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Abstract

Bypassing turbidity currents travel downslope while depositing only a minor part of their
suspended sediment load. Along the way, they may encounter a slope break (i.e. an abrupt
decrease in slope angle) that initiates the deposition of sediment. Depending on their proximal
initiation point, these turbiditic deposits in slope-break systems can form potential reservoirs
for hydrocarbons. The present experimental study establishes the resulting turbidite deposits as
a function of the geometry in a slope-break system. Shields-scaled turbidity currents were
released into a flume tank containing an upper and a lower slope reach, which were separated
by a slope break. Results show that the depositional pattern in a slope-break system is controlled
by the steepness of the upper and lower slope, rather than the severity of the slope break. The
steepness of the upper slope controls the initiation point of sediment deposition, while the lower
slope controls depositional thickness. Subsequently, Shields scaling is used to relate our
experimental flows with natural turbidity currents and the results of numerical models. These
results demonstrate that it is possible to predict the depositional patterns of slope-break systems
based on the steepness of the incoming slope. Such prediction improves the risk estimation of
potential hydrocarbon reservoirs in slope-break systems.



1. Introduction

Turbidity currents are subaqueous currents of sediment-laden water that move downslope as a
result of the density difference between the flow and the overlying ambient water; this represent
one of the main mechanisms for transporting sediment into the deep oceans (Mutti et al., 2009;
Talling et al., 2015). Turbidity currents form submarine channels, which allow the currents to
bypass their sediment down the continental slope and onto the deep-marine abyssal plain (Daly,
1936; Maier et al., 2011; Stevenson et al., 2015). On their downflow trajectory, turbidity
currents may encounter a slope break, which is marked by an abrupt decrease in the ocean-floor
gradient.

Slope breaks tend to occur in ponded basins, on stepped slopes (Brooks et al., 2018; Jobe et al.,
2017; Prather, 2003; Prather et al., 2012a, 2012b), or at the base of steep active continental
margins (Bourget et al., 2011; Lee et al., 2002). On the more gently dipping sea floor, turbidity
currents usually switch from bypass to depositional conditions, forming sediment bodies (Amy
et al., 2000; Carvajal and Steel, 2006; Lee et al., 2004; Mutti and Normark, 1991, 1987; Prélat
et al., 2010; Talling et al., 2007; Wynn et al., 2000). The morphology of these deposits is
controlled by the turbidity current dynamics, which are impacted by the slope break.

Sediment deposits in slope-break systems can serve as potential reservoirs for hydrocarbons
(Pettingill, 2004; Weimer and Slatt, 2004; Zou et al., 2015). The likelihood of forming a sealed
reservoir depends on the proximal termination point of the sediment bodies, like those seen in
the Buzzard Field (Doré and Robbins, 2005; Ray et al., 2010). The location of the point where
the current transitions from bypass to depositional conditions is here termed up-dip pinch-out
(UDPO). If the UDPO is located upstream of the slope break, the basin floor sediments are
connected to slope sediments, creating up-dip-migration pathways for hydrocarbons. In
contrast, an UDPO located downstream of the slope break will result in basin floor sediments
that are detached from the slope sediments, forming a stratigraphic trap and making upslope
leakage of hydrocarbons less likely. Hence, the controlling factor on the UDPO is of major
interest for the development of reservoir plays in slope-break systems.

Herein we present flume tank experiments designed to investigate the impact of a slope-break
geometry on the location of the UDPO, and the thickness distribution of the resulting deposits.
Numerous experimental studies have noted the response of flow dynamics to a slope break
(Garcia and Parker, 1989; Garcia, 1993, 1994, Gray et al., 2005, 2006; Islam and Imran, 2010;
Mulder and Alexander, 2001). However, these studies used continuously depletive currents
(sensu Kneller and Branney, 1995), where deposition was initiated immediately after entering
the experimental setup, even when the initial slope was steep. Such depletive conditions make
it difficult to compare their depositional signatures with natural systems (e.g. Talling et al.,
2012). For the present experimental study, we used Shields scaling (sensu de Leeuw et al.,
2016), to generate turbidity currents that were able to ensure bypass conditions on the steepest
of our experimental slopes, and transition to depositional conditions on more gentle
experimental slopes. Furthermore, all previous slope-break studies used horizontal basin floors;
while this condition may represent the condition for lobe development on very gently dipping
surfaces (<< 1°), it neglects systems with steeper basin floors (e.g. stepped slopes). The



experiments presented herein were the first slope-break experiments with a non-horizontal
lower slope, allowing the link to natural slope-break systems with dipping lower slopes. The
research questions of this paper are: 1) What are the geometric controls on the location of the
UDPO? 2) What are the geometric controls on the deposit thickness downstream of the slope
break? 3) How do our experiments scale to natural turbidite systems? 4) How can the findings
of the present paper be applied to natural slope-break systems?

2. Methods

The experimental setup consisted of a flume tank with a floor that was divided into an upper
slope and a lower slope segment, connected by a slope break (Fig. 1). The dipping angle of both
the upper and lower slopes could be adjusted independently from one another. Forty-five
different combinations of upper and lower slope configurations were teste to investigate the
resulting depositional morphology (Fig. 2).

To investigate the scaling of the experiments with respect to natural turbidite systems, we use
the bypass-slope criterion. The bypass-slope criterion will be here referred to as the most gently
dipping slope angle at which a turbidity current with a given flow thickness, sediment
concentration, and grain size is still bypassing its suspended load. Following Stevenson et al.
(2015), we refer to a bypassing turbidity current as a flow that keeps its entire sediment load in
suspension or traction, resulting in no deposition by that flow at the point of measurement (i.e.
in the flume tank). The scaling procedure require knowledge of both flow thickness and density
measurements; the former was determined by measuring the velocity structure with an
Ultrasonic Doppler Velocimetry Probe (UVP), and the latter was measured by particle
siphoning at multiple points above the bed.
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Fig. 1. Sketch of the experimental setup. The dipping angle of the upper slope were varied from
0 to 12° and the angle of the lower slope from 0 to 8° (both angles with respect to the
horizontal). Inset view shows the separation of the flume tank into two channels; one
was used for the turbidity current, while the second one provides additional space for
the backflow. UVP: Ultrasonic Doppler Velocimetry Probe.
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Fig. 2. Slope-break systems which were used in this study. A total of 45 different combinations
of upper and lower slope angles were tested. The dipping angels of the lower and upper
slope are with respect to the horizontal. The slope break is the angle between the upper
and the lower slope.

2.1. Scaling

Shields scaling is used to scale a flow to specific bed roughness and sediment transport regimes.
While this approach has been used previously (de Leeuw et al., 2018a, 2018b, 2016; Hermidas
et al., 2018), there is no rigorous explanation of the scaling procedure in the literature. Given
the significance of this approach for particle-laden flows, the following provides a detailed
procedure for determining and applying the Shields scaling.

Shields scaling is based on two scaling parameters, the Reynolds particle number and the
Shields parameter, which are both kept close to values encountered in natural systems. The
Reynolds particle number Re, is a function of the ratio of the grain size to the thickness of the
viscous sublayer, and controls the hydraulic conditions of the flow:

u.d,
Re - (1)

p v ’

Where u- is the shear velocity, dj the grain size of the sediment of the bed, and v the kinematic
viscosity (we used v of clear water at 20°C; 1*10°% m?s). The value Re, extends from
hydraulically smooth (Re, < 5), to transitionally (5 < Re, < 16), to rough (Re, > 16) (Garcia,
2008). In the hydraulically-smooth regime, the particles are completely enveloped by the
viscous sublayer and particle motion is driven by viscous shear stress. In a hydraulically-rough
regime, the particles protrude through the viscous sublayer and are exposed to turbulent
stresses. Measurements on natural turbidity currents in submarine canyons revealed a Re, in the
transitionally regime (Azpiroz-Zabala et al., 2017; Xu, 2010; Xu et al., 2014). To make
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comparisons with the depositional morphology of natural systems, the experiments should be
within the same hydraulic regime, which is the justification for shields scaling. Previous work
using our experimental setup have reported shear velocities of ~0.07 m/s (Cartigny et al., 2014).
Knowing this, the Re, can be altered by varying dj (i.e. the grain size used for the flume tank
floor), which was set to a fine grain size (d;jo = 35 um, dso = 133 pm, dop = 214 pm;
supplementary material Fig. S1) to reach Re, values of ~7 comparable to natural systems.

The Shields parameter 6 is the ratio between the shear stress and the gravity force acting on
particles (Shields, 1936):
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Where pr is the density of the turbidity current, ps the density of the suspended sediment (2650
kg/m?), p, the density of the fluid (1000 kg/m?), d; the grain size of the suspended sediment,
and g the gravitational acceleration (9.81 m/s?). The shear velocity u«can be defined as (Kneller,
2003):
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The thickness of the flow is 4 and S is the tangent of the slope on which the flow moves. The
density of the turbidity current p; is:

pt:(pv_pw)c_'_pw’ (4)

with C as the sediment concentration. Combining equations 2, 3 and 4 results in the Shields
parameter fin a turbidity current:
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Studies on natural flows report &-values of 1 — 10 (Azpiroz-Zabala et al., 2017; Xu, 2010; Xu
et al., 2014). To meet these values in the experiments, the sediment concentration, the slope
gradient, and the grain size of the suspended sediment were adjusted. We required turbidity
currents with a flow thickness of ~0.1 m, flowing on slopes of between 2 — 12°, in order to be
able to generate a variety of different slope-break system geometries in the available flume. The
grain size of the suspended sediment d; was already determined by the Reynolds particle
number as dp. Therefore, we set the initial sediment concentration C for the modeled turbidity
currents at 17 %vol to meet the required #-values of 1 — 10. Recent measurements from natural
turbidity currents suggest high basal sediment concentrations (i.e. >> 10 %vol; Paull et al. 2018)
and, therefore, are likely governed by the same processes (e.g. hindered settling), as the
modeled turbidity currents.



2.2. Flume tank setup and experimental procedure

Experiments were conducted in a flume tank with the dimensions of 4 m x 0.5 m x 0.22 m
(length x height x width) that included a variable slope break (Fig. 1). The turbidity currents
exited the flume through a free over-fall into an expansion tank (3 m x 2 m x 1.8 m, with a floor
0.3 m lower than the flume tank floor). The currents could expand freely in the expansion tank
and produced a weak reflection wave which was too slow to travel back into the experimental
setup while the experiment was running. The flume and expansion tank were filled with fresh
water. Sediment with an identical grain size to the sediment used in the turbidity currents was
glued to the flume floor to create a rough, non-erodible surface (d;0 =35 um, dsp = 133 um, doy
=214 um). A longitudinally oriented separation wall subdivided the flume tank into two, 0.1m
wide channels (see inset view in Fig. 1) to minimize the effect of backflow from the expansion
tank into the flume during the experiments. A cantilevered false-floor was installed to adjust
the bed slope on the upper and lower slope segments of the flume (Fig. 1). The steepness of the
upper slope was varied between 2 and 12°, and the steepness of the lower slope between 0 and
8° (both angles with respect to the horizontal). This resulted in a total of 10 unique slope-break
angles and 45 unique combinations of the upper and lower slope conditions (Fig. 2).

A mixture of sediment and fresh water with a total volume of 0.45 m?® was prepared in a mixing
tank. The grain size of the sediment (d;o = 35 pm, dsp = 133 um, dop = 214 um) was measured
with a laser particle sizer (Malvern Mastersizer 2000; supplementary material Fig. S1). The
density of the sediment was 2,650 kg/m?. As per the Shields scaling calculations, the sediment
concentration in the mixture was set to 17 %vol, or a bulk density of 1,280 kg/m?, for each
experimental flow. The mixture was pumped into the flume tank through a 4 m long pipe (pipe
diameter = 0.06 m) with a radial-flow pump and monitored by a discharge meter (Krohne
Optiflux 2300). The discharge was set to 12.5 £ 0.7 m*/h, resulting in a mean flow velocity of
0.81 + 0.04 m/s at the inlet box. The duration of an experiment was ca. 100 s. Video analysis
showed that the tails of all the experimental currents were accompanied by the deposition of a
7 — 10 mm thick layer of sediment over the entire length of the flume, which is hereafter called
the tail deposit.

2.3. Acquisition of the depositional pattern

The thickness of the deposits was manually measured through the side-wall at longitudinal
intervals of 0.05 m prior to draining the flume. In all non-bypassing runs, depositional thickness
decreased rapidly over the final ~0.35 m of the flume (Fig. 3a). This rapid thinning of the
deposit was an artifact of the transition from the flume into the expansion tank. Consequently,
the last 0.5 m of the depositional profiles are omitted from the analysis (Fig. 3b).

The point where depositional thickness initially exceeded 10 mm is defined as the UDPO; the
value of 10 mm was chosen to account for the tail deposits (cf. Fig. 3b), and therefore the origins
of the UDPO are associated with the head and body of the currents. The thickness of the deposits
increased from the UDPO along downstream direction. The rate of thickness increase is here
referred to as the Deposit-Thickness-Increase (DTI). The DTI was calculated by taking the



slope of a local linear regression that was applied to the depositional profile. The range of the
fitting function was from the location of the UDPO to 2.85 m downstream of the inlet box (Fig.
3b).
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Fig. 3. (a) Photograph of the deposits of taken shortly after the end of an experiment. At the
time the picture was taken, the silt fraction of the sediment was still in suspension. (b)
Sketch illustrating the methods applied to analyze and parameterize the deposit profiles.

2.4. Data collection in the bypass-slope experiment

Experimentally the bypass-slope criterion was determined to be 6° for the modeled turbidity
currents. For the scaling of the bypass-slope criterion to natural systems, flow thickness (%),
sediment concentration (C), and grain size (d;) of the modeled turbidity currents are required.
These parameters were measured in an experimental setup with a continuous slope angle of 6°,
which is here referred to as the bypass-slope experiment (cf. Fig. 2).

The flow thickness in the bypass-slope experiment was calculated from a velocity profile
measurement located 2.3 m downstream of the inlet box (Fig. 1). The UVP was positioned 0.11
m above the bed, angled 60° relative to the local bed slope (Fig. 4a). UVP data acquisition
settings are provided in supplementary material Tab. S1. The UVP measures velocities of the
suspended particles along the beam-axis, and converted into a bed-parallel component with the
assumption that the bed-normal component is ~0 m/s (Fig. 4a), which is suitable for bypass
conditions (Sequeiros et al., 2018).

A time-averaged velocity profile was calculated from the body of the current, which is
associated with steady-flow conditions. The start of this averaging window was set to ~10 s
after the current entered the flume tank after the current-head passed through. The duration of
the time averaging was ~80 s (i.e. ~10 s before the end of the experiment). Figure 4b illustrates
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the parameterization of the time-averaged velocity profile, where z is the coordinate is positive
away from (and normal to) the bed, u is the bed-parallel velocity component, and Upax the
velocity maximum of the flow. The flow thickness # was defined as the height at which the
velocity u is half the velocity maximum Uy, (Launder and Rodi, 1983).

Samples were collected with siphoning 2.5 m downstream of the inlet box (i.e. 0.2 m
downstream of the UVP), at four different elevations above the flume-tank floor (1 cm, 2 cm,
4 cm, and 8 cm) (Fig. 1). The siphon-tube diameter was 7 mm and the average flow velocity in
the tube was set to approximately 1 m/s, similar to the velocity scale of the turbidity current.
Siphoning commenced ~10 s after the turbidity current entered the flume tank, after the current-
head passed through, and was continued until 2*10- m? of mixture was sampled. The volume
and weight of each siphon-tube sample were measured, and sediment concentration was
calculated from the bulk density of the sample and the specific densities of the water and
sediment. A concentration profile was calculated from the best fit of a three-parameter
exponential function through the four concentration measurement points, which is defined as:

(z—ll)
c(z)=e " -1, (6)

where the sediment concentration at height z is represented by c¢(z); /1, [>, and I3 are parameters
for the curve fitting.
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Fig. 4. (a) The orientation of the UVP and the trigonometric calculation to calculate bed-parallel
velocities u. The velocity component directed toward the UVP is u..,. Not to scale. (b)
Sketch of a time-averaged velocity profile illustrating the parameterization of the
velocity structure. Redrawn and modified from Launder and Rodi (1983).



3. Results

3.1. Depositional patterns

Variation in the steepness of the upper and lower slope resulted in a variety of different
depositional behaviors, ranging from high rates of deposition through to bypassing. If
deposition occurred, the deposits increased in thickness in downstream direction, away from
the location of the UDPO.

3.1.1. Location of the up-dip pinch-out (UDPO)

The location of the UDPO was controlled by the steepness of the upper slope. Steepening of
the upper slope resulted in the UDPO position moving further downdip (Figs. 5a and c).
Analysis of all of the depositional experiments revealed that with a dipping angle of the upper
slope of 5° or less, the UDPO migrated updip of the slope break, If, however, the steepness of
the upper slope was 6° or higher, the UDPO was located on the lower slope, and deposits were
detached from the upper slope. A variation in steepness of the lower slope caused no shift of
the location of the UDPO (Figs. 5b and d).

3.1.2. Deposit-Thickness-Increase (DTI)

A variation in the steepness of the upper slope resulted in a minor signal in the DTI (Figs. 6a
and c). In contrast, a variation in the steepness of the lower slope had a signifficant effect on
the DTI, where steepening of the lower slope generally resulted in a decreased DTT (Figs. 6b
and d).
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Fig. 5. (a) Depositional profiles of representative experiments, where only the upper slope was

varied, and (b), where only the lower slope was varied (cf. Fig. 2). The dipping angles
of the upper and lower slopes are restored to horizontal. The profiles were measured
along the length of the flume tank and flow direction was from right to left. The slope
break was located 1.7 m downstream from the inlet box. (c) The location of the UDPO
of all depositional experiments against the steepness of the upper slope, and (d) against
the steepness of the lower slope. US: Upper slope, LS: Lower slope, SB: Slope break.
Depositional profiles of all of the experiments are shown in the supplementary material
Fig. S2.
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experiments are shown in the supplementary material Fig. S2.
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3.1.3. Experiments with a horizontal lower slope

Six experiments were conducted on a horizontal lower slope, where rapid accretion of sediment
formed an adverse topographic gradient for the current, resulting in a significant deceleration
of the flow. In four of those experiments with an upper slope between 2 to 8°, videos revealed
the formation of a roller structure during the last ~10 to 20 s of the experiments (Fig. 7a and
supplementary material Video S1). The roller structure was generated at the thickest point of
the accreted sediment, 3.1 m downstream of the inlet box, and propagated in an upstream
direction. The roller structure was marked by in normally-oriented velocities and deposition
rates downstream of the roller structure increased significantly, which resulted in a distinct
depositional pattern for these experiments (Fig. 5S¢ and supplementary material Fig. S2). In the
other two experiments involving a horizontal lower slope but with steeper upper slopes (i.e. 10
and 12°) no roller structure emerged. Yet towards the end of the experiments, when the flow
waned, some of the deposited sediment mobilized on the upstream-dipping slope and moved in
a direction opposed to the original flow direction, and thus, overprinted the original depositional
pattern (Fig. Sc and supplementary material Fig. S2). In other experiments, on steeper lower
slopes and with less depositional flows, no roller structure or sediment mobilization occurred
(Fig. 7b and supplementary material Video S2).

Run07,t=gTg! 1 1 N ¥ ="87S

Flow
Formation of the

roller structure
b

Accumulating deposits -

T [ ! e | _ e | [ DO |

Fig. 7. Snapshots of videos from the flow through the glass side-wall of the flume tank; see
Figure 1 for field of view. (a) An experiment in which a roller structure emerged on the
deposits and migrated upstream. In the experiment, the upper slope was 8° and the lower
slope was horizontal. (YouTube: https://youtu.be/Ny-TN7THMYs0) (b) A typical
experiment in which sediment was deposited, but no roller structure emerged. In this
experiment, the upper slope was 6° and the lower slope was 1°. The green, red, and
white scale bars are each 0.1 m long. (YouTube: https://youtu.be/PMCtaZyj0Ts).
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3.2. Flow dynamics in the bypass-slope experiment

The flow in the bypass-slope experiment accelerated as it flowed through the flume tank. The
depth-averaged velocity of ~0.81 m/s at the inlet box was increased to 0.93 m/s at the UVP (i.e.
2.3 m further downstream). The time-averaged velocity profile of the turbidity current obtained
by the UVP is shown in Figure 8a. The velocity maximum (U,.qx) was 1.15 m/s, at a height that

was elevated 1.6 cm above the bed. Flow thickness (%) was 5.4 cm.

The vertical sediment concentration profile showed a stratification with decreasing
concentration towards the top of the flow (Fig 8b). The sediment concentration of the initial
mixture of 17 %vol was decreased to a depth-averaged sediment concentration (C) 13.7 %vol

at the siphon tubes (i.e. 2.5 m further downstream).
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4. Discussion
4.1. Control mechanisms on the UDPO and the DTI

The main research objective of this study is to examine how the location of the UDPO and the
DTI in a slope-break system are controlled by the system’s geometry. Geometric parameters in
a slope-break system are the steepness of the upper and the lower slopes, and how these two
free variables interact to determine the severity of the slope break.

The steepness of the upper slope is the primary control on the location of the UDPO; steeper
upper slopes force the location of the UDPO farther downdip (Figs. 5S¢ and 9a). This suggests
that the bypass-slope criterion (i.e. the most gently-dipping slope angle at which a given
turbidity current is still bypassing its sediment load) can be used as a predictor of slope-detached
sedimentation patterns. In slope-break systems with an upper slope that is gentler dipping than
the bypass-slope criterion, the deposits may onlap onto the upper slope due to the reduction in
the turbidity current’s transport potential. For slope-break systems with upper slopes greater or
equal to the bypass-slope criterion, the UDPO will be located downdip of the slope break, on
the lower slope.

The location of the UDPO is also controlled by the efficiency of the flow in its sediment
transportation capability (Mutti, 1992). The flow efficiency is controlled by the grain-size
distribution of the suspended sediment, the flow volume, and the flow density (Al Ja’Aidi et
al., 2004; Mutti, 1992). Large, finer grained flows with a high density are more efficient than
smaller, coarser grained flows with a low density (Al Ja’Aidi et al., 2004; Mutti, 1992). High-
efficient flows transport their sediment load further into the basin before deposition
commences, and hence, the UDPO is located further downstream. Conversely, the position of
the UDPO deposited by a low-efficient flow will be located further upstream.

In contrast to the position of the UDPO, which is governed by the upper slope and therefore
results from upstream controls, the DTI is dictated by the lower slope, and therefore results
from downstream controls in a slope-break system. A steeper dipping lower slope resulted in a
lower DTI and, consequently, thinner deposits on the lower slope (Figs. 6d and 9b). On a gentler
dipping lower slope, the flow has less sediment transport capability resulting in thicker deposits.

In our experiments, slope-break settings with a horizontal lower slope represent a geometrical
arrangement, which results in a distinct depositional pattern (cf. Fig. 5c) related to high
sedimentation rates on the horizontal lower slope. A horizontal lower slope was also used in all
previous experimental studies involving a slope break (Garcia and Parker, 1989; Garcia, 1994;
Gray et al., 2005; Islam and Imran, 2010; Mulder and Alexander, 2001). Our results suggest
that slope-break systems with a horizontal lower slope represent an exceptional condition since
it’s the only geometrical arrangement where gravitational forces lack a downflow component,
and that these systems need to be assessed separately.

The severity of the slope break is an inadequate parameter to describe the system’s geometry
since it can represent a variety of different upper and lower slope combinations (cf. Fig.2). Our
results indicate that the severity of the slope break, as a parameter, has no discernable impact

15



on the depositional pattern. These findings may challenge the interpretations of previous
studies, where variations in flow dynamics or depositional patterns are associated with the
severity of the slope break (Gray et al., 2005; Mulder and Alexander, 2001). In these studies,
the increase in severity of the slope break was achieved by steepening of the upper slope, while
the lower slope was kept horizontal. Hence, variations in flow dynamics or depositional patterns
are likely to be caused by the steepening of the upper slope, rather than the increasing severity
of the slope break.
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Fig. 9. Sketch illustrating the impact of the upper and lower slopes on the depositional pattern
in a slope-break system. (a) Upstream shift of the UDPO position due to the decrease of
the upper slope. (b) Decrease of the DTI due to the increase of the lower slope.
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The present study has considered the effects of a slope break on the depositional signal of
turbidity currents. It is important to note that a slope break can be accompanied by a loss in
lateral confinement in natural systems (Wynn et al., 2002), which would create an overprint on
the depositional pattern reported herein (Alexander et al., 2008; Stacey et al., 2018). Future
studies are required to assess the relative contribution of these two factors in the depositional
record.

4.2. Scaling to natural flows and systems

Experimental turbidity currents are, by definition, much smaller than natural turbidity currents.
For example, measurements of natural flows reveal flow thicknesses of ~20 — 150 m, which are
orders of magnitude larger than the modeled turbidity currents created in this study (Azpiroz-
Zabala et al., 2017; Khripounoff et al., 2003, 2012, Xu et al., 2004, 2010, 2014). In contrast to
that, the depth-averaged sediment concentration of natural flows can be ~500 times lower than
the concentration of the modeled flows (Azpiroz-Zabala et al., 2017; Xu et al., 2014). In this
section we scale the bypass-slope criterion of the modeled turbidity currents to natural values
and test, whether the modeled flow resemble the depositional behavior of monitored natural
turbidity currents.

The fundamental scaling parameter for the Shield scaling is the Shields parameter, which is
kept close to natural values:

HNat = HExp . (7)

The subscript Nat represents the values of a natural turbidity current and Exp the values of the
experimental current presented herein. By substituting Equation 5 into Equation 7 gives:

CNathNat SNat _ CEXPhExp SEXP
d - d : ®)

tExp

t Nat

Equation 8 allows scaling of the experimental conditions to natural values, to see which natural
settings can be expected to obey the observed depositional patterns.

We scale the bypass-slope conditions of the experiments to natural values by using the flow
thickness (/na), the grain size of the suspended sediment (dsvar), and the sediment concentration
(Cnar) of monitored natural turbidity currents on the ocean floor. Although there is a rising
number of measurements on natural turbidity currents (Hughes Clarke, 2016; Khripounoff et
al., 2012, 2003; Liu et al., 2012; Paull et al., 2018; Xu et al., 2010, 2004; Zhang et al., 2018),
so far only two studies provide a full range of measurements, including the thickness (#) and
the sediment concentration (C) of the flow (Azpiroz-Zabala et al., 2017; Xu et al., 2014). In
these studies, flows in the Congo Canyon (Azpiroz-Zabala et al., 2017) and the Monterey
Canyon (Xu et al., 2014) were monitored, which will be herein used for scaling (Tab. 1).
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The scaled bypass-slopes condition in Table 1 describe the minimum slope on which natural
flows with the given conditions would bypass. Hence, the monitored turbidity currents in the
Congo Canyon are likely to deposit, since the scaled bypass-slope condition is steeper than the
actual slope of the canyon (Tab. 1). The turbidity currents monitored in the Congo Canyon are
presumed to be depositional, which would conform with our predicted behavior (Azpiroz-
Zabala et al., 2017). In the Monterey Canyon, the scaled bypass-slope condition, of the majority
of the flows, is less than the actual slope of the canyon floor, suggesting bypass at this location.
For some of the flows the scaled bypass-slope criterion is significantly steeper than the actual
slope of the canyon floor, suggesting vigorous bypass and erosion. This predicted flow behavior
corresponds to the predominantly erosional geomorphic evolution of the Monterey Canyon, as
revealed by a series of bathymetry surveys (Smith et al., 2007). In addition, observations by
remotely operated vehicles in the Monterey Canyon, revealed a scoured canyon thalweg and a
lack of colonization by encrusting organisms, indicating recent abrasion and sediment bypass
(Paull et al., 2011). Entrainment of sediment due to erosion would result in changes of the flow
parameters and, therefore, the bypass-slope criterion of that flow. However, we did not test the
effect of erosion in our experiments, since they were conducted with a non-erodable flume tank
floor.

4.3. Application to natural slope-break systems
4.3.1. Stratigraphic development of slope-break systems

Above-grade slope systems (sensu Prather, 2000) may have longitudinal profiles involving
multiple slope breaks. There are two types of above-grade slope systems: stepped slopes,
characterized by a low relief or terraced topography, and ponded slopes, characterized by the
presence of enclosed intra-slope basins (Prather et al., 2017). Here we demonstrate how Shields
scaling can be applied to the stratigraphic record to explain the system’s morphologic evolution.
For this we use as an example for a system with a slope-detached sedimentation pattern the
Niger Delta slope, and for a slope-attached sedimentation pattern the Brazos-Trinity Turbidite
System in the Gulf of Mexico.

The Niger Delta slope is an above-grade slope system with a stepped slope topography
(Adeogba et al., 2005; Beaubouef and Friedmann, 2000; Jobe et al., 2017; Prather et al., 2012a).
Each step represents a slope break and forms a small catchment area for sediment. These
catchment areas are is infilled with perched submarine aprons, resulting in a healed-slope
profile and disappearance of the step over time. The perched submarine apron (OML 134) is
subdivided into a lower apron and an overlying upper apron (Prather et al., 2012a) (Fig 10a).
At the basin entry point, which corresponds to the slope break, the lower apron is characterized
by multiple erosional features. These erosional features suggest a slope-detached depositional
style for the lower apron. Based on numerical modeling of the potential flows in the feeder
channel of the apron OML 134 (Abd El-Gawad et al., 2012), we calculated a bypass-slope
criterion of 0.01 to 0.19° (Tab. 1). The range for the possible bypass-slope criterion is, indeed,
below the actual slope of 0.57° in the channel thalweg (Abd El-Gawad et al., 2012),
corroborating the suggested slope-detached sedimentation. In contrast to the erosional features
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observed in the lower apron, the upper apron is perched over the sediments of the lower apron
(Prather et al., 2012a). Hence there was a switch in terms of flow behavior from an erosive to a
depositional pattern. The reason for this change may have been due to changes in the geometry
of the slope-break system as the basin was infilled with sediment. However, according to our
model, in such a case the sedimentation style of the upper apron should still be dominated by
erosion and bypass, since the steepness of the slope of the incoming channel was kept constant
as the basin was infilled. Nonetheless, variations in flow properties, like flow thickness and
grain size, affect the value of the bypass-slope criterion and will contribute to the stratigraphic
evolution of the system, as for example described for the evolution of channel systems (Jobe et
al., 2015).
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Fig. 10. (a) Seismic cross-section of the Niger Delta slope as example for a slope-detached
sedimentation pattern. The red lines indicate erosive contacts at the slope break (i.e. the
basin entry point). Modified after: Prather et al. (2012a). (b). Seismic cross-section of
the Brazos-Trinity Basin II as example for slope-attached sedimentation with less scour
development and an onlapping sedimentation pattern. Modified after: Prather et al.
(2012b).
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The Brazos-Trinity Turbidite System, offshore Gulf of Mexico, is an above-grade ponded-slope
system (Badalini et al., 2000; Prather et al., 1998, 2017, 2012b; Winker, 1996). The Brazos-
Trinity Turbidite System consists of four intra-slope basins, which are connected by a channel
system (Prather et al., 2012b). The proximal region of each ponded basin is characterized by a
slope break, affecting the basin’s sedimentation style. A seismic section through the Brazos-
Trinity Basin II reveals a succession of perched aprons onlapping onto the upstream slope (Fig.
10b). This infilling pattern differs from that of the Niger Delta slope, in that it shows no erosion
at the basin entry point (Prather et al., 2012a). Hence, the slope of the incoming channel of the
Brazos-Trinity Basin II should be gentler than the bypass slope of the typical flows in that
system. We were, however, not able to estimate reasonable values for the bypass-slope criterion
due to the lack of precise geometric information. Nonetheless, the slope of the Brazos-Trinity
Turbidite System appears to be gentler than that of the Niger Delta slope (Prather et al., 2017).
It might, therefore, be plausible that the channel slope is gentler than the bypass-slope criterion,
resulting in the onlapping pattern of the perched aprons in the Brazos-Trinity Basin II.

Shield scaling provides an additional tool for the risk estimation of hydrocarbon reservoirs in
slope-break systems. If sandy deposits downstream of a slope break are connected to the up-
dip slope sands, potential hydrocarbons leak through those connections. In contrast, a system
with slope-detached sand sedimentation may result in the formation of sealed reservoirs (Doré
and Robbins, 2005; Ray et al., 2010). The estimation of the bypass-slope criterion and the
comparison with the actual upper slope in a slope-break system provides a rough assessment of
the likelihood of whether or not deposits drape the upper slope. If the upper slope adjacent to
the slope break is steeper than the bypass-slope criterion, deposits are likely to be detached from
the upper slope. Conversely, upper slopes that are less steep than the bypass-slope criterion are
more likely to form attached deposits, and therefore poorly sealed reservoirs.

4.3.2. Plunge pools

Plunge pools represent an end member slope-break system and usually form in geometric
arrangements with a steep upper slope and a severe slope break (Bourget et al., 2011; Lee et al.,
2002). The continental slope of the California Margin, for example, is ~20° steep and
characterized by a series of gullies that terminate in plunge pools (Lee et al., 2002); similar
slope angles have been reported along the Makran system (Bourget et al., 2011). In principle,
plunge pools are examples for slope-detached sedimentation pattern. As stated above, the
bypass-slope criterion can be used as a predictor of slope-detached sedimentation in a slope-
break system. Hence, the upper slope in plunge-pool systems should be steeper than the bypass-
slope criterion for the typical turbidity currents in these systems.

Taking the California Margin as an example, we apply the Shields scaling to evaluate the
bypass-slope criterion for this plunge-pool system. Unfortunately, flows in the gullies on the
California Margin have, to date, not been monitored. Therefore, we assume a similar grain size
and sediment concentrations as monitored in the Monterey Canyon, which is located farther
south on the California Margin. For the flow thickness, however, we used the depth of the
gullies on the California Margin (i.e. 25 m; Lee et al., 2002). The steepest possible scaled
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bypass-slope criterion, calculated with the lowest sediment concentration of 0.02 %vol, would
be 6.7° (Tab. 1). Since the actual slope on the California Margin is much steeper (~20°) than
the estimated bypass-slope criterion, these flows would bypass on the slope and deposit
sediment relatively far downstream of the slope break, resulting in the development of a slope-
detached sedimentation pattern.

Lee et al. (2002) suggested an abrupt slope break of > 4°as the minimum criterion for the
formation of a plunge pool, although observations suggest that plunge pools are well developed
at slope breaks of > 15° (Lee et al., 2002). Importantly, the slope break values reported in the
literature are based entirely on empirical observations. In contrast, Shields scaling provides an
analytical framework for developing a criterion for the development of plunge pools based on
the flow properties of turbidity currents and the calculation of bypass-slope criterion. Based on
our experimental work, it appears that slope-break severity alone cannot explain plunge pool
formation. Instead, we suggest that the criterion for the formation of a plunge pool would be an
upper slope angle that is steeper than the bypass-slope criterion and a gently dipping or
horizontal lower slope, resulting in a severe slope break.

5. Conclusions

The Shields-scaled experiments of the present study are the first experiments which have
mimicked the transition from a bypassing to a depositional turbidity current in a slope-break
system. Furthermore, we presented the first experiments involving a dipping, non-horizontal
lower slope, downstream of the slope break, as well as testing a variety of 45 different
combinations of the upper and lower slopes.

1) The geometric control parameters in a slope-break system are the steepness of the
upper and lower slope. Our results show that the severity of the resulting slope break,
as a parameter, shows no clearly discernible impact on the depositional pattern, since
it represents a variety of different upper and lower slope combinations. Therefore,
we suggest that in a slope-break system, it is not the severity of the slope break which
should be considered as the main parameter or driving factor in this system, but rather
the combination of the incoming, upper and outgoing lower slopes.

2) Inour experiments slope-break systems with a horizontal lower slope resulted in high
sedimentation rates on the horizontal lower slope and the formation of a roller
structure, producing a distinctly different depositional pattern. Furthermore, are
gravitational forces lacking a downflow component on a horizontal lower slope.
Hence, slope-break systems with a horizontal lower slope are likely to represent an
exceptional condition and should, therefore, be considered separately form slope-
break systems with dipping lower slopes.

3) In a slope-break system the location of the UDPO is controlled by the upper slope,
whereas the value of the DTI is controlled by the lower slope. An increase in the
angle of the upper slope shifts the UDPO basinwards making the connection between
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4)

basin floor sediments and slope sediments less likely. Increasing the angle of the

lower slope results in thinner deposits, but has no impact on the location of the
UDPO.

Shields scaling can be used to scale the bypass-slope criterion of the modeled
turbidity currents to that of natural turbiditic systems. For this, the flow thickness,
sediment concentration, and grain size of a natural system need to be known or
assumed. The herein presented scaling approach provides a tool to predict whether
or not the steepness of a slope is sufficient to cause sediment bypass conditions for a
certain flow. This may be useful for the risk estimation of potential hydrocarbon
reservoirs in slope-break systems.

Nomenclature

Depth-averaged sediment concentration (%vol)
Sediment concentration (%vol)

Grain size of the sediment bed (m)

Grain size of the suspended sediment (m)
Acceleration by gravity (9.81 m/s?)

Flow thickness (m)

Curve fitting parameters (-)

Density of the turbidity current (kg/m?)
Density of sediment (2650 kg/m?)

Density of water (1000 kg/m?)

Shields parameter (-)

Reynolds particle number (-)

Tangent of the slope (-)

Velocity (m/s)

Velocity maximum (m/s)

Velocity directed toward the UVP (m/s)

Shear velocity (m/s)

Kinematic viscosity (1*10% m?/s)

Coordinate directed upward normal to the bed (m)
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Fig. S1: Grain-size distribution of the sediment which was used for the turbidity current as
well as glued to the flume tank floor. The grain-size distribution was measured with a
laser particle sizer (Malvern Mastersizer 2000).
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Manufacturer and type

MET-FLOW; DUO MX

Speed of sound in water (m/s) 1480
Measurement window (mm) 175.38
Number of channels 238
Distance between channel centres (mm) 0.74
Channel width (mm) 3.7
Frequency of the ultrasound beam (MHz) 1
Number of cycles per pulse 5
Number of sound pulses per measurement 32
Minimum on-axis velocity (mm/s) -1516.4
Maximum on-axis velocity (mm/s) 1504.5
On-axis velocity resolution (mm/s) 11.8
Pulse repetition frequency (kHz) 4.1

Tab. S1: UVP data acquisition settings.
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Fig. S2: Deposit profiles of all experiments. The dashed line indicates deposits that were

deposited by currents with an exceptional depositional behavior. The dipping angles of
the upper and lower slopes are restored to horizontal. The profiles were measured
along the length of the flume tank and flow direction was from right to left. The slope
break was located 1.7 m downstream from the inlet box.
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Fig. S2: See caption above.
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LTI

Video S1. Run 07, experiment in which a roller structure developed. In this experiment the
upper slope was 8° and the lower slope was 0°. ULR: https://youtu.be/Ny-TN7HMYs0
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Video S2. Run 41, experiment in which no roller structure. In this experiment the upper slope
was 6° and the lower slope was 1°. ULR: https://youtu.be/PMCtaZyj0Ts
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