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1. Introduction

The purpose of this specialized thesis is the detailed study of turbiditic gravity flow processes in
marine environments. For this reason, an extensive literature review is initially presented, followed
by the results of a total 048 laboratory experimentsvere conducted at the laboratory of

sedimentologyDepartment of Geologristotle University of Thessaloniki.

Turbidites are the result oturbidity currents[2], which are sediments gravity flow8] with
Newtonian rheology4] and turbulent statf?]. Turbidity curents are usually characterized by a

low sediment concerdtion, commonly below 9% by volung]

Mass flows is a general term that is used to describe flows under gravity. They are separated
into debris flows and turbidity current€able failures, are an impact of their action on human

in fractures and their classification is based on their sedimentary deposits.

The purpose of this specialization thesis is to study the movement of sand in the ripples of the deep
sea. The choice of sand as the main material for the experimental study was not random. Sands, and
by extension, the sandstone rocks, are what provideetstepetroleum reservoirs, with the easiest

and less costly extraction of oil.

Specifically, an attempt will be made to simulateghadmovements of through turbidity currents
anddebrisflows in closed and open sea environments. This will be achieved through the study of
the movements of different grain sizes of sand in an experimental tube and in a setting of freshwater

and supesaline water solution.

A total of 48 experiments were conducted in order to understand the movement gfraarsasd,

consequently, the granulometry of the deep sandstone reservoir.



2. Deep water processes that effect theedimentation in deep

water continental slopes.
A coarsegrainedsediment can be transferredndreds of kilometres away from the continental

sl opes. | t 6 s Vv estand the mmgelamisimaitiansterd depositioreim deep sea.
Turbidites dides, slumps and debris flows (mass flows) are the nsajdimengravity processes,

which play an important role for the sedimentation of the continental dlbpes

2.1.Turbidites
Turbiditesare the result ofurbidity currents[2], which are sediments gravity flow8] with

Newtonian rheology4] and turbulent statf]. Turbidity curents araisuallycharacterized bg
low sediment concerdtion, commonly below 9%y volume[5]. Sedimentation occurs by the

sediment suspension, which resalniormal grading4, 2, 3, 6, 7]

2.1.1. Rheology of Newtonian fluids
Rheology of Newtonian fluids called the relationship between the applied shear stress and the

rate of shear strain (Fig. 1). Newtonian fluids are the fluids without inherent strength such as water.
Their deformation is linear and begins when a shear stress is applied. The turbud@etonian
fluids begins when the Reynolds number is greater than the value of 2000 (Fig.1). The Reynolds

number is the ration between inertia and viscous forces.

Reynolds Number:

e 24
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Figure 1. Rheology (stress-strain relationships) of Newtonian fluids (e. g., turbidity currents) and Bingham plastics
(e.g., debris flows), compiled from several [4, 8, 9, 10, 11]. This graph shows that a fundamental rheological
difference between debris flows (Bingham plastics) and turbidity currents (Newtonian fluids) is that debris flows
exhibit strength, whereas turbidity current do not. In general, turbidity currents are turbulent and debris flows are

laminar in state [7].



Many scientistssay that in theleepwaterenvironments, the turbiditcurrents are represented by
the Newtoniarrheology[4, 8, 9, 10, 11]There is an optiorhat turbidity currents arsediment
gravity flows and fluidal flowgoo[12, 13] According to Oakeshott 19§24], turbidity currents
cannot be the both flowat the same timebecause in sedimegtavity flows the sediments are
moved by gravity, whereas in fluidal flows the fluids are moved by grd8jtyAccording to
Middleton (1993)15], aturbidity current isa sediment gravity flow with Newtonian rheology in
which the sedimestareheld in suspension by fluid turbulence.

2.1.2Characteristics of turbulent flows

2.1.2.a. Morphology of turbulent flows
Theturbulent flowsconssting partsare theheadtheneck(which is not always obseed), the body

and thetail (Fig. 2A). The head has usually a bulge shape because of the flow dynamic of the
turbulent flow.ls observed, thahe fluid which isinside the head, has a circular motion from the
front to the top of the head. In this part of thebidity current are concentrated the coarser grains
(Fig. 2B) For these reasons, the head is the most erosional parttofllekty current Neck is a
transitional part between the head and the body ofuttiedity. The body is located behind the
neck and it is maigl the depositional part of the turbulent flow. The tail is the last part of the

turbulent flow which is very dilutefl6].

M’j‘ G billoys
ST 29

Spilling
turbulent surge

100m

Figure 2. Examples of turbulent-flow morphology. (A) Morphology of a turbulent surge [16]. (B) Numerical
simulation of a turbulent surge [17]. (C) Basin experiment of a turbulent surge. Flow 1s 10 to 20 cm thick. (D)
Very high-resolution seismic profile showing a turbidity current spilling over a channel wall [18]| Copyright
1987 American Geophysical Union. Reproduced with permission from American Geophysical Union.
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Figure 2 shows the vertical morphology of the turbulent flow, which is stratified. The flow density
and thecompetence are decreased upward (Fig[2B). There is a vertical decrease of the flow
velocity, with the maximum value in tiel o wd s | Taeapeenompren df the flow splitting
and stripping is explained with the upward velocity behaviour (Fig. 20&8))

2.1.2.b. Velocity of turbulent flows
The numerical modelling of the velocity of a turbulent flow can be assessed by the using of a simple

1D approach. The Chezyds equation is the fir
calculation of a turbulent flow and a fluvial curr¢h®].

Z=cg'Hsins / (1+a) C¢

5= the slope of the seafloor
c= the volume concentration of sediment
C#= the friction coefficient along the bed (value= 0.035-0.005)
[20, 19]
o= the friction coefficient that is related to both Reynolds and Froude numbers

[21]

T h e C hegquatiprdissimple but applied only to uniform and stationary 1D flows with the

val ue of seafl oor sl ope different than zero.
turbulent flow is highly nonuniform and nonstationary. In addition, this equatioan be used

only as a first estimate of the turbulent fl o
this equation are very difficult to measure or quantify such as density and flow thickness.
This equation is the first which try to calculate the flow velocity of a turbulent phenomenon.
The recent equations include nstationary modelR22], stationary noruniform models based

on the theory of boundary layers and interactioethods[23, 24] mixing models based on

NavierStokes equatiofiL7, 25]and cellular automata mod¢R6].



2.1.2.c. Erosion by turbulent flows
The erosioal ability of theturbulent flows is very important. Giant scours and erosional

surfacesoccurat the base of theurbidity beds. The erosion effect can be happened by the
turbulent flow or due to the concentrated flow forming the baserbidity flows. Historical
events show that the volume ofuabidity deposit by one event can be larger than the volume
in the initial failure. Some paradigms, in the Nice event the initial slide was 0.9&khthe
turbidity was 2 kni[27]. In the Grand Banks event, the initial failure was 2G kmd the
turbidity was 200 km in the Sohm abyssal plaj@8, 29] The seafloor erosion coulceb
increased by the conduit flushif@p].

2.1.3.Theturbidityd srchigectural elements
The main architectural elements of deep sea as a regulbdafity systems are a) Canyons,

b) Gullies, c) Shelfbreak deltas, d) Channels and levees, e) Terraces in submarine f) Canyons
and channels, g) Lobes. All the descriptions of the upward elements are providedthgyhe

of recent sgtems such as the Amaz[81, 32] the Capbreton Canyd83, 34, 35] the La

Jolla fan valleyand other$36].

2.1.3.a. Canyons
The mainway for the sedimentransferfrom the continent to oceans are theyars (Fig. 3).

The canyons are usually hundreds of medres frequently more than a kilometteepand

narrow a few kilometres. Their walls are steep and formed by erosion of the continental slope
and outer shelf37]. According to Gaudin (200638] and Gaudin et al. (2006[34], except

the erosion, the canyons shape is a result of alternating stages of filling and incision. There
are sinuous or meandering and straight canyons. In the maancinyons, there is one sheer
erosive and another smoothepdsitional flank, where terraces are formed. For this reason,
the canyon is asymmetrical. The straight canyons have a symmetric V or U3hapd

The start of the canyons is usually the mouth of the rivers such as Zair, Amazon and Onirico
in the Atlantic Ocean, Indus in the Indian Ocean, Ebros in Mediterranean. But there are
canyons which arendét connected wadadyonsaaify ri ver
southern California.

The determination of the canyon formation is a very difficult process. So, there are four

possible processes a) after a subaerial phase of erosion by a river system, b) backward



(retrogressive) submarine erosion, c) forward erosion by continuous steady flows
(hyperpycnal flows) d) by passing on rapidly progtathy margins.

Capbreton South Golo . Monterey
, (1900M), 2 Jolla \ Amazon Y
: Bengal :
k‘ Indus ‘
P
A Bering
] Zaire
Gre;nd
Canyon =
-
Capbreton -
(2000 m) =
V %
-
Horizon
channel
Zhomohug

50km

Figure 3. Canyon morphology and detailed morphology of meandering channels and terraces. Am:
abandoned meander. Compared cross section of submarine canyons with one continental canyon the
Grand Canyon._ Vertical exaggeration =48 5 [39]]

a) A characteristic paradigm is the canyons which created in the Mediterranean Sea during
the Messinian period. There are canyons wlaoh created when the sea level fall
extremely by river erosior[4Q].

b) At the canyon heado thesupplyasthe accumulatiof the sediments is hug&his
suggest that retrograde processes can be form and maintain cahlyensmplest
explanation for canyon formation is the submarine retrogressive erosion. Thus, the

canyon head moves progressiveywards the landso numerous slum@seobserved
at some of them (Fig.431].



c) Hyperpycnal flowg42], are erosive sedimegtavity flows which take part to the canyon
erosion[43]. The discovery of hyperpycnites in the Var Canj#4 is the proof of this
assumption. In addition, this assumption is supported by the insitu measurements of the
laden flows in submarine canyofb, 46, 35, 47, 48]

d) The canyon structures are narrow areas with a low rate of sedimentation. Their margins
do no prograde so quickly as the rest of the maigi®s This hypothesis has effect only

for margins with a high progradation

W8°50’ W8°35’
N36° FTTS TR L D o) e a7 T T 0] N36°
oo L \‘\(\[ \ ts W y {:Sj J} 1 22’

s ‘-.‘ : / . - r. -. . ‘ _\- i . ; “.,, 4 ‘\;!‘- 5 :

N36° F— ( =, -'Petrqgressive;-‘.:.‘* ! S N36°
15" bees —— =\ failures SO | /o 15

W8°50’ W8°35’

Figure 4. Retrogressive slumps on the wall of a channel at the Gulf of Cadiz.

2.1.3.b. Gullies
Gullies, areusually snall and straighsubmarine valleys with 16850m width and £50

m depth. Their flanks are steep with failure scars. Their morphology is similar to subaerial
badlands. Continental slope and self are incised by gullies, which usually form a connected



network.Gullies origin is from retrogressive erosion or from density cascading like Eel
River[50].

2.1.3.c. Shelbreak deltas
The shelbreak deltagan be foundrom the continental shelf to the slope. They usually

formed when theate of relativesea level falfise is not able to exceed sedimentation rate
(lowstand), particularly duringhe regression processgsl, 54. But, they continue to
formed during the high stand like the Mississippi and Nile river d@@&s Their deposits
thickness can be 140m. A typical progradimderof aself break begins with theairbidites
anddebrisflows, the mouth bar, the delta front deposits and at the end of the sequence are
the river deposit$54]. As the result of gravity processdarbidites and gravity flows)

which include various types olusnp and mudflow, is the rapid progradatioiithe delta
frontandtheriver mouth baf55]. The deep mass flow deposits are influertmethestorm

waves andwell. In the swallower sea pattsese deposits are influertiey the tidal These

upward processes cahange completelthe continental slope.

2.1.3.d. Channels and levees
The processes of erosion and deposition contralékepseachannel morphology (Fig. 5).

The ¢ hann aslrdaiiscedmm apstieamto avnstream, while the deposition is
increasedThere are two kind of channels. The first kind is the incising channels which are
deep, with small or none lateral levees becausedtienenflow d o e s n dutof tHera,| |
like Zaire river[56]. The second kind of channels are the aggrading channels in which the

sediments are concentrated vertically amqaicklyblike the Amazon river (Fig. 82].



Figure 5. Deep sea fans, A and B is the Zaire deep sea fan (A) EM12 bathymetric map and (B) EM 300
bathymetric map [56, 57]. Terraces are in grey. Most of them are abandoned meanders acting as nested
levees. (C) Indus deep sea fan [58].

The morphology of the channels depends on the characteristicsmairtbierred sediment.
For example, channels with coag®in sediments are wide, straight and shallow.
Channels with fine grained sediments are narrow, deep and create meanders with levees.
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Figure 6. Longitudinal evolution of the seismic structure of modern deep-sea fans. (A) Amazon [32]
(B) Zaire [56, 57]. Reproduced with permission from Geological Society, London.

The channels ared t p e stncuregdAvt u | dsi agpmedomenon which happens

because odifault action(Fig.7)[59] in areas with steep slope, such as the Amazof6tgn
61,62]Wh en t h e isboaecuregthe nexturbidity flow, follows the new path and

gradually a new |l evee is creat e[d®2]arerlthee

structures which are formed at the base of the new levee.
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New active channel-levee system

Initial chanr;gl-levee system Avulsion point Avulsion lobe

5 Abandonned
o
§ g % ehanial New channel
§ § Avulsion point & [Regressive erosion
3 z Local increase in slope z Avulsion point
F E g .....
£ g = £ 20km
@
LS Distance along channel axis Q Distance along channel axis O Distance along channel axis
B

Avulsion point

N42°10'

New channel
N42°

10km

—

Old channel

E4°50° ES5® E5°10’

Figure 7. Channel ‘avulsion’ Channel avulsion. (A) Channel avulsion and evolution of the downslope
morphology of a channel during and after avulsion [56]. Bold arrow indicates direction of the channelized

flow. (B) Last avulsion point of the Rho ne deep-sea fan (that led to the formation of the Rhone neofan)
[63].

The dédalvusiond doesndt happen i n -deseeyons. R
complex. More frequently happens downward the chatesdec o mp |l ex. The oOal v
becomes very frequent in lobe channels.

Levees are topographic highs melghbouhngWitngi n f r o
thechannekide. Thd e v e e 6 somlthe ¢chanhel to the top ibfcan reach from e few
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hundredto several tens of metrgsipstream to downstregmSo, the total sediment
thickness of a channelevee complex can beeachingthe 10001500 metreg64]. The

final leveesextend can be reaett the 50 km on each side oflaannel.

Levees at thenid-latitude, are usually asynetrical. On the right sidis more developed

than the left one. Thikappenshecause of the Coriolis fordé5, 66, 67, 68, 69]The
opposite happens the southhemispherg70].

Levees can beasily recognizedn the seismic profileby their special topography and
characteristic shape tife bird-wing or moustache shapkevees crated by the process of
spilloverof the upper part of turbidity currents. This happen because of the flow thickness

is greater than the levee height (Fig. gAl].

A Overbankin B Flow stripping

Levee deposits =~
HARs

Figure 8. (A) Overbanking or overspilling [71]. (B) Flow stripping [72]. Bold arrow indicates direction

of the channelized flow [56].

Flow stripping is the process in which, the flow separated due to the centrifugal force and

the abrupt change of the channel direction (in a bend or a meander), into biparti#@flow

(Fig. 8. The denser part of the flow, concentrated on the bottom as a channelized flow.

The upper,the diluted turbulent flow, spills(falls out) and ¢reads over the levees.

Secondary chanels can be formed, in areas in which the fall out (spillover process) is
intensive[73]. In areas, where the levees are low (meandérs)r ega$s a§g deposit s
(channelizedleposits) can be developed by theer erosion during the spillovgt3].

Levee grow up vertical and depends ontglpe (volume, intensity, sediments grain $ize

and the frequency of turbidity currents. If for some reasons the type, the frequency or the

12



characteristics of the turbidity currents change, the levee decryption, is a difficult procedure
such as the levees of Amazon rijét, 74]

At the outer sidef the levee also seems slunwalsich are covered with sedimentives

[75, 76, 77] A particular characteristic ofthe sediment waves their progradation
upstream and upslop€hey are created by thterbidity currents and have a crest direction
vertical to the flowTheir morphology issymmetrical, with an upstream (progradational)
side which issteeper andm®rter than the downstream si@@8, 79, 80] Their sediment
depositionhappenson the upstream sid®n the othehand, erosion and lesleposition

processes happen on the downstream[gkler6]due to the flow velocity chand€ig. 9).

Depletive  Accumulative

T
g 64 | |
> 4 | |
g 21 ! !
2
%‘ 2250
£ 2400
£ 2550 — e e
] =z — = =" . e
o 0 2km : - . S - T i—
—— f_\'f‘. -\-H(-- -\.
R 'w",”‘ 5% Sea-floor erasion
T A 1l Deposition from gravity-flows
e ‘ e - - = - ) = Turbulent flow
N e e -+ Dense laminar basal part

Figure 9. Longitudinal changes in a turbulent flow spilling over the sedimentary levee in the Var deep-
sea fan [75, 76]. The location of dominant erosion or deposition explains the formation of sediment

waves on the distal (outer) side of the levee. Reproduced with permission from S. Migeon and from

Elsevier.

The seafloor and the flow velocity, play an important role for thegsses of erosion and
deposition. hie flow moves along thaebruptupstreanwave sideuntil the lowest poinof
the channelAfter that, an important sediment deposititappensecause of theapidly

flow decelerationBehind the wave crest, the flow acceleratgsinalong the downstream
flank.
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2.1.3.e. Terraces in submarine canyons and channels
Terraces are flat structures of several metres to several tens of afetvesthe talweg.

The development f submarine channel s I8¢ méaps, ug and
alternativeof channel fill and incisiorphases. Downward are tlseibmarins terrace

formationprocesses

S AAas
’ E
Te—————— —
c F
Ls — L —
= -
G

?ﬂ_‘

Ls
=S

Figure 10. Models for terrace interpretation in deep-sea turbidite channels. (A) Slumps (S) on
canyon/channe] flanks (e.g. Indus Channel: [83]. (B) Formation of nested levees (N1) during sea-level
rise (e.g. Bengal Channel: [86]; Hueneme Channel: [69]. (C) Filling of the canyon/channel because of
lateral shifting (Ls) of the canyon/channel or of decrease in the volume of the channelized flows (e.g.
Amazon Channel: [87]; Toyama Channel: [88]; Indus Channel: [89]. (D) Deformation and slumping ()
due to gravitational tectonics (e.g. Kaoping Canyon: [90]; Zaire Canyon: [91]. (E) Incision (I) of a talweg
in the canyon/channel fill (Cf) because of an avulsion that occurred downstream (e.g Rho'ne Canyon:
[92]. (F) Formation of a nested channel-levee (Ne-1) system in the canyon/channel fill (Cf) (e.g. Rho™ne
Canyon: [93]. (G) Meander abandonment and talweg incision I (e.g. Basin Arequipa Canyon: [94]; Indus
Canyon: [95]. From Babonneau et al. (2004) [57]. Reproduced with permission from Geological Society,

London.
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Failure of the canyon side walls (Fig. 10 A & D) [82]. There are slumps (S) on
canyon — channel flanks like in Indus channel [83].

Flat terraces with or without topographic height are created due to lateral shift
of the channel in confined levees (Fig. 10 B- D and F) [57, 84]. The origin of
the terraces is the slump, the meander cut or the channel shift.

Incision due to alvusion upstream or meander abandonment (Fig. 10 E-G)
Horse terraces are formed because of the meander cut off and abandonment.
The abandoned part of the meander, is filled by sediments [85] (Fig. 1 1). Before
the total abandonment, the lower part of the flow still moves in the first, ancient

meander, while the upper part moves eroding to a new path [56, 57].

Abandoned

Terrace draped by spilling
turbidites (nested levee)

Channel

Figure 11. Scenario for meander abandonment [56, 57]. (A) Lateral shift of a talweg. A meander forms.
(B) Meander cut-off. (C) Beginning of the filling by spilling of turbidity current in the abandoned
meander. (D) Formation of a terrace that acts as a nested levee. Bold arrow indicates direction of the

channelized flow. Reproduced with permission from Geological Society, London.
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Zaire system is an example of cut off abandoned meanders, with migration and flat terraces
with hemipelagic sedimenfs6, 57](Fig. 12).

A

& /a__ll‘llw, § = /)
“@2‘.‘}\\\“ M\\
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Figure 12. Recent evolution of the Zaire Valley [56, 57]. Reproduced with permission from Geological
Society, London. (A) Sinuous channel/levee system with few meander cut-offs (Mc). (B) Simultaneous
channel-floor mncision (I) and lateral migration (Lm) of meanders. Meander cut-off generates abandoned
meanders (Am) and terraces (T). (C) Continuation of both incision and lateral migration of the channel.
(D, E) Present time: entrenchment of the talweg inside the deep valley. (D) Low-volume channelized
flows. (E) Large-volume, spilling flows (Fs and arrows) forming a nested levee (NI). Bold arrow
indicates direction of the channelized flow. Dashed vertical arrow indicates hemipelagic (H)
sedimentation.
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There is a sinuous chandelee, which meander is locally abandobgdhe existence of
interruption(Fig.12 A). The talweg, incises and migrates the channel. So, the meander
turned into arabandonedneander. Thenit is filled with sediments anfinally flat terraces

are generate(Fig. 12 B). The incision and the migration of the talweg create a meander
belt, in which the fine graddarbiditesreduce the flat terraces semipelagic sediments

are settled (Fig. 12 C). The present situation of the Zaire system is, that flows with low
volume are channelized and cannot spill over the terragegh are covered with
hemipelagites. But, large volunfeows (turbitites), can fall odhe terraces and fine grained

of sedimentation can happen. Finally, nested levees are aggraded (Fig. 12 D).

2.1.3.f. Lobes

Lobes represent the furthgsrt of a channellevee system. Thegre correspondd the
initial suprafan lobe and lower fan definitig®6, 97] A lobe is formed, when a levee is
failed. Then the flow path is deviated from the existing channel. The flow which is
generated, fons a high amplitudegacketsof reflection (HARPs) on the acoustic
reflectivity maps (Fig.13)
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Figure 13. Acoustic imagery (EM12) of the present Zaire deep-sea fan, including the mapping and
imagery of main sedimentary bodies [S6, 57]. Reproduced with permission from Geological Society,

London.

The lobes have the following features:

1) They are formed at theubmarine channel or vallegouth, when erosional processes
happen. Chaotihigh amplitudeseismic faiesare generate[®8, 99] This zone called

I t r ansif[i00,401, 1@2pThiezonengsGlhighz )

6channel obe
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sand/clay ratio and exists only tarbidity systemslike Navy and Agadir Channel,
LaurentianandValentiaFan[103, 104, 105, 102)Jn mud dominatedurbidity systems
like Zaire[106] or Mississippi[107] the channel lobe transition zone can be missing.
2) Their shape is ovoid with an exténmdma few tens of metres to a few tens of kilometres.
3) Lobes have a convexup (positive) topography anddifference in elevation (relief)
that is 25 m above of the surrounding searfoo Th e | o bsmbéothinsmalb pes ar e
turbidity systems, such as Naaynd San Lucaf®6]. Lobes have different thicknesses.
Mi ssissippi 6s |-400bne, tAmacZeamgtosy 1= i-MD@,6s 5
Rhoneds 12m, South -8ml ods 60m and Vards 20
4) Their depositional areas, have a lateral large eXt©a].
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Figure 14. Subdivisions used to describe lobe and channel-lobe transition zone morphology and
depositional faces in lobes. (A) sandy lobe; (B): muddy lobe. CLTZ: channel-lobe transition zone. (C)
concentrated flow deposits [102, 63]. Reproduced with permission from AAPG and C. Bonnel.
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5) The lobes arsubdivided and are the levee chargmitinuation (Fig.15 A)In figure
15 B seems a fringe lobdeposit This depositis a nonchannelized lobe Without
channelywith a nonroughsurface(Fig. 15 B). For example, in the Monterey System
the channel depth doesnét exceed the 10m .
[109]. Themain channel of th¥’ar Zaire fansgan bereach at th@0m deeg63]. The
nontchannelized lobe has a small surface and is created from the rapid deposition of
sandy flowdike Zaire Systenj101]. Hemipelagitesind othefine-grainedsediments
can be cover the lobe fringe
6) The lobes are mainly composed of sand. For example, the Amazon lobe contains 50
80% massive fine to verynie sand. This happsmue tothe increasing clay fraction
flow over the leveeslif the channel is €p and incise, then the raigéclay can be
important, such as Zaire lobgss, 63]
7) The lobe shape is influenced lbig confinement. So, if the spatial confinement is low,
the lobe shape is rounded to ovoid like Zaire lobes with@an length and @0 km
width [110]. If the confinement is high, the lobes are elongated, like Amazon lobes with
6.5-25 km width and 2B3 km length. The Monteréylmbe lengthis 130 km and width
is 45 km. The lengths of channel levee complexes of Rhone Neofan-ag& &n and
the widths are 885 km[101].
8) Sometimes the lobes are separated from the channel mbuith happendy the
existence ofa scoured area like the Zaire lobe and Rhone Neofan [6B§sThis
happens when retrogressive erosion take placghigrscouring zone. Then any

interactionbetween the lobe channel and feeder channel is lost.
Figurer 15 shows a complex of nested lobes of the eastern JO&i&®, 111] The lobes

areusuallyorganized in groups on the erosion zowrer the channdbbe transition zone

due to progradation processes

19



B FEEDER CHANNELS

[LOBE COMPLEX!

[ - R oee _LOBE SYSTEM il ]
autoi _% e —
— - S . e———
l = LOBE Wu T T — \——L00E |
Interiohd LOBE SYSTEM | LOBE SYSTEM Il  interiobe
e e c— — — —— —— — — — —— — — — — — — — e—
2pp. 2km

Figure 15. Terminology used for lobe geometry. Lobes correspond to nested depositional bodies from
lobe complex (basin scale) to lobe bed (depositional process). Modified from Prelat et al. (2009) [112],
and Mulder and Etienne (2010) [113]. (A) Structure of the South Golo lobe, E. Corsica [98, 114]. The
lobe 1s composed of three elements (LE1, LE2 and LE3). LE1 1s composed of four lobe beds (LB1, LB2,
LB3 and LB4). (B) Plane view of lobe hierarchy in a lobe complex. LE: lobe elements. (C) Transverse

view of a lobe complex.

With the term 06l obebd, i S coanectec with the mahert ur al
channellts lengthandwidth areseverabf kilometres andts thicknesss severabf metres

[112]. A lobe consists oflobe units and subnits[98, 114 The | obeds el ement
rapidly by the process of avulsion (which is very frequent) and fill nearby topographic lows

by the action of turbidity flow§l01].

2.1.4.Theturbiditessequence stratigraphy and controlling factors.

The sequence stratigraphy in deeptseaidity systems, depends on the accommodation space
which is a result of the sea level changes, the sediment supply and the basin physiography. The
total accommodation space, is measured from a referenoé ybich is located on the base
layerbefore the sedimentatiatarting[115].
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The upward parameters, depend on the tectonic movements, the activity of oceanic
currents, the river load, the climate’s changes (rainfall, temperature), the morphology of
the drainage basin (size, maximum elevation), the nature of the bedrock in the drainage
basin and the extent of the vegetation cover [116, 117]. The balance between the
sedimentation rate (S) and the total accommodation (A) determine the stratigraphic
architecture and the spatial distribution of the deposits [118, 119]. According to
Homewood et al. (2000) [120],

¢ if A/S =1, the architecture is retrograding;

¢ if A/S=1, the architecture is only aggrading

e if 1 > A/S =0, there is creation of available space, and the architecture is
prograding and aggrading

¢ if A/S=0, the available space is constant and the architecture is only
prograding

e if A/S <0, there is a rapid downward shift as a response to available space

destruction.

All these hypothesises are possible fow deepwater environments in which the small
variationsin the sea level, are recorded in sedimentary fabvi#sle, in deep sea the small
changes of the sea level (a few hundreds of metr@simally), have a small impact in
sedimentary faciefs9, 121] In the Figure 16 seems the comparison of sequence stratigraphy

models.

In Figure 16A, a maximum fall of sea level happen addepseaturbidity system is generated

in the basin, with a siliclastic supply. Er c
equilibrium profile. According to Schumm, 19¢R23] the incision happens when the level of

the sea falls below of the continental edfjee new deposits of this new system, are created

above of this erosion surface.

In Figure 16B, the sea levelstabilized,and a mud structurddrbidity system iggrowingwith

well-constructed channels and levees.
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Figure 16. Comparison of sequence stratigraphy models. (A-D) Posamentier and Vail (1988) [115] model for
sequence stratigraphy. (A) Fall of sea level: maximum turbidite-system development. (B) Sea-level lowstand:
muddy channel-levee complex development. (C) Sea-level rise: formation of prograding complexes. (D) Cross-

section to compare with E. (E) Mutti model for sequence stratigraphy [122].
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In Figure 16C, the sea level is rised and progradation happens. The sea fills the incised valleys

and canyons and shinglaarbiditestake place. When the sea level is stabilized, hemipelagites

are accumulated. Finallyhe sea level defen s
[124].

C any ossedimeatarytsupply t vy

In Figure 16 BE, sedimentary supply controls the stratigraphic evolution of the deep sea. There

are three types abirbidity systems according to the sea level fluctuaticd??].
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Figure 17. Model of gravity-flow system evolution [122]. (A) Type 1 systems with high transport capacity. (B)

Type 2 systems with low transport capacity. (C) Type 3 systems corresponding to large modern mud-rich fans.

For more details, in Figure 17 A, is a system with high transport capacity. Many failures happen

on the shelf and channelized flows supply thick sand rich sediments. Lobes are generated, which

are separated from the source by a bypass or erosion zomgut@ E7B, there is a system with

low transport capacity, amalgamated channels and sandy[I&t#<97] In Figure 17C, there

are large modermud structured fans, with wetlonstructedchannel and levees. Lobes are

missing and sand is gathernedhe praximal part of the channels.
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2.2. Mass flows
The mass flows are the result of gravity processes in deep sea environments. Cable failures,

are an impact of their action on human i n f
appropriate to estimate the f | obasedonthdéireo!l ogy
sedimentary deposits. So the main types of the mass flows are the rock avalanches, the
creeping failures, the slides and slumps, the cohesive flows, theolwsive flows and

the water dominated flows.

2.2.1. Rheology of Bingham plastic flows
The mass flows heol ogy is based on Binghamés model

natural material which are not deformed until the yield stress will be exceeded. After this point,
their deformation is I|inear (Fig. 010) .( wlhehs e:
plastic rheology) are called plastic debriewis. Some of thesean develop a turbulence
behaviour8, 13]. The limitborderbetween the Newtonian and plastic flows is the23@ of

the sediment concentration by volume (Fig. 18). There ig@@péon, the high turbidity current

in which coexist the Newtonian and the plastic flow.

The rheology of a flow, depends on the sediment concentration, the grain size and the physical
I chemical properties of the transported grg@sGenerally, rheology is a parameter with many
complexitieg10] and it is very difficult to measured it accurately.

2.2.2. Categories of mass flows processes

The categorization of the mass flows processes, based on the deposits of ancient environments.

Sedimentary facies and their evolution along the pathway of the flows are studied.

2.2.2.a. Rock avalanches
The size of the rock avalanching blocks is usually some of metres to hundreds of metres.

Avalanches with the upward blocks are happen when steep slopes and undersea cliffs are formed
by consolidated sediments or rock outcrops. Volcaniclastics, are thé&eguent environments

in which processes of rock avalanching are happ&ai.
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Figure 18. A classification of subaqueous gravity flows, based on fluid rheology, showing two general types,
Newtonian and Plastic [4]. Turbidity currents are Newtonian flows whereas all mass flows (muddy debris
flows, sandy debris flows and grain flows) are Plastic flows. Turbidity currents occur only as subaqueous flows,
whereas debris flows and grain flows can occur both as subaerial and as subaqueous flows. For purposes of
comparison, subaerial flows (river currents and hyperconcentrated flows) are included. Sediment concentration
1s the most important property in controlling fluid rheology. Published values of sediment concentration by
volume %o are: (1) river currents (1-3%) [125], (2) low- density turbidity currents (1-23%) [126, 15], (3) high-
density turbidity currents (6-44%) [126], (4) hyper concentrated flows (20-60%5) [9], (5) cohesive- muddy
debris flows (50-90%) [128], (6) sandy debris flows (25-93%) [7, 127, 126, 129, 130, 131], (7) cohesion less-
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grain debris flows (50-100%) [132, 131, 9].

2.2.2.b. Creeping and failures

Creeping is the process of progressive sediment deformations which lead to failure surfaces
[13]. The velocity of these deformations is very Ifi84]. These sediment failures can be
divided into slides and slumps, in which large volumes of sediments or rocks can be moved
along the failure surfaces. The size of the failure surfaces can be reach hundreds or thousands
of square metres (Stow et al., 1996.Figurer 19 are presented the typical morphological
characteristics of the sediment failures. Extenssbngtures such as tensions cracks and normal
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faults, existing at the head of the failure (Fig. 19 A and D). Instead of the head, compressive

structures such as folds, inverse folds and over thrusts existing at the toe of the failure.

Meander
Slumps

fluid escapes =
cracks

Slump
scar

Slump

Tension
cracks
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Figure 19. Examples of deep-sea sediment failures. (A) Retrogressive (backward) slumps at the head of the
Capbreton Canyon [136, 34], (B) Slumps on the wall of the deep channel of the Orinoco [137]. (C) Slump in
Silurian deposits (Aberystwyth Grits Formation at New Quay/Aberarth, West Wales). (D) Slumps in the source
area of the Grand Banks turbidity current (photograph courtesy P. Cochonat). (E) Retrogressive slumps on the
wall of a channel (Gulf of Cadiz).

2.2.2.c. Slides and slumps
Slides and slumps, are structures which happen when sediment deformations lead to failure

surfaces by the process of the creeping. When the slides are rotational, they called slumps (Fig.
19 A, B, C) and their failure surface is upward concave. The rdti¢Dis the maximum depth

of the slide surface, L is the total length of the slump) can determine the structures of slides and
slumps. So, when the ratio D/L is between 0.15 and 0.33 the geological structures are slumps
[138]. When the ratio D/L is < 0.1the structures are slides. Usually, the slide spreading, can
generate internal vertical tension faults to the failure surfaces which cut the original slide into
several slabs or blocks. According to the Figure 19, slides and slumps can form complex of
structures with upslope propagation of the failure (retrogressive failures) (Fig. 19 E). Steep
escarpment can be formed at the failure head by tensional faults. A failure downslope
propagatiorcreates successive slumps or slides (domino slumps or $fi@ds)vhich overload

the located sediments at the failure toe, so a new failure is generated.

2.2.2.d. Cohesive flows (muddy debris flows)
Cohesive flows have a matrix strength because of the cohesion between their fine particles such

as clays and fine slits. According to their percentage participation, cohesive flows can be

subdivided to clay and silt mudflows. So, flows with clay percenpagécipation less than
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25%, are called silt mudflows, while flows with clay percentage participation over than 40% are

classified as clay mudflows.

As regard the morphology of the cohesive flows, their head is thick (Fig.20 A). Their motion
depends on the permeability of the matrix. When the matrix is very fine, the rate of the flow
diluted water is small so, the flow resistance is[b8]. The phenomenon of &66¢
according to Mohrig139] happens when a layer of water is trapped unddvdbg of theflow.

This process reduces the flow resistaffidetion power) and the flow erosional power (Fig. 20

C).

When the cohesive debris flow has large matrix strength (large density) then, boulder size clasts,
very large rafts or olistiliths can be transport many kilometres away from their initial place
(Fig.20 B)[140, 141, 142, 143, 144]

=

Strong shearing
Waves

Ige)

4

- ~En

S oty E &
Babn, a8y

I
|
|
|
|
Dl:'o

]

Lateral deposits (by
\ I

= |

Basal deposits

28



Trapped water layer
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Figure 20. Characteristics of cohesive flows. (A) Morphology of a partially channelized debris flow (Johnson,
1984). Longitudinal structure mimics sediment waves. Flow head (snout) mimics a depositional lobe. Lateral
deposits (bulge) mimic sedimentary levee; decametre to hectometre scale. (B) Sedimentary deformation in a
cohesive debris flow due to laminar flow regime: sheared (sigmoid) deformation and fluidal (sheath) folds
(Cretaceous flysch of the Basque Country, Baiede Loya, France). (C) Hydroplaning forming at the base of a
flow during a laboratory experiment [139].

2.2.2.e. Noncohesive flows (graicohesion less flows)
In non cohesive (granular) flows, dispersive pressures exist because of the interactions between

the grains of the flow§3]. These interactions usually become bigger because of the seafloor
erosion which cause an increasing grains concentration. These processes are happened in steep
slopes (>18 with sand or coarse slit grains. Frictional strengths are developed at the base of
the flows.

2.2.2.f. Sandy debris flows
Thet erm 66sandy debris flowdd represents an

flows (cohesive flows) with cohesive strengths and the grain flows (cohesion less flows) with
frictional strength$7]. Sandy debris flows can be developed in slurries of any grain size (very

fine sand to gravel), sorting (poor to well) and clay content (low to égI7)].
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2.2.2.9. Waterdominated flows
Water dominated flows are generated when a forcing event like earthquake, surge wave or

sudden upward motion, happens. In water dominated flows, the flow pore pressure increasing
by the destruction of the fabric of the sediment fl¢®45, 3] Then, high porosity sediments
are created like quick sands. Tivatertransport capacitgominateslows which depends on

the permeability of the sediments. This capaistiarger than the hydrostatic pressure.

2.3. Hyperpycnal flows

2.3.1. The formation of hyperpycnal flows

Hyperpycnal flows are generated by the erosion of the geological formations particalar
geological conditions and climate with intense and sustained rainfalls.

Hyperpycnal flows can occun differentriver locations, due to the differetypes of external
catastrophic events. These events can be floods under hot arid climates, rapid ice melting in

periglacial streams or sudden dam break.

1. Hot arid climates

The streams which are in Reatrid climates, have an intermittent flow. The streams bed usually
stays dry during the year. Sporadic and intense rainfalls (cyclones and hurricanes) can create
hyperpycnal flows in the streams such as Wadis stream in NoritaAfnd streams in west
Mexico [146].

2. Cold climates

Hyperpycnal flowsunder cold climates;an be generated by two ways. In first way, the flows

are generated by the ice melting from the volcano action (catastrophic ice melting). So, when a
glacier covers an active volcano, a large volume of ice melting. Then a subglacial lake can be
formed. Ifthe ice wall of the subglacial lake will be breaking, millions of cubic metres of water
will be released and mixed with volcanic and glacial deposits. Hyperpycnal flowes are generated
which are flowed to the oceans. This geological phenomenon can beféagthours to a few
days and itbés very frequent in Iceland and
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In second way, the hyperpycnal flows are generated by the ice melting from the season
alteration (winter/summer variations). Every spring, the ice melts and large floods are generated,
which erosion the natural domi@s<}7]. Then hyperpycnal flows are formed which flowed to the
oceans. In these high latitudes, usually appear laminated geologicfl #8d$49] landslides
and submarine slides in fingrained formations which show long periods of severe floods
[150].

3. Particular geological conditions

Loess is a geological formation which consist of 20% clays and equal part of sand and silt. All
the components are soldered by calcium carbonate. Generally, is a homogeneous, high porous,
soft and easily erodible sediment rock. Some areas of the worlda@hd others) are covered

by loess. So, during the monsoon rains loess is eroded and concentrated at the river mouths (the

Daling, Haile and Huanghe rivers) and hyperpycnal flows are gengi&tedl 52, 153]

Easily erodible black sales there are in Alps which participate on hyperpycnal flows at the Var
river mouth. Lahars are flows which are rich of water and volcanic ashes. They follow the
continent hydrographic network and when they arrive at the sea, tbdyaasformed into

hyperpycnal flows. These geological phenomena are frequent in Indonesia.

4. Climate, precipitations and floods of the rivers

FI| oods are the main reason of the hyperpycna
on every region climate. By the using of the 147 rivers global database, 55% of the world rivers
can create hyperpycnal flows with frequency less than everyd®&@®@. While, 77% can form

with a frequency less than every 1000 yg¢aggl]. In Table 1, seems some of the largest rivers

which cannot create hyperpycnal flows. The producing ability of hyperpycnal flows is larger in
small and medium rivers than the bigg€his happen because of particle of the sediment load

is diluted by the volume of the river water so their concentration is reduced. Another reason is
that the big rivers trap much of their sediment loads in their flood plains, subaerial deltas or in

both of them, so only a small amount of the sediment load can be reach in the deep sea.
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Csiood
River Q. (m*s ") Cs,y (kgm *) Cec(kgm %) (kgm ?)
Orinoco (Venezuela) 34,500 0.14 36.2 <1
Mississippi (USA) 15,500 0.8 42.7 11
Amazon (Brazil) 17,500 2.0 36.2 14
Parana (Argentina) 13,600 0.18 38.9 3
Columbia (USA) 7960 0.06 42.7 2
Mekong (Vietnam) 14,800 0.3 38.9 4
Danube (Romenia) 6420 0.3 42.7 25
Yukon (USA) 6120 0.3 42.7 26
Zambezi (Mozambique) 17,600 0.09 38.9 <1
MacKenzie (Canada) 9750 0.14 43.6 4
Amur (Russia) 10,600 0.16 427 4
Zaire (= Congo) (Zaire) 41,200 0.03 36.2 <1
Pechora (Russia) 3370 0.06 43.6 13
Niger (Nigeria) 6140 0.21 36.2 17
Volga (Russia) 17,200 0.03 427 0.4
Ob (Russia) 10,300 0.05 43.6 1
Lena (Russia) 16,200 0.02 43.6 0.3
Yenisey (Russia) 18,000 0.02 43.6 0.2
S. Dvina (Russia) 3660 0.04 43.6 3
Kolyma (Russia) 2840 0.07 43.6 25
Sao Francisco (Brazil) 3040 0.06 36.2 21
St. Lawrence (Canada) 14,900 0.01 42.7 0.1

Table 1. Examples of large rivers that cannot produce hyperpycenal flows. Csav, average annual suspended-
particle concentration values; Qav, average annual discharge values; Cc, concentration threshold to generate
hyperpyenal flows [154]; Csflood, maximum flood concentration in suspended particle. Rivers that easily form
hyperpycnal flows by re-concentration of a hyperpycnal plume are underlined.

5. Sediment reconcentration

Sediment reconcentration is a very important process which influence the hyperpycnal flows
suspended load. Mass flows can be generated by dynamic processes how take place on the
continental shelfs. Intensive storms can be affect the deposition of theyyme flows like

t he Pennsylvani an[@s,186gposits in Colorado

The reconcentration importance was proved by two laboratory simulation experiments. In the
first one was proved by the process of double diffusion sedimentation and in the second was
proved by the process of convective sedimentation (Fig. 21). In botlerof is simulated the

replacement of fresh water by cooler and denser brine. In Figure 21 A and B, double diffusion
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(salt fingering) is occurred when a warm brine is situated above a colder so a denser water mass
[157]. Then millimetre large fingers are appeared because of the different diffusivity and warmth
between the brine and the rest water mass. F@L@andD preservahe procesof settling
convection[158, 159] Hyperpycnal flows are created by the discharge of the fresh water above

a cooler and denser brine. Then small sediment fingers are appeared between the two flows
because of the gravity instabilify57]. These two laboratory simulations differing in the size

of the convective figures and the space between them.
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Figure 21. Comparison of reconcentration processes observed during laboratory experiments [159].
Darker grey tone indicates increasing density. (A, B) Double diffusion. (C, D) Settling convection. T:
temperature; S: salinity.
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2.3.2. High density turbidity currents

A high-densityturbidity current, is an intermediate current with an intermediate flow, both
turbulent and laminar flowfld 60, 6] This flow composed of two different layers. The first
layer, which is lower, denser (with high sediment concentration such as mudstone clasts
and quartz granules) with laminar flow and plastic rheology. The second layer is an upper
layer with low sedimeinconcentration, turbulent flow and Newtonian rheology (Fig. 22).

In addition, ahigh-densityturbidity current is defined based on the driving force (Fig 23).
The basal traction carpet which is known as inefttav layer is driven by the overriding
turbidity current[160]. Also, these currents are defined based on grains&4d, rapid
deposition and flow densi{}L62].

Newtonian
(Fluidal) Turbulent
High-Density
Turbidity
Current
5 '. . s MNon-
— L .. T, Newtonian | Laminar
- Sandy Debris Flow - . | |(Pseudoplastic
A. Flow Type (This Study) B. Behavior C.State D. Conventional

(Rheology) Usage

(Postma et al, 1988)

Figure 22. (A) An experimental view of high density turbidity currents [160] who suggested that the
basal high concentration layer labeled as sandy debris flow was driven by the upper low-concentration
layer labeled as turbidity current. Both upper and lower layers comprise the high-density turbidity
currents [160]. The upper and lower layers as rheologically different entities and therefore separate flow
processes [6]. (B) Lower and upper layers represent non- Newtoman and Newtonian rheology
respectively [160]. (C) Lower and upper layers represent laminar and turbulent states [160]. The basal
laminar layer (sandy debris flow) is variously termed as inertia- flow layer, traction carpet, flowing- grain
layer etc. By various authors [6], the basal layer with high sediment concentration promotes hindered
settling and allows development of floating mudstone clasts and quartz granules. (D) Because sediment-
gravity flows are classified on the basis of rheology and sediment- support mechanism [160, 161], a
single flow (1.e., high-density turbidity current) cannot be both Newtonian and non- Newtomian in
rheology and laminar and turbulent in state at the same time This type represents gravity flow
transformation of Fisher (1983). From Shanmugam (1997a).
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Criteria Type Deposit

Rheology
1
1
Shi | 1
Shear i Newtonian
1
{ Shear Strain (Dott, 1963) Evidence
Support Preserved

Turbulent

(Middleton & Hampton, 1973)

Driving
High Density
{Postma et al., 1988) Evidence
Velocity / Time Not Preserved
u Waxing / Waning
1 (Kneller, 1995)

Figure 23. Four different definitions of turbidity currents based on (1) rheology of fluids (2) sediment-
support mechanism (3) driving force and (4) velocity:/time factors. Of these four types, only the
Newtonian and turbulent types are useful in interpreting the behaviour of flow because evidence for fluid
rheology and sediment- support mechanism 1s preserved in the deposit. However, evidence for driving
force and waxing velocity 1s not always preserved [164].

2.4. Initiation of gravity flows

Gravity is the main reason for the flows start. Gravity flows are usually happeoedanic
environments. For example, when a canyon slope collapses, a submarine slide ischappen
when a direct flow incurs from rivers to submarine environriiest, 124] In the second case,

the volume of the sediments which come of the reosion is huge and accumulate to
sedimentation areas such as submarine sedimentary basins.

2.4.1. Oceanic processes

The oceanic processes are related with the gravity flows creation. According to Bjerrum (1971)
[166] it is usual in Norwegiaffjords to happersubaqueous slope failureBhese failures are
createdduring low orextremel ow t i des. It i sndét clear the

which leaded to these slope failures. The first reason seems toldag phessurevhich happen
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due tathe sediment emergencehe second reason is the reduction of hydrogtatigsure which

act cumulativelyto overloading.

Storm waves can affeché ancient slide deposits such as Huan@tedta. By the using of
accelerometer and poraevater pressure sensor is observed that this reactivation of the storm
waves can cause gentle and gradual motion as kind of liquefaction process or as thixotropic
behaviou{167]. Another example is the Capbreton Canyon, when a strong storm hit the north
Atlantic coast. Then because of the wave stress or other oceanic processes, slump in the canyon
head is happed (Fig. 19A) due to the exceptionare pressurfl68]. There are many other
examples in the geajyical bibliography which are observed the relationship between the mass
turbidity flows and oceanic procesgé§9, 109, 30, 170, 171, 172]

2.4.2. Failure gravity flows
The failure in gravity flows is a phenomenon which is correlated with the sedimentary cycles

and with the presence of earthquakes or volcanos. With the geological term sedimentary cycles
means the continental denudation and sediment accumulation al@ogtimental margins and

mainly depends on climate changes.

According to sediment accumulation, the overloading and oversteepening are the usual
processes in which the failure in gravity flows is happened such as the British Columbia fjords
[173].

The earthquake shake is a possible reason for the gravity flows, and is suggested when there

i snot anot her reason to explain this pheno
submarine cable failures which are occurred a fewdhtater the earthquake actibke the

Marmara Se§l74], Algeria[175], Sumatrd176]. It seems that the alteration of silt and clay

bedsis favoured the sediment liquefaction. In addition, when an earthquake happens, the pore
water gas pressure is increased.sediment collage is occurred by the gas and water upward

moving. This circular depression c[aA/l]ll ed O6poc

Pockmarks are geological structures which their shape and size depend on the characteristics of
the bottom sediments. Their granulometry size is usually from clay to[$&8 Pockmarks

have an elongated, elliptic shape and their diameter is from few to several hundreds of metres,
rarely reach to 1000 metres such as Skagerrak, Nortfil%@pand north Gabofil80]. Their
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depth is usually less than 10 metres and depends on the thickness and the sediment texture of
the sedimentary covdfi81]. They are almost associated with tectonic structures like faults,

diapirs, syncline and anticlines. On seismic lines they suggest gas prgsitjce

In volcanic arcs, are usually generated low magnitude earthquakes by the upward moving of
magma in magmatic chambers. Then gimunamigenid andsl i des on the v

slopes (such as in Hawaii) can occurred by the reduce of the sediment shear resistance.

Mud flows are occurred when the mud volcanos are erupted due to the methane presence and
escape. The mud volcanos have a positive topography with an elongated, elliptical or conical
shape. Their size is from several tens of metres to several hundreddsneftfes. Their escaping

material is fluid mud which is mixed with water, gas or oil (mud bred¢t&3].

2.4.3. Submarine flows as a continuum of a river flow
Rivers are the most common way to transport the continental sedimémsaceans (89% of

the global sediment transport). Glaciers are the second larger sediment supplier with the
proportion of the 7% of the global sediment transport. Winds support the 2.5% of the global

sediment transport and the 1.5% is responsible fordhstal erosiofiL84].

The density difference between the flow) @nd the surrounding waterfpplays an important

role for the flow evolution (Fig. 24). For this reason, there are three categories ofli&siis

a) The overflow-hypopycnal flow, if pr=py

b) The homopycnal flow, if p—=p.

¢) The undertflow-hyperpycnal flow, if p&=pw

d) The intraflow-mesopycnal flow, if pr is between the density of two layers py1 and
Pw2 [186]. This flow usually appears in areas with hypersaline like Mediterranean

Sea [187] or in areas with well stratified water masses.
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Homopycnal flow

Mesopycnal flow Pycnocline

C

[

Hypopycnal flow

H | fi
ypopycnal flow — ﬂ:&

' Convective sedimentation

and sediment advection
Density cascading

Hyperpycnal flow

Figure 24. Types of density flows [188, 186]. pr =density of flow; pw= density of ambient fluid (pw1,
pw2: densities of water in stratified body). (A) Homopyenal flow: pf=rw. (B) Mesopycnal flow: pwl <
pf< pw2. (C) Hypopycnal flow: pf < pw and hyperpycnal flow pf > pw, formed by direct plunging. (D)
Hyperpycnal flow formed by density cascading generated by both double diffusion and settling
convection. Reproduced with permission from John Wiley and Sons.
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There are two definitions of the hyperpycnal flows. The first one, hyperpycnal flow is the
flow which moving on the basin floor. The second one, is the flow which is the direct
continuation of a river flow. According to the second definition, there arekimas of
hyperpycnal flows:

a. Hyperpycnal flowssensu strictpwhich are turbidity flows with suspension
b. Bedload dominated hyperpycnal flows, which are formed at stream nia8$s
190. These fbws are usually imctivetectonic basins with abrugtopes. These

flows can bdaransformednto turbidity flows.

2.5 Flow transformation in sediment gravity flows

There are transformations of one type of flow to another such as slumping to m{t6&)ar
laminal debris flow to turbidity curred, 144] The flows constitute is the base of the deposits
classification[191]. According to Fisher (1983) there are five types of flows transformation
(Fig. 25):

A. There is a transformation from a laminar to turbulent flow without volume change. There
isnét any fluid | oss {H9218urrounding fluid

B. There is a transformation from a laminar to turbulent flow with volume change. There
is a volume increase after the hydraulic jufhf3] and erosion with quick deposition
close to the slope break.

C. There is a gravitational transformation of the initial turbulent to a basal laminar flow,
because of the increase in flow concentration. The upper flow part remains turbulent
[161, 160]

D. There is a flow transformation due to the entrainment of the surrounding fluids.
According to the laboratory experiments, initially there is a fluid progressive mixing.
Latterly, flow dilution and concentration decrease happens so the turbulent phenomenon
can occufl194].

E. There is a flow transformation due to the combination of the elutriation and the
progressive fluidization. The fine particles are progressively removed upwards and a

turbulent cloud is formed above the denser basal part of thg Ty
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With the term 6high density turbidity curre
basal debris (laminar) flow by the gravity flow transformation (Fig. 22 &[26)]. With

the term o6l ow density debris flowd means
diluted turbulent cloud by the flow transformation phenomenon (Fig.128) 196.

According to Parker (198197], the dense of laminar flove affected from the water
entrainment and is transformed to a diluted turbulent flow. So, the flow fine particles are

moved upward (suspension) and the coarser are left behind.

A decrease in slope can generate a hydraulic jump (slope break) and an increase in the flow
thickness with simultaneous water entrainment. The flow velocity is decreased and the

coarse grains aresatdowneddd e posi t s are cal | [@98, 19slb50 pe b1

194, 200, 20]1
\

O Turbulent regime
—— Laminar regime

v Deposition
! Particle motion

C
SEz
\‘) “‘““—Iol

A Erosion

Figure 25. Hydrodynamic transformation of a flow (modified from Fisher, 1983 [163] with the
authorization of the Geological Society of America). (A) Transition laminar/turbulent without change in
volume of interstitial flow (body transformation). (B) Transition laminar/turbulent with increase in
volume of interstitial flow (hydraulic jump). (C) Gravitational transformation: formation of a high-
concentration (hyperconcentrated or concentrated) laminar basal flow and a fop concentrated flow by
grain-size segregation under the action of gravity. (D) Surface transformation: progressive formation of
a turbulent upper part in a flow by dilution and flow entrainment. (E) Elutriation: formation of a turbulent,
low-concentration upper part in a flow by upward motion of fine particles and interstitial fluid.
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All the flows are progressively changed along their transporthmtause of the decrease

in sediment concentration and the rate of the entrainment fluid. The rate of the entrainment
fluid depends on the velocity and on the flow thickness. In addition, different
hydrodynamic changes such as sedimentary levees or diagws an impact in
sedimentary depositions. So, there is a better sedimentation by the increasing of the
topographic high erosion. Then a better grain size sorting hapo@0, 199]

Turbidity Current High - Density Turbidity Current

Debris Flow Low - Density Debris Flow

< \5 Turbulent Flow

— —— | Laminar Flow

Figure 26. Problems in classifying sediment-gravity flows based on driving forces. Top: If a turbidity
current generates a basal high-concentration laminar layer due to gravity flow transformation [160]
would call it a “high-density turbidity current’. This i1s because the basal high concentration layer 1s
derived from and driven by over-riding turbidity currents. Open arrow shows direction of transport.
Bottom: If a laminar debris flow generates an upper turbulent cloud (3, e., turbidity current) due to surface
flow transformation through dilution [144], we should call it a “low-density debris flow” if we follow the
reasoning of Postma et al | 1988 for high-density turbidity current. These weak turbidity currents are not
capable of transporting sand and gravel in suspension. Open arrow shows direction of transport.

41



3. Currents that affect the sedimentation in deep water continental slopes
There are surface and deep oceanic currents that affede¢pseaerosion, sediments

transport, distribution and deposition. The wind derived circulation process (geostrophic
circulation), controls the surface currents such as the pelagic angyskgic sediment
depositions. The thermohaline circulation process, otsntihhe bottom depositions by the

currents of contourites.

3.1. Surface geostrophic circulation

Coriolis is a force which is created by the
the Coriolis force, large wind currents exist at the ocean surface which transport the water
morecuesto the right of the wind direction on the northern and to the left on the southern
hemisphere. The transport velocity is decreased with the water depth by the increasing
friction. The Ekmands spiral i's the spiral

thousands of metres. These currents follow cyclonic and antiegdgres (Fig. 27).

180° 140°W 100°W 60°W 20°W 20°E 60°E 100°E 140°E 180°

Figure. 27 Major surface cutrents of the oceans.
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Figure 28. The Agulhas Cutrent the period from December 1984 to December 1985. Modified from
Lutjeharms, 1996 [203].

The Gul f stream and the Agul has <current
transport shape (Fig. 28). Brazil Current, Kuroshio Current (Japan) and the Antarctic
Circumpolar Current are driven by the western wind. These currents cross all the oceanic
system from the continental slope to the deep sea. Firstly, the currents deepest parts erode
the deepseabottoms along the continental slopes. Then, they transport and finally they

deposit the sediments to the deep sea.

3.2. Geostrophicthermohaline circulation

The geostrophic thermohaline circulation phenomenon, exists because of the temperature
and salinity difference of the oceanic water (Fig.29). The polar regions are the two sources
of the dense surface water. This water is very dense due to its low tempenad its
increased salinity. For these reasons, the dense water is sunk and stratified accordingly to
its temperature and salinity value (density equilibrium). The denser water is formed
around the Antarctica polar ocean particularly, in the WeddelklamdRoss Sea. These

sea areas feed firstly the Atlantic and secondly the India and the South Pacific Ocean. The
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Arctic Ocean feed with dense water the North Atlantic Ocean. The North Atlantic Deep
Water (NADW) flows southern and above the Northward Antarctic Bottom Water
(AABW). The NADW participates on th@eepwatercirculation phenomenon (Fig 30).

The Mediterranean Sea is a close sea and is another source of dense water, because of the
appearance of evaporates. The ambient vgggiting richer and warmer so, it participates

to the global thermohaline circulation by the Gibraltar Strait and forms the Mediterranean
Outflow Water (MOW). A second similar source of warm and dense water is the
Caribbean Sea, which is injected to thetlNaest Atlantic Ocean across the Florida Strait

(Fig. 29).

120°E 160°E 160°W 120°W 80°W  40°W 0° 40°E  80°E

_______ NADW (deep currents)

AABW (bottom and deep currents)
................... major surface currents

Figure 29. The Global thermohaline circulation. currents. A, Agulhas Gateway; D, Drake Passage; F,
Florida Strait; G, Gibraltar Strait; Gi, Gibbs fracture zone; K, Kane Gap; M, Falklands Channel; RG,
Rio Grande Rise and Vema deep channel; R, Romanche Gap; S, Samoan Gateway; Su, Sumba Strait;
V, Vema Fracture Zone.
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Figure 30. The thermohaline circulation. The Atlantic, Pacific and Indian Oceans are shown essentially

as continent enclosed arms radiating from the central Southern Ocean [204].

3.3. Contour currents- Contourites

The Contour Curret€ontourites are oceanographic phenomefai ch cal | ed and
processo6 (Fig. 31) . T h degpsepbbtm shape becaosp they tara n t
efficient agents of sediment transport and depositions. The sedimentation processes are
depending on the volume and the kind of the sedisnditte main forces which are respofwse
contourites are the thermohaline force, Coriolis force and the wind force which transfers the
surface energy downwards to the water column during strong storms. In addition, there are

chemical forces which are due for dissolution and cementationgsese
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Channel margin channel
slump axis
w=  Axial turbidity currents
7~ == 0Overbank "turbidity" currents
‘= —=> Bottom currents (contour currents)

Figure 31. Conceptual model which shows the relationship between gravity flows (turbidity currents-turbidites)
and along slope processes (contourites) [164].

3.3.1. Processes of transport and deposition
The contourites sediments are mainly consist of clays, fine silts and biogenic origin materials

like mollusc shells, foraminifers, coccoliths, diatoms and radiolarians. These sediments are
transformed by a nepheloid layer over thousands of kilometreexaonple, sediments from

the Norwegian sea can transported to the Blake Bahamas drift after 15 years and 6500km
distancg205]. In addition, chlorite and diatom rich sediments from the south Atlantic Ocean,
are transported for 3000 km to the Argentine analzlian marging206]. A nepheloid layer

can be shaped by high velocity contourites like the Western Boundary Undercurrents (WBUCSs).
This current is developed along the western Atlantic margins Scotia and Argentine margins (Fig.
31)[207, 208, P9]. Generally, the nepheloid layers seems to appear superimposed layers with
a gentle upward density decrease with intermediate discontinuities (isopycnal surfaces) at
certain depths (Fig. 32205].

The sedimentation of the nepheloid layer suspended particles, is a complicated process and is
depended on their size. The largest silt particles-2(E®n) appear a faster settling
sedimentation than the largest clay particled §€2n). So, the smaller particles have the smaller

velocity and finally they traverse the longer distance until their deposition.
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Figure 32. The nepheloid layer from WBUC contour current [207].
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Figure 33. The superimposed layers of a nepheloid layer, 900m thick with isopycnal surfaces [205, 210]
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4. Material and methods

In the present Thesis axperimentatransparentubewasused with a diameter o6 cm
and a length of 1.5nfull of liquid (freshwaterand hypersalinesolution) to form aslope
where turbidites and sedimentmas flows weresimulated.The wholeexperiment was
recordedoy ahigh-definition camerato observe and calculatbe sediment meementby

videoframe analysis
The stages followed in detail were as follows:
4.1. Preparation of the experimental pipe

An experi ment al transparent pi pe was used,
Professor Konstantinos Bdnakis. Its length is 1.5 m (the transparent part). The inner and

outer diameter are 5 and 6 cm respectively. The material of the tube is plexiglass with a

PVC nontransparent curved pipe on the upper part to help the introduction of the sample

and a 2Zinch ballvalve, at the lower end, to empty the experimental matehgfse(saline

watess, tap water and solid materials).

4.2. Preparation of Hyper-Saline Solution

To prepare the hypesaline solution, deionized water, salt, aliééx capacity pot, and an

electric stove were used. The salt intentionally used was not pure but had various
impurities. This was done to simulate as closely as possible both turbiditjcaasty flow

processes that occur in nature, specifically in conditions of a closed$slper sea. The

preparation of the solution was carried out under normal conditions, namely at a
temperature of 20AC and a preeasierandequicker 1 at m
dissolution of salt in deionized water, it was previously ground into a powder form. The

average amount of salt that managed to dissolve in one litre of deionized water is 400 to

450gr per litre. It is calculated that the specific gravity of the resulting hgakme solution

is 1160.45.
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4.3. Sample Collection

As previously mentioned, a total of three samples were collected from the broader marine
area of Perea in the Thessaloniki region. The first sample was collected from the upper
beach area, specifically from theNa&agrass

22A56' 14.905" " E. This s agmipddeedimennsi sts of wuni

Satellite Image 1. Coordinates of sand samples from the marine area of Perea, Thessaloniki region.

The second sample was collected from the upper beach zone and has coordinates

40A30'49.377'"" N and 22A56'14.865"' "' E, and it
sample was taken from the sea backwash zone and has coordifatés3 0' 49 . 53 7' ' N
22A56' 14.795""E, and it is of coarse grain s
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4.4. Sample Processing

Subsequently, the samples were processed in the sedimentology laboratory of the
Department of Geology at Aristotle University of Thessaloniki. The processing of the
samples began with their drying in the department's dryer (Image 1a). Next, a random and
independent quantity of the collected samples {§reened, mediungrained, coarse
grained) was selected and sieved through sieves with the following size ranges: 8.0i ,
051.00-1. 80-D. Q0G-H. 20G-P. 2G-FH. B3U-4H. Bd 5 -«ash .dbnédge O

1b). The quantities of sand falling within the same grain size range were then combined.
Through this process, all sand grains within the same grain size range were derived from
the three collection points. Finally, after the combination of thmgréhey were divided

into eight equal parts using the rotary sample divider type PT 100 in the laboratory (Image
1c).

(b)

52



Image 1a. Dryer where the samples were dried.

Image 1b. Sieves for separating the samples into individual portions

of specific grain size ranges (0).

Image 1c. Separation of the samples using the rotary sample divider
type PT 100.

45. Granulometry of the sand samples

The range of the samples granulometry-is3i and 22.50 with average 1.2&nd2.25i
respectively. Also as mentioned above, experiments were done with a part of the amount
of the finegrained material taken from the upper part of the beach (Dunes).

4.6. Video Recording of Experiments

The video recording of the experiments was carried out using arésglution camera

from a Xiaomi Redmi 9T mobile phone, at 108BBFPS. To make the turbiditic and mass
flows of the samples within the tube more distinguishable, adaleiredbackground

cloth was used. This helped in achieving more detailed and clearer recording of the flows.

4.7. Processing and Analysis of Experiment Videos

The processing and analysis of the experiment videos were performed using Wondershare
Filmora 12 software. Specifically, video montage, zooming, and capturing screenshots of
the experiments were done to study the turbiditic and mass flow movements akvario
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sand fractions. Finally, Adobe Photoshop CS6 software was used for processing the

experiment screenshot images.

4.8. Boundary conditions
The boundary conditions under which the following experiments were conducted are as

follows and pertain to:
1. The quantity of material.

The quantity of material used in the experiments ranged from 12.8 to 13.4gr. This range
was sufficient to form a turbidite of satisfactory length in the specific experimental tube.

2. The angle of inclination of the experimental tube.

The rolling initiation angle of the material is the angle of inclination of the experimental
tube at which the internal friction angle of the material, specific to its granulometry, is
overcome, causing it to start rolling. This angle ranges from 22 de@#es. The angle of
inclination of the experimental tube at which a turbidite of sufficient length, capable of
being observed, is formed is 3%egrees. The range of inclination angles for the

experimental tube during the experiments was betweedb 2i2gees.
3. Experimental tube.

The tube's length is Ing and its internal diameter is 5cm. In these dimensions of the tube,
combined with the amount of material used and its angle of inclination, turbiditic events
are created and evolve. This indicates that the tube, and consequently its length and

diameter, ee adequate for the experiments.
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5. Discussion andResults
In this thesis specialization, a total of 48 experiments were conducted. As previously

mentioned, the solutions used wémresh watetand a hypesaline solutior(brine) with a

specific gravity of S.G = 1160.45. The grain size range of the sand fractions used was 1

1.50 -2a.nMdd 2wi t h corresponding average grain s
Additionally, a portion of the material from the upper beach @heaes) specifically from

the seagrass zone, was used. Prior to this, graiasagsisvas conducted (Tablg,land

a grain size distribution curve was generated using the Gradistat version 6.0 program (Blott,

2008) (Figure 1).

The total experiments were divided into three groups based on the average grain size of the
sand used in each. Thus, the first group of
included a total of sixteen (16) experiments. The second group witlesaga grain size

of 2.250 included a total of fourteen (14) e

material from the seagrass zone, comprised a total of eighteen (18) experiments.
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Single Sample Data Input Screen

Sample ldentity: DUNE
Analyst: 1
Date: 13/06/2023

Initial Sample Weight: 140,14

|

Aperture Class Weight
(microns) Retained (g or %)

90000

63000

45000

31500

22400

16000

11200

8000

5600

4000

2800 0,016

2000 0,072
1400 0,382
1000 1,467
710 8.676
500 25,828
355 20,092
250 17,914
180 17,049
125 6.428
90 1,229
63 0.218

Class Weight (%)

5,0

3,0

GRAIN SIZE DISTRIBUTION

Particle Diameter (f )
1,0 -1,0 -3,0

-5,0

25,0 1

20,0 1

15,0 A

10,0 A

5,0 1

0,0

I

100

1000 10000
Particle Diameter (mm)

100000

Table 1. Grain Size Analysis of the dunes sample

Figure 1. Grain Size Distribution Frequency Curve in the Gradistat 6 Program (Blott, 2008)
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5.1. Group of experiments with a particle sizerangeof-1 . 5 G4 ( mean 1. 250) .

In this group, a total of sixteen (16) experiments wemeducted. The initial quantity of
solid material used was 18# Out of these experiments, five (5) were conductdtesh
water, seven (7) irhypersaline wateland four (4) with nearly double the quantity of solid
material, 28.4r in hypersalineand fresh watefTable 5.1).

From these experiments, it was observed that the slope angle of the experimental tube,
where the particles begin to roll asmass (laminal sheet flows 24 degrees fdresh
waterand 25 degrees for the supersaturdigaesalinewater(brine) The corresponding
velocities of the particles are 0.5 and 0.3cm/sec, respectively. It can be seen from the above
results that both the initiation angle of rolling and the velocity of sedimentation are affected
by the surrounding solution's viscosity. Sifieally, the greater the viscosity of the
solution, the larger the initiation angle of the tube where the solid material begins to roll,

and the slower the velocity.

Turbulence of the solid material is observed only in ligpersalinewater, which is
maintained in the first 0.18cm of the tube at a frontal velocity of 16cm/sec. Additionally,
in fresh waterand at an angle of 35 degrees in the experimental tube, turbulence is
observed, which is maintained in the first 0.4 to 0.42m of the tube with a frontal velocity
ranging from 20 to 23cm/sec. the hypersaline watend at an angle of 27 degrees in the
experimental tube, turbulence is observed, which is maintainkd firgt 0.2m of the tube

with a frontal velocity of 17cm/sec. In the same environment and at an angle of 35 degrees
in the tube, the turbulence formed is maintained in the first 0.29 to 0.45m of the tube, with
frontal velocities ranging from 18 to 2&ésec From the above, it can be concluded that
the duration of turbulence and the velocity of the material depend on the tube's initiation
angle. The larger the angle, the longer the turbulence duration and its velocity. It also
depends on the viscosity ofetlmiespectivavater, the higher the viscosity, the slower the
frontal velocity.

Furthermore, the formation of particle groups is obse(ekdters) Thus, at a 36legree

angle infresh water5 to 6 groupsf clustersare formed every 10sec. The velocity of these
particle groups ranges from 8 to 10cm/sec, compared to the velocity of the rest of the
material, which ranges from 4 to 7cm/sec. In ad8free angle ithe hypersaline watg6
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to 8 groups are formed every 30sec, with velocities ranging from 5 to 7cm/sec, while the
velocity of the rest of the material ranges from 3 to 4cm/sec. It should be noted that at the
initiation angles of solid material rolling, the organization of paiciéo groups is not
observed. From the above, it can be concluded that the solution's viscosity affeeteghe

lengthof the clusterstheir velocity, and the velocity of thwle matrial.

Next, four (4) experiments were conducted in the two aforementioned solutions, using a
guantity of solid material of 28gt. This was done to determine whether the quantity of
material affects the initiation angle of its rolling and its velocity in the experimental tube.
From the above experimental results, it can be observed thrasinwaterthe initiation

angle of rolling decreases from 24 to 22 degrees, while the rolling velocity of the particles
remains the same at 0.5cm/sec. At ad2gree angle of the double quantity of solid
material, the rolling velocity increases to 0.8cm/sec. Simisults are observed in
hyperaline water(brine), with a reduction in the initiation angle of particle rolling from

25 to 23 degrees, accompanied by an increase in velocity from 0.3 to 0.6¢cm/sec. From the
above, it can be concluded that as the quantity of solid material increases, the initiation
angle d rolling in the experimental tube decreases, and its velocity increases at the same
angle. Additionally, the velocity of the material is influenced by the viscosity of the

respective solution. The higher the viscosity, the lower thenad$ velocity.

Finally, the remaining material at the beginning of the tube appears to be higher in the
hypersaline watewith the nearly double quantity dhe solid material compared fioesh

water This happens and with th&ngle quantity of the solid materialhis quantity
primarily concernsfrom sheetmaterials that, due to their large surface area, remain
immobilized at the beginning of the experimental tube. Therefore, the viscosity of the
solution affects the movement of the material. The higher the viscdsayhigher the
concentration of solid material at the beginning of the tube. Representative images in the
experiment with 13 gr of material inhypersaline watefimageGroups 5.1.a5.1. b).
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GRAIN SIZE RANGE 1-1.5 ¢ (average 1.25¢)

FRESH WATER
MATERIAL 13.4 gr MATERIAL 28.1 gr
EXPERIMENTS (7) 1 2 3 4 5 1 2
PIPE INCLINATION (ankles) 22 24 35 35 35 24 22
GRAIN ROLL NO YES YES YES YES YES YES
TURBIDITE NO NO YES YES (0.4 m) YES {0.42m) YES [0.16 m) YES (0.1 m)
GRAVITY FLOW NO YES YES YES YES YES YES
GRAIN GROUPS / 10 sec NO NO 5 5 6 NO NO
GRAIN GROUPS SPEED (cm/sec) NO NO 10 9 8 NO NO
SPEED MATERIAL [cm/sec) NO 0.5 7 5 0.8 0.5
REMAINIG MATERIAL YES YES YES YES YES YES YES
TURBIDITE FRONT SPEED (cm/sec) NO NO - 23 20 19 11
HYPERSALINE WATER (SG=1160.45)
MATERIAL 13.4 gr MATERIAL 28.1 gr
EXPERIMENTS (9) 1 2 3 4 5 6 7 (+2% clay) 1 2
PIPE INCLINATION (ankles) 22 25 27 35 35 35 35 23 23
GRAIN ROLL NO YES YES YES YES YES YES YES YES
TURBIDITE YES{0.16 m)  |YES (0.18 m) YES (0.2m) YES (0.45 m) YES {0.44 m) YES {0.29 m) YES (0.32 m) - -
GRAVITY FLOW NO YES YES YES YES YES YES YES YES
GRAIN GROUPS / 30 sec NO NO NO 7 [ 7 8 NO NO
GRAIN GROUPS SPEED (cm/sec) NO NO NO 5 7 5 6 NO NO
SPEED MATERIAL [cm/sec) NO 0.3 1 - 4 3 3 0.6 0.4
REMAINIG MATERIAL YES YES YES YES YES YES YES YES YES
TURBIDITE FRONT SPEED (cm/sec) 14 16 17 19 22 18 18 - -
Table 5.1. Presentation experimental results with a material grain size rangebf.15 40 ( Aver age 1. 2510)
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b)

Image Group 5.1.a. Presentation of turbidity development with a range of paricles5l(i i saling

solution and a 3%8legree inclination angle of the experimental tube.

Image Group 5.1.b. Distinguishing sediment grecipsters(on theleft) and the remaining material at the

beginning of the tubeof theright).
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5.2. Experiment Group with Particle Size Rangeof2 . 5 G ( Mean 2. 2510)

In this group, a total of fourteen (14) experiments were conducted. The initial quantity of
solid material used was 128 Out of these experiments, six (6) were carried out in fresh
water, four (4) in dypersaline waternd four (4) with nearly double the amount of solid

material, which was 28gf in thehypersaline watesind fresh watefTable 5.2).

From these fourteen (14) experiments, it was observed that the angle of inclination of the
experimental tube, where particle rotlibegins in mass form (laminal shéietw), was 25
degrees in both types of solutions. However, the particle rolling velocities were 0.5 cm/sec
in fresh water and ranged from @ 0.3cm/sec in théwypersaline waterlt can be
concluded that the velocity of sediments is affected by the properties of the surrounding
solution, specifically, the higher the viscosity of the sohyttbe lower the sediment rolling

velocity.

Additionally, the formation of turbidity was observed within the first 0.22cfreish water

with a front velocity of 18cm/sec and within the first4cgéh of the exprimental tube in

the hyper salineenvironment(brine) with a corresponding front velocity of 11cm/sec.
Turbidity of the material was also observed at al8§ree inclination angle of the tube in
fresh water lasting from the first 0.3 to 0.55m of the experimental tube, with front
velocities ranging from 17 to 23cm/sec. Turbidity was also observed at 27 degrees, lasting
up to the first 0.2m of the tube with a front veloacty 19cm/sec. In the hyper saline
environment and at a 3fegree tube inclination angle, turbidity was formed, lasting up to
the first 0.3mof the tube with a front velocity ofdtm/sec. From the above results, it can
be inferred that the viscosity of the respective solution affects the duratidmeasedocity

of turbidity. The higher the viscosity of the solution, the shorter the duration and the lower
the velocityof the turbidity

Furthermore, the tube's inclination angle also affected the formation of turbidity. The

greater the angle, the longer the duration and the higher thetyelbuirbidity.

It is also worth noting the creation of particle grogplsisters)apart from the starting

angles of solid material rollinaminal sheet sand)n this regard, at a 38egree tube
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inclination angle irfresh waterfrom 8 to 11 groups formed every 30sec. The velocity of
these particle grougglustersyanged from 5 to 7cm/sec, compared to the velocity of the
remaining mass of material, which rangedrird to 6¢cm/sec. In a hyper salievironment

at a 35degree tube inclination angle, from 4 tocliistersformed every 30sec, with
velocities ranging from 2 to 2.5cm/sec, while the velocity oflémeinal sheet sandas
3cm/sec. It is worth noting that there was a delay in the of tresgs due to the smaller
particle size of the material and the short length of the experimental tube, which acted as a
constraining factor (if it were larger, they would have appeared sooner). From the above,
it can be concluded that the solution enviremtrand its viscosity affect the rate airficle
organization into cluster3he higher the viscosity, tHewer the rate oftheir organization

into groups. Viscosity also inversely affects the velocity of both groups with the same

particle size and theemaining nass of material.

Subsequently, four (4) experiments were conducted in both of the aforementioned solutions
with a solid material quantity of 287. This was done, as mentioned earlier, to determine
how the quantity of material affects the angle at which it begins to roll and its velocity in
the experimental tube. From the experimental results, it was observed fileahinvater

the angle of initiation of rolling decreased from 25 to 22 degrees, while the rolling velocity
of the particles increased from 0.5cm/sec to 0.6 to 0.7cm/sec. Similar vesidtsbserved

in the hyper salinsolution(brine), with the angle of initiation decreasing from 2623
degrees, and a slight increase in velocity from 0.2 to 0.3cm/sec to 0.3 to 0.4cm/sec. It is
therefore concluded that as the quantity of solid material increases, the angle at which it

begins to roll in the experimental tube decreases, while itsgaléiocity increases.

Turbidity of the material was also observed in both solution environmeritesimwater
turbidity was maintained up to the first 0.38cm of the experimental tube tuvkfdity

front velocities ranging from 22 to 23cm/sec, while in the hypertonic solution, it was
maintained up to 0.3cm with a corresponding front velocity of 19cm/sec. As the viscosity
increases, the front velocity of the turbidity and its maintenance in the evgueal tube
decrease. In the experiments with a material quantity ofg8&he formation of particle

groups was not observed.
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Finally, it appears that there is more remaining material at the begiofhthe tube in the
hyper salinesolution and with the nearly double quantity of solid material, compared to
fresh waterand the single quantity of material. This quantity seemsaimlynconsist of
phylloid mineralswhich, due to their large surface area, become immobilized at the
beginning of the experimental tulseich as theviotite and muscoviteRepresentative
images of the turbidity created in the experiment with dg28materal in fresh wateiare

presented below (Image Groups 5.2a2.b.).
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GRAIN SIZE RANGE 2-2.5 ¢ (average 2.25¢)

TAP WATER
MATERIAL 12.8 gr MATERIAL 28.7 gr
EXPERIMENTS (8) 1 2 3 4 5 6 1 2
PIPE INCLINATION (ankles) 2 25 27 35 35 35 2 2
GRAIN ROLL NO YES YES YES YES YES YES YES
TURBIDITE YES (0.2 m) |YES (0.22 m) | YES (0.29 m) YES (0.3 m) YES (0.52m) YES (0.45 m) YES (0.38 m) |YES (0.26 m)
GRAVITY FLOW NO YES YES YES YES YES YES YES
GRAIN GROUPS / 30 sec NO NO NO 8 10 11 NO NO
GRAIN GROUPS SPEED (cm/sec) NO NO NO 5 7 6 NO NO
SPEED MATERIAL (cm/sec) NO 0.5 15 5 6 6 0.6 0.7
REMAINIG MATERIAL YES YES YES YES YES YES YES YES
TURBIDITE FRONT SPEED (cm/sec) 17 18 20 17 2 23 23 2
| |
HYPERSALINE WATER (5G=1160.45)
MATERIAL 12.8 gr MATERIAL 28.7 gr
EXPERIMENTS (6) 1 2 3 4 1 2
PIPE INCLINATION (ankles) 25 25 35 35 23 23
GRAIN ROLL YES YES YES YES YES YES
TURBIDITE YES (0.1 m) |YES (0.24 m) | YES (0.3 m) - YES (0.3 m) -
GRAVITY FLOW YES YES YES YES YES YES
GRAIN GROUPS / 30 sec NO NO 7 4 NO NO
GRAIN GROUPS SPEED (cm/sec) NO NO 2.5 2 NO NO
SPEED MATERIAL (cm/sec) 0.3 0.2 3 3 0.3 0.4
REMAINIG MATERIAL YES YES YES YES YES YES
TURBIDITE FRONT SPEED (cm/sec) - 11 13 - 19 -
Table 5.2. Presentation of Experimental Results with Material Particle Size Rad@e.ob 4 ( Mean 2. 2510)
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b)

Image Group 5.2.a: Presentationtwibidity development withparticle size range of 22 . 5 dresh water

and anexperimentatubeslopeangle of 35 degrees.

Image Group 5.2.b: Distinguishirsgdimentgroupsclusters
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5.3. Experimental Group with Sediment Material Grain Size Rangel.5 to >4

In this group, a total of eighteen (18) experiments were conducted. The initial quantity of
solid material used was 13)2 Out of these experiments, five (5) were conductefdesh
watersolution, and seven (7) were conducted in a hgaéne solution. Additionally, six

(6) experiments were carried out with nearly double the amougt, 80material inthe

hypersaline watesind fresh water (Table 5.3).

From these experiments, it was observed that the angle of inclination of the experimental
tube, where the particles begin to roll as a mass, was 22 degrdessfowaterand 23
degrees for the hypealine solution. The corresponding velocities of the particles were
0.4cm/sec and 0.2cm/sec. It can be concluded that both the angle of inclination and the
velocity of sediments are influenced by the solution's viscosity. ifg@a#ly, a higher
viscosity in the solution leads to a larger angle of tube inanavhere the rolling of solid

materid begins and a slower velocity.

At 20 degrees of tube inclination in both solutions, although the matmains stationary
and dwlktarbiditesform inthe first 0.2m of the tube with a velocity front of 19cm/sec

in fresh waterand 15cm/sec in the hypsaline environment. At 35 degrees of tube
inclination, turbidization of the material occurs and is sustained from the first 1.23 to 1.34m
of the total length irfresh waterand from 0.64 to 0.7m in the hypsgaline solution. The
velocity of the turbidity front in the respectigslutions ranges from 26 to 28cm/sec and
from 18 to 22cm/sed.urbiditesare also observed in the hygaline solution at a 28egree

tube inclination in the first 0.2m of the length with a velocity front of 20cm/sec and a material
velocity of 1.5m/sec. From the above, it is inferred that the viscosity of the solution affects
the duration and velocity abirbidites The higher the viscosity of the solution, the shorter

the duréion and velocity of the front.

Furthermore, it is concluded that the velocity of the turbidity front depends on the tube's
angle of inclination; the larger the angle, the longer the duration and the higher the velocity
of the turbidity

At the starting angles of sediment rolling, no organization of particles into groups is observed

due to their similar sizes and velocities. At ad#gree tube inclination, approximately 11
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to 13 groups are formed per 10sedresh waterand 4 to 9 groups per 30sec in the hyper
saline solution, with corresponding velocities ranging from 16 to 18cm/sec and from 6.5 to
12cm/sec. The velocity of the material masfa@sh wateranges from 20 to 21cm/sec and

in the hypersaline solution is 9cm/sec. It is noted that the velocity of the material mass in
fresh wateris higher than the velocity of the sediment groups. This occurs because the
measurements were taken at the endidfidity action (maerial mass) and at the beginning

of group formation. The length of the experimental tube played a significant role in the
experiment's development and, consequently, in the measurements of the above velocities.
From the above, it is inferred that the gsmn's viscosity affects the rate of organizing
sediment particles into groups. The higher the viscosity of the solution, the slower the rate

of organization into groups, and the lowee trelocity of solid material

Subsequently, a total of six (6) experiments were conducted in the same solutions with a
guantity of solid material of 3f). This was done to determine whether the material quantity
affects the angle of the beginning of its rolling and its velocity in the experimental tube.
Turbidization of the material is observed in both solutions at@egPee tube inclination. In

fresh waterit is sustained up to the first 0.35 meters with a velocity front ranging from 18
to 23cm/sec, and in the hypsaline solution,it is sustained up to 0.24m with a
corresponding velocity front of 15cm/sec. Additionally, the velocity of the solid material
increased from 0.4 to 0Ecm/sec irfresh waterand from 0.2 to 0-8.9cm/sec in the hyper

saline solution. Groups of sediment particles with a large wave length are also formed at the

22-degredube inclination in fresh water.

Finally, concerning the remaining material at the beginning of the tube, the results are similar
to the previous experiments. More material appears to remain in thedafiper solution

and with nearly double the quantity of solid material comparéesh wateand the single
guantity of material. This quantity seems to mainly consist of {flikeematerials that, due

to their large surface areas, become immobilized at the beginning of the experimental tube.
Below are representative images of thebidity created in the experiment with 18rf
material in dresh wateenvironment and a 38egree tube inclination (Image Groups 5.3.a.
-5.3.b.).
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5/b9 al!¢9wL! [ onmmdpm Bn . 0
TAP WATER
MATERIAL 13.2 gr MATERIAL 30 gr
EXPERIMENTS (9) 1 2 3 4 5 1 2 3 4
PIPE INCLINATION (ankles) 20 22 35 35 35 22 22 22 22
GRAIN ROLL NO YES YES YES YES YES YES YES YES
TURBIDITE YES(0.2m) |- YES (1.34m) YES (1.23m) YES (1.25m) YES (0.2 m) YES (0.24 m) YES (0.35 m}-
GRAVITY FLOW NO YES YES YES YES YES YES YES YES
GRAIN GROUPS / 10 sec NO NO 12 13 11 YES (bigger) NO NO YES (bigger)
GRAIN GROUPS SPEED (cm/sec) NO NO 16 16 18 - - - -
SPEED MATERIAL (cm/sec) NO 0.4 20 20 21 1 0.6 0.8 0.6
REMAINIG MATERIAL YES YES YES YES YES YES YES YES YES
TURBIDITE FRONT SPEED (cm/sec) 19 - 27 26 28 18 18 23 -
HYPERSALINE WATER (SG=1160,45)
MATERIAL 13.2 gr MATERIAL 30 gr
EXPERIMENTS (9) 1 2 3 4 5 6 7 1 2
PIPE INCLINATION (ankles) 20 23 25 35 35 35 35 22 23
GRAIN ROLL NO YES YES YES YES YES YES YES YES
TURBIDITE YES (0.13m) |- YES (0,2m) YES (0,69 m) YES () YES (0,64m) YES (0,7m) YES (0.24 m}-
GRAVITY FLOW NO YES YES YES YES YES YES YES YES
GRAIN GROUPS / 30 sec NO NO NO - - 9 4 NO NO
GRAIN GROUPS SPEED (cm/sec) NO NO NO - - 6.5 12 NO NO
SPEED MATERIAL (cm/sec) NO 0.2 1.5 - - - 9 0.9 0.8
REMAINIG MATERIAL YES YES YES YES YES YES YES YES YES
TURBIDITE FRONT SPEED (cm/sec) 15 - 20 18 22 20 21 15 -

Table 5.3. Presentation of Experimental Results with Sediment Matefabhof Size Rangel.5 to >4i.
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Image group 5.3.a. Presentation of the developmeturioidity with sediment material of grain size range

-1.5 to >4i in fresh waterand a 35degree angle of inclination of the experimental tube.

Image group 5.3.b. Distinguishing sediment grealosters(on theleft) and the remaining material at the
beginning of the tubéon theright).
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5.4. The main results with graphicalapproaches.

The overall results of the 48 experimeats summarizeds follows,nvolving average grain
size sampl es odu rMmadalwith gear szérangingdromd.5 to >4.

T

The duration of turbidity and the velocity of the formitugbidity-front depend on the
slope angle of theube,the larger the slope angle, the longer the turbidity duration and
the higherhe velocity of theurbid front (Gaphicl).

The duration of turbidity and the velocity of thebidity-front arealso influenced by the
viscosity of the solution; the higher the viscosity, the shorter the duratich@anelody

of the turbiditycurrent(Graphic?2).

A sheet of sand grains at the bottom of the flow was observed moving with laminar flow.
The velocity ofthelaminal sheet of sand influenced by the viscosity of tisslution,

the higher the &cosity, tle lower the velocity (Graphig).

The coarser grains of dunes rollnegher velocitythan the finer grains, independent of

the type of water and the tube ang(®raphic4).

A critical factor in the movement of material within the tube is the amount used. When
nearly double the amount of material was used, a higher movement speed of the material
was observed at the same inclination angle of the experimental tube compared to th
speed with a single quantity of material. Additionally, smaller inclination angles of the
experimental tube were noted, where the material started rqiBngphic 5).

It has been observed thaiter the turbidism of the materidlaminal sheet flow of the
grains happensas it flows downhillandis organized into clusteferming, something

like embryonicsandwaves These clusters amaoving withalmost doublespeedthan
thespeed of thénitial sheet flom(Graphic6).

The wavelengthof the formingclusterdepends on the viscosity of the solution. The
higher the viscosity, thieigger the wavelengtbf the forming clusterGraphic?).

The inclination angle of the experimental tube affects the wavelength of the clusters. The
greater the inclination angle of the experimental tube, the smaller the wavelength of the
clusters. Conversely, the smaller the inclination angle of the tube, ther lthe
wavelength of the cluster&raphic 8).

The wavelength of théorming clustersdepends on the sediment granulomefriye

coacer the material, themaller the wavelength of the clustd(Sraphic9).
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fresh or hypersaline
water

p1=p2 (fresh water or hyper saline solution)
ui<uz

Graphic 1. The duration of turbidity and the velocity of the forming turbidity front depend on theslfipef the tube, the larger the slope angle,
the longer the turbidity duration and the higher the velocity of the turbidity front.
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p2

1
P Fresh water

Hypersaline water

pP1>p2 (p1= hypersaline water, P2= fresh water)

b1=¢2 =35,

ui<uz

Graphic 2. The duration of the turbidity and the velocityha forming turbidityfrontare also influenced by tivescosity of the respective solution,

the higher the viscosity, the shorter the duration and the velocity of the tudaidignt
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Fine-grained material

p2

Hypersaline water Fresh water

¢1=¢p2=350
p1>p2 (p1= hypersaline water, p2=fresh water
ui<uz

Graphic 3.The fine-grainedsandmaterial, moving with laminar flonat the bottom of the pip&he velocity of the laminasheet of sand is

influenced by the viscosity of the solution, the higher the viscosity, the lower the velocity.
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Dune’s material

d1<h2
p1=p2 (fresh water or hyper saline water)
ui<u1’

uz<u?

Graphic 4.The coarsegrains of the dune®ll at higher velocityndependentf the type of wateand the tube angle
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X
\-\ N i q2>q1

uz2>ui1

Hypersaline or fresh
water

P1=pP2 (fresh or hypersaline water)
$1=¢2

1<q2 (quantity of material)
ui<u2

Graphic 5. uble the amount of material was used, a higher movement speed of the material was observed at the same inclinatioa angle of
experimental tube compared to the speed with a single quantity of material. Additionally, smaller inclination anglepefithental tube were
noted, where the material started rolling.
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Uz-The velocity of the clusters

= e
hu1>iu U:- The velocity of the unified
I.szjx 2] ﬁ1] sheet

Graphic6. The laminal sheet flow organized into clusters with almost double speed than the initilbsheet
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p2

Fresh water

Hypersaline water

b1=¢2
p1> p2 (p1= hypersaline water, p2= fresh water)
A1> A2 (A1= clusters wave length in hypersaline water, A2= clusters wave length in fresh water)

Graphic7. Thewavelengthof the formingcluster depends on the viscosity of the solution. The higher the viscosibygtfez the wavelengtbf

the forming clusters.
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Hypersaline or Fresh water

A1>A2 (A1= clusters wave length with fine grains, A1= clusters wave length with coarse grains)

Graphic 8.The inclination angle of thexperimental tube affects the wavelength of the clusters. The greater the inclination angle of the
experimental tube, the smaller the wavelength of the clusters. Conversely, the smaller the inclination angle of thiatgbethibevavelength

of the clsters.

81



Hypersaline or fresh
water

¢b1=¢2=350
p1=p2 (p1= hypersaline water, p2= fresh water)
A1sA2 (A1= clusters wave length with fine grains, A1= clusters wave length with coarse grains)

Graphic9. The wavelength of the forming clusters depends on the sediment granulometry. The tb@amaterial, the smaller the wavelength
of the clusters.
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6. For further research...

1 The turbidity current flows with its coarggained material at the front and figeained
material at the tail. Therefore, at the bottom of the marine basin, the coarse grains are
deposited first, followed by the fine grains. The same occurs after thidityrevent
has passed, when the material follows a laminar flow. Capeseed materials flow at
a higher speed than firgrained ones. As a result, a graded layer of grains/materials
forms in the deposition basin, with the coarsest at the base ohshrednd the finest
toward the top. This means that oil reservoirs have better permeability and porosity, and
therefore better recoverability, at the deeper parts of the subsea basin, properties that
diminish with decreasing depth due to the smaller sizte grains deposited there.
Experiments were conducted not only with tap water but also with hypersaline water.
This was done in order to better simulate the conditions that prevailed in the enclosed

hypersaline sea of the Mediterranean at the begirofitfge Messinian Salinity Crisis.

1 From the above experiments, it is concluded that after the end of the turbidity event, the
material follows a laminar flow. At that point, it begins to organize into clusters due to
the similar grain size and speedtloé particles. It is estimated that if the length of the
experimental tube were longer, these clusters would form ripples. According to Bouma,
ripples are formed due to the flow of water over{gmained sediment. From the above
experiments, it is infercethat ripples can also be created by the consolidation of the
forming clusters, that is, by the sediment mass itself flowing toward the base of the
basin.
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“APPENTIX |
.~ GRAIN SIZE RANGE 1-1.5i (average 1.2§)

Pipe inclination 22° degrees, tap water, material 13.4 gr
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