sediment accumulation compared to
the upslope fold (Fig. 12A; Table 4).

Our models reveal the three-dimensional sedi-
mentary dynamics within DWFTBs (Fig. 14),
combining  elements from classical 2D
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sedimentary models: the ‘fill-and-spill’ model
(e.g. Beaubouef & Friedmann, 2000; Sinclair &
Tomasso, 2002) and the strike-confined ‘tortuous
corridors’ model (Smith, 2004). Approximately
20 to 30vol.% of the total initially released sedi-
ment is captured by segmented fold backlimbs

(Table 4), creating a dynamic topographic con-
figuration. Sediment retained within the turbid-
ity current 1is transported downslope by
spillover across fold crests and linkage zones or
diversion around fold tips, thereby bypassing
proximal intra-slope basins as conceptualised by
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Fig.12. Flow behaviours and sedimentary characteristics in Model 4. (A) Plan-view snapshot of sediment prefer-
ential depozones with total sand grain packing of >10vol.% at 10800s. Note the area of accumulated sediment
thickness <0.05m is shown in white due to resolution limit and the black dashed outline indicates flow areal
extent for mobile sand grain packing of >1vol.%. (B) Plan-view snapshots of the flow sediment isoconcentration
surface of 0.2 vol.% with mean flow velocity vectors at 7200 s. (C-F) Spatial heatmaps of the flow Maximum sedi-
ment concentration (C), Maximum velocity magnitude (D), Maximum bed shear stress (E) and Froude number (Fr)
(F) at 7200s. See the Video S4 for more time-series details. Note the lines of longitudinal and transverse cross-
sections shown in (G) and (I). (G) Time-series plots showing Fr fluctuations along the longitudinal section of tur-
bidity currents (Y-15km). (H) In-place fluctuations of the flow Fr (dashed line) and Maximum bed shear stress
(solid line) at position of two triangles shown in (G), which correspond to the positions of the upstream hydraulic
jumps. (I) Time-series plots showing Fr fluctuations along the transverse section of turbidity currents (X-12.5 km).
(J) In-place fluctuations of the flow Fr (dashed line) and Maximum bed shear stress (solid line) at position of two
dots shown in (I), which correspond to the positions of the upstream and downstream hydraulic jumps. Down-
stream HJs, downstream hydraulic jumps; Upstream HJs, upstream hydraulic jumps.

Prather et al. (1998). This longitudinal
deposition-bypass process integrates the ‘fill-
and-spill’ model (Beaubouef & Friedmann, 2000;
Sinclair & Tomasso, 2002) with ‘tilt-and-repeat’
cycles (Casagrande et al., 2022). Sediment flux
and volume of turbidity currents bypassing
across linkage zones, fold crests and around
fold tips exhibit significant variations (Table 3).
The development of tortuous corridors between
fold segments controls such bypass (e.g.
Smith, 2004; Hay, 2012), which further enables
the downslope transport of diverted flows. Con-
sequently, turbiditic sand deposits accumulat-
ing along backlimbs of en-echelon fold
segments show corresponding variations in
transversal extent and thickness (Table 4). This
integrated sediment dispersal pattern demon-
strates that turbidity currents respond to both
structural orientations, rather than being con-
fined exclusively to either dip or transverse
directions (Howlett et al.,, 2021; Ogawa &
Back, 2022; Johansson et al., 2023). This study
thus significantly enhances spatial prediction
capabilities for sand accumulation in complex
en-echelon fold systems of stepped submarine
slopes.

Experiment limitations

This numerical study has certain limitations
with CFD experimental assumptions that
include the use of a non-erodible bedrock sub-
strate, single flow release mode, non-cohesive
sediment load, and constrained numerical grid
resolution. However, consistent with previous
FLOW-3D® simulations of turbidity currents (Ge
et al., 2017, 2018; Howlett et al., 2019), these
constraints do not significantly compromise the
validity of our findings.

Given the limited number of models presented
in this study, our research focuses exclusively on
double-linkage segmented folds, while excluding
triple-linkage  configurations.  Triple-linkage
involves two synchronous or asynchronous pro-
cesses of double-linkage (Bretis et al., 2011; Col-
lignon et al, 2014, 2015; Fernandez &
Kaus, 2014a; Nabavi & Fossen, 2021). However,
the results from our double-linkage scenarios pro-
vide generic implications that can be applied to
linkage evolution across multiple fold segments
in evolving fold arrays. The impact of structural
topography in causing diversion, reflection,
blocking and funnelling of turbidity currents, as
highlighted in this study, is also applicable to
other structurally confined basin floors, such as
rift, strike-slip and foreland-basin settings
(Gawthorpe & Leeder, 2000; Patacci et al., 2015;
Tinterri, 2025).

The incidence angle between the turbidity
currents and structural strike can range from
transverse (i.e. orthogonal to structural strike) to
axial (i.e. parallel to structural strike), as mani-
fested by channel-lobe systems filling-and-
spilling intraslope basins downslope and axial
channel-lobe complexes infilling minibasins or
on the basin floor (Oluboyo et al., 2014; How-
lett, 2020). Previous numerical simulations of
unconfined turbidity currents have primarily
examined structure-perpendicular flows across
various topographies (Ge et al., 2017, 2018;
Howlett et al., 2019). To advance this field, sys-
tematic investigations are needed to examine
how incidence angles influence turbidity current
hydrodynamics and sediment distribution pat-
terns (Athmer et al., 2010; Salles et al., 2014;
Cullen et al., 2020), incorporating insights from
laboratory flume-tank experiments (Soutter
et al., 2021; Wang et al., 2025).
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diagrams illustrate bypassed (blue) and deposited (brown) sediment volume via linkage zone as percentages of ini-

tial released total sediment volume (grey).

CONCLUSIONS

This study combines natural-scale geodynamic
process modelling and CFD simulations to
investigate the hydraulic behaviours and sedi-
ment dispersal patterns of unconfined turbidity
currents interacting with evolving en-echelon
fold segments. Two distinct types of

topographically induced hydraulic jumps were
observed in the upstream and downstream of
the folds, respectively, when unconfined turbid-
ity currents encountered fold topography. The
upstream hydraulic jumps are followed by low-
amplitude Froude number (Fr) fluctuations that
are the result of flow deceleration and thicken-
ing caused by reverse flow with height-
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suppressed Kelvin-Helmholtz (K-H) waves.
Conversely, downstream hydraulic jumps exhib-
ited high-amplitude fluctuations of Fr due to
volumetrically small and dilute currents spilling
over fold crests with enhanced large-scale K-H
waves.

Sediment deposition associated with upstream
hydraulic jumps occurred in three distinct depo-
zones: (i) strike-parallel depozones upslope of
backlimbs caused by upstream migration of
reverse overflow bores, (ii) strike-parallel ellipti-
cal depozones along the base of fold backlimbs
resulting from backward squeezing of denser
near-bed suspension carried by reverse under-
flow and (iii) localised transverse zones on fold
backlimbs associated with overspilling dilute
waning flow. The upper dilute reverse overflow
exhibited minimal influence on deposition, pri-
marily functioning as a recharge mechanism for
the turbidity current. In contrast to the upstream
hydraulic jumps that produced confined and
thick sediment deposits, downstream hydraulic
jumps led to unconfined, thinner sediment accu-
mulation along the downstream of fold forelimb,
exhibiting a transition from proximal bypass to
distal deposition. This mechanism explains the
range of seafloor features from proximal ero-
sional scour fields to distal depositional sedi-
ment wave fields, commonly observed
downstream of slope breaks.

The impact of segmented folds on overrunning
currents primarily depends upon the relief of
segment boundaries, which is governed by
across-strike distance (AcD) and the stage of
linkage between adjacent folds. An early stage of
linkage between en-echelon segmented folds
with low linkage ratio, segment boundaries
exhibit relatively low relief and serve as a zone
for flow transfer and redirection. Late stages of
linkage, when along-strike distance (AID)
between fold segments is reduced, segment
boundaries remain a pathway for sediment
transport across multiple folds if the across-
strike distance (AcD) between fold segments is
large. If the AcD is relatively small, segment
boundaries have higher relief and act as an
obstacle, resulting in a blocking effect similar to
that of fold crest. As overlapping en-echelon
folds evolve from early to late stage, sediment
bypassing the folds increases, while sediment
blocked by the folds decreases with reducing
AID. The depocentre migrates from the base of
downslope fold backlimb to that of upslope fold
with increasing AcD. Our 3D simulation results
provide a flow-process based understanding for

individual  turbidity = currents, enhancing
our understanding of sedimentology and stratig-
raphy around fold-related topography, particu-
larly in DWFTBs and salt- or shale-influenced
basins.
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Supporting Information

Additional information may be found in the online
version of this article:

Video S1. This animation depicts the three-dimen-
sional flow sediment isoconcentration surface of
0.2vol.% (coloured by X velocity) and spatial heat-
maps of key hydraulic parameters recorded per
minute in Model 1 (AcD=2km, AID=2km). The
visualised parameters include: Maximum sediment
concentration, maximum velocity magnitude, maxi-
mum bed shear stress, and Froude number.
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Video S2. This animation depicts the three-dimen-
sional flow sediment isoconcentration surface of
0.2vol.% (coloured by X velocity) and spatial heat-
maps of key hydraulic parameters recorded per
minute in Model 2 (AcD=2km, AID= —2km). The
visualised parameters include: Maximum sediment
concentration, maximum velocity magnitude, maxi-
mum bed shear stress, and Froude number.

Video S3. This animation depicts the three-dimen-
sional flow sediment isoconcentration surface of
0.2vol.% (coloured by X velocity) and spatial heat-
maps of key hydraulic parameters recorded per
minute in Model 3 (AcD=4km, AID=2km). The
visualised parameters include: Maximum sediment
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concentration, maximum velocity magnitude, maxi-
mum bed shear stress, and Froude number.

Video S4. This animation depicts the three-dimen-
sional flow sediment isoconcentration surface of
0.2vol.% (coloured by X velocity) and spatial heat-
maps of key hydraulic parameters recorded per
minute in Model 4 (AcD=4km, AID= —2km). The
visualised parameters include: Maximum sediment
concentration, maximum velocity magnitude, maxi-
mum bed shear stress, and Froude number.

Table S1. Maximum, average, and standard deviation
of preferential deposited sediment thicknesses (sand
grain packing of >10 vol.%) in Models 1 to 4.
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