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Abstract

The development of giant salt basins and eventual cessation of rapid salt deposition is founded
on a delicate balance of salinity and heat fluxes within the water body governed by tectonic,
climatic and eustatic change. The onset of salt deposition in such basins is widely accepted to
be initiated by basin restriction. However, the processes that lead to the termination of salt
deposition are comparatively unclear. Here we use an array of 2D and 3D seismic surveys to
reveal that the truncation surface at the top of a thick salt sequence in the Eastern Mediterranean
is far more extensive than previously thought. We show that uplift of the salt driven by
deformation and thermal dissolution initiated the demise of the ‘salt giant’, even prior to the
final dilution and emplacement of brackish Lago Mare and fluvial deposits. Progressive uplift
of the salt through the thermocline and into the under-saturated epilimnion led to dissolution.

We argue that dissolved salt was recycled and re-precipitation from the hypolimnion in the
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deepest sections of the basin contemporaneous with dissolution of halite from the shallower
epilimnion. These findings explain how rapid basinwide salt deposition was brought to an end
in the Eastern Mediterranean and present a novel process for sculpting the final architecture of

a ‘salt giant’.

Keywords: Salt basins; Salt tectonics; Dissolution; Salt recycling; Messinian Salinity Crisis;

Eastern Mediterranean

1. Introduction

Marine evaporite sequences covering areas of up to 10° km?, with thicknesses of several
kilometres, are developed in numerous basins worldwide and are indicative of periods of major
hydrological change and basin restriction (Warren, 1999; Jackson and Hudec, 2017). The
Messinian ‘salt giant’ in the Mediterranean is a rare example of a thick (>1 km) and aerially
extensive (ca. 6.7 x 10° km? and ca. 10° km®) (Ryan, 1973; Jackson and Hudec, 2017) deep-
sea evaporite basin in an immature state of deformation. The evaporite succession in the
Eastern Mediterranean is dominated by halite and is partly stratified, characterized by either
transparent or strong and laterally continuous internal reflectivity on seismic profiles (Bertoni
and Cartwright, 2007; Lofi et al., 2011b) (Fig. 1). The unique continuity of this internal
reflectivity provides a rare opportunity for long range correlation of the evaporite stratigraphy
of a ‘salt giant’, and allows internal deformation to be defined and mapped regionally and
locally (e.g. Feng et al., 2017). The hydrological and basinal dynamics that led to the end of
this most dramatic phase of basinwide salt deposition and how it is defined in the geological

record have proven elusive.
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The upper boundary of the salt sequence in the Eastern Mediterranean, referred to as the Mobile
Unit (Lofi et al., 2011b), is widely demarcated by an unconformity, known as the Intra-
Messinian Truncation Surface (Gvirtzman et al., 2017) (IMTS; Fig. 1). The extent of intra-
Messinian truncation in the Eastern Mediterranean has until now been described primarily in
the marginal domains of the Levant Basin (Bertoni and Cartwright, 2007; Lofi et al., 2011b;
Feng et al., 2017; Gvirtzman et al., 2017), in the Cyprus Basin and Latakia Basin (Lofi et al.,
2011b; Maillard et al., 2011) and recently within a small section of the wider axial domain of
the salt basin (Kartveit et al., 2019). Relative sea-level fall (Bertoni and Cartwright, 2007;
Kartveit et al., 2019), possibly locally combined with/superimposed to tectonics (Maillard et
al., 2011), have been proposed to have led to subaerial exposure and erosion. An alternative
model for the IMTS in the marginal Levant Basin was recently proposed by Gvirtzman et al.
(2017). In this model, the formation of the truncation surface is not by erosion, but by
dissolution as a result of freshening of the water column and the development of a stratified
deep water basin (Simon and Meijer, 2017). The dissolution was linked specifically to the uplift
of the evaporites along the basin margin, but this interpretation was to some extent conditioned
by the limitations of the spatial coverage of the available seismic data used to map the
truncation geometry.

In this paper we substantially widen the observational context of this important stratigraphic
event towards the end of the Messinian Salinity Crisis (MSC) (Figs. 1b & 2). We utilise a much
more extensive database of 2D and 3D seismic than was available for prior studies of the IMTS
(Supplementary Fig. 1) to demonstrate considerable truncation (as great as 500 m in thickness)
of the top of the Mobile Unit occurred over a much more extensive area of the Eastern
Mediterranean than mapped by previous studies (Figs. 1b & 2). The main aim of this paper
therefore is to use this database to document the broader context of this important truncation

surface and to evaluate current models for its genesis in light of this new mapping. A secondary
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aim is to examine the relationship between the important phase of intra-Messinian deformation
(sensu Bertoni and Cartwright, 2007) and the IMTS. The importance of this question of the
origins of the IMTS derives from its significance regarding the events leading to the end of
evaporite deposition during the MSC. More widely, this could be considered as a fundamental
question about the factors leading to the termination of evaporite depositional systems within

a ‘salt giant’.

2. Geological setting

2.1. The Messinian Salinity Crisis and syn-Messinian deformation

The MSC is one of the most dramatic episodes of rapid environmental change in the geological
record (Ryan, 2009; Roveri et al., 2014a). The onset of the crisis has been shown to have
resulted from the progressive disconnection of the Mediterranean Basin from the Atlantic
Ocean (Ryan et al., 1973; Flecker et al., 2015). The resulting negative water balance led to the
deposition of thick units of evaporites (Hsu, 1972). The full evaporitic succession was
deposited between ~5.97-5.33 Ma (Krijgsman et al., 1999; Manzi et al., 2013; Meilijson et al.,
2019). The sea level in the Mediterranean during the MSC is debated (Hsu, 1972), with models
ranging from little to no sea level change (Schmalz, 1991; Christeleit et al., 2015; Manzi et al.,
2018), to full desiccation (Hsii, 1972; Nesteroff, 1973; Cosentino et al., 2013).

The full evaporitic succession in the Mediterranean, as defined by seismic facies and
geometrical relationships, is composed of a Lower Unit, overlain by a Mobile Unit and a Upper
Unit the top of which is the top of the MSC units (Lofi et al., 2011b; Lofi, 2018). These three

MSC units have only been observed all together in the Western Mediterranean Basin, while
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only the Mobile unit and Upper Unit are present in the Eastern Mediterranean (Lofi, 2018;
Meilijson et al., 2019).

The chronostratigraphy of MSC has been subdivided into several stages based on correlation
of the main lithological units with the astronomical time scale: Stage 1 (5.97-5.6 Ma); Stage 2
(5.6-5.54 Ma); Stage 3.1 (5.54-5.42 Ma); and Stage 3.2 (5.42-5.33 Ma) (Roveri et al., 2014b).
Two contrasting models have been proposed for the relative lengths of time represented by the
major lithological units found in marginal and basinal successions (Fig. 3), based on strontium
isotope data in DSDP-ODP Messinian cores from around the Mediterranean (Roveri et al.,
2014b) and seismic and borehole data from the Levant Basin (Meilijson et al., 2019). In the
model proposed by Roveri et al. (2014b) evaporite deposition is absent in the deep basin during
Stage 1, with the predominantly halite sequence of the Mobile Unit deposited during Stage 2
and Upper Evaporites (and the Upper Unit) deposited during Stage 3 (Fig, 3), with an increase
in terrigenous material defining the onset of Stage 3.2. The model of Meilijson et al. (2019)
proposes that the onset of salt (Mobile Unit) deposition in the deep basin was at the beginning
of Stage 1 and continued through until the end of Stage 3.1, with the Upper Unit deposited only
during Stage 3.2 (Fig. 3). The period over which the exceptionally large volumes of salt that
compose the Mobile Unit (Lofi et al., 2011b) were deposited in the deep Mediterranean basins
during the MSC therefore ranges from 50-550 ka (Roveri et al., 2014b; Meilijson et al., 2019).
The Upper Unit calibrated during DSDP leg 13 at site 376 (Hsii and Montadert, 1978; Kuehn
and Hsii, 1978), defines the final stages of evaporite deposition commencing at either 5.54 Ma
(Roveri et al., 2014b) or 5.42 Ma (Meilijson et al., 2019). Part of the calibrated Upper Unit is
characterized by a change to lower salinity evaporite facies interbedded with clastic sediments
and brackish water molluscs and ostracods (Hsii and Montadert, 1978) that signify a period of
dilution of the water column. These sediments are also referred to as Lago Mare (Gliozzi et al.,

2007; Popescu et al., 2015; Stoica et al., 2016). The deposits immediately above the Mobile
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Unit in the South Levant Basin have been calibrated by wells and divided into two
units/formations by Druckman et al. (1995) and Gvirtzman et al. (2017): Unit 7 and Afiq
Formation, with the evaporites restricted to Unit 7 (Gvirtzman et al., 2017). The upper
Messinian fluvial accumulation of the Nahr Menashe also directly overlies large sections of the
Mobile Unit in the central-north Levant and Cyprus Basins offshore Lebanon and Syria
(Kartveit et al., 2019; Madof et al., 2019).

The study area comprises a large expanse of the present day deeper water region of the Eastern
Mediterranean, encompassing the Levant, Herodotus, Antalya, Latakia and Cyprus Basins
(Figs. 1b & 2). The Mobile Unit in these basins is typically >1 km, reaching thicknesses >3 km
in the deepest basins of the Eastern Mediterranean (Lofi et al., 2011a). Calibration of the
Mobile Unit in the South Levant Basin revealed a predominantly halite succession (Feng et al.,
2016) with a number of thin layers (metre scale) composed of diatomites interbedded with
muddy to sandy clastic sediments (Meilijson et al., 2019). These thin interbedded units
correspond with prominent, laterally continuous, high amplitude intra-salt reflections (Feng et
al., 2016; Meilijson et al., 2019) that represent valuable markers for deformation in the salt
(Cartwright et al., 2012).

Deformation of the Mobile Unit commenced in some parts of the Eastern Mediterranean during
the Messinian, and has been attributed in the Levant Basin to some combination of basin tilting
through basinal subsidence and marginal uplift (Bertoni and Cartwright, 2007; Gvirtzman et
al., 2013). The marginal uplift in the Levant Basin has been attributed to the complex
reorganisation of the African and Eurasian Plates and sinistral movement along the Levant
Fracture System (Fig. 1b), which has caused the uplift of major onshore structures including
Mt Lebanon (Ghalayini et al., 2018), the Judean Mountains (Bar et al., 2016) and the Carmel
block (Gvirtzman et al., 2013) since the Mid-Miocene. Uplift of the basin margin and deep

basin subsidence during the Messinian led to pronounced westward tilting of the Mobile unit
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and its intra-salt layering along the eastern margin of the Levant Basin (Fig. 4), in turn driving
basinward salt flow and the syn-Messinian phase of salt deformation in the Levant Basin
(Netzeband et al., 2006; Bertoni and Cartwright, 2007; Gvirtzman et al., 2013). Accumulation
of the flowing salt in axial domains of the basin resulted in the development of dominantly
contractional structures, with wavelengths of a kilometre or so, and thickening and uplift of the
Mobile Unit in the deep basin (Bertoni and Cartwright, 2007; Gvirtzman et al., 2013; Feng et

al., 2017).

2.2. Seismic stratigraphy of the Mobile Unit in the Eastern Mediterranean

The Mobile Unit in the Eastern Mediterranean is defined by several basinwide key marker
horizons (Lofi et al., 2011a). The base of the Mobile Unit is named BES (Bottom Erosional
Surface; Fig. 1) (Lofi, 2018) and represents a major, regional erosional unconformity and its
correlative conformable surface (Ryan, 1978; Lofi et al., 2011b). The top of the Mobile Unit is
referred to variably as Horizon M (Ryan et al., 1973), Top Erosional Surface (Lofi et al., 2011b)
(TES) and most recently the Intra-Messinian Truncation Surface (IMTS; Fig. 1) (Gvirtzman et
al., 2017). The base and top of the Mobile Unit are demarcated in seismic reflection data as
continuous and high amplitude ‘soft’ and ‘hard’ reflections respectively (Figs. 1¢c & 1d).

The seismic stratigraphy of the Mobile Unit in the Eastern Mediterranean differs considerably
between the Levant and Herodotus Basins and Ionian Basin (Fig. 1; Supplementary Fig. 2)
(Giines et al., 2018a; Camerlenghi et al., 2019). In the Levant Basin, the Mobile Unit comprises
several high amplitude and laterally correlatable intra-salt reflections (ME20 — ME60) that
alternate with seismically transparent layers, forming a recognisably layered succession
consisting of six units (ME-I — ME-VI) (Figs, 1 & 4) (Bertoni and Cartwright, 2007; Lofi et

al., 2011a; Lofi et al., 2011b). Other nomenclature including Unit 1 - Unit 6 (Gvirtzman et al.,
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2017), and ME1 — ME4 (ME — Messinian Evaporites) and MC1 — MC2 (MC — Messinian
Clastics) (Feng et al., 2016), are utilized in other publications for the same sequence (Fig. 3).

In the Herodotus Basin, there are only two clear seismically defined units that comprise the
Mobile Unit, a lower highly reflective unit (MLM — Messinian Lower Megasequence) and a
transparent upper unit (MUM — Messinian Upper Megasequence; Figs. 1a, 1¢ & 3) (Gorini et
al., 2015). The entire succession in the Herodotus Basin is uncalibrated, but the MLM has been
linked to continued clastic supply from the Nile Messinian cone (Gorini et al., 2015). The
junction between these two contrasting seismic stratigraphic packages is observed southeast of
the Eratosthenes Block. Here seismic profiles show that ME20 — ME60 transition into the
MLM, with ME60 demarcating the top of the MLM (Figs. 1a; Supplementary Fig. 2). ME-VI
represents the eastern extent of the MUM, which exhibits a regional wedge shape geometry
that increases in thickness toward the Herodotus Basin and thins towards the Levant Basin,

where beyond its regional pinch out it is only preserved in synclinal axes (Figs. 1a, 4 & 5).

3. Data and methodology

The seismic data available for this study consists of several regional 2D surveys and two 3D
seismic surveys (Supplementary Fig. 1). The 3D seismic data used in the study was acquired
in 2012 by Spectrum with a bin spacing of 12.5 m which results in an effective lateral resolution
of 25 m in the interval of interest. Dominant frequency for all the surveys is 50Hz and 30Hz in
the post-Messinian interval and Mobile Unit, respectively for which average P wave velocities
0f2,000 m/s and 4,200 m/s yield vertical resolutions of 10 m and 35 m (Brown, 2011). Velocity
values are calculated from petrophysical data from exploration wells in the Levant Basin (Feng

et al., 2016) and were used to depth convert the Mobile Unit and post-Messinian succession
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(Supplementary Fig. 3). The 2D and 3D seismic data are pre-stack time migrated, processed to
a zero phase wavelet, and displayed with a polarity such that acoustically hard reflections
(increase of acoustic impedance downwards) are displayed on the profile as positive
amplitudes.

Seismic interpretation was performed using Schlumberger’s Petrel 3D seismic software
platform. Horizons were picked manually along the 2D seismic lines and interpolated to
produce gridded surfaces (Brown, 2011). Horizons interpreted within the 3D seismic volume
were manually picked in grids of 100 m spacing and autocorrelated to produce continuous
surfaces. RMS amplitude volumes were computed, extracted along the mapped IMTS horizon
and interpreted to identify features related to subcropping intra-salt reflections. For reasons
pertaining to confidentiality the exact location and full two-way time (TWT) of the seismic
profiles could not be displayed, however, the general region that they are taken from is

highlighted (Fig. 2).

4. Results

The IMTS is interpretable on seismic profiles wherever underlying intra-salt reflections within
the Mobile Unit have been deformed or tilted during the Late Messinian into a discordant
relationship with the overlying latest Messinian and Pliocene sediments (Figs. 4-6;
Supplementary Fig. 4a). Its full extent (Fig. 1b) is established by regional mapping of
discordant and truncated intra-salt reflections using 2D and 3D seismic data (Figs. 2, 4 & 5).
This deformation is contractional in geometry over >60% of the basin, with well-developed
symmetric to asymmetric folds with amplitudes of 100-600 m, open hinges, and inter-limb

angles ranging from 40 to 160° (Figs. 4b & 5). In contrast to previous studies our mapping
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shows that the IMTS forms a vast basinwide unconformity surface that encompasses marginal
and axial domains of the various sub-basins (Figs. 1a, 1b & 2). It extends across the Latakia
Basin, Cyprus Basin, Levant Basin, south of the Eratosthenes and further westward as far as
the Herodotus Basin and north of the Florence Rise in the Antalya Basin.

The IMTS is mapped throughout the area of seismic data coverage with lower and upper
confidence levels, respectively as 1 or 1.1 x 10° km?. Upper confidence and lower confidence
values are computed based on the distribution of clear truncations (Figs. 4 & 5) and others that
are less definitive (Supplementary Fig. 4a). These more uncertain truncations are distributed in
the Herodotus Basin, where 2D seismic coverage is sparser (Supplementary Fig. 1), the MUM
is thicker (Fig. 1a) and there has been significant post-Messinian deformation of the Mobile
Unit. Where the Mobile Unit is undeformed, it proved impossible to recognise any
unconformity in the the concordant geometry of the Mobile Unit and overlying Pliocene
reflections. The removal of salt at the top of the Mobile Unit cannot be excluded in these areas,
but cannot be directly inferred from the seismic data alone.

The IMTS is remarkably continuous and very smooth over the full extent of its huge area, with
only limited palaeo-relief of <50 m developed locally (Fig, 6). No incised valleys or any other
incisional erosional features have been mapped anywhere at the IMTS around the basin. Relict
topography is only evident where high amplitude seismic reflections subcrop the IMTS,
consistent with lithological changes calibrated by boreholes (Feng et al., 2016) (Fig, 6). These
subcrops are displayed as linear to irregularly distributed regions of increased amplitude in
RMS amplitude maps with rugose geometry in planform (Fig. 6).

Subcrops of truncated intra-salt folds are distributed extensively within the central Levant
Basin and Herodotus Basin (Figs. 2, 4 & 5). Reconstruction of the truncated geometries of
these folds allowed the minimum values of truncated removal to be calculated for many of the

most prominent folds and these values range from 180 m to 760 m (Fig. 2).
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Along the eastern margin of the Levant Basin, the IMTS is characterized by a continuous
subcrop belt of tilted and truncated intra-salt reflections (ME20-ME60) (Figs. 2 & 4a). Their
subcrop geometry strikes parallel to the basin margin continuously over a distance 400 km
along strike (Figs. 2 & 4a). At the eastern limit of this marginal truncation, the entire Messinian
has been removed (Fig. 4a), and thus involves removal of at least 1000 m of predominantly
salt.

Two contrasting ‘uplifting’ processes are therefore evident when considering the truncation
geometries at the IMTS. Firstly, the Intra-Messinian contractional deformation thickened and
uplifted the Mobile Unit in the basin axes resulting in truncation of anticlinal crests and of the
intra-salt layers within. Secondly, there was substantial tilting and uplift, with a tilt direction
generally orthogonal to the eastern margins of the Levant Basin and truncation parallel to the
basin margin (Figs. 1a & 4).

Taken together, these two distinct types of truncation geometry observed over vast areas
suggest that the marginal tilting is unlikely to have been a local isostatic effect produced by
earlier basin loading by evaporites (Govers et al., 2009). Instead it seems more plausible that
regional tectonics played a role in this combined deformation (Maillard et al., 2011). Previous
suggestions of a salt tectonic detachment horizon and shearing at the top of the Mobile Unit
(Cartwright et al., 2012), related to deformation during the Pliocene to Recent, cannot account
for the thickness of salt removed from the top of the Mobile Unit and is not compatible with
the large areal extent of truncated Messinian (Figs. 2 & 5), encompassing both marginal and
axial domains (Fig. 4).

The IMTS does not extend into two regions over which we have seismic data coverage in the
Eastern Mediterranean: the deeper segments of the northern Herodotus Basin and the Cyprus
Trench, over an area of 1.1 x 10* km? (Fig. 1b). No discordant geometries, truncations of intra-

salt reflections or any other obvious evidence of removal of section are interpretable wherever
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the IMTS is not mappable (Supplementary Fig. 4b). These regions are characterised by a
deepening of the Bottom Erosional Surface (BES) relative to those areas where the IMTS is
recognised and an increase in thickness of the Mobile Unit from a regional value of 1.4 to 2
km to over 5 km (Supplementary Fig. 3).

Thrusting at the Florence Rise due to the collision of Africa and Eurasia during the pre-
Messinian Miocene formed a depocentre south of the prominent ridge prior to the MSC and
salt deposition (Giines et al., 2018b). Continued convergence during the Pliocene to Recent led
to tectonic thickening of the original depositional salt thickness within this depocenter to the
present day 5 km (Supplementary Fig. 3). The post-Messinian shortening was calculated as 13
+/- 1.5 km using standard line length balancing techniques (Dahlstrom, 1969), yielding 500 m
(+/-100 m) of tectonic thickening of the salt. The Mobile Unit prior to tectonic thickening was,
therefore, probably in excess of 4.4 km, demonstrating the presence of a large depocentre south
of the Florence Rise (northern Herodotus Basin) during the MSC and the accumulation of an

exceptional thickness of salt.

5. Discussion

5.1. Subaerial vs subaqueous origin of the IMTS

Two competing models for the origin of the IMTS are (1) subaerial erosion linked with relative
sea-level fall (Bertoni and Cartwright, 2007; Kartveit et al., 2019) that is locally in parts of the
basin combined with/superimposed to tectonics (Maillard et al., 2011), or (2) subaqueous
dissolution in a stratified water column in a deepwater setting where the tilted basinal

evaporites were uplifted above a chemocline along the basin margin (Gvirtzman et al., 2017).
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The much more laterally extensive region of truncation implied by the new mapping of the
IMTS (Figs. 1b & 2) strongly favours a subaqueous dissolution model. The smooth geometry
of this surface over its vast areal extent is incompatible with fluvial erosion, as is the absence
of any significant large scale incisional relief (Druckman et al., 1995; Cantén et al., 2001;
Martinez et al., 2004). Fluvial gradients would have had to be less than c. 1:500 over the region
of erosion, simply from the 100s km dimensions of the eroded region with respect to fluvial
entry points at the basin margins, and it is difficult to see how fluvial systems under such low
gradients could have avulsed efficiently so as to result in the final, low relief planation surface.
Furthermore, it is unlikely that the necessary water depths of 10-20 m for vigorous wave
erosion (Bache, 2012) could have been maintained over the 1.0-1.1 x 10° km? area of the IMTS
through the period when the truncation developed. It is also unlikely that in the confined basin
setting east of the major central Mediterranean Sicily Channel Sill (Camerlenghi et al., 2019),
that the limited fetch would have produced sufficient wave energy for any significant truncation
to take place.

The subaqueous dissolution model proposed by Gvirtzman et al. (2017) instead provides an
efficient means to remove large quantities of evaporitic sediments over the large area of
truncation without producing more localised focused erosional features. Subaqueous
dissolution can remove salt layers at rates of up to 1 cm/a when exposed to oceanic salinities
of 36.3 g/L (Pilcher and Blumstein, 2007), and higher rates of to up to 10 cm/a have been
recorded in the Dead Sea (Sirota et al., 2017) where dissolution is thermally controlled.

As a restricted basin during the MSC the only outlet from the Mediterranean for the salt
dissolved in the Eastern Mediterranean would have been beyond the Western Mediterranean
and through the connection with the Atlantic via the Gibraltar Strait (Flecker et al., 2015). The
seismic stratigraphy of the Messinian Evaporites in the Western Mediterranean is composed of

a Lower Unit, Mobile Unit and Upper Unit (Lofi et al., 2011b). This contrast in seismic
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stratigraphy and expression compared to the Messinian Evaporites in the Eastern
Mediterranean has been attributed to separation of the two basins during the MSC by the
regional Sicily Channel Sill (Blanc, 2000; Roveri et al., 2014b; Camerlenghi et al., 2019).
Dammed by the buttress of the Sicily Sill it is conceivable that it was not possible for any
hypersaline waters to outflow from the Eastern Mediterranean, implying that the large volumes
of dissolved salt may have been trapped and remained in the Eastern Mediterranean Basin.

What would have been the fate of the dissolved salt? The wedge geometry (Fig. 1a) and
substantial thickening of the MUM/ME-VI toward regions where the IMTS is absent (Figs. 1b;
Supplementary Figs. 3 & 4b) such as south of the Florence Rise, implies that no widespread
and continuous dissolution took place in these areas. It is conceivable that in these deepest
sections of the basin salt deposition continued during the period that truncation was occurring
elsewhere in the basin, in order to achieve the anomalous thicknesses observed in combination
with no evidence of truncation (Supplementary Figs. 3 & 4b). One possible explanation for the
fate of the dissolved salt, that would also explain the observed geometrical configuration of the
MUM, is that it was re-precipitated from the water column as recycled salt, analogous to salt
recycling described in the presently forming Dead Sea salt basin (Sirota et al., 2017; Sirota et
al., 2018). Primary and recycled salt would be indistinguishable in seismic reflection data
because there is little compositional difference to produce an acoustic impedance contrast. The
primary and recycled salt will be composed of a reflection-free or opaque seismic facies typical
of pure halite, therefore, it is not possible to identify recycled salt using seismic data alone.
However, cores from DSDP Site 376 (Fig. 2) documented the presence of halite in this area,
characterised by low bromine content, which is indicative of salt recycling (Hsii and Montadert,
1978; Kuehn and Hsii, 1978; Lugli et al., 1999). The “sink” of recycled salt could also be
located west of where the IMTS is interpreted here, or even outside of the study area in the

Ionian Basin where there Mobile Unit is also particularly thick (Camerlenghi et al., 2019).
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Some form of stratification is to be expected and is a pre-requisite for subaqueous dissolution
in a hypersaline salt precipitating water column that is restricted from global oceans (Simon
and Meijer, 2017). The lateral extent of the IMTS should therefore simply correlate with the
geometry of the stratified water body. The key question is therefore how to explain the
development of this stratification, and can it account for the dissolution as well as the potential

for recycling?

5.2. Processes governing the dissolution and recycling of the Messinian salt

An under-saturated upper water column (epilimnion) is a prerequisite for the subaqueous
dissolution described here, and can be achieved either by dilution or by heating of the water
column. The dilution model requires a significant and persistent flux of marine or fresher water
into the basin, forming a diluted upper layer that is divided from the underlying salt saturated
hypolimnion by a chemocline (Gvirtzman et al., 2017). This model is associated with a positive
water balance and thus does not allow for the continuation of salt deposition after dilution, even
in the non-diluted hypolimnion (lower water column) (Hsu, 1972; Lensky et al., 2005).
Dissolution in the epilimnion results in the formation of a hypersaline brine over the salt layers.
This brine is denser than the overlying diluted epilimnion, thus is gravitationally stable, and is
nearly halite-saturated, therefore reducing the efficiency of further salt dissolution. Moreover,
this type of stratification results in the upward transport of dissolved salt ions along the salinity
gradient, implying that a transfer of dissolved salt to a saltier underlying hypolimnion is
unlikely (Neev et al., 1967; Stiller et al., 1997). The density of the diluted epilimnion, after
achieving full saturation, would reach ~1.19 g/cc, which is still lighter than the more evolved
hypolimnetic saturated brine due to the load of other ions (e.g. Mg, Ca, K; densities of >1.24
g/cc measured in the Dead Sea (Sirota et al., 2016)). Hence, a density driven transfer of salt

into the depocenter across the chemocline is unlikely in the diluted upper water column model.
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A chemoclinally diluted water column is, therefore, incapable of permitting the required fluxes
of salt between the epilimnion and hypolimnion, in order for salt recycling and continued salt
deposition in the deep basin contemporaneous to dissolution across shallower regions.

New insights for thermal dissolution and salt recycling are provided by detailed recent studies
of the present day Dead Sea (Sirota et al., 2017), representing the closest and probably only
modern analogue of an actively forming deep salt basin. The lake is governed by a continuous
negative water budget, which drives salt deposition (Lensky et al., 2005). Salt dissolution
occurs during warmer seasons in the basin when net evaporation is at its highest rates (Sirota
et al., 2016). The influence that temperature and heating of the upper water column has on
saturation during warmer summer periods overcomes the increasing salinity, resulting in under-
saturation of the epilimnetic brine (Sirota et al., 2016). This allows a flux of dissolved salt from
the warmer and saltier epilimnion to the less salty and colder hypolimnion, via double diffusion
salt fingering across the thermocline (Stern, 1960; Arnon et al., 2016; Ouillon et al., 2019). The
result is salt super-saturation in the hypolimnion coeval with salt under-saturation in the
epilimnion. Thermal stratification in the restricted Eastern Mediterranean analogous to the
Dead Sea was also recently proposed by (Meilijson et al., 2019) and is certain to have occurred
due to seasonal warming of surface water, typical of mid latitude and arid regions. In contrast
to a dilution chemocline model, this process would permit the dissolution of salt over a vast
region of the basin contemporaneous with salt recycling and continued precipitation at the

hypolimnetic basin floor (Sirota et al., 2017; Sirota et al., 2018).

5.3. Model for uplift and thermally driven dissolution of the Messinian Salt Giant

Based on the analogy with the Dead Sea evaporite depositional system, we suggest a simple
two step model for dissolution and salt recycling, leading to basinwide cessation of salt

deposition in the Eastern Mediterranean (Fig. 7). Firstly, the Mobile Unit sequences of MEI-
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MEVT in the Levant Basin and the MLM and an unknown height of the MUM in the Herodotus
Basin were deposited uniformly and synchronously (Fig. 7a). Deposition of this predominantly
halite sequence could have taken place at a range of water depths, none less than a few 100 m
(Fig. 7a). At water depths less than 100 m the epilimnion would have come into contact with
the Mobile Unit in the deep basin during warmer seasons leading to dissolution as opposed to
deposition, by analogy with the Dead Sea (Sirota et al., 2016).

Secondly, a reduction in water column height in the Eastern Mediterranean Basin (Fig. 7b), to
depths ranging from 10s to a few 100s of meters, must have taken place to lower the position
of the thermocline during warmer summer periods. This could be achieved by reducing water
inflow into the basin or increasing evaporation during a period of warming (Blanc, 2000; Simon
and Meijer, 2017). The lowest relative sea level at the Atlantic side of the Gibraltar Strait (Rif-
Betic corridors before the MSC) is measured at 5.57 Ma and would have reduced the inflow of
Atlantic waters at the ‘Gibraltar’ Strait during Stage 2, prior to Stage 3 deposition (Ohneiser et
al., 2015). The palaeo climate in the Mediterranean during Stage 2 and Stage 3 underwent a
period (5.6-5.3 Ma) of transition from colder and humid to warmer and arid, recorded using
biomarkers of C29 and C3; n-alkanes and C»7 and Csg long chain alkenones in samples from the
Messinian sequence (Vasiliev et al., 2017), which will have increased evaporation from the
basin. The relative sea level fall caused the summit of the Eratosthenes Block to be exposed
above the water column and subjected to subaerial weathering processes (Major and Ryan,
1999; Van Simaeys et al., 2019). Syn-Messinian uplift and tilting of the Levant margin and
deep basin subsidence (Gvirtzman et al., 2013; Bar et al., 2016; Ghalayini et al., 2018),
combined with the development of contractional structures and thickening of the salt
(Netzeband et al., 2006; Bertoni and Cartwright, 2007; Gvirtzman et al., 2013; Feng et al.,
2017), uplifted the Mobile Unit through the thermocline in both marginal and axial domains

(Fig. 7b). The uplifted salt was exposed to under-saturated water in the epilimnion during
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summer periods, leading to dissolution (Fig. 7c). The rate of uplift must have exceeded the
flow rate of the salt, while the dissolution rate must have exceeded the uplift rate in order to
produce such well-preserved truncated folds in salt and a smooth IMTS. The cumulative effect
of uplift of the Mobile Unit combined with this seasonal dissolution phenomenon was
significant over a geological time scale, giving rise to a vast truncation surface over which 100
s of meters of salt thickness were dissolved.

The deepest regions of the basin, including large parts of the northern Herodotus Basin,
remained within the hypolimnion and did not experience dissolution (Figs. 1b & 7b). The
basinward limit of the IMTS (Fig. 1b) indicates the lowest level of the thermocline during the
period of dissolution. The dissolved salt was transferred to the hypolimnion via double
diffusion salt fingering, where it was recycled and re-deposited together with primary salt
deposition, during continued salt precipitation at the hypolimnetic seafloor contemporaneous
to dissolution in the epilimnion (Fig. 7c). Low bromine contents observed in halite samples
from DSDP Site 376 located on the Florence Rise (Fig. 2) support this model of salt recycling
in the deeper basin (Hsii and Montadert, 1978; Kuehn and Hsii, 1978; Lugli et al., 1999). A
further sea level fall and subaerial exposure of large parts of the basin during stage 3 is invoked
by the development of the fluvial Nahr Menashe system (Madof et al., 2019) that overlies the
IMTS. The stratigraphic position of the IMTS implies that the genesis of the IMTS pre-dates
the further sea level fall and development of this late Messinian fluvial system. While it is not
possible to precisely date the end of the dissolution and recycling phase, recent drilling results
within the deeper part of the Levant Basin show that the units deposited directly above the
IMTS (Gvirtzman et al., 2017) correspond to the Upper Evaporites assemblage marking Stage
3.1 (Roveri et al., 2014b; Gvirtzman et al., 2017) or Stage 3.2 (Meilijson et al., 2019) of the
MSC. The dissolution and recycling episode and formation of ME-VI and its laterally

equivalent MUM hence took place either prior to the start of Stage 3 deposition dated at 5.54
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Ma within the onshore realm (Roveri et al., 2014b), or prior to Stage 3.2 dated at 5.42 ma based
on the recent model proposed by Meilijson et al. (2019). Despite uncertainty in precise timing,
both existing models agree that the truncation and recycling took place prior to the Zanclean
flood and re-establishment of a full connection to the Atlantic at 5.33 Ma.

This study demonstrates that a combination of uplift and thermally driven dissolution can
terminate salt deposition on a basin scale. It is plausible that due to the buttress of the Sicily
Channel Sill and processes analogous to those observed in the Dead Sea that dissolved salt was
recycled and re-precipitated in the deep basin, contemporaneous with more proximal shallow
water dissolution. This process implies that the end of salt deposition within the Eastern
Mediterranean was not synchronous across the entire basin, with the deepest parts only
terminating with Stage 3 freshwater dilution and the complete switch off of salt deposition.
With regards to the rest of the Mediterranean, the salt stratigraphy of the Western
Mediterranean contrasts significantly with that of the Eastern Mediterranean (Lofi et al., 2011a;
Lofi et al., 2011b) and it at present unclear how salt deposition ended in the Western
Mediterranean or even if the timing of the termination is the same between the basins of the
Mediterranean, with events likely diachronous. The fundamental requirements of tectonic
uplift of salt and thermal stratification of the water column are not considered likely to be
exclusive to the Eastern Mediterranean simply because at water depths up to few 100s of
meters, thermally controlled dissolution plays a crucial role in the balance between deposition
and dissolution. Hence this process will likely have sculpted the final architecture of other ‘salt

giants’.

6. Conclusions
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A broad seismic database reveals the basinwide extent of a truncation surface (IMTS) at
the top of the salt (Mobile Unit) that formed during the Messinian Salinity Crisis in the
Eastern Mediterranean.

The truncation surface was formed by subaqueous dissolution within a
seasonally/thermally controlled stratified water column.

The truncation surface was the result of a major phase of syn-Messinian deformation that
progressively uplifted the salt through the thermocline and into the thermally under-
saturated epilimnion where it was dissolved.

The dissolved salt was transferred to the hypolimnion via double diffusion salt fingering,
where it was recycled and re-deposited contemporaneous with dissolution in the
epilimnion. The result is anomalously thick salt deposits (> 5 km) in the deepest regions of
the basin, which represent the “sink™ of recycled salt.

The end of salt deposition was diachronous in the Eastern Mediterranean, with salt
deposition persisting in the deepest parts of the basin while the Mobile unit was dissolved
proximally, until Stage 3 freshwater dilution and the complete end of salt deposition.

The process of terminating salt deposition via uplift and thermally driven dissolution has
important implication for the terminal stages of salt deposition in large salt basins globally

and 1s likely to have played an important role in sculpting their final architecture.
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Figure 1. Regional truncation of the top of the Messinian salt sequence (Mobile Unit). a: E-W cross-section
through the Herodotus Basin and Levant Basin showing the lateral variation in salt stratigraphy and geometry. b:
Bathymetric map of the Eastern Mediterranean. The extent of the Messinian ‘salt giant’ is overlain (modified from
(Lofi et al., 2011b)). Highlighted are regions where the top of the Mobile Unit has been truncated via dissolution
(red & red striped) and where no truncation is observed (green). Blank areas within the salt margins (?) represent
areas where seismic data quality is inadequate for this interpretation (northern Antalya Basin, Cyprus Arc and
northern Latakia Basin) or there is no seismic data coverage (western Herodotus Basin and Hellenic Trench).
NDSF — Nile deep sea fan; LFS — Levant fracture system. ¢ & d: Seismic and lithological columns from the
Herodotus Basin and Levant Basin respectively, demonstrating the contrasting stratigraphy within the Mobile
Unit. IMTS — Intra-Messinian truncation surface; BES — Bottom erosional surface; Sf — Seafloor; M — Top salt;

MUM - Messinian Upper Megasequence; MLM — Messinian Lower Megasequence.
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Figure 2. Distribution of truncated intra-Messinian reflections. Data points show where truncation of intra-salt
reflection is observed in the deep basin and outlines of where intra-salt reflections ME20, ME30, ME40, MES0
and ME60 sub-crop the intra-Messinian truncation surface around the basin margin are displayed. Values for
observed vertically truncated stratigraphy in meters are plotted and the location of DSDP Sites 375 and 376 are

shown.
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697 Figure 3. Seismic stratigraphy and chronostratigraphy of the Messinian evaporites in the Eastern Mediterranean.
698 The main seismic units, key horizons and the various nomenclature (Bertoni and Cartwright, 2007; Lofi et al.,
699 2011b; Feng et al., 2016; Gvirtzman et al., 2017; Lofi, 2018) for the Messinian evaporite sequence in the Levant
700  Basin are outlined. These main seismic units are correlated with the two chronostratigraphic models of Roveri et
701 al. (2014b) and Meilijson et al. (2019). IMTS — Intra-Messinian truncation surface; IES — Intermediate truncation
702 surface; MUM — Messinian Upper Megasequence; MLM — Messinian Lower Megasequence; MLMT — Messinian
703 Lower Megasequence Top; MU — Mobile Unit; BES — Bottom erosional surface; TES — Top erosional surface;
704  UU - Upper Unit.
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Figure 4. Marginal and abyssal truncation at the top of the Mobile Unit. Intra-Messinian deformation is evident
where intra-salt layers at the top of the Mobile Unit are geometrically divergent to the IMTS (Intra-Messinian
Truncation Surface) and the post-Messinian sequence. Intra-salt reflections are truncated by the IMTS. a:
Marginal truncation of the Mobile Unit exhibited by subcropping intra-salt layers. The schematic projects a
reconstruction of the intra-salt layers to the slope. b: Evidence for deep basin truncation where folded intra-salt
layers are discordant with the IMTS (Intra-Messinian truncation surface). Where truncated, ME60 has been

reconstructed. BES — Bottom erosional surface.
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Figure 5. Examples of deformed intra-salt reflections that have been truncated from around the Eastern
Mediterranean. Reconstructions of the truncated salt stratigraphy (red) demonstrate the significant amount and
variability of vertically truncated stratigraphy around the basin. BES — Bottom Erosional Surface; IMTS — Intra-
Messinian Truncation Surface. a: Truncation in the North Levant Basin. b: Truncation in the central Levant Basin.

¢: Truncation to the east of the Eratosthenes Block. d: Truncation in the Latakia Basin.
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Figure 6. Local relict topography and increases in amplitude where intra-Messinian layers subcrop the intra-

Messinian truncation surface (IMTS). a: A seismic cross-section from the 3D seismic survey offshore Lebanon
(see Supplementary Fig. 1 for the location of the 3D survey) that displays several clear examples of intra-salt
reflections that are truncated by the IMTS. Eight of these truncations have been highlighted (Numbers 1-8). b: An
RMS amplitude map showing the locations of the eight truncations observed in Fig. 6a. The subcropping intra-
Messinian reflections are exhibited as abrupt and linearly distributed increases in amplitude. ¢: A seismic cross-

section showing a depression and rugose geometry of the IMTS at subcrops 4-6. BES — Bottom erosional surface.
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Figure 7. Model for uplift and thermal dissolution of salt in the Eastern Mediterranean. a: Deposition of salt
sequence MEI-MEVI contemporaneous with deposition of the MLM (Messinian Lower Megasequence) and
MUM (Messinian Upper Megasequence). b: Restriction at the Gibraltar Strait reduced seawater inflow into the
basin, resulting in a relative sea level fall. Marginal uplift and subsidence drive late Messinian deformation of the

salt. This uplifts the salt through the thermocline, resulting in dissolution within the epilimnion. ¢: Salt dissolved

in the epilimnion is transferred to the hypolimnion via double

recycled and re-precipitated at the hypolimnetic basin floor.

diffusion (DD) salt fingering, where it can be



