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[1] The Mediterranean Basin may have not always been
connected to the Atlantic Ocean. During the Messinian
Salinity Crisis (5.96—5.33 Myr), the Mediterranean Sea
reduced progressively its connection with the global Ocean
by a complex combination of tectonic and glacio-eustatic
processes. During this period, deep erosion occurred on the
margin and on the continent. Furthermore, a large quantity of
evaporites was deposited in the basins (>1500 m). The way
by which the evaporites accumulated in the various sub-
basins has not been precisely determined. Here we
demonstrate by quantitative analysis that a combination
of several Mediterrancan sea-level drawdown events
associated with limited Atlantic sea inflow and
continuous river discharge can explain the quantity of
evaporites in the Mediterranean Basins and the observation
of an intermediate lowstand at ~500 m. Using a
paleogeographical reconstruction and a numerical model,
we show that the evaporites of the Gulf of Suez (GoS) are a
consequence of the threshold which disconnected the GoS/
Red Sea from the Eastern Mediterranean at the end of the
Miocene. Citation: Gargani, J., I. Moretti, and J. Letouzey
(2008), Evaporite accumulation during the Messinian Salinity
Crisis: The Suez Rift case, Geophys. Res. Lett., 35, 102401,
doi:10.1029/2007GL032494.

1. Introduction

[2] The Mediterranean Basin reduced significantly its
exchange with the Atlantic Ocean during the Messinian
(Figure 1). When partly or totally isolated, the Mediterra-
nean water level depends on the hydrological flux and is
expected to vary significantly. The sea water restriction and
possibly isolation, from the Atlantic Ocean triggered unique
conditions of sedimentation. A large quantity of evaporites
(>1500 m thick) were accumulated during this period [Hsii
et al., 1973]. It is believed that the Messinian Salinity Crisis
(MSC) was not associated with a major climatic change
before and after the crisis [Warny et al., 2003] even if more
humid climatic condition are believed to have occurred
locally during the MSC [Griffin, 2002; Gladstone et al.,
2007]. A non-negligible climatic variability has been prob-
ably triggered by the astronomical forcing.

[3] The way in which the evaporites accumulated is still
controversial. Meijer and Krijgsman [2005] calculated that
a single Mediterranean sea-level lowering could explain
~24-47 m of evaporite thickness. In consequence, more
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than one sea level draw down would be necessary to
interpret the evaporite thickness. Blanc [2006] showed that
a continuous inflow of water from the Atlantic during the
MSC could explain a large quantity of evaporites. Never-
theless, a continuous sea water inflow is not easily compat-
ible with the numerous Atlantic Ocean sea-level variations
that occurred during the MSC [Miller et al., 2005] for a sill
with a depth that range between —50 m and 50 m.

[4] To understand the MSC, it is of fundamental interest
to analyse the role of the thresholds between the various
sub-basins. The Rifian and Bethic Straits, located in the
Gibraltar area, were the Mediterranean-Atlantic gateway. In
the Sicily area another sill separates the Western and Eastern
Mediterranean Basins (Figure 1). Here we discuss the role
played by the threshold located between the Mediterranean
Sea and the Gulf of Suez (GoS) (Figure 1). In the GoS,
extension started about 23 Myr ago. The extension was fast
from 23 to 15 Ma and decreased significantly until the
Pliocene [Moretti and Colletta, 1987]. Several hundreds
meters of evaporites were deposited between 10—15 Ma and
5 Ma in the Belayim, South Gharib and Zeit formation
[Bosworth et al., 2005; Schiitz, 1994] (Figure 2a). The Zeit
formation consists mainly of interbeds of anhydrite, shale
and salt, and varies in thickness from some meters to 914 m.
The Zeit formation was deposited under alternating restrict-
ed and marine conditions to shallow marine setting
[Alsharan and Salah, 1994]. Salt is also present southward
in the Red Sea during this period. From Pliocene times, the
rift trough narrowed and uplift affected the former coast and
rift shoulders. Some evaporites were deposited locally
during the Pliocene.

[s] The GoS is currently a branch of the Red Sea,
disconnected from the Mediterranean Sea. However, it
was connected to the Mediterranean prior to and during
the MSC [Schiitz, 1994]. Contemporaneously, the connec-
tion between the Red Sea and the Indian Ocean was not yet
established [Bosworth et al., 2005]. The Red Sea was
therefore dependent of the connection/disconnection that
may have occurred with the Mediterranean through the GoS
before and during the Messinian. In this study, we focus our
attention on the evaporites accumulated in alternation with
clastic material during the MSC. The role of the various
parameters (sea level, oceanic inflow, river discharge,
paleogeography) on the accumulation of evaporites is
evaluated.

2. Model and Method
2.1. Restoration of the Paleotopography

[6] In order to improve our knowledge of the role of
topography in controlling the deposition of evaporites, we
restored the paleotopography in the GoS areca. We first
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Figure 1. Mediterranean Basin map (modified from Montadert et al. [1978]) and schematic connection between the main

Mediterranean basins during the Messinian.

constructed a map of the base of Middle Miocene evaporites
(Figure 2b) as well as the top of the Messinian evaporites
and of the Precambrian basement using seismic lines, DEM
and geological maps from Colletta et al. [1988] and
Moustafa et al. [2004]. We then reconstructed the paleoge-
ography of the GoS as it was at the end of the Messinian. To
restore the topography as it was at the end of the MSC, we
assumed that the top of the evaporites was deposited

horizontally. The restoration has been conducted using the
software Gocad-Kine3D [Moretti et al., 2006]. The depth of
the base of the evaporites, where post-Messinian deforma-
tion has been removed, is interpreted as the topography
during the MSC. Our interpretation is based on the hypoth-
esis that the deformation of the GoS was negligible between
10—15 Ma and 5 Ma. The surface obtained (Figure 2¢) has
been used to calibrate the altitude of the threshold which
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Figure 2. Northern part of the Gulf of Suez. See Figure 1 for location. The coast line is in black (a) Lithostratigraphic
columns located around the Zafarana platform. Evaporites are in pink. The Zeit formation is considered to be of Messinian
age. B, Belayim; SG, South Gharib. (b) Present base of evaporites constructed using interpreted seismic lines, geological
map and DEM. (c) Base of evaporites restored at the end of the MSC. This map is interpreted as the topography in the GoS

during the Messinian.
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separates the GoS from the Mediterranean Sea, in the model
presented below.

2.2. Modelling the Sea-Level Variation and the Salinity

[7] The connection between the Mediterranean Basins
and the Atlantic Ocean depends, on one hand, on open-
Ocean sea level variation and, on the other hand, on the
altitude of the various sills which connected the different
sub-basins. We have also taken into account the role of river
discharge, evaporation and precipitation. When a sub-basin
is isolated, or has restricted sea water inflow, a water budget
calculation can be performed.

[8] The water inflow is the sum of the rivers discharge
Quivers Of precipitation P and of the Atlantic Ocean flux
Qocean (€.g. inflow-outflow). The fresh water loss is the
consequence of the evaporation E. Starting from an initial
volume Vo of the Mediterranean sub-Basin and considering
the effect of evaporation, precipitation, sea water inflow and
river discharge on the water budget, a new volume V(t) is
calculated. When there is more outflow than water inflow,
the water volume decreases and the sea level drops.

[o] The surface area S(t) is approximated from the
volume variation AV using the relation:

AV =a- [S*(t+ At) — S*(1)] /2

where t is the time, At is the time step and a is a constant
parameter. The sea level Z(t) is calculated from the surface
area S(t) by the equation Z(t) =a - S (t) + Z,, where a and Z,
are constant parameters depending of the geometry of the
sub-basins at the Messinian time [Blanc, 2006; Meijer and
Krijgsman, 2005]. This method allows us to obtain a good
approximation of the sea level variation of the Mediterra-
nean Basin [Gargani and Rigollet, 2007]. For the Western
Mediterranean Basin, a and Z; are assumed to be equal to
4461.5 - 107" m~" and to —3123 m respectively [Gargani
and Rigollet, 2007]. These values allow to fit the geometry
proposed by Meijer and Krijgsman [2005]. For the Eastern
Mediterranean Basin, we assumed a = 4461.5 - 1072 m ™!
and Zy = —3581 m. For the GoS, based on our basin
reconstruction, the geometry of the basin is approximated
by the coefficients a = 110"’ m~ ' and Z, = —2500 m.

[10] Assuming an initially uniform salinity of the Med-
iterranean Co = 35 g/l, the simulated changes in water
volume are used to calculate the variation of salinity.
Furthermore, we considered that the salinity Cy. of the
river water is ~1 g/l, whereas the salinity of the Atlantic
Ocean sea water inflow C,..an 1S assumed to have a constant
value of 35 g/l. The salinity of the water evaporated is
considered to be 0 g/l. In consequence, the salinity of the
Mediterranean Basins at time t is:

C(t) = [Mo + Miiver(t) + Mocean (1)]/ V(1)

where V(t) is the volume of the sea water at the time t and
Mo = Co'Vo is the mass of evaporites minerals obtained if
all the water in the Mediterranean evaporated (Co, initial sea
water salinity; Vo, initial volume of the sea water), M,y (t)
= Qqiver - Ciiver - t 18 the mass of evaporites which come from
river diSCharge Qriver: Mocean(t) = roean : Cocean -t is the
mass of evaporites which come from the Atlantic Ocean
through an oceanic inflow Qgcean When the Mediterranean is
only partly connected to the Atlantic Ocean.
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[11] The sea-level in the Eastern Mediterranean Basin, as
well as the altitude of the Zafarana threshold (Figure 2c¢), are
necessary to calculate what occurred in the GoS. As a result,
it is not possible to consider what happened in the GoS
without considering what happened in the Western and
Eastern Mediterranean Basins. We used here the results
obtained by Gargani and Rigollet [2007] for the altitude of
the sea-level in the Eastern Mediterranean Basin that take
into account the role of astronomical forcing on climate
variability.

3. Results and Discussion
3.1. Evaporites in the Mediterranean Basins

[12] The mass of evaporites accumulated is believed to be
of Myese = 1.44 - 10'8 kg in the Western Basin and of Mg,
= 6.44 - 10"® kg in the Eastern Basin [Blanc, 2006]. This
mass could be an overestimates. A volume >106 km>,
equivalent to 2.2:10"® kg, has been proposed by Ryan et
al. [1973] for the whole basin. In the GoS, we estimated the
mass of evaporites using the seismic lines published by
Colletta et al. [1988] and Moustafa et al. [2004]. We
obtained 0.4 - 10'® kg < Mgye, < 1.4 - 10'° kg.

[13] There are at least three ways to accumulate the
significant quantity of evaporites accumulated in the Med-
iterranean basins: (1) multiple sea level lowering events, (2)
a semi-continuous sea water flux from the Atlantic (sea
water salt concentration, Cayanic = 35 g/1), and (3) the
transport of a significant quantity of salt by rivers (Cyiyer ~1
g/l).

[14] It is probable that more than one sea level lowering
occurred during the MSC [Fortuin and Krijgsman, 2003].
We have calculated that more than 50 sea level draw down
events are necessary to accumulate, by this process only, the
entire Mediterranean evaporite deposit. Considering the
hypothesis of 5 sea level lowering, as suggested by the 5
surface discontinuities observed in the Nile delta [Gargani
and Rigollet, 2007], account for only 0.65:10'® kg of the
mass of evaporite.

[15] Even if the influence of river discharge on salinity is
not negligible, the role of river water salinity in contributing
to evaporite deposition in the Mediterranean is not always
considered. When there is no connection between the
Atlantic Ocean and the Mediterranean and under climatic
conditions close to the present day, river discharge is not
sufficient to explain alone the mass of evaporites. For
example in the Western Basin, the salt concentration trig-
gered by a river discharge of 7500 m*/s over 640 kyr (from
5.96 to 5.32 kyr [Krijgsman et al., 1999]) is less than 200 g/
1 (see auxiliary material).! Nevertheless, there is an uncer-
tainty in the climatic conditions (humid regionally [Griffin,
2002; Gladstone et al., 2007]/drier in the Northwest Med-
iterranean Basin and equal humid in the South of the
Mediterranean [Fauquette et al., 2006] due also probably
to climate variability associated with astronomical forcing.
A very high river discharge associated with a significant
evaporation rate could lead to a greater salinity of the sea
water. This process cannot be excluded and may have
played a significant role in the Evaporites Mass Accumu-
lation (EMA).

'Auxiliary materials are available in the HTML. doi:10.1029/
2007GL032494.
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Figure 3. Effect of the MSC in the Suez of Gulf. (a) The Evaporite Mass Accumulation (EMA) is calculated for various
elevations of the Suez threshold. When no indications are given the river discharge Qyye is of 220m’/s, i.e. equivalent to a
discharge produced by a mean precipitation rate of 0.5mm/day (0.2—1mm/day [Gladstone et al., 2007]) on a drainage area
of 250 km * 150 km. The EMA is more sensitive to the paleogeographical threshold than to the river discharge. A threshold
elevation of —50m or +50m could explain the mass of the evaporites accumulated during the MSC. (b) Sea level variation
and EMA. The threshold between the Mediterranean Basin and the GoS has an elevation of —50m. The EMA is triggered
principally by the connection/disconnection between the Mediterranean Sea and the GoS, even if the climatic parameters

also play a role. The salinity of the river discharge is Cijyer =

Gargani and Rigollet, 2007].

[16] There is another process that could have played a
role in controlling salinity during the Messinian. Oceanic
inflow may explain the mass of evaporites. For example, sea
water inflow from the Atlantic of ~11000 m?/yr, occurring
over ~29 kyr (see auxiliary material) may explain a
significant part of the evaporites mass in the Western Basin

4

1 g/l. The value of E-P ranges between 0.5 and 0.9m/year [see

(M = C(t) - V(t) ~ 0.5 - 10"® kg) and allows us to interpret
the intermediate lowstand of ~—500 m observed in the
Western Mediterranean Basin [Gargani, 2004]. As the
intermediate lowstand of ~—500 m is also compatible with
numerous sea level lowering events of short duration
[Gargani and Rigollet, 2007], it is not clear whether
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continuous or semi-continuous Atlantic sea water inflow
occurred.

[17] A combination of these three processes (i.e. several
sea level lowering events, significant river discharge, a
continuous or semi-continuous Atlantic sea water inflow)
permits to interpret the mass of evaporites accumulated.

3.2. The Gulf of Suez (GoS) Case

[18] It is now possible to discuss the development of the
salt basin within the GoS during the Messinian. Our results
presented Figure 2c¢ show that the northern current depot
centre could have been isolated from the South. A threshold
existed. The Zeit formation thickness is indeed very small in
the well 2 located in this area (Figure 2a). Our results
suggest that the Araba Wadi/Zafarana structure corresponds
to this threshold and had an altitude of —50 m <Z <50 m
during the MSC (Figure 2c). This structure is known to have
played a role in blocking the southern part of the GoS from
the Eastern Mediterranean during the Middle and Late
Miocene [Schiitz, 1994]. It is coincident with a pre-existing
structure of presumed Precambrian age [Polis et al., 2005]
and was a topographic high as far back as the latest
Maastrichtian [Scheibner et al., 2001]. The restoration of
the topography shows that the southern GoS and the Red
Sea may have been isolated by the Zafarana platform from
the Mediterranean during the Miocene. Evaporation and salt
deposition have taken place since the Red Sea was isolated
southward from the Indian Ocean. One may note that due to
local structuring, very small isolated basin may have formed
in the half graben of the tilted block, as it happens today,
leading also to small local evaporitic deposition.

[19] Our quantitative model of the water and salinity
budget shows that the sea water variations in the GoS were
highly influenced by the elevation of the Zafarana structure.
Several draw down events in the Suez sub-Basin occurred
as a consequence of this threshold which isolated the GoS/
Red Sea from the Mediterranean (Figure 3b) and the
conditions of sedimentation were strongly influenced. The
simulated mass of evaporites (1. - 10" kg < M < 3.7:10'¢
kg; Figure 3a), calculated using the whole range of possible
values for the elevation of the threshold (—50 m <z < +50
m), allows us to interpret the estimates of the evaporite mass
from seismic lines (0.4 - 10'° kg <Mgue, < 1.4 - 10'¢ kg). In
the case of the GoS, it is not necessary to consider a
continuous sea water inflow from the Mediterranean to
explain the evaporite mass. The model suggests that the
elevation of the Suez threshold was ~—50 m or ~+50 m.
Intermediate values of the elevation of the Suez threshold
(—25 m < threshold <+25 m) produced too much evaporite
mass accumulation (Figure 3a). The intercalation of 300 to
900 m of Messinian evaporites, sandstones and clays in the
GoS [Schiitz, 1994; Griffin, 2002] could be interpreted by
our modelling as an alternation of connection/disconnection
from the Mediterranean Sea (Figures 2a and 3b). The
existence of the Zafarana threshold before and probably
after the MSC explain why evaporites are also observed
before and after the MSC.

[20] The nature of the Messinian climate is controversial
[Fauquette et al., 2006; Gladstone et al., 2007]. Gladstone
et al. [2007] estimated that the precipitation rate ranges
between 0.2 and 1 mm/day during the Messinian in the GoS
area, whereas evaporation rate range between 0.8 and 1 mm/
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day. Furthermore, a climatic variability due to the astro-
nomical forcing should also be considered. We have tested
the effect of a precipitation rate of 0.5 mm/day in a drainage
area of 250 km * 150 km (i.e. ~220 m’/s for the GoS). The
value of the hydrological parameters (Evaporation-precipi-
tation, rivers discharge) influence moderately the accumu-
lation of the mass of evaporite in the GoS in comparison of
the role of the Zafarana threshold (Figure 3a: see compar-
ison between a river discharge of ~220 m*/s and of ~110
m?/s). In consequence, our approximation of the hydrolog-
ical parameters allows us to obtain a first order understand-
ing of the sedimentological evolution of the GoS during the
MSC and of the elevation of the threshold of the Zafarana
platform.

4. Conclusions

[21] We have reconstructed the paleogeography of the
threshold between the Mediterranean and the Gulf of Suez
during the Messinian (Figure 2b). This threshold, which has
an elevation of ~—50 m or ~+50 m, strongly influenced the
sea water connection between the Mediterranean and the
GoS (Figure 3). The role played by this threshold is more
significant than the role played by the river discharge on the
accumulation of evaporite in the GoS (Figure 3a).

[22] In the Western Mediterranean Basin, a semi-contin-
uous inflow of sea water from the Atlantic could explain
part of the large quantity of evaporites. Another non
negligible part is a consequence of the sea level lowering
and the river discharge into the Western and Eastern
Mediterranean Basins. Inflow from the Atlantic may also
explain the existence of an intermediate lowstand (~—500
m).

[23] We believe that this approach could be useful for
explaining part water budgets and the impact of climatic
conditions (dry/wet; cold/hot) on isolated basins.

[24] Acknowledgments. We would like to thanks Julien Schmitz and
Denis Deldique for their help with DEM and figure artwork, as well as
Rachel Flecker and an anonymous reviewer for their constructive com-
ments.
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