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Abstract

The flow dynamics of turbidity currenis relation to the resulting channel/levee morphology is still
poorly understoodlIn a series of 3Blume experiments the evolution of a turbidite systenillvibe
studied in relation with the flow dynamics of higlensity turbidity currents. These experiments were
carried out in the Eurotank laboratory at the Utrecht Universidwring the execution ofnie flume
experiments the boundary parameters (concentration, sediment composition, discharge and slope
gradient) were varied to exploreshich boundary settings are necessary to successfully simulate a
turbidity system in the laboratoryelocity profiles wre obtained from the turbidity current during

the experiment. Deposits were measured with a laser in order to study the morphofoglyannel

and levees and to create digital elevation models of the deposits.

The results of the flume experiments show sosimilarities with natural turbidite systems but also
some fundamental differences are present between overall sediment composition, sediment input
orientation and lobe deposits. In future experiments these should be incorporatedrder to
achieve morerealistic results. The resultsf the velocity profiles and laser scans conclude that
confinement of the current is the main factor causing decreasing velocities outside the channel. An
increasing channel gradient is the main factor causing increasingitetoinside the channel.
Channel formation was initiated by deposition which lead to channelization of the turbidity current
and formation of a channel with accompanying levees. After channelization of the flow, velocities in
the channel increase and is®n in the channel increases. This leads to the transition from an
depositional system towards an erosional/depositional system. The turbidite system created in this
study started as a depositional system. This is in contradiction with suggestionsesfdtlal. (2013)

and others (e.g. Campion et al., 2000; Gardner & Borer, 2000; Schwarz & Arnott, 2007; McHarue et
al., 2011) which state that such systems do not exist. Results of the backslope of one of the levees

are in good agreement with previous fluregperiments and natural turbidite systems.



Introduction

One of the most common types of sedimentary rocks are beds deposited from turbidity currents,
also called turbidites They consist out of sands and clays, and may be of siliciclastic or other
composition.The early history of the concept of turbidity currents has been reviewedlValker
(1973) and goes back to tmid-thirties (e.g. Daly, 1936However, it was the expamental and field
observations of Philip Kuenen (Kuenen, 1966) whiohvinced geologists of the existence of
turbidity currents (Middleton, 1993)Submarine channels, which cover large sections of the oceans
floor, are thought to be formed by these tudiiy currents.Currents passing through these channels
reshape the morphology of the channels by erosion and deposition, the currents even have effect on
the morphology outside the channel. Due @wer spilling of the current over the edges of the
channel,and deposition of its sediment on the overbanks, levees are created on both sides of the
channel.

Although turbidity currents have been studiéatr quite some timehey are still not fully understood.
Especially the flow dynamics of turbidity curreimsrelation with the morphodynamic evolution of
channel/levee systemis poorly understood Understandinghe flow dynamicsnd its relation to the
build-up of channels and levees is however fundamental in understandinglgpesits formedoby
turbidity currerts. These channeland levee depositsand the processes responsible for their
architecture, formation, composition and internal structureare interesting aspects for the
hydrocarbon industry. These deposits are potential hydrocarbon reservainsl a better
understanding of the processes is a vital part in improvhg predictive 3Bmodels used irthe

hydrocarbon industry.

Turbidite research
There are four main approaches to study turbidity currentssitn measuements (Xu et al., 2004),

describing turbidite deposits from the geological record, numerical modelling and physical flume
experiments. However, not all methods are suitable for studying the dynamics of a turbidity current.
Due to the catastrophic nature of a turbidity current it exy difficult to make irsitu measurements.
Turbidite deposits from the geological record lack the connection with the dynamics of the current
which formed them, although this might be possible in combination with numerical modelling
(Pirmez & Imran, 2003Therefore, the best way to get a better understanding on flow dynamics, and
flow dynamics related to the morphological evolution of channels and levees, is by means of

numerical modelling and flume experiments.



This study
The aim of this study is to get better understandingf the evolutionof a turbidite channel, its

levees and dimensions in relation with the flow dynamicshagh-densityturbidity currents. This will

be done by means of physical flume experiments in whlgh® (ultrasonic velocity piitd) data and
deposit dimensions will be measurédelocity profiles will be measured in the channel, at the levees
and outside the leveesAspects of the geometry that will be studied are channel width, channel
depth, levee heightand slope gradient Thiswill give insight in the processes of confinement,
incision, velocity patterns and levee evolutidro achieve this, a series 8D flume experiments will

be conducted in which the boundaparameters(discharge, slope gradiensediment composition
and concentratior) will be varied.The results of the 3D tank experiments are comparetatural
channel/levee systems to detmine to which type of system thesults can be compared with. This
is done with the database-BIAKS (Deearine Architecture Knoweldge Store; Baas et al., 20@H)

the Turbidity Research Group, which is based at Leeds University (UK). This database provides a
guantitative method for the comparison of deeparine clastic depositional systems and the analysis
of their architectural prperties. The database consists out of literatalerived information from
ancient and modern surface and sabrfacedeepwater system hosted in aelational database

comprising 208 systems.



Background

Flow structure and anatomy

Figure 1shows a simplifid sketch of a turbidity current (Meiburg & Kneller, 2010). A turbidity
current can be subdivided into a head (front), body and tail (Middleton, 1966a,b & Simpson, 1987).
The head and body of the flow can be connectsda neck. The head and neck are cdes:d
unstable and are characterizdyy a high amount of turbulence and fluctuating velocities. The body
of the flow also shows significant turbulence, but over a longeetinterval theconditionsin the

body are consideredtable (in average) There arethree resisting forces actingn the head: the
ambient fluid resistance, the bed friction and the upper interface friction. Due to the bed friction a
Wy2aSQ aKILIS Aa SadlrofAakKSR Fd GKS FNRydG 2F GKS
the ambient fluid, turbulent mixing is created at the back of the head (Middleton, 18@®pause the

head experiences sufficient resistance from the ambient fluid, flow velocities are highest in the body
(Leeder, 1999; Meiburg & Kneller, 2010his differace in velocity may be associated with a
hydraulic jump and changes in flow propertiBgcause the head is held back by the ambient fluid its
velocity is largely independent from changes in the gradient of the slope of the bedding plain. This

gradient plys a major role for the velocity of the body of the current.
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Figurel: Simplified sketch of a turbidity current showing a velocignd density profile (Meiburg & Kneller, 2010)



Methods

Experimental set up

3D Tank

Experiments in the 3D tank we conducted in the Eurotank Flume Labaratory at Utfeistarsity.

The 3D flume is 6 m wide, 11 m long and 1.2 m df&p 2) Within the tanka continental
dlope/abyssal plain relief wasreated. This relief was covered with sand mixture of2(129
pm):3(146 pm):1(210 pm):1(26dm) which formed the (erodible) sea bed. The slope was varied
between 1012° and its length was + 4rb. At the boundary between the slope and the abysdaimp

a height difference of 0.in was createdThis was done to prevent baskeppingof the lobe,which

is deposited on the abyssal plain, onto the slope. Baegping of the lobe could result in a
disturbance of channel and levee formation on the slape was therefore preventedAn inlet box
wasplaced at the top of the slope at an angle of approximatelar& was partly buried within the
slope This box was designed for an equal spreading of the inflow and a gradual spreading of the flow
onto the slope by means of unfolding sidewalls. The box & m long, 1 m wide and 0.15 ngthi

After the tank was filled with wates sand mixture was pumped into the tank. The sand mixture was
mixed in a 1 mMmixing tank, which was designed homogenisesandwater mixtures up toa
concentration 0f30%. The mixture was pumped through a pipeline with a discharge meter (Krohne
Optiflux 2003) towards the inlet box. The pipeline was cleared of air and filled with water prior to the

start of the experiment to reduce unnecessarntrapment of air

laser scanner

. suspension mixing
erodible sand-s’ bstrate mlet\box tank

suspension
outlet box

FHgure 2: (a) Schematic overview of the set up used during the 3D flume experiments. (b) Drained tank prior to
experiment. (c) Underwater view showing a turbidity current flowing down slope during an experiment.



Four UVRprobeswere usedto measure velocities and turbulence of tfilew. These probes were
used intwo different measuring set ups. In the first set up the probes were placed along the slope,
aligned with each otheffig. 2b) They were aligned to the centre of thdahbox and spaced 1.3 m
from each other, with the first probe positioned at the inlet box were the flow enters the tank and
the last probe positioned at the end of the slope. The probes were placed at an angle of 60° with the
slope and aa height of 0.13m with the bed. This was don® measure changes in horizontal
velocities as the turbidity current flows down the slope. In the second set up four peotmksin
additional probewere used. The probes were placed next to each other at a fixed distantieeon
slope (4.45 m from the front of the t&k). The probes were spaced 0.26from each other with an
angle of 60° wh the bed, and at a height of 0.18 from the bed. The first probe was placabove

the left levee the second probe was placed above thentre of the channel, the third probe was
placed above the right levee and the fourth probe was placed at the right side of the right levee
above the slopeThese probes were used to measure the horizontal velocity down the slope (probe
points towards theturbidity current). Theadditional probe was used to measure therizontal
velocity to the edgef the slope (probe points towards the side of the turbidity current). This probe
was placed as closely as possible to the third probe, also with aa ah@)° and at a height of 0.13

m from the bed. This set up was used in order to determine the change in dtwpe velocity
towards the edgeof the dope and to measure the sidewayelocity (spreading) of the turbidity
current as it flows down the slope.

The morphology of the slope was measureith a horizontal resolution of 2x2 mm prior and after an
experiment with a laser scanner (fig..Zkhis was done in order to accurately measure the difference

in morphology before and after each experiment.



Grain size distribution

Figue 3showsthe distribution of the grain particle@®50)used in the experiments of this studfim

of this study was to creata HDTC existing only out of sapdrticles. Grain sizes, which were used,
have been pickedor a smoothtransition from fine fraction tocoarse fractions, without big gaps

between grain sizes.
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Figure3: Grain size (D50) distribution of the sediments used in this study.

corrected for the measuring angle of the probe. This can be calculated with a sti@aiglatrd angle
correction, assuming that the bulk of the turbidity current moves parallel to the bedding @lade
vertical movement is only due to turbulence which results in no net movem#é velocity of the
incoming turbidity current candtranslated to a vector X. Withe angle of the probeh(= 60°) and

the velocity dataobtained velocity vector X can be calatdd. In order to obtain a vertical velocity
profile the data has to be averaged over a certain time interval. This average has been taken from the

body of the turbidity current, as conditions in the body are assumed to be steady.

Calculating velocity prof iles and values

From the velocity data single values are calculatedimplify analytical work and for the calculation

of dimensionless parameters and other parameters. From the velocity data the maximum velocity
(Unay and the depth average velocity L4, are obtained U, .« is measuredor everytime step of

the probes (0.55 sec) over the entire tirdarationof each run

Unean is calculated over the entire length of the velocity profildnere are however some problems
which have to be tadn into acount when calculatinthe mean velocity. First of all the shifting of the
bedding plae due to aggradation/erosion over time, meaning that the total distance over which the
mean velocity is calculated has to be changed over tiBidfting of the beddinglpin can also cause

the top region of the current to reach above the prol#dso not all velocity profiles show a curve

that reaches zero velocity at the bedthich means that the mean velocity ca@ overestimated.



Digital elevation model (DEM) and cross -sections

The data obtained from the laser is used to create digital elevation models (&) experiments.

These models show the difference in deposition between the executed experiment and the initial
aft 2138 LINA2N (2 GKS § EdsisecHionsSf e chathdlBnd leveds Sire hada Q &
over the entire length of the slope. From these crgsstions all sorts of information can be deduced

such as levee elevation, channel depth, chalrwidth, deposition rates and other parameters.

Dimensionless scaling

Because the experiments carried ot this study are on a different scale than natural occurring
turbidity currents, it is important to check whether the experiments carried out here are still
comparable to the natural processekhis is done by means of dimensionless pastars such as the

Froude number an®&eyndds number The Froude number is given by the following equation

o )

In which Ustands for the depth-averaged flowvelocity, H for the flow height aml g for the
gravitational acceleration.

The Reynolds number is used as an indicator for turbulence. The Reynolds number should be >2000
for turbulent conditions in our experimés. The Reynolds number is determinkyg the following

equation:

YQ — )

Ly 6KAOK ~ dépthlawgrRgediow 2lexdity] & Br the flow velocity, H for the flow height
and p stands for the dynamic viscosilyo corrections were made for the concentration dependence

of the viscosity. A constant visdtysof 1.1 - 10° kg m" se¢'was assumed.

The paragraph below describes the method used to estimate the dapthaged velocity (U) and
flow height (H) using the "tegral method" of parker et al(1987). This method requires that a
velocity and a conceration profile are available. The velocity profiles are present for all runs,
however no concentration profiles are available. Therefore 2 estimations of the concentration have

been used; method 1) The initial input sediment concentration is used; me2h@®% of the initial

10



concentration is used as an estimate based on average concentrations vs. initial concentrations in a

series of 2D experiments, also carried out in the Eurotank laboratory in Utrecht (P. Michielsen, 2014).

First, the products Uh,¥land U lare determined

YO . 0Qaqa 4)
YO . 6Qd (5)
. omQd ®)

Second, U and h are determined by dividing the outcomes of 4 and 5:

~.

Y — (7)
0 — (8)
M — 9)

Finally, the outcomes of 7,8 anct@n beusedto calculate the Froude andeynolds humber using

equation 1 and 2

Results of flow parametaralculations cae found in table 1
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Tablel: Flow parameterf all experiments. * method 1; ** method 2.

Run Umis)  Hm)|~ 613 Fr= Fr' ** Re * Re **
41 0,32 | 0,039| 1,0851 1,21 1,36 13587 | 12972
42 0,48 | 0,113 1,026 1,07 1,21 59767 | 57111
43 0,6 0,079| 1,0701 1,62 1,83 52602 | 50265
44 0,35 | 0,095 0,77 0,86 31304 | 29977
45 0,41 | 0,086| 1,0371 0,75 0,84 32966 | 31473
46 0,49 | 0,082| 1,0481 1,28 1,43 44454 | 42019
47 0,53 | 0,075| 1,0465 1,26 1,42 42714 | 40397
48 0,63 0,08 1,0445 1,52 1,71 58490 | 55302
49 0,55 | 0,058 1,048 1,54 1,72 36922 | 34873
50 0,59 | 0,064| 1,0484 1,6 1,8 44245 | 41845
51 0,7 0,074| 1,0568 1,74 1,95 60104 | 56766
Results

3D Experiments

A total of 11 experiments were executed in which the main objective was to achieve channel and
levee formation over the entire length of the slope. To achieve this goal some parameters where
modified after an experiment was a#&d out to improve the next experimentThese parameters

are: slope (gradient) discharge, gradient of the inlet box, concentration of the mixture and
composition of the mixture. Discharge was varied between &5 ni/h and 30 ni/h (+ 3 ni/h).
Concentratn levels of the mixture were varied between 13% and 17% (= 3%). The composition of
the mixture was varied between a ratio of 2[129 um]:3[146 um]:1[210 um]:1[267 um] and a ratio of
1[129 um]:1[146 um]. The experiments can be divided into two parts. Ifitsepart, parameters

were constantly changed to improve future experiments. After each experiment was measured,
turbidite channels and deposits (levees, lobes) were removed and the slope was restored to its
original setting. In between experiments therpaeters could be adjusted. In the second part, when
the parameters were optimized, three experiments were executed without removing the deposits or
restoring the slope. This was done in order to achieve a steady state of channel formation on the

slope.
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Seven of the 11 experimentwere unsuccessful and dre consideredsuccessfulAll runs are
summarized in table @ith their initial parameters.Runs which are consideresiccessful formed a
morphology that resembled a leveed channehsuccessfutuns do not show some sort of channel
formation or any morphology which can be related to channel/levee formation. Figofrdbe
deposits of these unsuccesstuins scanned with the laser, can be foundappendix A here only

the results of the successfuims will be given.

Table2: Experimentaboundaryparameters

Run Con(%) / 2 YLJP . Discharge (mth) Slopegradient(°)

13,4 2:3:1:1 20 10 Successful
13,1 2:3:1:1 50 10 Unsuccessfu
13,1 2:3:1:1 45 10
44 13,3 2:3:1:1 50 11
13,4 2:3:1:1 50 12
17 2:3:1:1 50 12
16,8 1:1:0:0 45 12
16,9 1:1:0:0 33 12
49 17,3 1:1:0:0 30 12
50 16,8 1:1:0:0 30 12
51 174 1:1:0:0 30 12

13



Run 44
Figure 4shows the digital elevation model (DEM) of run ZHeinitial parameters used forun 44

are listed in table 2

100

Deposition and erosion run 44

@
o
t=

N
Ol 1O
t=1

1

=]

=3

Height (mm)
o o

a
=
=
S

1
o
deposition/erosion (mm)

5500 -80

Distance Y (mm) Distance X (mm)

-100

Figure4: DEM run 44

Deposition is indicated by the yellow to red colours, erosion is indicated bijgtiteblue to dark blue
colour. Adistinctive feature inthe elevation model is thélue spot at the upper boundaryf dhe
slope. This area of erosiondaused by the formation of a scour by the turbidity current as it passes
the boundary between the inlet bo¥{/C material) and the slogsand). Also well visible is the lobe
deposited onto the slopand the levees deposited in between the lobe and the upper boundary of

the slope in between the levees a small channel was formed
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Figure S5shows the velocity databtained bythe UVPprobes of run 44.

Additional information regarding velocity profiles (for interpretation)
+St20A08 RIFGlI 20GFAYSRAGEQIKBRPENRE §83 ¢KKAS KLWE B

clouds formed at the upper boundary of the turbidity currearid are illustrated as spikes due to

compression of the -axis. The head of the turbidity current (left side) is well visible as a high and
broad spike. The tail is also well visible at the right side of the profile, where the velocity fades away.
The prole positioned in front of the inlet box and shows high, fluctuating velocities, which can be
related to the high amount of air trapped within the flow which is released when the flow enters the

tank.

probe 1,2,3,4; horizontal velocity

distance to probe [mm]
U [mm/s] U [mm/s]

U [mm/s]

U [mm/s]

time[s]

Figure5: Velocity profiles run 44. Probe locatioase indicated on the DEM (fig.)4

For this run the first setip for the UVP probes has been used as discussed in the methods (3D Tank)
their positions hag been marked on the DEM of run 44 (fig. Brobe 1 shows high, fluctuating
velocities related to the release of entrapped air in the flow as the current enters the Panke 2

shows more constant velocities with slight deposition at the base, indicated by uplift of the velocity
profile. Probe 3shows the same trend with slightly higher velocities but a significant increase in
deposition. At probe 4 velocities decrease and deposition is even higher than at probe 3. These high

amounts of deposition are related to the deposition of the lobe ontoglupe.
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Runs 49-51
Runs 4%1 can all be considered successful rand were executed directly after each other without

re-adjusting the slope in between the experimeniis was done in an attempt gimulate channel
levee evolutionover several runsThe initial parameters of #se runs can be found in table &l
elevation models have beedraped with a colormask, which indicates deposition/erosion with

respect to theinitial slope prior to run 49.

Deposition and erosion run 49
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Figure6: DEM run 49

The modelfig. 6)showsthe formation of a channel bounded by levees over the entire length of the

af 2LS® ¢KS OKIyyStktfS@SS aeaitsSy Ory 6S RAGARSR )
G2 E F cnnn |y RilupperdpdrtirahKitie top &f therstofeie NJEAD. Btriking in the

lower symmetrical part is the deposition of sedimentthe channel. This feature is shown more

clearly in the crossections, which will be discussed later on.
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Figure 7shows the velocity data obtainedy the UVP probe$l,2,4,5)of run 49 Velocity data

obtained by probe 3 for all runs will be discussed later on.

probe 1,2,4,5; horizontal velocity

U [mmi/s]

30 ) 40 50 60 70 80 90 100 110 120
time[s]
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Figure7: Velocity profiles run 49. Probe locatiomase indicated on the DEM (fig.)6

For this run the second sefp for the UVP probes has been used as discusstteimethods (3D
Tank). Probe 1 (placed above the left levee) shows a steady velocity profile with some minor
deposition starting at x = 80 seconds till the end of the run. Probe 2 (placed above the channel)
shows a velocity profilerhich increases durindie run.Probe 4 (placed above the right levestjows

a similar pattern as at probe 1, except there is significantly more deposition and deposition starts at x
= 60 seconds. At probe 5 (placed at the right side of the right levee) almostiwodkcurs exaat in

the first 5 seconds of the runother interesting observation is the decrease in velocity at probe 5,
and the increase in velocity at probe 1 when levee formation starts. The formation of levees starts at

X = 60 seconds, which is visible in thefipeaof probe 4.
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Cumulative deposition and erosion run 50
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Figure8: (a) Cumulative DEM of run 50 including the deposition and erosion of run 49. (b) DEM run 50.

Run 50 was execeitl directly after run 49. He white spotin fig. &,b at the upper part of theslope
indicates the position of the inlet box. The model shows further development of the channel/levee
system on the slope as well as the scaukK S 38 YYSONAR Ot € 26SNJ LI NI KI &

the levees in the lower part have sifjoantly ingeased in widthand height. The pper part is still

18



asymmetrical which is probably caused by the scotwe Teveesin the asymmetrical parhave
increasel in height but not so much in widtfhe scour in fronbf the inlet box has not increased
much in sie, but has eroded further into the slop€ig. 7bclearly shows the development of the

levees, increasing erosion at the scour and incision in the channel at the lower part of the slope.

Figure Shows the velocity data obtagul by the UVP probes of ré&d.

probe 1,2,4,5; horizontal velocity
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Figure9: Velocity profiles run 50. Probe locatioase indicated on the DEM (fig.)8

For this run the second sefp for the UVP probes has been used as discussed in the methods (3D
Tank). All of the velocity profileshow a very similar pattern d@he velocity profiles of the previous

run (run 49).The velocity at probe 1 remains more or less unaltered compared to the velocity at run
49, deposition continues during this rurVelocities at probe 2, located above the channel, have
increased.The veloity at probe 4hasdecreasedwhile deposition continues during the run at the

same rate. The velocity at probe 5 has also decreast@drespect to the previous run.
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Figure10: (a) Cumulative DEM of run 51 including the depositenmd erosion of run 49 and run 50. (b) DEM run 51.

Run 51 was executed directly after run 50. The white apdig. 1&,bat the upper part of the slope
AYRAONGSa GKS LRAAGA2Y 2F (KS AytSi 02EdhetKS a@
height ofthe leveeshave increasedespecially the right levedncision of the channel into the slope
has increaseat the lowea part of the slope. The upper part became less asymmetrical due to the
development of the levees but it is still present dueetBxistence of the scour, which again has

erodedfurther into the slope. Remarkably, the levee on the right has developed more than the levee
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