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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 of 48 laboratory experiments were conducted at the laboratory of 

sedimentology  Department of Geology, Aristotle University of Thessaloniki. 

Turbidites are the result of turbidity currents [2], which are sediments gravity flows [3] with 

Newtonian rheology [4] and turbulent state [2]. Turbidity currents are usually characterized by a 

low sediment concentration, commonly below 9% by volume [5] 

Mass flows is a general term that is used to describe flows under gravity. They are separated 

into debris flows and turbidity currents.  Cable 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 provide the best petroleum reservoirs, with the easiest 

and less costly extraction of oil. 

 

Specifically, an attempt will be made to simulate the sand movements of through turbidity currents 

and debris flows 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 super-saline water solution. 

 

A total of 48 experiments were conducted in order to understand the movement of sands grains and, 

consequently, the granulometry of the deep-sea sandstone reservoir. 
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2. Deep water processes that effect the sedimentation in deep 

water continental slopes. 
A coarse-grained sediment can be transferred hundreds of kilometres away from the continental 

slopes. It’s very important to understand the mechanism of transfer and deposition in deep sea. 

Turbidites, slides, slumps and debris flows (mass flows) are the major sediment gravity processes, 

which play an important role for the sedimentation of the continental slopes [1].  

2.1. Turbidites 

Turbidites are the result of turbidity currents [2], which are sediments gravity flows [3] with 

Newtonian rheology [4] and turbulent state [2]. Turbidity currents are usually characterized by a 

low sediment concentration, commonly below 9% by volume [5]. Sedimentation occurs by the 

sediment suspension, which result in normal grading [4, 2, 3, 6, 7]. 

2.1.1. Rheology of Newtonian fluids 

Rheology of Newtonian fluids is 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 turbulence in Newtonian 

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. 
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Many scientists, say that in the deep-water environments, the turbidity currents are represented by 

the Newtonian rheology [4, 8, 9, 10, 11]. There is an option that turbidity currents are sediment-

gravity flows and fluidal flows too [12, 13]. According to Oakeshott 1989 [14], turbidity currents 

cannot be the both flows at the same time, because in sediment-gravity flows the sediments are 

moved by gravity, whereas in fluidal flows the fluids are moved by gravity [3]. According to 

Middleton (1993) [15], a turbidity current is a sediment gravity flow with Newtonian rheology in 

which the sediments are held in suspension by fluid turbulence. 

2.1.2 Characteristics of turbulent flows 

 

2.1.2.a. Morphology of turbulent flows 

The turbulent flows consisting parts are the head, the neck (which is not always observed), the body 

and the tail (Fig. 2A). The head has usually a bulge shape because of the flow dynamic of the 

turbulent flow. Is observed, that the fluid which is inside the head, has a circular motion from the 

front to the top of the head. In this part of the turbidity current, are concentrated the coarser grains 

(Fig. 2B). For these reasons, the head is the most erosional part of the turbidity current. Neck is a 

transitional part between the head and the body of the turbidity. The body is located behind the 

neck and it is mainly the depositional part of the turbulent flow. The tail is the last part of the 

turbulent flow which is very diluted [16]. 
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Figure 2 shows the vertical morphology of the turbulent flow, which is stratified. The flow density 

and the competence are decreased upward (Fig.2B) [17]. There is a vertical decrease of the flow 

velocity, with the maximum value in the flow’s lower part. The phenomenon of the flow splitting 

and stripping is explained with the upward velocity behaviour (Fig. 2C&D) [18]. 

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 Chezy’s equation is the first equation which usually used for the velocity 

calculation of a turbulent flow and a fluvial current [19]. 

 

 

The Chezy’s equation is simple but applied only to uniform and stationary 1D flows with the 

value of seafloor slope different than zero. As it’s knows, the natural phenomenon of the 

turbulent flow is highly non- uniform and non- stationary. In addition, this equation can be used 

only as a first estimate of the turbulent flow’s velocity, because the most of the parameters in 

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 non-stationary models [22], stationary non-uniform models based 

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

Navier-Stokes equation [17, 25] and cellular automata models [26]. 

  



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

5 
 

2.1.2.c. Erosion by turbulent flows 

The erosional ability of the turbulent flows is very important. Giant scours and erosional 

surfaces occur at the base of the turbidity beds. The erosion effect can be happened by the 

turbulent flow or due to the concentrated flow forming the base of turbidity flows. Historical 

events show that the volume of a turbidity deposit by one event can be larger than the volume 

in the initial failure. Some paradigms, in the Nice event the initial slide was 0.08 km3 and the 

turbidity was 2 km3 [27]. In the Grand Banks event, the initial failure was 20 km3 and the 

turbidity was 200 km3 in the Sohm abyssal plain [28, 29]. The seafloor erosion could be 

increased by the conduit flushing [30]. 

 

2.1.3. The turbidity’s architectural elements  

The main architectural elements of deep sea as a result of turbidity systems are a) Canyons, 

b) Gullies, c) Shelf- break deltas, d) Channels and levees, e) Terraces in submarine f) Canyons 

and channels, g) Lobes. All the descriptions of the upward elements are provided by the study 

of recent systems such as the Amazon [31, 32], the Capbreton Canyon [33, 34, 35], the La 

Jolla fan valley and others [36]. 

2.1.3.a. Canyons 

The main way for the sediment transfer from the continent to oceans are the canyons (Fig. 3). 

The canyons are usually hundreds of metres and frequently more than a kilometre deep and 

narrow a few kilometres. Their walls are steep and formed by erosion of the continental slope 

and outer shelf [37]. According to Gaudin (2006) [38] and Gaudin et al. (2006b) [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 meandering canyons, there is one sheer 

erosive and another smoother depositional flank, where terraces are formed. For this reason, 

the canyon is asymmetrical. The straight canyons have a symmetric V or U shape [35, 27]. 

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 aren’t connected with any river mouth such as Dume and La Jolla canyons off 

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 
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(retrogressive) submarine erosion, c) forward erosion by continuous steady flows 

(hyperpycnal flows) d) by passing on rapidly progradating margins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) A characteristic paradigm is the canyons which created in the Mediterranean Sea during 

the Messinian period. There are canyons which are created when the sea level fall 

extremely by river erosions [40].   

b) At the canyon head, so the supply as the accumulation of the sediments is huge. This 

suggest that retrograde processes can be form and maintain canyons. The simplest 

explanation for canyon formation is the submarine retrogressive erosion. Thus, the 

canyon head moves progressively towards the land, so numerous slumps are observed 

at some of them (Fig.4) [41]. 
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c) Hyperpycnal flows [42], are erosive sediment gravity flows which take part to the canyon 

erosion [43]. The discovery of hyperpycnites in the Var Canyon [44] is the proof of this 

assumption. In addition, this assumption is supported by the insitu measurements of the 

laden flows in submarine canyons [45, 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 margins [49]. This hypothesis has effect only 

for margins with a high progradation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.3.b. Gullies 

Gullies, are usually small and straight submarine valleys with 100-250m width and 5-50 

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 
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network. Gullies origin is from retrogressive erosion or from density cascading like Eel 

River [50]. 

 

 2.1.3.c. Shelf-break deltas 

The shelf-break deltas can be found from the continental shelf to the slope. They usually 

formed when the rate of relative sea level fall rise is not able to exceed sedimentation rate 

(lowstand), particularly during the regression processes [51, 52]. But, they continue to 

formed during the high stand like the Mississippi and Nile river deltas [53]. Their deposits 

thickness can be 140m. A typical prograding order of a self- break begins with the turbidites 

and debris flows, the mouth bar, the delta front deposits and at the end of the sequence are 

the river deposits [54]. As the result of gravity processes (turbidites and gravity flows) 

which include various types of slump and mudflow, is the rapid progradation of the delta 

front and the river mouth bar [55]. The deep mass flow deposits are influenced by the storm 

waves and swell. In the swallower sea parts these deposits are influenced by the tidal. These 

upward processes can change completely the continental slope. 

 

2.1.3.d. Channels and levees 

The processes of erosion and deposition control the deep-sea channel morphology (Fig. 5). 

The channel’s erosion is reduced from upstream to downstream, while the deposition is 

increased. There are two kind of channels. The first kind is the incising channels which are 

deep, with small or none lateral levees because the sediment flow doesn’t fall out of them, 

like Zaire river [56]. The second kind of channels are the aggrading channels in which the 

sediments are concentrated vertically and ‘quickly’ like the Amazon river (Fig. 6) [32].  
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The morphology of the channels depends on the characteristics of the transferred sediment. 

For example, channels with coarse-grain sediments are wide, straight and shallow. 

Channels with fine grained sediments are narrow, deep and create meanders with levees. 
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The channels aren’t permanent structures. ‘Avulsion’is a phenomenon which happens 

because of a fault action (Fig.7) [59] in areas with steep slope, such as the Amazon fan [60, 

61, 62]. When the ‘avulsion’ is occured, the next turbidity flow, follows the new path and 

gradually a new levee is created. The geological formation ‘avulsion lobes’ [32] are the 

structures which are formed at the base of the new levee. 
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The ‘alvusion’ doesn’t happen in canyons. Rarely happens at the upper channel- levee 

complex. More frequently happens downward the channel- levee complex. The ‘alvusion’ 

becomes very frequent in lobe channels. 

Levees are topographic highs which begin from the canyon’s mouth and neighbouring with 

the channel side. The levee’s height from the channel to the top of it can reach from e few 
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hundred to several tens of metres (upstream to downstream). So, the total sediment 

thickness of a channel- levee complex can be reaching the 1000-1500 metres [64]. The 

final levees extend can be reach at the 50 km on each side of a channel. 

Levees at the mid-latitude, are usually asymmetrical. On the right side is more developed 

than the left one. This happens because of the Coriolis force [65, 66, 67, 68, 69]. The 

opposite happens in the south hemisphere [70].  

Levees can be easily recognized on the seismic profiles by their special topography and 

characteristic shape of the bird-wing or moustache shape. Levees created by the process of 

spillover of the upper part of turbidity currents. This happen because of the flow thickness 

is greater than the levee height (Fig. 8 A) [71]. 

 

 

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 bipartite flow [72] 

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

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

Secondary channels can be formed, in areas in which the fall out (spillover process) is 

intensive [73]. In areas, where the levees are low (meanders), ‘crevasse splay deposits’ 

(channelized deposits) can be developed by the outer erosion during the spillover [73]. 

Levee grow up vertical and depends on the type (volume, intensity, sediments grain size) 

and the frequency of turbidity currents. If for some reasons the type, the frequency or the 
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characteristics of the turbidity currents change, the levee decryption, is a difficult procedure 

such as the levees of Amazon river [71, 74]. 

At the outer side of the levee also seems slumps which are covered with sediment waves 

[75, 76, 77]. A particular characteristic of the sediment waves is their progradation 

upstream and upslope. They are created by the turbidity currents and have a crest direction 

vertical to the flow. Their morphology is asymmetrical, with an upstream (progradational) 

side, which is steeper and shorter than the downstream side [78, 79, 80]. Their sediment 

deposition happens on the upstream side. On the other hand, erosion and less deposition 

processes happen on the downstream side [75, 76] due to the flow velocity change (Fig. 9). 

 

 

 

The seafloor and the flow velocity, play an important role for the processes of erosion and 

deposition. The flow moves along the abrupt upstream wave side until the lowest point of 

the channel. After that, an important sediment deposition happens because of the rapidly 

flow deceleration. Behind the wave crest, the flow accelerates again along 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 metres above the talweg. 

The development of submarine channels by ‘plug and cut migrations’ [81] means, 

alternative of channel fill and incision phases. Downward are the submarines terrace 

formation processes.  
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Zaire system is an example of cut off abandoned meanders, with migration and flat terraces 

with hemipelagic sediments [56, 57] (Fig. 12).  
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There is a sinuous channel-levee, which meander is locally abandoned by the existence of 

interruption (Fig.12 A). The talweg, incises and migrates the channel. So, the meander 

turned into an abandoned meander. Then it is filled with sediments and finally flat terraces 

are generated (Fig. 12 B). The incision and the migration of the talweg create a meander 

belt, in which the fine grades turbidites reduce the flat terraces so, hemipelagic 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 terraces, which are covered with 

hemipelagites. But, large volume flows (turbitites), can fall out the terraces and fine grained 

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

 

2.1.3.f. Lobes 

Lobes represent the furthest part of a channel- levee system. They are corresponded the 

initial suprafan lobe and lower fan definition [96, 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, forms a high amplitude packets of reflection (HARPs) on the acoustic 

reflectivity maps (Fig.13) 

 

 

 

The lobes have the following features: 

1) They are formed at the submarine channel or valley mouth, when erosional processes 

happen. Chaotic high amplitude seismic facies are generated [98, 99]. This zone called 

‘channel lobe transition zone’ (CLTZ) (Fig. 14) [100, 101, 102]. This zone has a high 
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sand/clay ratio and exists only in turbidity systems like Navy and Agadir Channel, 

Laurentian and Valentia Fan [103, 104, 105, 102]. In mud dominated turbidity systems 

like Zaire [106] or Mississippi [107] the channel lobe transition zone can be missing. 

2) Their shape is ovoid with an extent from a few tens of metres to a few tens of kilometres. 

3) Lobes have a convex –up (positive) topography and a difference in elevation (relief) 

that is 25 m above of the surrounding sea floor. The lobe’s slopes are smooth in small 

turbidity systems, such as Navy and San Lucas [96]. Lobes have different thicknesses. 

Mississippi’s lobe thickness is 10-40m, Amazon’s 10-25m [101], Zaire’s 5-10m, 

Rhone’s 12m, South Golo’s 60m and Var’s 20-30m. 

4) Their depositional areas, have a lateral large extent [108]. 
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5) The lobes are subdivided and are the levee channel continuation (Fig.15 A). In figure 

15 B seems a fringe lobe deposit. This deposit is a non-channelized lobe (without 

channels) with a non-rough surface (Fig. 15 B). For example, in the Monterey System 

the channel depth doesn’t exceed the 10m and decreases progressively downstream 

[109]. The main channel of the Var Zaire fans, can be reach at the 20m deep [63]. The 

non-channelized lobe has a small surface and is created from the rapid deposition of 

sandy flows like Zaire System [101]. Hemipelagites and other fine-grained sediments 

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 very fine sand. This happens due to the increasing clay fraction 

flow over the levees. If the channel is deep and incise, then the rate of clay can be 

important, such as Zaire lobes [56, 63].  

7) The lobe shape is influenced by its confinement. So, if the spatial confinement is low, 

the lobe shape is rounded to ovoid like Zaire lobes with 20-40km length and 10-40 km 

width [110]. If the confinement is high, the lobes are elongated, like Amazon lobes with 

6.5-25 km width and 21-83 km length. The Monterey’s lobe length is 130 km and width 

is 45 km. The lengths of channel levee complexes of Rhone Neofan are 25-125 km and 

the widths are 5-35 km [101]. 

8) Sometimes the lobes are separated from the channel mouth. This happens by the 

existence of a scoured area like the Zaire lobe and Rhone Neofan lobes [63]. This 

happens when retrogressive erosion take place in this scouring zone. Then any 

interaction between the lobe channel and feeder channel is lost.  

 

Figurer 15 shows a complex of nested lobes of the eastern Corsica [98, 99, 111]. The lobes 

are usually organized in groups on the erosion zone over the channel-lobe transition zone 

due to progradation processes. 
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With the term ‘lobe’, is an architectural element which is connected with the mother 

channel. Its length and width are several of kilometres and its thickness is several of metres 

[112]. A lobe consists of lobe units and sub-units [98, 114]. The lobe’s elements shift 

rapidly by the process of avulsion (which is very frequent) and fill nearby topographic lows 

by the action of turbidity flows [101]. 

 

2.1.4. The turbidites sequence stratigraphy and controlling factors. 

 

The sequence stratigraphy in deep sea turbidity 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 reference point which is located on the base 

layer before the sedimentation starting [115]. 
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All these hypothesises are possible for low deep-water environments, in which the small 

variations in the sea level, are recorded in sedimentary facies. While, in deep sea the small 

changes of the sea level (a few hundreds of metres maximally), have a small impact in 

sedimentary facies [59, 121]. In the Figure 16 seems the comparison of sequence stratigraphy 

models. 

In Figure 16A, a maximum fall of sea level happen and a deep-sea turbidity system is generated 

in the basin, with a siliclastic supply. Erosion increases because of the river tends to reach it’ s 

equilibrium profile. According to Schumm, 1993 [123] the incision happens when the level of 

the sea falls below of the continental edge. The new deposits of this new system, are created 

above of this erosion surface. 

In Figure 16B, the sea level is stabilized, and a mud structured turbidity system is growing with 

well-constructed channels and levees. 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

22 
 

 

 

 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

23 
 

In Figure 16C, the sea level is rised and progradation happens. The sea fills the incised valleys 

and canyons and shingled turbidites take place. When the sea level is stabilized, hemipelagites 

are accumulated. Finally, the sea level defines the canyon’s activity and its sedimentary supply 

[124]. 

In Figure 16 D-E, sedimentary supply controls the stratigraphic evolution of the deep sea. There 

are three types of turbidity systems according to the sea level fluctuation [122].  

 

 

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 zone. In Figure 17B, there is a system with 

low transport capacity, amalgamated channels and sandy lobes [122, 97]. In Figure 17C, there 

are large modern mud structured fans, with well-constructed channel and levees. Lobes are 

missing and sand is gathered in the proximal 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 in fractures. The Bingham’s model is the most 

appropriate to estimate the flow’s rheology behaviour. Their classification is based on their 

sedimentary deposits. So the main types of the mass flows are the rock avalanches, the 

creeping failures, the slides and slumps, the cohesive flows, the non- cohesive flows and 

the water dominated flows. 

2.2.1. Rheology of Bingham plastic flows 

The mass flows rheology is based on Bingham’s model. This means that, the mass flows are 

natural material which are not deformed until the yield stress will be exceeded. After this point, 

their deformation is linear (Fig. 1). These flows which have fluids ‘’with strength’’ (with a 

plastic rheology) are called plastic debris flows. Some of these, can develop a turbulence 

behaviour [8, 13]. The limit-border between the Newtonian and plastic flows is the 20-25% of 

the sediment concentration by volume (Fig. 18). There is an exception, 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 

– chemical properties of the transported grains [9]. Generally, rheology is a parameter with many 

complexities [10] 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 the most frequent environments 

in which processes of rock avalanching are happen [133]. 
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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 low [134]. 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. In Figurer 19 are presented the typical morphological 

characteristics of the sediment failures. Extensions structures 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.   
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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 ratio D/L (D is 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 < 0.15 the 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 

propagation creates successive slumps or slides (domino slumps or slides) [134] which 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 percentage participation 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 big [135]. The phenomenon of ‘’hydroplanning’’ 

according to Mohrig [139] happens when a layer of water is trapped under the body of the flow. 

This process reduces the flow resistance (friction 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]. 
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2.2.2.e. Non- cohesive flows (grain- cohesion less flows) 

In non- cohesive (granular) flows, dispersive pressures exist because of the interactions between 

the grains of the flows [3]. These interactions usually become bigger because of the seafloor 

erosion which cause an increasing grains concentration. These processes are happened in steep 

slopes (>18o) with sand or coarse slit grains. Frictional strengths are developed at the base of 

the flows. 

2.2.2.f. Sandy debris flows 

The term ‘’sandy debris flow’’ represents an intermediate process between the muddy debris 

flows (cohesive flows) with cohesive strengths and the grain flows (cohesion less flows) with 

frictional strengths [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 high) [6, 7].  
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2.2.2.g. Water- dominated 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 flows [145, 3]. Then, high porosity sediments 

are created like quick sands. The water transport capacity dominates flows which depends on 

the permeability of the sediments. This capacity is larger 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 due to particular 

geological conditions and climate with intense and sustained rainfalls. 

Hyperpycnal flows can occur in different river locations, due to the different types 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 hot- arid 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 North Africa and streams in west 

Mexico [146]. 

 

2. Cold climates 

Hyperpycnal flows under cold climates, can 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. If the 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 be last a few hours to a few 

days and it’s very frequent in Iceland and Alaska. 
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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 domes [147]. Then hyperpycnal flows are formed which flowed to the 

oceans. In these high latitudes, usually appear laminated geological beds [148, 149], landslides 

and submarine slides in fine- grained 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 world (China and 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 generated [151, 152, 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, they are transformed into 

hyperpycnal flows. These geological phenomena are frequent in Indonesia.  

 

4. Climate, precipitations and floods of the rivers 

Floods are the main reason of the hyperpycnal flows creation at the river’s mouth. They depend 

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 every 100 years. While, 77% can form 

with a frequency less than every 1000 years [154]. 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 bigger. This 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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5. Sediment re- concentration  

Sediment re-concentration 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 the hyperpycnal flows like 

the Pennsylvanian’s deposits in Colorado [155, 156].  

The re-concentration 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 both of them 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. Figure 21 C and D preserve the process of 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 instability [157]. These two laboratory simulations differing in the size 

of the convective figures and the space between them.  
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2.3.2. High density turbidity currents 

 

A high-density turbidity current, is an intermediate current with an intermediate flow, both 

turbulent and laminar flows [160, 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 sediment concentration, turbulent flow and Newtonian rheology (Fig. 22). 

In addition, a high-density turbidity current is defined based on the driving force (Fig 23). 

The basal traction carpet which is known as inertia- flow layer is driven by the overriding 

turbidity current [160]. Also, these currents are defined based on grain size [161], rapid 

deposition and flow density [162].  
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2.4. Initiation of gravity flows  

 

Gravity is the main reason for the flows start. Gravity flows are usually happened in oceanic 

environments. For example, when a canyon slope collapses, a submarine slide is happened or 

when a direct flow incurs from rivers to submarine environment [165, 124]. In the second case, 

the volume of the sediments which come of the rock erosion 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 Norwegian fjords to happen subaqueous slope failures. These failures are 

created during low or extreme low tides. It isn’t clear the reasons how acted in this overloading 

which leaded to these slope failures. The first reason seems to be the big pressure which happen 
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due to the sediment emergence. The second reason is the reduction of hydrostatic pressure which 

act cumulatively to overloading.   

Storm waves can affect the ancient slide deposits such as Huanghe Delta. By the using of 

accelerometer and pore –water 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 

behaviour [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 happened (Fig. 19A) due to the exceptional pore pressure [168]. There are many other 

examples in the geological bibliography which are observed the relationship between the mass- 

turbidity flows and oceanic processes [169, 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 along the continental 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 

isn’t another reason to explain this phenomenon. There are many examples such as the 

submarine cable failures which are occurred a few hours later the earthquake action like the 

Marmara Sea [174], Algeria [175], Sumatra [176]. It seems that the alteration of silt and clay 

beds is favoured the sediment liquefaction. In addition, when an earthquake happens, the pore 

water- gas pressure is increased. So sediment collapse is occurred by the gas and water upward 

moving. This circular depression called ‘pockmarks’ and are related to fluid escape [177]. 

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 sand [178]. 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, North Sea [179] and north Gabon [180]. Their 
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depth is usually less than 10 metres and depends on the thickness and the sediment texture of 

the sedimentary cover [181]. They are almost associated with tectonic structures like faults, 

diapirs, syncline and anticlines. On seismic lines they suggest gas presence [182].    

In volcanic arcs, are usually generated low magnitude earthquakes by the upward moving of 

magma in magmatic chambers. Then giant tsunamigenic landslides on the volcano’s steep 

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 hundreds of kilometres. Their escaping 

material is fluid mud which is mixed with water, gas or oil (mud breccia) [183].     

2.4.3. Submarine flows as a continuum of a river flow 

Rivers are the most common way to transport the continental sediments tο the oceans (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 for the coastal erosion [184]. 

The density difference between the flow (pf) and the surrounding water (pw) plays an important 

role for the flow evolution (Fig. 24). For this reason, there are three categories of flows [185]: 
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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 are two kinds of 

hyperpycnal flows: 

a. Hyperpycnal flows sensu stricto, which are turbidity flows with suspension 

b. Bedload dominated hyperpycnal flows, which are formed at stream mouths [189, 

190]. These flows are usually in active tectonic basins with abrupt slopes. These 

flows can be transformed into turbidity flows.    

2.5 Flow transformation in sediment- gravity flows 

 

There are transformations of one type of flow to another such as slumping to mud flow [162] or 

laminal debris flow to turbidity current [4, 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 

isn’t any fluid loss or surrounding fluid entrainment [192, 19].  

B. There is a transformation from a laminar to turbulent flow with volume change. There 

is a volume increase after the hydraulic jump [193] 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 occur [194]. 

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 the flow [195]. 
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With the term ‘high density turbidity current’ means, that in turbidity currents can developed 

basal debris (laminar) flow by the gravity flow transformation (Fig. 22 & 26) [160]. With 

the term ‘low density debris flow’ means, that in laminar debris flows can created an upper 

diluted turbulent cloud by the flow transformation phenomenon (Fig. 26) [144, 196]. 

According to Parker (1982) [197], the dense of laminar flow is 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 are sat down. These deposits are called ‘slope break deposits’ [198, 199, 195, 

194, 200, 201].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

41 
 

All the flows are progressively changed along their transport path because 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 diapirs have 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 happened [202, 80, 199]. 
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3. Currents that affect the sedimentation in deep water continental slopes 
There are surface and deep oceanic currents that affect the deep-sea erosion, sediments 

transport, distribution and deposition. The wind derived circulation process (geostrophic 

circulation), controls the surface currents such as the pelagic and semi-pelagic sediment 

depositions. The thermohaline circulation process, controls the bottom depositions by the 

currents of contourites. 

3.1. Surface geostrophic circulation 

Coriolis is a force which is created by the Earth’s spin and the ocean morphology. Due to 

the Coriolis force, large wind currents exist at the ocean surface which transport the water 

morecules to 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 Ekman’s spiral is the spiral water morphology which can reach down to 

thousands of metres. These currents follow cyclonic and anticyclonic gyres (Fig. 27). 
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The Gulf stream and the Agulhas current (North Africa) have a ‘’spaghetti’’ water 

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 deep-sea bottoms along the continental slopes. Then, they transport and finally they 

deposit the sediments to the deep sea. 

 

3.2. Geostrophic thermohaline 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 temperature and 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 Weddell and the Ross 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 the deep-water circulation 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 water getting 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 the Northwest Atlantic Ocean across the Florida Strait 

(Fig. 29).     
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3.3. Contour currents- Contourites 

 

The Contour Currents- Contourites are oceanographic phenomena which called and ‘along slope 

process’ (Fig. 31). They play an important role in the deep-sea bottom shape because they are 

efficient agents of sediment transport and depositions. The sedimentation processes are 

depending on the volume and the kind of the sediments. The main forces which are response for 

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 cementation processes. 
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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 kilometres. For example, sediments from 

the Norwegian sea can transported to the Blake Bahamas drift after 15 years and 6500km 

distance [205]. In addition, chlorite and diatom rich sediments from the south Atlantic Ocean, 

are transported for 3000 km to the Argentine and Brazilian margins [206]. A nepheloid layer 

can be shaped by high velocity contourites like the Western Boundary Undercurrents (WBUCs). 

This current is developed along the western Atlantic margins Scotia and Argentine margins (Fig. 

31) [207, 208, 209]. Generally, the nepheloid layers seems to appear superimposed layers with 

a gentle upward density decrease with intermediate discontinuities (isopycnal surfaces) at 

certain depths (Fig. 32) [205]. 

The sedimentation of the nepheloid layer suspended particles, is a complicated process and is 

depended on their size. The largest silt particles (10-20μm) appear a faster settling- 

sedimentation than the largest clay particles (2-4 μm). So, the smaller particles have the smaller 

velocity and finally they traverse the longer distance until their deposition.   
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4. Material and methods 

 

In the present Thesis an experimental transparent tube was used, with a diameter of 6 cm 

and a length of 1.5m, full of liquid (fresh water and hyper-saline solution) to form a slope 

where turbidites and sediment mass flows were simulated. The whole experiment was 

recorded by a high-definition camera, to observe and calculate the sediment movement by 

video-frame analysis. 

The stages followed in detail were as follows: 

4.1. Preparation of the experimental pipe 

An experimental transparent pipe was used, made in the Department’s workshop, by 

Professor Konstantinos Albanakis. 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 non-transparent curved pipe on the upper part to help the introduction of the sample 

and a 2-inch ball-valve, at the lower end, to empty the experimental materials (hypersaline 

waters, tap water and solid materials). 

4.2. Preparation of Hyper-Saline Solution 

 

To prepare the hyper-saline solution, deionized water, salt, a 20-liter 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 turbiditic and gravity flow 

processes that occur in nature, specifically in conditions of a closed hyper-saline sea. The 

preparation of the solution was carried out under normal conditions, namely at a 

temperature of 20°C and a pressure of 1 atm. It is noted that for the easier and quicker 

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 

450 gr per litre. It is calculated that the specific gravity of the resulting hyper-saline 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 the seagrass zone, with coordinates 40°30'49.214''N and 

22°56'14.905''E. This sample consists of uniform and fine-grained sediment. 

 

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 

40°30'49.377''N and 22°56'14.865''E, and it is of medium grain size. The third and final 

sample was taken from the sea backwash zone and has coordinates 40°30'49.537''N and 

22°56'14.795''E, and it is of coarse grain size (Satellite Images 1, 2, 3). 
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Satellite Image 2. Collection point (in red) of the samples from the broader area of Perea, Thessaloniki region. 

 

 

Satellite Image 3. Similarly. 
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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 (fine-grained, medium-grained, coarse-

grained) was selected and sieved through sieves with the following size ranges: 0.0-0.5φ, 

0.5-1.0φ, 1.0-1.5φ, 1.5-2.0φ, 2.0-2.5φ, 2.5-3.0φ, 3.0-3.5φ, 3.5-4.0φ, and 4.0- <4.0φ (Image 

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 the grains, they were divided 

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

1c). 

 

  (a)       (b) 
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Image 1a. Dryer where the samples were dried. 

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

of specific grain size ranges (φ). 

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

type PT 100. 

 

 

 

(c)  

 

4.5. Granulometry of the sand samples 

The range of the samples granulometry is 1-1.5φ and 2-2.5φ with average 1.25 and 2.25φ 

respectively. Also as mentioned above, experiments were done with a part of the amount 

of the fine-grained 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 a high-resolution camera 

from a Xiaomi Redmi 9T mobile phone, at 1080P-30FPS. To make the turbiditic and mass 

flows of the samples within the tube more distinguishable, a blue-coloured background 

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 of various 
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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 to 24 degrees. The angle of 

inclination of the experimental tube at which a turbidite of sufficient length, capable of 

being observed, is formed is 35 degrees. The range of inclination angles for the 

experimental tube during the experiments was between 22-35 degrees. 

3. Experimental tube.   

The tube's length is 1.5m, 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, are adequate for the experiments. 
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5. Discussion and Results  
In this thesis specialization, a total of 48 experiments were conducted. As previously 

mentioned, the solutions used were fresh water and a hyper-saline solution (brine) with a 

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

1.5φ and 2-2.5φ with corresponding average grain sizes of 1.25φ and 2.25φ, respectively. 

Additionally, a portion of the material from the upper beach area (dunes), specifically from 

the seagrass zone, was used. Prior to this, grain size analysis was conducted (Table 1), and 

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 experiments with an average grain size of 1.25φ 

included a total of sixteen (16) experiments. The second group with an average grain size 

of 2.25φ included a total of fourteen (14) experiments. Finally, the third group, which used 

material from the seagrass zone, comprised a total of eighteen (18) experiments. 
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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 size range of 1-1.5 φ (mean 1.25φ). 

In this group, a total of sixteen (16) experiments were conducted. The initial quantity of 

solid material used was 13.4gr. Out of these experiments, five (5) were conducted in fresh 

water, seven (7) in hypersaline water, and four (4) with nearly double the quantity of solid 

material, 28.1gr in hypersaline and fresh water (Table 5.1). 

From these experiments, it was observed that the slope angle of the experimental tube, 

where the particles begin to roll as a mass (laminal sheet flow), is 24 degrees for fresh 

water and 25 degrees for the supersaturated hypersaline water (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. Specifically, 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 the hypersaline water, which is 

maintained in the first 0.18cm of the tube at a frontal velocity of 16cm/sec. Additionally, 

in fresh water and 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. In the hypersaline water and at an angle of 27 degrees in the 

experimental tube, turbulence is observed, which is maintained in the first 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 22cm/sec. 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 of the respective water; the higher the viscosity, the slower the 

frontal velocity. 

Furthermore, the formation of particle groups is observed (clusters). Thus, at a 35-degree 

angle in fresh water, 5 to 6 groups of clusters are 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 a 35-degree angle in the hypersaline water, 6 
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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 particles into groups is not 

observed. From the above, it can be concluded that the solution's viscosity affects the wave 

length of the clusters, their velocity, and the velocity of the hole material. 

Next, four (4) experiments were conducted in the two aforementioned solutions, using a 

quantity of solid material of 28.1gr. 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 that in fresh water, the 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 a 24-degree angle of the double quantity of solid 

material, the rolling velocity increases to 0.8cm/sec. Similar results are observed in 

hypersaline 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 0.6cm/sec. From the 

above, it can be concluded that as the quantity of solid material increases, the initiation 

angle of 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 the material's velocity. 

Finally, the remaining material at the beginning of the tube appears to be higher in the 

hypersaline water with the nearly double quantity of the solid material compared to fresh 

water. This happens and with the single quantity of the solid material. This quantity 

primarily concerns from sheet materials 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 viscosity, the higher the 

concentration of solid material at the beginning of the tube. Representative images in the 

experiment with 13.4gr of material in hypersaline water (Image Groups 5.1.a.-5.1. b.).
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Table 5.1. Presentation of experimental results with a material grain size range of 1-1.5φ (Average 1.25φ). 
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Image Group 5.1.a. Presentation of turbidity development with a range of particles 1-1.5φ in a hypersaline 

solution and a 35-degree inclination angle of the experimental tube. 

Image Group 5.1.b. Distinguishing sediment groups-clusters (on the left) and the remaining material at the 

beginning of the tube (on the right). 

  

b) 
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5.2. Experiment Group with Particle Size Range of 2-2.5 φ (Mean 2.25φ) 

 

In this group, a total of fourteen (14) experiments were conducted. The initial quantity of 

solid material used was 12.8gr. Out of these experiments, six (6) were carried out in fresh 

water, four (4) in a hypersaline water, and four (4) with nearly double the amount of solid 

material, which was 28.7gr in the hypersaline water and fresh water (Table 5.2). 

From these fourteen (14) experiments, it was observed that the angle of inclination of the 

experimental tube, where particle rolling begins in mass form (laminal sheet flow), was 25 

degrees in both types of solutions. However, the particle rolling velocities were 0.5 cm/sec 

in fresh water and ranged from 0.2 to 0.3cm/sec in the hypersaline water. It can be 

concluded that the velocity of sediments is affected by the properties of the surrounding 

solution, specifically, the higher the viscosity of the solution, the lower the sediment rolling 

velocity. 

Additionally, the formation of turbidity was observed within the first 0.22cm in fresh water 

with a front velocity of 18cm/sec and within the first 0.24cm of the experimental tube in 

the hyper saline environment (brine) with a corresponding front velocity of 11cm/sec. 

Turbidity of the material was also observed at a 35-degree 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 velocity of 19cm/sec. In the hyper saline 

environment and at a 35-degree tube inclination angle, turbidity was formed, lasting up to 

the first 0.3m of the tube with a front velocity of 13cm/sec. From the above results, it can 

be inferred that the viscosity of the respective solution affects the duration and the velocity 

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

the velocity of 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 the velocity of turbidity. 

It is also worth noting the creation of particle groups (clusters) apart from the starting 

angles of solid material rolling (laminal sheet sand). In this regard, at a 35-degree tube 
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inclination angle in fresh water, from 8 to 11 groups formed every 30sec. The velocity of 

these particle groups (clusters) ranged from 5 to 7cm/sec, compared to the velocity of the 

remaining mass of material, which ranged from 5 to 6cm/sec. In a hyper saline environment 

at a 35-degree tube inclination angle, from 4 to 7 clusters formed every 30sec, with 

velocities ranging from 2 to 2.5cm/sec, while the velocity of the laminal sheet sand was 

3cm/sec. It is worth noting that there was a delay in the of these groups 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 environment and its viscosity affect the rate of particle 

organization into clusters. The higher the viscosity, the lower the rate of their organization 

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

particle size and the remaining mass of material. 

Subsequently, four (4) experiments were conducted in both of the aforementioned solutions 

with a solid material quantity of 28.7gr. 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 that in fresh water, 

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 results were observed 

in the hyper saline solution (brine), with the angle of initiation decreasing from 25 to 23 

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 its rolling velocity increases. 

Turbidity of the material was also observed in both solution environments. In fresh water, 

turbidity was maintained up to the first 0.38cm of the experimental tube, with turbidity 

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 experimental tube 

decrease. In the experiments with a material quantity of 28.7gr, the formation of particle 

groups was not observed. 
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Finally, it appears that there is more remaining material at the beginning of the tube in the 

hyper saline solution and with the nearly double quantity of solid material, compared to 

fresh water and the single quantity of material. This quantity seems to mainly consist of 

phylloid minerals which, due to their large surface area, become immobilized at the 

beginning of the experimental tube such as the biotite and muscovite. Representative 

images of the turbidity created in the experiment with 12.8gr of material in fresh water are 

presented below (Image Groups 5.2.a. - 5.2.b.). 
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Table 5.2. Presentation of Experimental Results with Material Particle Size Range of 2-2.5φ (Mean 2.25φ) 
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Image Group 5.2.a: Presentation of turbidity development with particle size range of 2-2.5φ in fresh water 

and an experimental tube slope angle of 35 degrees. 

Image Group 5.2.b: Distinguishing sediment groups-clusters. 

 

 

b) 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

68 
 

5.3. Experimental Group with Sediment Material Grain Size Range -1.5 to >4 

 

In this group, a total of eighteen (18) experiments were conducted. The initial quantity of 

solid material used was 13.2gr. Out of these experiments, five (5) were conducted in fresh 

water solution, and seven (7) were conducted in a hyper-saline solution. Additionally, six 

(6) experiments were carried out with nearly double the amount, 30gr, of material in the 

hypersaline water and 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 degrees for fresh water and 23 

degrees for the hyper-saline 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. Specifically, a higher 

viscosity in the solution leads to a larger angle of tube inclination where the rolling of solid 

material begins and a slower velocity. 

At 20 degrees of tube inclination in both solutions, although the material remains stationary 

and doesn’t roll, turbidites form in the first 0.2m of the tube with a velocity front of 19cm/sec 

in fresh water and 15cm/sec in the hyper-saline 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 in fresh water and from 0.64 to 0.7m in the hyper-saline solution. The 

velocity of the turbidity front in the respective solutions ranges from 26 to 28cm/sec and 

from 18 to 22cm/sec. Turbidites are also observed in the hyper-saline solution at a 25-degree 

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 of turbidites. The higher the viscosity of the solution, the shorter 

the duration 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 a 35-degree tube inclination, approximately 11 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

69 
 

to 13 groups are formed per 10sec in fresh water and 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 mass in fresh water ranges from 20 to 21cm/sec and 

in the hyper-saline solution is 9cm/sec. It is noted that the velocity of the material mass in 

fresh water is higher than the velocity of the sediment groups. This occurs because the 

measurements were taken at the end of turbidity action (material 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 solution'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 lower the velocity of solid material. 

Subsequently, a total of six (6) experiments were conducted in the same solutions with a 

quantity of solid material of 30gr. 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 a 22-degree tube inclination. In 

fresh water, it is sustained up to the first 0.35 meters with a velocity front ranging from 18 

to 23cm/sec, and in the hyper-saline 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 0.6-1cm/sec in fresh water and from 0.2 to 0.8-0.9cm/sec in the hyper-

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

22-degree tube 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 the hyper-saline solution 

and with nearly double the quantity of solid material compared to fresh water and the single 

quantity of material. This quantity seems to mainly consist of flake-like materials that, due 

to their large surface areas, become immobilized at the beginning of the experimental tube. 

Below are representative images of the turbidity created in the experiment with 13.2gr of 

material in a fresh water environment and a 35-degree tube inclination (Image Groups 5.3.a. 

- 5.3.b.). 
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Table 5.3. Presentation of Experimental Results with Sediment Material of Grain Size Range -1.5 to >4φ. 

  

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 (0.2 m) - 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 -

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 -

MATERIAL 13.2 gr MATERIAL 30 gr

DUNE MATERIAL (-1.5- >4 φ) 
TAP WATER

MATERIAL 13.2 gr MATERIAL 30 gr

HYPERSALINE WATER  (SG=1160,45)
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Image group 5.3.a. Presentation of the development of turbidity with sediment material of grain size range      

-1.5 to >4φ in fresh water and a 35-degree angle of inclination of the experimental tube. 

Image group 5.3.b. Distinguishing sediment groups-clusters (on the left) and the remaining material at the 

beginning of the tube (on the right). 

a) 

b) 

a) 
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5.4. The main results with graphical approaches. 

 

The overall results of the 48 experiments are summarized as follows, involving average grain 

size samples of 1.25φ, 2.25φ, and dune’s material with grain size ranging from -1.5 to >4. 

• The duration of turbidity and the velocity of the forming turbidity-front depend on the 

slope angle of the tube, the larger the slope angle, the longer the turbidity duration and 

the higher the velocity of the turbid front (Graphic 1). 

• The duration of turbidity and the velocity of the turbidity-front are also influenced by the 

viscosity of the solution; the higher the viscosity, the shorter the duration and the velocity 

of the turbidity current (Graphic 2). 

• A sheet of sand grains at the bottom of the flow was observed moving with laminar flow. 

The velocity of the laminal sheet of sand is influenced by the viscosity of the solution, 

the higher the viscosity, the lower the velocity (Graphic 3). 

• The coarser grains of dunes roll at higher velocity than the finer grains, independent of 

the type of water and the tube angle. (Graphic 4). 

• 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 the 

speed with a single quantity of material. Additionally, smaller inclination angles of the 

experimental tube were noted, where the material started rolling. (Graphic 5). 

• It has been observed that after the turbidism of the material, laminal sheet flow of the 

grains happens as it flows downhill and is organized into clusters forming, something 

like embryonic sand waves. These clusters are moving with almost double speed than 

the speed of the initial sheet flow (Graphic 6). 

• The wavelength of the forming cluster depends on the viscosity of the solution. The 

higher the viscosity, the bigger the wavelength of the forming clusters. (Graphic 7). 

• 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, the larger the 

wavelength of the clusters. (Graphic 8). 

• The wavelength of the forming clusters depends on the sediment granulometry. The 

coarcer the material, the smaller the wavelength of the clusters. (Graphic 9). 
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Graphic 1. The duration of turbidity and the velocity of the forming turbidity front depend on the slope angle of the tube, the larger the slope angle, 

the longer the turbidity duration and the higher the velocity of the turbidity front. 

  



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

75 
 

 

 

Graphic 2. The duration of the turbidity and the velocity of the forming turbidity-front are also influenced by the viscosity of the respective solution, 

the higher the viscosity, the shorter the duration and the velocity of the turbidity current. 
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Graphic 3. The fine-grained sand material, moving with laminar flow.at the bottom of the pipe. The velocity of the laminar sheet of sand is 

influenced by the viscosity of the solution, the higher the viscosity, the lower the velocity. 
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Graphic 4. The coarser grains of the dunes roll at higher velocity independent of the type of water and the tube angle. 
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Graphic 5. 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 the speed with a single quantity of material. Additionally, smaller inclination angles of the experimental tube were 

noted, where the material started rolling. 
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Graphic 6. The laminal sheet flow organized into clusters with almost double speed than the initial sheet flow. 
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Graphic 7. The wavelength of the forming cluster depends on the viscosity of the solution. The higher the viscosity, the bigger the wavelength of 

the forming clusters. 
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Graphic 8. 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, the larger the wavelength 

of the clusters.  
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Graphic 9. The wavelength of the forming clusters depends on the sediment granulometry. The coarcer the material, the smaller the wavelength 

of the clusters. 
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6. For further research... 
 

• The turbidity current flows with its coarse-grained material at the front and fine-grained 

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 the turbidity event 

has passed, when the material follows a laminar flow. Coarse-grained materials flow at 

a higher speed than fine-grained ones. As a result, a graded layer of grains/materials 

forms in the deposition basin, with the coarsest at the base of the basin and 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 size of the 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 beginning of the Messinian Salinity Crisis. 

 

• 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 speed of the 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 fine-grained sediment. From the above 

experiments, it is inferred that 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 I 
GRAIN SIZE RANGE 1-1.5φ (average 1.25φ) 

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

 

 

 

Pipe inclination 24 o degrees, tap water, material 13.4 gr. 
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Pipe inclination 35 o, tap water, material 13.4 gr. 

a) 
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b) 
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c) 
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Pipe inclination 22o, hypersaline water, material 13.4 gr. 
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Pipe inclination 25o , hypersaline water, material 13.4 gr. 
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Pipe inclination 27o, hypersaline water, material 13.4 gr. 
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Pipe inclination 35o , hypersaline water, material 13.4gr. 

a) 
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d) + 2% clays 
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Pipe inclination 24o, tap water, material 28.13 gr. 
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Pipe inclination 22o, tap water, material 28.13 gr. 
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Pipe inclination 23o, hypersaline water, material 28.13 gr. 
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Pipe inclination 23o, hypersaline water, material 28.13 gr. 
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GRAIN SIZE RANGE 2-2.5φ (average 2.25φ) 

 

Pipe inclination 22o, tap water, material 12.82 gr. 
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Pipe inclination 25o, tap water, material 12.82 gr. 

 

 

 

 

  



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

117 
 

Pipe inclination 27o, tap water, material 12.82 gr. 
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Pipe inclination 35o, tap water, material 12.82 gr. 

(a) 
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(b) 
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(c) 
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Pipe inclination 25o , hypersaline water, material 12.82gr. 

a) 
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Pipe inclination 35o , hypersaline water, material 12.82 gr. 

(a) 
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Pipe inclination 22o, tap water, material 28.78 gr. 

(a) 
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Pipe inclination 23o, hypersaline water, material 28.78 gr. 

(a) 
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DUNE MATERIAL (-1.5- >4 φ) 

 

Pipe inclination 20o, tap water, material 13.2 gr. 

 

 

 

 

 

 

 

 

 

 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

134 
 

Pipe inclination 22o, tap water, material 13.2 gr. 

 

 

Pipe inclination 35o, tap water, material 13.2 gr. 

(a) 
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Pipe inclination 20o, hypersaline water, material 13.2 gr. 
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Pipe inclination 25o, hypersaline water, material 13.2 gr. 
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Pipe inclination 35o, hypersaline water, material 13.2 gr. 

(a) 
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(b) 
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(c) 
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(d) 
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Pipe inclination 22o, tap water, material 30.07 gr. 

(a) 
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(b) 
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(c) 
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(d) 
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Pipe inclination 23o, hypersaline water, material 30.07 gr. 

(a) 
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(b) 
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