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Abstract
A nearly 400-km-long erosion channel through the Strait of Gibraltar has been interpreted as evidence for a catastrophic 
refill of the Mediterranean at the end of the Messinian salinity crisis, 5.33 million years ago. This channel extends from 
the Gulf of Cadiz to the Algerian Basin and implies the excavation of ca. 1000 km3 of Miocene sediment from the Alboran 
Basin and bedrock from the Strait of Gibraltar. The fate of these eroded materials remains unknown. In a first attempt 
to predict the distribution of those flood deposits, we develop a numerical model to simulate the transport of material 
eroded from the Strait of Gibraltar. It is a Lagrangian model based upon standard sediment transport equations which 
is able to simulate suspended and bed load sediment transport. Water circulation during the flood was obtained from 
a hydrodynamic model of the whole Mediterranean Sea previously developed by the authors and applied to the Zan-
clean flood. Five particle sizes were considered for suspended load and three for bed load transport. Areas of sediment 
deposition in the Mediterranean Sea were determined. In the case of suspended load, these are related to hydrodynamic 
conditions: areas sheltered from the jet of incoming water by local topography and areas where water currents abruptly 
decrease due to a sudden increase in water depth. In the case of bed load transport, sediments follow water streamlines 
and deposits are much more localized than in the case of suspended load. Single channel seismic records were also 
analysed to identify and characterize flood-related deposits in the eastern Alboran Sea.

Keywords Numerical model · Suspended load · Bed load · Deposition · Mediterranean Sea · Zanclean flood

1 Introduction

The closure of the Guadalhorce and Rifian gateways 
(Fig. 1a), which were the connections between the Atlan-
tic Ocean and the Mediterranean Sea before the Messin-
ian (7.2–5.3 Ma), limited the water exchange and led to 
the “Messinian Salinity Crisis” (MSC). During the MSC 
(5.97–5.33 Ma), the whole Mediterranean basin was at 
least partially isolated from the world ocean [16, 18, 
44, 45], resulting in widespread salt precipitation and a 

decrease in the Mediterranean sea level of the order of 
thousand metres according to these authors. Following 
this extended interpretation, the Mediterranean Sea was 
later abruptly refilled during the so-called Zanclean flood. 
Discussions persists regarding the timing, triggering and 
modality mechanisms of this process (see the review by 
[44], and further discussion on several open questions in 
[1]). García-Castellanos et al. [17] reported strong evidence 
for a deep incision channel along the Gibraltar Strait from 
boreholes and seismic data generated in the frame of the 
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Africa–Europe tunnel project. The erosion channel has a 
length of more than 400 km from the Gulf of Cadiz [13] 
to the Alboran Sea [14]—see Fig. 1 for locations of geo-
graphic names mentioned in the text— with a varying 
width (2 to 8 km) and depth (200 to 600 m). García-Cas-
tellanos et al. [17] postulated that the observed channel 
was excavated by the Zanclean flood (thus it is denoted 
as the Zanclean Channel) and applied a one-dimensional 
model which indicated that 90% of the water was trans-
ferred towards the Mediterranean in a short period, rang-
ing from few months to two years. These results were later 
confirmed through numerical simulations carried out 
using a two-dimensional depth-averaged model of the 
whole Mediterranean Sea [39].

More recently, Abril and Periáñez [1] carried out simu-
lations in which an erosion model was included within 
the fluid dynamics model, allowing to estimate how the 

erosion channel was excavated through time. This mod-
elling study showed that interpreting the incised chan-
nel in the Camarinal area (connecting with the Zanclean 
Channel) in a scenario of a catastrophic flooding of the 
Mediterranean requires achieving peak water flows of at 
least several tens of Sv.1 Also, the main geological features 
of the Zanclean Channel, including a sill depth of a few 
hundred metres at Gibraltar, could be understood from 
a scenario of catastrophic flooding of the Mediterranean 
with initial conditions consisting of a wide sill surpassed 
by a thin water layer. In that work, the modelled scenario 
which better led to the mentioned facts implied a peak 
water flow of 70 Sv. This value was achieved when the 
water level at the Mediterranean was about 170 m below 

Fig. 1  a Western Mediterra-
nean palaeogeography during 
the early Messinian [29]. b 
Map of the computational 
domain showing geographic 
names mentioned in the text 
and present-day (black) and 
Messinian (red) coastlines; the 
last from a 2400 m water level 
drop. The black square cor-
responds to the zoom area in 
Fig. 3, and the blue one to the 
area in Fig. 13. CamSill, Cama-
rinal Sill; GSill, Gibraltar Sill; GS, 
Gibraltar Strait; AS, Alboran 
Sea; AB, Algerian Basin; Bal, 
Balearic Islands

1 1 Sv = 106 m3/s.
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the Atlantic level, as will be discussed in Sect. 2.4. At this 
stage, the giant jet of water crossing the Strait of Gibraltar 
produced bottom shear stresses of 1.8 × 104 Pa and inci-
sion rates of 1.4 m/day (see their Figs. 5, 9 and 10) in this 
area. The authors estimated that the amount of removed 
material should have been of the order of 1 km3 per day. At 
the same time, the height of the water column in the Albo-
ran Sea was high enough to ensure small bottom shear 
stresses and negligible erosion rates in comparison with 
those of the Strait of Gibraltar.

Thus, the remaining open question is: where the ca. 
103 km

3 of seafloor eroded by the flood was deposited? 
Answering this question may lead to an independent vali-
dation (or refutation) of the catastrophic flood hypothesis. 
Sediments were eroded due to the intense currents exist-
ing in the Strait during the flood and transported towards 
the Mediterranean, where they had to be deposited when 
currents were not strong enough to keep them in move-
ment. Consequently, large deposits of sediments coming 
from the Strait of Gibraltar should be present somewhere 
in the Mediterranean Sea. Therefore, the purpose of this 
work is to investigate, using a sediment transport model, 
where sediments could have been deposited. Single 
channel seismic records (320 cubic inch) were analysed 
to identify and characterize flood-related deposits in the 
eastern Alboran Sea. Because we use a bathymetry recon-
struction from the present-day seabed elevation as a proxy 
for the Miocene Mediterranean, model results must be 
interpreted with caution. The aim of the present paper is 
to show the general relationships between topography 
and sediment deposition. In any case, numerical models 
provide a reliable description of the real world as they 
conform virtual laboratories where different ideas can be 
tested. In relation to the Zanclean flood, the following con-
clusions were obtained:

1. The first models for a catastrophic Zanclean flood 
were independent of the initial conditions [17]. Abril 
and Periáñez [1] showed that when lateral erosion is 
described in terms of causal processes instead of a 
poorly justified empirical relation, initial conditions 
consisting of a narrow stream of water could not 
evolve towards catastrophic dimensions.

2. Gibraltar Sill was the only obstacle to water flow con-
sidered in the first (zero-dimensional) models for a cat-
astrophic Zanclean flood. A 2D-hydrodynamic model 
revealed that Camarinal Sill, which is located about 
10 km to the west from Gibraltar, exerted a significant 
limitation to the water flow [39].

3. A channel excavated in the course of tens of ky by 
the continuous or pulsed inflow of Atlantic waters 
(required to explain the total amount of precipitated 
salts during the MSC), and by the runoff of surface 

waters (as it can be inferred from the work by [25]), 
would have existed in the desiccated Alboran Sea pre-
vious to the Zanclean flood. The Zanclean flood would 
have had superposed its erosional fingerprint over this 
palaeochannel, as demonstrated by the wetting–dry-
ing algorithm used in the hydrodynamic model by 
Periáñez and Abril [39], and Abril and Periáñez [1]. 
This algorithm was able to encounter the connected 
topographic-lows defining the path of the Zanclean 
Channel.

4. Despite some controversial on the continuity of 
the Zanclean Channel in the Camarinal Sill area, the 
accepted interpretation is that it consists of an ero-
sive channel incised over the Messinian surface [17]. 
The western transect of the channel, deeply incised 
across the former isthmus of Gibraltar, can only be 
explained by numerical modelling in the scenario of 
a catastrophic Zanclean flood. This is, high water cur-
rents and bottom shear stresses in the Camarinal area 
appear only for Atlantic water flows of several tens of 
Sv entering into the Mediterranean [1].

5. Controversy also exists around the triggering mecha-
nism of the catastrophic flood. Numerical modelling 
[1] showed that the potential scenarios of initial con-
ditions leading to a catastrophic flood are quite con-
stricted. Thus, it is possible to discard those leading 
to slow and long-lasting erosive processes. The most 
likely scenario requires an initial stage consisting of 
a water layer a few metres thick flowing over the sill 
with a shear stress over the threshold value for ero-
sion. The achievement of such scenario requires a 
catastrophic triggering mechanism such as tectonic 
activity through strike-slip faulting [5, 28].

6. Once the water flow has been initiated, the only phys-
ical stop-condition is the vanishing of the hydraulic 
gradient between the Atlantic and Mediterranean. 
Thus, the transgression of Atlantic waters during the 
MSC should have been maintained in the range of 
reversibility, possible scenarios being the harmonic 
coupling between tectonics and erosion in Gibraltar 
[16] and/or eustatic sea level changes. Similarly, the 
suggested first step in the reflooding of the Mediterra-
nean (preceding the second catastrophic step) should 
have involved only moderate water flows.

Interpretation of the geophysical findings does not seem 
to be unambiguous, and thus, more refined modelling 
approaches are necessary to better illuminate the origin of 
the Strait of Gibraltar and the details of the Zanclean flood. 
The present work faces the fate of the eroded material at the 
former Gibraltar isthmus. It is based upon the “best hydro-
dynamic and incision scenario” for a catastrophic Zanclean 
flood, as constrained by previous studies [1]. Model outputs 
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provide new insights which can be used to better support 
or for discarding the hypothesis of a catastrophic Zanclean 
flood of the Mediterranean. Thus, the model identifies a 
series of locations with high probability of containing mate-
rials deposited around the peak flow conditions and discards 
some others. The model is also more concerned in identify-
ing target areas for future field research than for describing 
the structure of such sedimentary deposits.

The model, which is based on standard formulations of 
sediment transport processes, is described in the Sect. 2. 
First, the hydrodynamic model is briefly described for self-
consistency of the paper. Next, the sediment transport 
model, its numerical solution and parameter setup are 
described. Results are presented and discussed in Sect. 3, 
including some sensitivity analysis results and experimen-
tal evidences of the presence of Zanclean deposits in the 
Mediterranean.

2  Model description

A sediment transport model requires water depths and cur-
rents over the considered domain. These are generally pro-
vided by a hydrodynamic model. The hydrodynamic model 
is the one described in Periáñez and Abril [39], as applied 
to simulate the Zanclean flood of the Mediterranean. It is a 
two-dimensional depth-averaged model. The hydrodynamic 
model, the sediment transport model and the hydrody-
namic setup for simulations are described in the following 
subsections.

2.1  Hydrodynamic model

The 2D depth-averaged hydrodynamic equations are (see 
for instance [23]):

where u and v are the depth-averaged water velocities 
along the x (west–east) and y (south–north) axis, h is the 
depth of water below the mean sea level, � is the displace-
ment of the water surface above the mean sea level meas-
ured upwards, H = h + � is the total water depth, Ω is the 
Coriolis parameter ( Ω = 2� sin � , where � is the Earth rota-
tional angular velocity and � is latitude), g is acceleration 
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due to gravity, � is a mean value of water density and A is 
the horizontal eddy viscosity. �u and �v are friction stresses 
which have been written in terms of a quadratic law:

where k is the bed friction coefficient. Parameter values 
were set to k = 0.0025 (dimensionless) and A = 10m2 /s 
[39].

Equations are solved using explicit finite difference 
schemes [23] with second order accuracy. In particular, 
the Monotonic Second Order Upstream (MSOU) is used 
for the advective nonlinear terms in the momentum equa-
tions. The numerical scheme described in Kampf [22] was 
adopted for the description of wetting–drying processes. 
The solution of these equations provides the values of 
water depth H and components of the water velocity, u 
and v, over the model domain. Full details for the model 
application to the Zanclean flood may be seen in Periáñez 
and Abril [39]. This hydrodynamic model was also applied 
to simulate tsunami propagation in different areas [3, 35, 
37, 40], as well as for tidal simulations [36, 38] and other 
massive flood events [2].

2.2  Sediment transport

The model is able to simulate the transport of particles 
in suspension (suspended load) and particles which are 
travelling immediately above the seabed (bed load), 
which occurs for the larger grain sizes. Equations for each 
transport mode are presented separately. The sediment 
transport model is formulated on a Lagrangian framework. 
Thus, the paths of particles are tracked along the simula-
tion in both transport modes. The Lagrangian approach 
has been adopted to avoid the large numerical diffusion 
which would arise from the extremely high flow velocities 
if an Eulerian model were used.

The process of mobilization of a large volume of sedi-
ment moving downslope as a mass flow driven by gravity, 
whose characteristics (from debris flow to a turbidity cur-
rent) would depend upon a number of factors related to 
sediment nature and flow density, is not included in this 
work, as explained in the next section.

2.2.1  Suspended load

Any substance present in seawater is transported due to 
water currents (advection) and mixing due to turbulence 
(diffusion). Advection is directly calculated from the cur-
rents provided by the hydrodynamic model. Horizontal 
and vertical diffusivities, which are also obtained from 

(4)
�u = k�u

√
u2 + v2;

�v = k�v
√
u2 + v2,
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the hydrodynamic model, are the required parameters 
to evaluate turbulent mixing. These formulations are 
explained below. In addition, particle settling and depo-
sition must be considered.

The hydrodynamic model is two-dimensional; thus, it 
does not calculate a vertical water velocity, u and v being 
depth-averaged as commented before. Nevertheless, 
both horizontal and vertical movements of particles are 
calculated. Water velocity can only produce a horizontal 
displacement of particles. However, turbulent mixing 
produces a displacement of particles in both horizon-
tal and vertical directions. Thus, each particle is initially 
located at a position given by coordinates (x, y, z), where 
z is depth below the water surface. Horizontal coordi-
nates of the particle change because of advection and 
horizontal diffusion, while the vertical coordinate of the 
particle may change due to vertical diffusion and parti-
cle settling.

Sediment particles are released in the Strait of Gibraltar, 
just downstream the sill and homogeneously distributed 
over the transversal section of the Strait. The reason is that 
turbulence at peak flow conditions is so intense in the 
Strait (Sect. 2.4) that particles would be instantaneously 
mixed over the water column. Then particles are trans-
ported by water currents and mixed by turbulence. Par-
ticles fall according to a settling velocity which depends 
on their size and are deposited on the seabed once they 
reach the bottom and if the bed stress is lower than a criti-
cal deposition stress. This critical stress depends on the 
particle size as well. Local bed stresses are provided by the 
hydrodynamic model as described in Sect. 2.1.

It must be noted that the erosion process itself is not 
modelled: only the paths of particles released in the Strait 
of Gibraltar are calculated and new particles are not incor-
porated to the water column from other regions. This was 
done since we are only interested in the fate of particles 
eroded from the Strait of Gibraltar.

Advective horizontal transport is calculated from the 
following equation for each particle:

where � = (x, y) is the horizontal position vector of the par-
ticle and � = (u, v) is the current vector at the particle posi-
tion. The method used for its numerical solution is briefly 
described in Sect. 2.3.

Particle settling is evaluated according to the following 
equation:

where w
s
 is the settling velocity for the corresponding 

particle size (measured positive downwards) and z is the 

(5)
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,

vertical location of the particle (measured downwards 
from the local sea surface).

When a particle falls on the seabed, it is deposited if the 
local bed stress is lower than a critical deposition stress, 
�
cd

 , above which deposition does not occur. If deposition 
is not occurring, the particle is reflected back to the water 
column. Values for all these parameters are defined in 
Sect. 2.5.

The general equation describing turbulent mixing in a 
fluid is written as:

where C is the concentration of the considered substance, 
H is total water depth and K

h
 and K

v
 are, respectively, 

horizontal and vertical diffusion coefficients. This way of 
expressing the diffusion equation implies that horizontal 
diffusion coefficients vary in the horizontal plane and the 
vertical diffusion coefficient is constant in depth (although 
it changes with location according to water turbulence). 
Their formulations are given in Sect. 2.3. The standard 
method for solving this diffusion equation in a Lagrangian 
framework is briefly presented in Sect. 2.3.

2.2.2  Bed load

A number of equations to describe bed load transport 
exist in the literature (a brief review may be seen in [8]). 
However, they are based upon a bed load transport rate 
not suitable for a Lagrangian description. Consequently, 
the approach by Bilgili et al. [6] has been adopted, which 
can be directly used in a Lagrangian framework. In this 
approach, the critical flow velocity defining when the sedi-
ment movement starts is:

where h is a characteristic water depth, g is acceleration 
due to gravity, d

50
 is the mean sediment diameter and 

d
max

 is the maximum one. Instead of using a characteristic 
depth, this has been replaced by the local water depth, 
thus h = H(x, y) , since water depths change in more than 
one order of magnitude over the model domain. Above 
the critical velocity, particles are assumed to travel at 
one-sixth of the depth-averaged current [6]. If the current 
decreases below V

cri
 the particle stops its movement.

2.3  Numerical solution

A two-way linear interpolation method is used to evalu-
ate water velocity, (u, v), at each particle position from 
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the four nearest points to the particle where the hydro-
dynamic model provides values for the current [9].

Equation  5, for horizontal advective transport, is 
expanded for numerical solution as follows:

where Δt is time step used to integrate the model. 
An additional horizontal advective velocity vector 
(�K

h
∕�x, �K

h
∕�y) is included to avoid the accumulation of 

particles in regions of low horizontal diffusivity [42]. As 
mentioned, K

h
 and K

v
 are, respectively, the horizontal and 

vertical eddy diffusivities, which are deduced from water 
circulation. In particular, the Smagorinsky’s scheme [10] 
has been adopted to describe the horizontal diffusivity:

where Δx and Δy are the grid cell sizes in the east–west 
and south–north directions respectively. Both values are 
4 minutes of arc in the present application. The approach 
used by Lane [24] in a Lagrangian sediment trans-
port model has been adopted for the vertical diffusion 
coefficient:

where k (dimensionless) is the bed friction coefficient 
used in the hydrodynamic model and H is the local water 
depth. A standard value of k = 0.0025 [43] has been used 
as already commented.

Equation (6), for particle settling, is numerically solved 
as:

where z is depth below the water surface, as mentioned 
before.

A stochastic method is used to describe turbulent 
mixing. A given particle will jump due to turbulence 
in any direction of space. This movement is split in the 
horizontal plane and vertical direction since diffusion 
coefficients are different. Thus, it is considered that the 
maximum size of the horizontal step given by the parti-
cle, D

h
 , is [19, 34, 41]:

in the direction � = 2�RAN , where RAN is a random num-
ber between 0 and 1. This equation gives the maximum 
size of the step. In practice, it is multiplied by RAN to 
obtain the real size at a given time and for a given particle. 
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Similarly, the maximum size of the vertical step is [19, 34, 
41]:

which can be given towards the sea surface or bottom 
with the same probability.

Time step used to solve the equations is fixed as Δt = 60 
s. This small value is required to satisfy stability conditions 
in the numerical solution [23, 33] due to the large water 
velocities occurring during the flood (Sect. 2.4).

Hydrodynamic and transport model are coupled off-
line. This means that the hydrodynamic model runs in 
advance. Then water current and diffusion coefficient 
fields are stored in files which are read by the transport 
model. An on-line coupling (simultaneous solution of both 
models) would be computationally too expensive.

2.4  Hydrodynamic conditions

The hydrodynamic model provides the horizontal water 
currents (u, v) and water depths H over the domain, which 
are required to force the sediment transport model. The 
computational grid has been obtained from GEODAS data-
base, available on-line, with a resolution of 4 minutes of 
arc, both in longitude and latitude. It extends from 29◦N 
to 46◦N and from 6◦W to 37◦E , thus covering the entire 
Mediterranean. It is worth noting that a higher spatial 
resolution also requires a smaller time step and thus a 
computational cost which can hardly be afforded to study 
the entire Mediterranean. Limiting the study area to the 
Alboran Sea or to the Western Mediterranean has the 
problem of providing reliable boundary conditions at the 
eastern open boundary, which affects the water circula-
tion pattern. The goal of this 2D 4-arc-minutes model is to 
generate a reliable water circulation for the whole Medi-
terranean consistent with the water inflow at peak flow 
conditions predicted by the higher resolution model by 
Abril and Periáñez [1], which was developed for the Strait 
of Gibraltar and the western Mediterranean.

To simulate the Messinian sea level, the base level of 
the present-day bathymetry was dropped to − 2400 m. 
This value was selected since the equilibrium level of the 
isolated Mediterranean was between 1500 and 2700 m 
below present sea level, according to Blanc [7]. It was used 
in the hydrodynamic simulations presented in Periáñez 
and Abril [39]. The Messinian coastline obtained in this way 
is shown in Fig. 1b (red line). It has to be mentioned that 
in the more recent calculations of Abril and Periáñez [1], 
which included an erosion model within the fluid dynamic 
model (covering only the western Mediterranean), the 
base level of the Mediterranean was dropped to − 1500 
m. This value was inferred from geophysical studies of the 
Messinian Erosional Surfaces [14, 47]. Such drop was also 

(15)Dv =
√
2KvΔt,
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large enough to produce incision depths over 300 m (Zan-
clean channel depth) in the Gibraltar Sill with an energeti-
cally consistent erosion coefficient: in Abril and Periáñez 
[1] a novel approach for erosion in catastrophic floods 
was developed. The drop in the gravitational-potential 
energy of the water flow is partially devoted to erosion 
(through a yield factor). This way the friction coefficient is 
related with such yield factor and with the energy required 
to erode (through all the involved processes) a unit sedi-
ment volume. The relevant point here is that the same 
peak flow conditions were obtained with both values of 
the initial water level of the Mediterranean. Moreover, in 
the earlier stages, flow through the Strait of Gibraltar does 
not depend on the base of level of the dried Mediterra-
nean. The reason is that the sill in the Strait acts as a broad 
crested weir and, consequently, flow is critical here [31, 
pp. 662–663]. This implies that information cannot travel 
upstream from the Mediterranean towards Gibraltar. It is 
worth noting that water-level and water current fields dur-
ing peak flow conditions are the only required inputs for 
the sediment transport model used in this work, as will be 
detailed below.

Model results attain peak flow conditions at the Strait 
of Gibraltar when water level at the Mediterranean was 
about 170 m below the Atlantic level, according to Abril 
and Periáñez [1]. This can be clearly seen in Fig. 2, where 
time evolution of water flow through the Strait of Gibral-
tar, depth of the eroded sill and Mediterranean sea level 

are presented from the previous calculations. The shaded 
area indicates the maximum flow conditions. For these 
conditions, the accurate reconstruction of the Messinian 
bathymetry is expected to be less influencing.

Instead of simulating sediment transport along the 
whole flood duration, currents obtained during the peak 
flow at Gibraltar were used. This is the moment when max-
imum erosion is produced since shear stress is also larger 
(equation 4) and sediments are transported to longer 
distances. Moreover, it is not computationally feasible to 
simulate particle transport during the whole filling period. 
The peak flow is about 70 Sv (Fig. 2) and corresponding 
currents are about 50 m/s in the Strait of Gibraltar [39]. 
A zoom of water depths and currents at this stage in the 
most western part of the Mediterranean may be seen in 
Fig. 3. The hydrodynamic model calculates the water/
land boundaries through a wetting/drying algorithm, 
as explained. Thus, when the hydrodynamic simulation 
starts, all the Alboran Sea is dry (land). Water starts to flow 
from Gibraltar and circulates along the deepest narrows. 
The coloured areas in the top of Fig. 3 are indicating the 
flooded area of the Strait at peak flow conditions and 
the limit between the colour and white regions indicates 
the coastline at that time, which is self-calculated by the 
model. The solid black line is present-day coastline as an 
indication.

The general circulation pattern obtained in the whole 
Mediterranean Sea during peak flow conditions at 

Fig. 2  Computed [1] time 
evolution of water flow, depth 
of the eroded sill in Gibraltar 
and Mediterranean Sea level 
(measured downwards from 
the Atlantic Ocean level) along 
the flood process. The shaded 
box indicates maximum flow 
conditions
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Gibraltar can be seen in Fig. 4. The horizontal and verti-
cal diffusion coefficients (Eqs. 11 and 12) resulting at this 
moment from the circulation in Fig. 4 are presented in 
Fig. 5. These diffusion coefficients are required to solve 
sediment transport.

As an example, the time evolution of the computed 
bed stresses over the domain may be seen in Electronic 
Supplementary Material. Bed stress is an essential factor 
to define the regions where deposition may occur.

Fig. 3  Zoom in the western 
Mediterranean at the consid-
ered stage of flooding. Top: 
water depths (m). Bottom: 
water current magnitude 
(m/s) in logarithmic scale. The 
area covered in these maps is 
shown in Fig. 1



Vol.:(0123456789)

SN Applied Sciences (2019) 1:364 | https://doi.org/10.1007/s42452-019-0374-y Research Article

2.5  Model parameters driving sediment transport

Sediment particles transported in suspension are released 
in the Strait of Gibraltar, just downstream the sill and 
homogeneously distributed over the transversal section 
of the strait (blue section in Fig. 6), as explained before. 
Five characteristic sizes were simulated according to the 

scale in Open University Team [32], which is obtained from 
the Wentworth scale. These sediment classes are given in 
Table 1. Twenty thousands particles are released for each 
class.

Settling velocities for clay and silt are calculated from 
Stokes’s law. In the case of sands, experimental curves 
which give the settling velocity versus grain size were 

Fig. 4  Current field calculated 
in the Mediterranean at peak 
flow conditions. Only one of 
each 16 calculated vectors is 
drawn for more clarity. The red 
line indicates the Messinian 
coastline
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Fig. 5  Horizontal (top) and 
vertical (bottom) diffusion 
coefficients ( m2∕s ) resulting 
from water circulation during 
peak flow conditions (Fig. 4) in 
logarithmic scale. The present-
day coastline is shown
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used [12, 20]. According to Tattersall et al. [46], the critical 
deposition stress for cohesive sediments typically ranges 
between 0.04 and 0.1 N/m2 . For non-cohesive sediments, 
observations in natural systems indicate that 100 μm sands 
are transported in suspension for stresses typically exceed-
ing 0.1 N/m2 [32]. This critical stress increases with particle 
size, being in the order of 0.5 N/m2 for 1000 μm sands. Con-
sequently, the values indicated in Table 1 for the critical 
deposition stresses may be considered realistic.

Three sediment classes were considered to simulate 
bed load transport. Their characteristics are presented 
in Table  2, again according to the Wentworth scale. It 
must be noted that the giant jet of Atlantic waters could 

have displaced blocks of greater sizes, but their transport 
should have remained confined within the bounds defined 
by the computed transportation for the cobble fraction. In 
these simulations, particles of each class are homogene-
ously distributed over the seabed of the whole Strait of 
Gibraltar, from − 5.5◦ to − 5.3◦ longitude (red rectangle in 
Fig. 6). Then V

cri
 (Eq. 8) and water velocity at each particle 

position are compared to evaluate whether the particle 
moves.

Finally, it must be mentioned that sediment gravity 
flows are not considered in the model. The reason is the 
extremely turbulent conditions in the Strait of Gibraltar 
(Sect. 2.4). Even in the down-sloping Alboran Sea turbu-
lence is much higher than in usual oceanic conditions, with 
values in the order of 104 m2∕s (Fig. 5, top) and 10m2∕s 
(Fig. 5, bottom) for horizontal and vertical diffusion coef-
ficients respectively. Vertical structure in the water column 
will not exist with such turbulence intensity.

3  Results and discussion

3.1  Suspended load

In the case of suspended load, the position of particles 
sedimented for each grain size are presented in Fig. 7. 
These results correspond to a 20-day-long simulation, 
from the moment when particles are released in the Strait 
of Gibraltar. Computational time for each single sedi-
ment class is about 2 min on a desktop PC under LINUX 
OS. Longer simulations have been carried out, but results 
remain essentially the same. Indeed, histograms represent-
ing the number of deposited particles as a function of time 
are presented in Fig. 8 for each particle class. A “clock” is 
attached to each particle to obtain this information. The 
clock starts running when the particle is released, and it is 
stopped when deposited. It may be seen that most parti-
cles fall on the seabed within the first 10 days after release. 
Also, results show that the smallest number of sedimented 
particles is found for clays (36% of the released particles). 
These are the smallest particles, with the lowest settling 
velocity and which are easily kept in suspension by turbu-
lence. Although only 36% of the released clay particles are 
deposited, particles remaining in suspension are subjected 
to a strong turbulent diffusion. This implies that particles 
will be rather mixed through the Mediterranean and will 
hardly give place to noticeable deposits once that they 
eventually fall on the seabed.

Returning to Fig. 7, as the particle size increases, and 
thus settling velocity, particles fall on the seabed closer to 
the Strait of Gibraltar. But, independently from this, paths 
followed by the different particle classes are determined 
by water circulation and thus are similar.
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Fig. 6  Initial particle distributions. Suspended particles are released 
along the blue section, homogeneously distributed in the vertical. 
The red rectangle indicates the area where particles used to simu-
late bed load transport are homogeneously distributed

Table 1  Characteristics of the sediment classes used to simulate 
suspended load transport

Size ( μm) �
cd

 (N/m2) ws (m/s)

Clay 1 0.06 3.14 × 10−6

Silt 15 0.08 7.07 × 10−4

Fine sand 63 0.1 3.24 × 10−3

Medium sand 500 0.25 5.78 × 10−2

Coarse sand 1000 0.5 8.10 × 10−2

Table 2  Characteristics of 
the sediment classes used to 
simulate bed load transport

d
50

 ( μm) d
max

 ( μm)

Granule 4000 8000
Pebble 32,000 46,000
Cobble 87,000 128,000
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Fig. 7  Locations of particles 
transported in suspension 
when they are deposited and 
thus stop their movement
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Fig. 8  Histograms showing the 
ages of deposited particles for 
each class. The total numbers 
of deposited particles (NP) are 
indicated (20,000 particles of 
each class are released)

0 5 10 15 20
0

1000

2000

3000

4000
clay

NP=7190

0 5 10 15 20
0

2000

4000

6000
silt

NP=12415

0 5 10 15 20
0

2000

4000

6000

8000
fine sand

nu
m

be
r 

 o
f p

ar
tic

le
s

NP=16180

0 5 10 15 20
0

0.5

1

1.5

2
x 10

4 medium sand

Time (days)

NP=19979

0 5 10 15
0

5000

10000

15000
coarse sand

Time (days)

NP=19985



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:364 | https://doi.org/10.1007/s42452-019-0374-y

There are regions of particle deposition, for all sizes, at 
both north and south sides of the Strait of Gibraltar con-
nection with the Alboran Sea. These regions are related 
to the low water velocity (and thus low bed stress, which 
allows deposition) apparent in these areas (Fig. 3). An eddy 
is formed in the central Alboran Sea. This eddy is apparent 
in the water current magnitude map in Fig. 3 and is related 
to the topography of the basin (same figure), with deeper 
waters here. The low bed stress in the centre of the eddy 
allows particle deposition for all classes except for clays 
(Fig. 7). There are also regions of deposition at the connec-
tion of the Alboran Sea with the western Algerian Basin. 
These will be commented below. Then particles follow two 
main routes, one along the African coast and the second 
south of the Balearic Islands and Sardinia. A small fraction 
of sediments, except for the coarse sand, reach the eastern 
Mediterranean though the Sicily Strait.

It may be seen in Fig. 7 that particles are not deposited, 
during these flow conditions, in the most western part of 
the Zanclean channel. This is due to the strong currents 
here (Fig. 3, bottom). Thus, filling of this part of the channel 
by fine sediments should have occurred once the Mediter-
ranean flood was essentially completed.

Maps in Fig. 7 only show the final position of particles 
once they fall on the seabed. The number of particles per 
unit surface has been evaluated from this figure and then 
normalized to the maximum value. This allows, at least, 
quantitative comparisons of regions of low and high 

sedimentation. This information is presented in Figs. 9 and 
10, for clay and silt and the three sand fractions respec-
tively. The red colour in these maps indicates areas of 
higher deposition than the blue colour. The areas of largest 
deposition are both shores of the Alboran Sea, at its con-
nection to the Strait of Gibraltar. These are regions of low 
water velocity, as can be seen in Fig. 3. Significant deposi-
tion also occurs in the southeast Spanish coast, which is 
also a low current area, and in the central Alboran Sea, 
about 36◦N and − 2.5◦W . Currents in this area are weak, 
which is due to a sudden increase in water depths (Fig. 3). 
South from this region, the area to the east of present-
day Cape Tres Forcas is protected from the jet flowing out 
the Alboran Sea at about 35.5◦N (Fig. 3) and particles are 
deposited in the zone.

Although the density of particles is smaller than in the 
regions of the Alboran Sea mentioned above, very exten-
sive deposits of mainly silts and fine sands are appar-
ent between the Balearic Islands and Sardinia. As may 
be seen in the water current distribution in Fig. 3, water 
flowing into the Mediterranean follows two pathways: 
the main curves to the south as leaving the Alboran Sea 
and then follows the African shore. The second, with 
weaker current, flows in an almost parallel trajectory to 
the former reaching the south of the Balearic Islands. 
These jets are the vectors of particles, which are depos-
ited along their paths according to the corresponding 
settling velocity and critical deposition stress. This is 

Fig. 9  Number of deposited 
particles per unit surface nor-
malized to its maximum value 
for silt and clay fractions
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apparent in Figs. 9 and 10 for all classes except clays. 
Deposition does not occur in the weak-current region 
between both jets because particles are not significantly 
being introduced into this area; they remain in the jets.

Thus, generally speaking, particles are deposited in 
regions of low current (and thus low bed stress), which 
appear due to a sudden increase in water depth (as in 
the central Alboran Sea) or because the area is protected 
from the intense jets (opening of the Strait of Gibraltar and 
connection Alboran Sea-Western Mediterranean). In addi-
tion, particles fall on the seabed along the path of the jets 
which transport them. Depending on the particle size (and 
thus settling velocity), they may reach longer distances. 
Very low deposition occurs for clays, because they are 
easily maintained in suspension by turbulence. The more 
extensive deposits in the western Mediterranean may be 
expected first for fine sands and second for silts. Medium 
and coarse sands deposit mainly within the Alboran Sea.

3.2  Bed load

Results of the simulations for bed load are shown in Fig. 11. 
Only the final positions of particles which have moved 
were plotted in this figure. Particles which have stayed at 
rest during all the simulation have been discarded. Bed 
load transport is entirely determined by the water current; 
thus, all classes are moved by the strong jet leaving the 
Strait of Gibraltar. Pebbles and cobbles remain close to 
the Strait, not reaching longitudes eastwards from − 4◦W . 
In contrast, granules are transported to a longer distance 
by this jet, reaching the area north from the present-day 
Alboran Island and even to the east of this region (see 
the current path in Fig. 3). Since turbulent diffusion is 
not considered for bed load transport, all particles follow 
the water streamlines, as it is apparent in Fig. 11. This fact 
implies that deposits of coarse sediments eroded from the 
Strait of Gibraltar and transported as bed load are much 
more localized in space along water streamlines than 
deposits of material transported in suspension.

Fig. 10  Number of deposited particles per unit surface normalized 
to its maximum value for the three sand fractions

Fig. 11  Final positions of 
particles which have been 
transported as bed load
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3.3  Sensitivity analysis

Due to uncertainties in model parameters, sensitivity anal-
ysis should be an obligatory component of a modelling 
study. Essentially [48], sensitivity analysis consists of evalu-
ating how the model output would behave if some input 
data were changed within their reasonable range or within 
an assigned probability distribution. The simplest way is 
to alter input values and/or parameters of the model and 
study the subsequent changes in model output.

Sensitivity tests for the input parameters in the 2D 
hydrodynamic and incision models were presented in 
detail elsewhere [1]. Consequently here we focus on the 
input parameters for the sediment transport model. A 
number of parameters are directly obtained from the cal-
culated water circulation, like horizontal and vertical dif-
fusion coefficients. Critical velocity for bed load depends 
on water depth (again derived from hydrodynamic calcu-
lations). Thus, remaining parameters are critical stresses 
for deposition and settling velocities of sediment classes. 
Stokes’ law and literature estimations are used for them, as 
described in Sect. 2.5. Consequently, we have performed 
some sensitivity analysis for these parameters.

Additional simulations have been carried out, in which 
these parameters are increased and decreased in 100% of 
their nominal values given in Table 1. Results are presented 
in Fig. 12 for fine sands as an example, which may be com-
pared with the corresponding panel in Fig. 10. An increase 
in �cd leads to larger deposition, since it implies that more 
turbulent energy is required to maintain particles in sus-
pension. Obviously, more deposition is also obtained if 
the settling velocity is increased. Nevertheless, deposition 
areas are essentially the same as in the nominal simulation 
in Fig. 10, which is indicating the robustness of the model. 
Similar conclusions are obtained for the other sediment 
classes and results are not shown.

The number of particles which are released in simula-
tions is equal to 20,000. Results are statistically the same 
for larger numbers.

3.4  Evidences of Zanclean deposits

Seismic records evidence the presence of deposits resting 
on one of the channelized erosive surface of the Zanclean 
Channel system, in the eastern Alboran Sea [11, 14, 15] 
(see Fig. 13). This channel system is the most striking and 
large erosive physiographic feature mapped in the Messin-
ian surface after the Zanclean flooding event [14]. In fact, 
the Alboran Sea shows the relatively major erosion of the 
Messinian Salinity Crisis (MSC) in the deeper parts, con-
trasting with the rest of the Mediterranean areas, where 
MSC erosion mainly affected the continental margins (e.g., 
[4, 26, 27]). The channel system is a W–E, 390-km-long 

feature along the deepest part of the Alboran Sea, from 
the Strait of Gibraltar to the Algerian Basin. The detailed 
analysis of the deposits resting just above the channel 
erosive floor shows the following morpho-seismic and 
stratigraphic characteristics:

• Acoustic facies and discontinuities: these deposits are 
characterized by their contrasting acoustic features 
with respect to the surrounding deposits (as it occurs in 
the vicinity of the Strait of Sicily; [30]), being thus rela-
tively easy to identify in the seismic records. They are 
characterized by chaotic and hyperbolic echoes with 
reflections of high amplitude bounded by an erosive 
surface (Fig. 13).

• Distribution: They display a predominantly longitudi-
nal patchy distribution along the Zanclean Channel 
mapped in the MES surface by Estrada et al. [14]. Their 
locations match with the flood jet path deduced by the 
numerical model (compare Figs. 3 and 13).

• Geometry: The geometry is defined by irregular and 
along-channel lenticular bodies to 208 m thick, 35 km 
long and 7 km wide, (Fig. 13).

• Stratigraphy and facies architecture: The recent high-
resolution Messinian and Pliocene seismic stratigraphy 
defined in the Alboran Sea, based on a precise chronol-
ogy of the seismic stratigraphic boundaries through an 
age calibration between seismic records and scientific 
wells DSDP 121 and ODP 976, 977, 978 and 979 [21], 
indicates these deposits are a) overlying the erosive 
surface of the Zanclean Channel system that incises 
the upper Miocene unit, b) capped by the MES sur-
face and c) overlaid by the well-layered deposits of 
the early lower Pliocene Unit. On the other hand, the 
depositional architecture shows the limited extent and 
unique character of their deposits within the Messinian 
and lower Pliocene sedimentary register (Fig. 13).

These characteristics suggest that the deposits resting 
just above the erosive surface of the Zanclean Channel 
may be considered to be primary depositional features 
rather than gravitational deposits (e.g., slumps or mass 
flow deposits). Their roughly parallel and patchy distribu-
tion along the margins and floor of the Zanclean Chan-
nel as well as their lenticular shape in plain-view point 
to channel-related sedimentary processes, coinciding 
with those areas of high density of coarser sand parti-
cles deduced by the numerical model (Fig. 10). Moreover, 
their lithoseismic attributes suggest that they repre-
sent coarse sediments deposited under high-energy 
conditions instead of gravity-driven compressional 
processes. On the other hand, the chronostratigraphic 
position of the flooding deposits permits to determine 
their age as Zanclean deposits. This means they could 
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also represent the contourite deposits mapped by Juan 
et al. [21] throughout the deep basin and formed by the 
action of the proto Western Mediterranean Deep Water, 
just after the refilling of the Mediterranean. But their 
morpho-seismic characteristics as well as identification 
of a stratigraphic discontinuity between the channel 
deposits and the lower Pliocene contourites strongly 
suggest that they were formed by processes different 

to termohaline bottom currents. Therefore, based on all 
the mentioned morpho-seismic evidences, spatial and 
temporal relationships with the surrounding deposits 
and interpretations [11, 14, 15, 21], all is pointing to the 
fact that these deposits, resting directly on the Zanclean 
Channel, may be considered deposits formed by the Zan-
clean flood [11, 14, 15, 21].

Fig. 12  Density of sedimented 
fine sand particles per unit 
surface normalized to the 
maximum value for different 
values of the settling velocity 
and critical deposition stress
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4  Conclusions

A numerical model which simulates both suspended and 
bed load sediment transports during the Zanclean flood 
of the Mediterranean was developed. The hydrodynamics 
was obtained from a computational fluid dynamic model 
previously developed by the authors and applied to the 
Zanclean flood. The model was solved for the peak flow 
conditions under which erosion of the greater part of the 
former Gibraltar divide took place. The sediment transport 
model was implemented in a Lagrangian framework. Paths 
of sediment particles eroded from the Strait of Gibraltar 
during the flood were calculated until these particles are 
deposited on the seabed. Thus, the regions where Zan-
clean deposits could be present were determined. Because 
of the poorly constrained geography of the Mediterranean 
during the Late Miocene, the use of these results to pre-
dict locations with sediment accumulations must be done 
with caution. Nevertheless, results provide valuable clues 
with respect to the distance travelled by the sediments 
and the areas where deposits could be searched, as Zan-
clean chaotic deposits identified on seismic profiles in the 
Eastern Alboran Basin indicate, and/or areas which could 
be discarded in any attempt to find such Zanclean depos-
its. Results corresponded to a 20-day-long simulation, 

from the moment when particles are released in the Strait 
of Gibraltar. It was tested that results do not change for 
longer simulations, since most particles were deposited a 
few days after their release. The age of deposited particles 
was obtained from a “clock” attached to each particle.

The post-flood distributions of sediment transported 
in suspension and bed load were obtained. In the case 
of suspended load, particles are deposited in regions 
of low water currents, i.e., low bed stress. These regions 
are related to zones sheltered from the water jet incom-
ing the Mediterranean by local topography, areas where 
a sudden increase of water depth occurs and the centre 
of eddies. Thus, main deposits could be present at both 
sides of the Strait of Gibraltar (i.e., both sides of the erosion 
channel), the centre of the Alboran Sea and at both north 
and south sides of the Alboran Sea, at its connection with 
the Mediterranean. Of course, particles transported with 
the main jet fall according to their settling velocity and 
are finally deposited on the seabed. The distance of these 
deposits to the Strait of Gibraltar increases as particle size 
decreases, as could be expected. Thus, very extensive 
deposits of mainly silts and fine sands appear between 
the Balearic Islands and Sardinia. Long deposits are also 
apparent along Algeria coast. Sediment particles trans-
ported as bed load follow streamlines. Thus, deposits of 

Fig. 13  a Airgun seismic profile 
showing flood deposits (yellow 
areas) resting on the Zanclean 
erosive channel (red dashed 
line). Purple line represents the 
base of Pliocene. b Bathymetric 
map (see also Fig. 1) showing 
seismic survey, red line, and 
patchy distribution of flood-
related deposits; c uninter-
preted view of flood-related 
deposits. Legend: vertical 
scale in seconds (two way 
travel time); horizontal scale in 
metres
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very coarse sediment eroded from the Strait of Gibraltar 
and transported as bed load should be more localized in 
space than finer grain deposits.

Sedimentary register on seismic records in the east-
ern Alboran Sea are consistent with the presence of such 
deposits that display a patchy distribution along the floor 
of the Zanclean Channel and on its flanks.

Sediment in suspension is transported towards the 
east to distances reaching some 2000 km in the case of 
clay and silt and reaching some 1000 km in the case of 
coarse sand. In contrast, coarser sediment transported as 
bed load stays closer to the Strait of Gibraltar. Maximum 
travelled distances are of the order of some 500 km for 
granule and reduce to some 100 km for cobble.
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