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Abstract

The first deep-sea drilling expedition in the Mediterranean chanced upon unanticipated
discoveries when recovering deeply buried sediments of Late Miocene age that had
once accumulated in ultra-shallow water and had later experienced subaerial expo-
sure. Among these deposits were potassium and magnesium chlorides, desiccation
cracks, fluvial gravels and shale bearing bottom-dwelling diatoms requiring sunlight,
all indicative that the Mediterranean had evaporated one or more times to near dry-
ness during what became called the Messinian Salinity Crisis. The initial presentation
of these findings in 1973 was met with hesitancy. Had the present 2 to 4 km deep
Mediterranean Basins been much shallower? How does one explain sediment sand-
wiched between beds of anhydrite and gypsum that hosted microfossils belonging to
both ocean seawater and species that lived in fresh-to-brackish water lagoons? Did all
of the evaporites originate on salt pans rimmed by alluvial aprons, or was there a deep-
water period during which most of the 1 to 2 km thick layer of salt layer had arrived?
How do the Late Miocene evaporites and mudstones outcropping in mobile belts along
numerous Mediterranean margins fit with the scenario of a near empty Mediterranean?
These inquiries are addressed in the style of a historical narrative reviewing 50 years of
investigations by researchers turning their attention to the peripheral deposits, includ-
ing those from the Paratethys. The stable isotopes of oxygen, carbon, sulfur, deuterium
and strontium become crucial evidence in support of a substantial Mediterranean des-
iccation that harmonizes what appears to be unresolved conflicts among prior and even
contemporary interpretations.
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1 Introduction: Early thoughts of an evaporating Mediterranean Sea

The first hints of a possible evaporation of the Mediterranean Sea can be traced to
the Leicester Codex of Leonardo da Vinci (1452-1519) in text accompanying his
drawing of a method for measuring the rate of evaporation of water as it is being
heated. Actual evidence of evaporation came centuries later when in the process of
investigating the proliferation of gastropods from margins of Algeria, Spain, Sicily
and the Italian peninsula Giuliano Ruggieri recognized “a clearly evaporitic situation
.. with gypsum and salt extending throughout the western Mediterranean.” [1]. He
doubted that any fauna could have survived in the abyss where all marine life was
likely to have been “totally destroyed by the adverse environmental conditions” [2].
For Ruggieri, the replacement of the Melanopsis species on shores of evaporating
lagoons by the sudden introduction of new marine life from the Atlantic, including
deep-water corals, led him to propose a rapid transgression at the commencement of
Charles Lyell’s Pliocene Epoch [3].

Raimando Selli linked the evaporative and lacustrine events to the Messiniano of
Mayer-Eymer and placed them together in the latest stage of the Miocene that he
named the Messinian [4, 5]. Selli introduced the term ‘crisis of salinity’ (crisi di
salinitd) that is now called the Messinian Salinity Crisis (MSC). He used the MSC
to encompass not only a dramatic environment change in the Mediterranean, but also
throughout the eastern European region known as the Paratethys that remained fresh
when the Mediterranean became hyperhaline.

In the Mediterranean region, Selli’s Messinian stage began with pre-evaporitic
euxinic sediments rich in diatoms that he labeled the Formazione Peliti Eusiniche, fol-
lowed by an extreme saline interval represented by the Formazione Gessoso Solfifera,
and ending with a fresh-to-brackish interval called the Formazione a Colombacci. The
Gessoso Solfifera, consisted of repetitious beds of gypsum in the crystal appearance of
selenite that had been described by Pliny the Elder in his first volume of Natvralis His-
torie (77 AD) as lapis specularis, or mirror stone for its reflective surface and glass-like
transparency.

In the deepest subsurface of the Caltanissetta basin in Sicily the Gessoso Solfifera
also entailed sodium and potassium—magnesium rich salts (halite and kainite) reach-
ing 400-600 m in thickness in subsurface mines [6—8]. These salts were thought to
have precipitated in land-locked bodies of super-saturated brine. They were overlain
unconformably by earliest-Pliocene marls of the Formazione Trubi [9, 10]. The Trubi
marls were populated by planktonic foraminifera (97-99%) with species that lived in
a relatively deep and fully-marine environment.

2 Discovery of an abyssal salt layer

The possibility that layers of salt, like those in the subsurface of Sicily, might also
exist beneath the floor of the Mediterranean Sea was first revealed by Cousteau and
Alinat [11]. Using echo-soundings while aboard the vessel Calypso of the Musée
Océanographiqgie de Monaco, they discovered small knolls (called petits accidents) on
the otherwise flat seabed in the Ligurian Sea at water depths exceeding 2.5 km. When
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Fig. 1 Vintage 1965 reflection profile with diapirs protruding through Reflector ‘M’ and reaching the seabed
to form knolls. Vertical scale is reflection time in seconds two-way travel time (twtt)

later viewed in seismic reflection profiles these knolls turned out to be piercement
diapirs (Fig. 1) that arose from a presumed layer of salt [12—19]. The diapirs pene-
trated through the highly reverberant sub-bottom reflector ‘M’ that had been observed
throughout deeper regions of the western and eastern Mediterranean [20].

Seismic refraction measurements showed that Reflector ‘M’ corresponded to the
top of consolidated material [21-24]. A deep cleft in the seabed southwest of Crete had
allowed a piston-coring device to sample earliest-Pliocene foraminifera-rich limestone
close to the top of Reflector ‘M’. The limestone had the same foraminiferal assemblage
as present in the Trubi Formation in Sicily, the first indication that the salt might be
an abyssal equivalent to the Gessoso Solfifera [20, 25].

At the same time this limestone had been sampled by piston-coring, the U.S.
National Science Foundation entered into a contract with the Regents of the Uni-
versity of California to fund the Deep-Sea Drilling Project (DSDP). Its objective was
to drill much deeper into the sediment cover of the ocean floor and date with microfos-
sils the sediments recovered in successive cores. The age of the bedrock would come
from the age of the oldest overlying sediment.

The success of the new drillship Glomar Challenger was immediate. On its first
expedition in 1968 the recovered cores confirmed the existence of Jurassic-age salt
domes in the Gulf of Mexico [26]. On the third expedition core samples provided
convincing proof of seafloor spreading and continental drift [27]. On its thirteenth
expedition in 1970 the drilling technology enabled comparable discoveries in the
Mediterranean Sea: samples from its salt layer in the Algero-Balearic Basin [28], a
youthful Miocene age for bedrock in the Alboran Basin and Valencia Trough [29, 30],
and recovery of dewatered sediment from the interior of an accretionary prism in the
eastern Mediterranean [31].
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3 Initial signs of once dry Mediterranean
3.1 Discoveries from the first deep-sea drilling in 1970

Scientific drilling in the Mediterranean Sea began in the Alboran Sea. There at DSDP
Site 121 Reflector ‘M’ (Fig. 2) corresponded to a widespread unconformity [32].
Upon reaching it at 682 m below the seafloor (mbsf), the drill bit hit a hard interface,
inducing increased and erratic torque on the drill pipe. When recovered the formation
below the ‘M’ Reflector was substantiality more indurated than the softer marl and
sands above. The sediment above the reflector was early Pliocene in age. The sediment
below belonged to the Tortonian stage of the Late Miocene. The lack of microfossils
belonging to foraminiferal zones N17-18 [33, 34] and nannofossil zones of NN-12-13
[35] revealed that the Messinian stage of the Late Miocene was missing and only
indirectly represented by a thin hardground. However, the cause for the hard ground
and missing sediments at the unconformity would only become apparent later in the
expedition after the discovery of evidence indicating partial desiccation of the entire
Mediterranean.

The next drill site, 122, was located in the Valencia Trough (Fig. 3). The strategy
here was similar: sample the ‘M’ reflectors, continue into the presumed underlying
salt layer, and terminate in the flank of an adjacent bedrock peak [36].

121

e ne1163 mbs|

add o ~

. - >
11-1--1141-11-1'."‘l".‘
b N . :
==+ Pleistocene i< “ad

et "u""“jj‘r11m‘-,qq-.,

Fpee ey .

- O ok b webel B FERTTY 6
E,rg_:_PIiOCene‘ pogadd

Fig. 2 Reflection profile with location of DSDP Site 121 in the Alboran Sea. The unconformity labeled
Reflector ‘M’ is shown with red dashed line, truncating pre-Messinian Miocene-age reflectors and draped
by early Pliocene marls. The graph is the rate of drill pipe penetration displaying decreased penetration
rates when reaching strong reflections. Numbers 624 are core identifications
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Fig. 3 Bathymetric contours (250 m interval) in the northwestern Mediterranean. Labeled drill sites are
discussed in the text. Labeled boxes are 3D seismic surveys. Line is location of profile in Fig. 18

Again, when reaching Reflector ‘M’ the drill bit encountered a resistant formation.
But this time, as it was entered, the drill bit plugged. The recovered core contained only
sand with crystals of selenite. The attempt for another core proved futile. However,
when the drill collars containing the core barrel were raised on deck, the collars and
core barrel were found to be packed with buckets-full of gravel mixed with sand and
pebbles (Fig. 4).

Although a disappointment to not have reached the salt layer, the effort spent at this
site proved valuable. From the selenite crystals in the gravel, alabaster gypsum caught
between the teeth of the drill bit and detrital gypsum in the sand came the first clues
to a pre-Pliocene evaporite series. The gravel was composed of 70% basalt fragments,
25% selenite crystals, 5% limestone of mid-Miocene age (Serravallian and Langhian
Stages), and shell fragments of mostly dwarfed gastropods, pelecypods, brachiopods,
and lamellibranches once living in environments of unusual low salinity and shallow
water. The absence of rocks of continental origin (e.g., granite, greywacke, schist) in
the gravel was explained in the expedition reports by postulating the gravel had derived
from erosion of the Miocene seabed, its underlying strata and volcanic bedrock.

At DSDP Site 124, located on the foot of the continental margin southeast of
Balearic Platform (Fig. 3), an unusual formation was met for the third time at Reflec-
tor ‘M’ (Fig. 5). It adhered to the drill collars and suddenly increased the torque on
the rotating drill pipe. The sediment in the first two cores turned out to be a sticky and
stiff dolomitic marl with occasional lenses of detrital gypsum and barren of microfos-
sils. However, further below, the marl began to reveal a few planktonic foraminifera.
Though indicative of a Miocene age, most of the specimens were dwarfed and of uni-
form size. The remaining normal-sized specimens were already extinct. Of particular
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Fig. 4 Gravel composed of rounded and sub-rounded vesicular basalt, limestone of Middle Miocene age,
selenitic gypsum, and shells belonging to shallow-water mollusks. Scale bar represents 1 cm
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Fig. 5 Reflection profile crossing a buried bedrock ridge. Note that informal Unit 1, sampled in drill cores
at DSDP Site 124 is partly eroded on the crest and eastern flank of the ridge (red dashed line), but intact
and identical in its internal reflections on both sides. Unit 2 is absent on the ridge, whereas Unit 3 drapes
the ridge. The truncation of internal reflectors in Unit 2 is unconformity #1 and erosion on the surface of
Unit 1 is unconformity #2
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note were numerous thin and finely laminated dark layers rich in pyrite and holding
an abundance of siliceous microfossils (diatoms, Radiolaria, and sponge spicules).

Below was solid rock: thinly laminated anhydrite (Fig. 6, upper left) reminiscent of
the ‘balatino’ facies in the Formazione Gessoso Solfifera in Sicily [9]. Under micro-
scopic examination, the light bands consisted of parallel-bedded anhydrite laths while
dark bands contained rounded and abraded crystals of gypsum in a mud matrix. Tiny
white blobs were anhydrite spherules that had initiated growth along partings in the
original sediment.

Further below, the anhydrite displayed a coarser texture with nodules large in some
bands and small in others (Fig. 6, upper right). Each band was separated from the next
by detrital sand containing sparce tests of dwarfed foraminifera with mud-filled tests.
There was no evidence of size-grading in the detrital layers, but instead, marked size-
discrimination between individual layers. Questions arose: had the anhydrite nodules
grown in place like those in the thinly laminated facies in Fig. 6, upper left or were
they detrital?

As the drill hole continued to deepen the nodules became larger until they obscured
all the intervening matrix and presented a texture called ‘chicken-wire’ (Fig. 6, lower

Fig. 6 Top left: thinly laminated (balatino) anhydrite displaying a preferential infilling of depressions;
b spherules grown within the light bands and deforming the bounding dark bands. Top right: larger anhy-
drite nodules in bands separated by detrital sand. Bottom left: Anhydrite nodules in shallow pit dug into the
sabkha sediments of the Persian Gulf [40]. Units on the rod have 10 cm spacing. Bottom right: chicken-wire
anhydrite with only a wisp of mud. Core pictures from DSDP Site 124 [41]. Scale bar in pictures represents
1cm
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right) by geologists working in the petroleum industry. ‘Chicken-wire’ anhydrite had
been considered a product of subaerial crystallization [37]. This anhydrite, recovered
in beds several meters thick, was separated by finely laminated dolomitic mudstone
again hosting diatoms and siliceous sponge spicules. The diatom assemblage included
benthic and epiphytic species similar to those living today in stagnant waters of land-
locked marches [38, 39].

The anhydrite nodules recovered by the Glomar Challenger more than 3 km below
the surface of the Mediterranean Sea resembled those found in shallow pits dug into
the supratidal flats of the Persian Gulf (Fig. 6, lower left) [40, 42—44]. There, in the
subsurface of the supratidal zone, called sabkhas, anhydrite nodules grew in the hyper-
saline capillary zone as evaporation drew in groundwater sourced from the adjacent
saltwater sea. As the nodules expanded, they displaced the surrounding sediment.

The apparent similarity between the DSDP Site 124 nodular anhydrite and that of the
modern Persian Gulf triggered animated discussions among the shipboard scientists.
Had the absence of Messinian deposits in the Alboran Sea, gravel with selenite mixed
with fragments of shallow-water mollusks in the Valencia Trough, and anhydrite at this
deeper location in the Algerian Basin taken place when water levels dropped hundreds
to thousands of meters below the surface of the adjacent Atlantic Ocean [45, 46]? The
steady downhole increase in Na and Cl measured from porewaters confirmed that
halite existed at greater depths than achieved by the drilling [47, 48]. The C1/Br ratio
indicated leaching of relatively pure NaCl [49]. The downhole increase in porewater
salinity confirmed that Unit 2 on both sides of the bedrock ridge (Fig. 5) was likely to
be the halite layer that had produced the previously-recognized salt diapirs. However,
the absence of Unit 2 on the bedrock ridge required explanation. The truncation of
its internal reflectors on the eastern side suggested that halite may once have draped
the ridge and was later removed prior to the dolomitic marls and anhydrite in Unit 1.
If so, the drape would imply that the halite crystals had settled from a thick layer of
brine capable of submerging pre-existing relief, rather than precipitation confined to
shallow salt pans to each side of an exposed ridge. The subsequent shallow and brackish
environments required cessation of new saltwater from the Atlantic and evaporation
of the remaining brine. Near complete evaporation would expose halite on the ridge to
erosion and could have been responsible for truncation of the internal halite reflectors
in Unit 2 that created unconformity #2 in Fig. 5. A second episode of erosion produced
unconformity #2.

Further confirmation of shallow and brackish environments came from the eastern
Mediterranean at Sites 125 and 129 (Fig. 7). At Site 125 on the crest of the Mediter-
ranean Ridge in the Ionian Sea, the sticky and stiff dolomitic marls contained the same
faunas as found at Site 124: bottom-dwelling foraminifera considered to have lived in
shallow water and diatoms conditioned to fresh and brackish environs. The drill hole
terminated in a gypsum conglomerate that plugged the drill bit (Fig. 8, left). From the
CI/Br ratio in porewaters it became apparent that halite had not been present there, but
instead had been preserved only in deeper enclosed regions.

At Site 129 in the eastern Mediterranean, the dolomitic marl contained not only
an abundance of shallow-water benthic foraminifera (Ammonia beccardii, A. tepida),
but entire carapaces of ostracods belonging to Cyprideis pannonica (Fig. 8, right).
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Fig. 7 Drill sites in the eastern Mediterranean. DD is the Discovery Deep brine pool. Bathymetric contours
at 500 m intervals

Fig. 8 Left: Conglomerate at DSDP Site 125 with pebbles of dolomite (black) in a matrix of gypsum sand
with pockets filled with white anhydrite (a). Scale bar = 1 cm. Right: Cyprideis pannonica from DSDP
Site 129, eastern Mediterranean. Scale bar = 0.5 mm

Cyprideis pannonica appeared for the first time around 8 Ma in Maeotian-age sedi-
ments in the Paratethys where it was associated with lake and flood plain environments
[50-53]. Identical assemblages of this ostracod had been observed in the mudstones
separating gypsum belonging to the ‘Pasquasia Gypsum Beds’ in Sicily [5, 54, 55].
The Pasquasia formation in Sicily is comprised of seven cycles of gypsum alter-
nating with ostracod-bearing marls. The same sequence of beds had been traced over
distances exceeding 85 km throughout the Caltanissetta Basin in Sicily (Fig. 9). Each
cycle began with the Ammonia beccardii tepida and Cyprideis in dolomitic marls,
followed upwards by gypsum. This cycle was well known to one of those aboard the
Glomar Challenger who interpreted it as evidence of shoaling upwards (regressive)
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Fig. 9 Selected locations of drill sites in the Tyrrhenian Sea and west of Sardinia investigated during DSDP
Leg 13 in 1970, ODP Leg 107 in 1986 and ODP Leg 161 in 1995. Bathymetric contours are at 500 m
spacings

and increasing salinity when brackish lakes shrank by evaporation to become nearly-
dry salt pans rimmed by arid margins. It became apparent to the shipboard scientists
that cycles of gypsum and dolomitic marls with benthic foraminifera and ostracods in
the drill cores were analogous to those in the Pasquasia Formation in Sicily.

3.2 Signs of subaerial exposure

In a quest to find further supporting evidence of a shrinking Mediterranean Sea, two
locations were visited on return to the western basins: Site 132 in the Tyrrhenian Sea
and Sites 133 and 134 on the distal margin of western Sardinia (Fig. 9).

An unusual rust-red sandy silt was found at Site 132. It caught attention because it
was extremely rich in plant pollen and spores and had no remains of aquatic organisms
[56]. Pollen in the red sediment included plants representative of marsh environments
(Liquidambar co-occurring with Viburnum) as well as grasses living in proximity to
dry coasts (Chenopodiaceae and Ephedra) [38]. The rust-red bed rested directly on
anhydrite that had hydrated to gypsum by the introduction of meteoric water. The
volume changes that had taken place during hydration had shattered the laminae into
slivers (Fig. 10, middle). Further below, the gypsum displayed stromatolite-like wavy
bedding (Fig. 10, right) reminiscent of algal mats that bind detritus swept onto tidal
flats during storms [57].
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Fig. 10 Left: Reflection profile with location of DSDP Site 132 in the Tyrrhenian Sea. Unit 1 (green) was
sampled. Unit 2 (yellow) is the presumed halite layer, absent on higher elevations, but with truncated
reflectors on uniformity #1 suggestive that it had once been there, but subsequently eroded or dissolved.
Middle: laminated gypsum layer shattered by volume change during hydration from anhydrite. Right:
Stromatolite-like wavy laminations. Scale bars are 1 cm

3.3 Alluvial fan and desiccation crack

With evidence growing of brackish lakes that from time to time became subject to
extreme evaporation leading to precipitation of anhydrite and terminating in a terres-
trial soil, the shipboard scientists turned their attention to the deepest region of the
western Mediterranean located at the foot of the Sardinia margin. Could evaporation
have been so extensive that even this region dried out?

AtSite 133, just 300 m above the floor of the adjacent Algero-Balearic Basin, the for-
mation below Reflector M presented an appearance similar to the red silt encountered at
the previous site. However, at Site 133 the formation consisted of both rusty-red and
aquamarine siltstone and sandstone interbedded with variegated shale. Carbonates,
evaporite minerals and aquatic microfossils were conspicuously absent. The shales
contained rounded pebbles and cobbles of metamorphic phyllite and greywacke, pre-
sumably derived from upslope exposures of the bedrock [28]. The most abundant
mineral in the silt and sand was quartz followed by goethite in the shale [58], a com-
mon component of soil. Poor size-sorting excluded the possibility that the siltstones
were aeolian loess. Some siltstones contained gravel-size flattened pebbles of sand-
stone and schist. The composition was consistent with the postulate that the reddish
beds making up Unit 4 in Fig. 11 had been deposited on either a terrestrial flood plain
or on an alluvial fan.

Six holes were drilled at nearby Site 134 in an east to west transect at the edge of
the Algero-Balearic Basin floor. Holes 134 a, b and c penetrated through Quaternary
marine marls and then reached bedrock without encountering any Messinian deposits.
Hole 134 d sampled nodular gypsum prior to reaching bedrock. Hole 134 e contained
no Messinian sediment before reaching bedrock.

The drilling at hole 134 proper recovered the full range of Pleistocene, Upper
Pliocene and Lower Pliocene pelagic oozes and marls before reaching Reflector’M’.
There it recovered flat pebbles of Messinian dolomitic mudstone with rounded edges
(Fig. 12, top left). Pebbles of this shape are diagnostic of surf that abrades them as
they wash up and down the shore face. The next core returned the same cycles of
laminated anhydrite as found at Site 124 on the opposite side of basin, interbedded
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Fig. 11 Sites 134, a, b, c, d, e and 133 at the foot of the western margin of Sardinia. Units 1, 2 and 3 are
colored the same as in Fig. 5 at the foot of the Balearic Platform. Where sampled at Site 133, the top of
Unit 4 is a reddish siltstone with cobbles of metamorphic bedrock

with dolomitic marls containing ostracods and mudstone with Radiolaria, diatoms and
sponge spicules.

However further below the drilling encountered translucent and banded halite inter-
calated with detrital sandstones. One detrital bed had an erosive top cut by a 3.5-cm
deep crack [59] (arrow in Fig. 12). Several slices through the crack showed that it was
an elongate vein that could have been produced by the shrinkage that accompanies
desiccation.

The detrital layers contained abraded and broken tests of foraminifera indicative
of transport from elsewhere. Mineral grains of the same size as the foraminifera were
all nearly rounded and frosted, typical of aeolian origin. Clay and fine-grained silt
were only present as infillings of the foraminifera chambers. Most detrital grains were
coated with or stained by goethite, a component of laterite soil from which they may
have arrived.

The translucent halite included two distinct types of crystals, cloudy bands with
pyramid-shaped hopper crystals that had been recognized long ago in the manufactur-
ing of granular salt in shallow evaporation ponds [61] and clearer bands with euhedral
crystals containing dusty interiors hosting the remains of incompletely dissolved hop-
per crystals. The alteration between precipitation and dissolution is a common feature
of banded halite belonging to the Salina Salt from the center of the Michigan Basin
[62, 63].
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Fig. 12 Left: Sharp contact between soft Pliocene marl above Messinian dolomitic mudstone in Core 7, Site
134. Left top: Scattered flat pebbles of dolomitic mudstone imbedded in a Pliocene marl matrix < 10 cm
above the Pliocene/Miocene contact. Scale bars are 1 cm. Middle: Translucent halite in Core 10, Site 134
sandwiched between dark detrital beds. The bottom detrital layer has a beveled top surface cut by a 3.5-cm
deep crack (arrow) that offsets laminae in the detrital layer, but not its base. Right: Bromine content that
shows remarkably large variations at a sample spacing of ~ 1.5 cm, with bromine values dissimilar from
each other in both the detrital layers (a, d) as well as in the halite (NaCl) intervals (b, ¢). Matrix in the
detrital layer includes potassium and magnesium chlorides indicative of a super-saturated brine residue [60]

4 Formulation of a desiccated deep-basin hypothesis
4.1 Lithology evidence

To the shipboard scientists and those chosen to further investigate the collected sam-
ples from DSDP Leg 13 in shore-based laboratories the strongest lithologic evidence
of periodic subaerial exposure of the Messinian seabed was the similarity between
the nodular and chicken-wire anhydrite at Sites 124 and 134 d and deposits beneath
the supratidal flats of the Persian Gulf [40, 64, 65]. If produced by shrinkage dur-
ing desiccation, the crack in the halite-cemented sandstone was supporting evidence.

@ Springer



176 W. B. F. Ryan

Highly-flattened pebbles are commonly used as environmental indicators of intertidal
deposition. Although these pebbles were recovered in a matrix of earliest-Pliocene
foraminiferal ooze, they were found only 10 cm above the Messinian dolomitic mud-
stone from which they may have been derived. It was also possible that they had been
transported from some distance upslope. Yet, on the other hand, they could have been
mixed into the overlying ooze by the rotating drill bit as it encountered the mudstone
upon which they had been originally deposited. Red sandstone, siltstone and shale
with pebbles and cobbles is more commonly associated with terrestrial environments
than subaquatic marine environments.

4.2 Faunal evidence

The most striking faunal evidence of severe evaporitic drawdown was the discovery of
benthic and epiphytic diatoms in thinly laminated mudstones. Diatoms are unicellular
organisms belonging to the genera of algae. In addition to nutrients, they require
sunlight. Analogous to plants, diatoms convert light energy to chemical energy by
photosynthesis. For the benthic diatoms at Site 124 to have flourished, sunlight must
have reached either the sediment/water interface, as would occur in a shallow lagoon or
lake or illuminated floating plants upon which the diatoms were attached. The diatoms
at Site 124 co-occurred with silicoflagellates. The most common species, Distephanus
speculum, blooms in the ultra-shallow and oxygen-depleted bottom waters in the
Gulf of Trieste, northern Adriatic Sea [66]. Intense respiration and decomposition of
silicoflagellates and diatoms would have contributed to the anoxic conditions indicated
by the high organic carbon in the dolomitic mudstones. Benthic diatoms required
a sunlit substrate and epiphytic species needed attachment to plants rooted in the
substrate.

4.3 Bromine evidence

Measurements of the bromine content in the halite (Fig. 12) were performed by Robert
Kiiehn after conclusion of the DSDP Leg 13 expedition [60]. Bromine concentrates
during evaporation of seawater. Thus, the early halite would be expected to have rela-
tively low concentrations (< 20 ppm), but as brine enriches further to co-precipitation
of the more soluble salts, bromine values may reach very high values for the magne-
sium and potassium salts (> 200 ppm). In a deep pool of brine, such as a nearly-filled
Mediterranean, the evaporation of a halite-saturated brine necessary to precipitate
1.5 cm of NaCl would neither alter the brine concentration nor its bromine content to
any detectable amount [67, 68]. Thus, the rapid variations of bromine content between
samples spaced 1.5 cm apart in core 10, Site 134 is not indicative of a deep brine pool.
The lowering of the brine surface just a few meters in a shallow playa lake can increase
the level of saturation from that of sodium chloride to those of magnesium and potas-
sium chlorides. MgCl2 and KCl were detected in the detrital layer cut by the crack in
Unit a of Fig. 12.
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Fig. 13 Left: Carbon vs oxygen isotopes for Pliocene calcite (blue dots) and Messinian calcite (orange dots).
Right: Carbon vs oxygen isotopes for dolomitic marls and marlstone

4.3.1 Oxygen and carbon isotope evidence

Additional evidence for ephemeral lakes came from post-expedition investigations of
the stable isotopes of calcite and dolomite in the Messinian deposits [69—71]. Measure-
ments on the Messinian calcites all resided in the negative quadrant of 8'30 and 8'3C
when compared to the Pliocene saltwater calcites that cluster tightly in the opposite
positive quadrant (Fig. 13, Left). The broad scatter of Messinian calcites was similar
to calcites in lacustrine deposits from the Pleistocene lakes from West Texas [72].

The Messinian dolomitic marls and marlstones were not just isotopically distinct
from the calcites, but unique to each region, with a tight cluster of positive 8!30 and
813C values at Sites 124 and 134 d on the edges of the Algero-Balearic Basin, negative
8180 and 3'3C in the Tyrrhenian Sea and uniform positive 520 with negative 3'3C at
Site 125 in the Ionian Sea (Fig. 13, Right).

If the dolomitic marls and calcites had preserved the original primary isotopic
composition of the waters in which they crystalized, their distinct differences implied
that that the western, central and eastern basins of the Mediterranean had not been
submerged under the same body of water at the time these sediments were deposited.

4.3.2 Strontium isotope evidence

Strontium isotopes were investigated from Messinian carbonates and sulfates at three
of the expedition drill sites [73]: 122 in the western Mediterranean, 132 in the central
Mediterranean (Tyrrhenian Sea) and 125 in the eastern Mediterranean. All samples
showed a depletion in isotope 87 compared to that of Miocene-age marine strontium
[74, 75]. This depletion is due to the supply of strontium from continental waters.
Depletions can only be as large as those measured on the Messinian samples when
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the supply of the continental waters is dominate, because the strontium content is
generally more than ten times less in river water than in sea water.

4.3.3 Oxygen isotopes in sulfate ion

Marine oceanic sulfates (SO4~ ) have a very narrow 3180 of 9.5 £ 0.25%0 relative
to SMOW [76, 77]. Therefore, values as high as 15.8 and 16.7%o for the anhydrite at
Site 124 had required brines when > 90% of original seawater had been evaporated.
In contrast, the extremely low value of 3.8%. for gypsum at Site 132 in the Tyrrhenian
Sea was indicative of hydration of former anhydrite by the introduction of meteoric
water.

4.4 Geomorphology

At the announcement of the preliminary results of the Glomar Challenger expedition at
a Congress on the Mediterranean Neogene Stratigraphy in September 1971, Georges
Clauson brought attention to an earlier ‘eustatic hypothesis’ by Denizot [78, 79].
Denizot’s evidence of a pronounced fall in sea level came from a 1950’s drilling
program in southern France. The boreholes revealed an unexpected large thickness
of marine sediments (> 1000 m) of Pliocene-age filling an older valley of the Rhone
River and its tributaries, whose Miocene limestone margins had been cut by subaerial
erosion. The deep riverbed incisions led Denizot to propose a total isolation of the
Mediterranean, a substantial drop in its sea surface, and its floor “occupied by brackish
ponds and saline lagoons.” Denizot further suggested that when the Strait of Gibraltar
opened, the Atlantic seawater invaded the fluvial network and raised the entire sea
surface in what he termed the “fransgression Pliocéené.” The earliest clays to fill the
network had the same foraminifera assemblage with abundant Sphaeroidinellopsis as
found in the earliest-Pliocene marls at Site 132 [80].

I.S. Chumakov learned of the Glomar Challenger preliminary results from an arti-
cle in the New York Times newspaper, translated in Moscow by the Soviet news
agency TASS. He communicated his publication [81] describing the discovery of
early Pliocene sediments filling a paleo estuary of the Nile River. At Wadi Halfa in
Sudan, some 1200 km from the present seacoast, the thalweg of the Nile had been
notched > 100 m into granite bedrock and then filled with marls having an absence of
facies characteristic of a transgressive series.

In his invited chapter in the DSDP Leg 13 Initial Reports, Chumakov attributed the
incision of the river network to a “new and very low base level of erosion.” [82]. He
proposed a drop in the surface of the upper Miocene Mediterranean Sea as great as 1 to
1.5 km. For Chumakov, the Pliocene transgression had to have been “instantaneous”
to transform the over-deepened river valleys into saltwater estuaries.

During the late 1960’s another large fossil drainage system of Miocene age had
been revealed in northern Libya. Here it had been cut into middle Miocene limestone
to a depth of over 400 m, but was now completely buried [83]. Given the name Sahabi
channel, the incision had been traced more than 300 km inland from the Gulf of Sirte
coast using seismic reflection techniques. The absence of any reported Messinian age
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sediment in these paleo valleys, even as fluvial lag deposits, was a tantalizing indication
that prior to the Pliocene transgression both the western and eastern Mediterranean
had been in a state of severe regression.

5 Early reaction to the desiccation hypothesis
5.1 Issues raised at the 1973 Utrecht symposium

In March 1973, Carl Drooger hosted a symposium in Utrecht, Netherlands titled
“Messinian Events in the Mediterranean” and attended by > 170 participants [84].
The 1972 publication by Kenneth Hsii in the magazine Scientific American titled
“When the Mediterranean dried up” had already created controversy. To most partic-
ipants, it seemed more reasonable to dry up shallow basins only 200 to 500-m deep
[85] rather than those several kilometers deep. These greater depths could be achieved
by subsequent collapse of the sea floor [86-90].

The depth of the Mediterranean during the Messinian needed to be quantified to
become persuasive. In his presentation William Ryan reported a personnel communi-
cation in 1971 from P. F. Burollet and Ph. Magnier of the Compagnie Francaise des
Pétroles describing a widespread unconformity just discovered by exploration drilling
in the subsurface of the Gulf of Lions. The unconformity descended from 0.9 to 2.4 km
below the seabed and separated marine shales of Tortonian age below from Pliocene
calcareous marls above, rich in planktonic foraminifera. The unconformity was lit-
tered with gravels and pebbles of crystalline and metamorphic composition along with
beds of lignite indicative of either a fluvial or alluvial deposits [91].

This unconformity did not receive wide attention until the 1972 meeting of the
Mediterranean Science Commission (CIESM) in Athens. There it was recognized that
the unconformity continued all the way down the continental margin of France to
the landward edge of the salt layer at a depth of 3.5 km below the sea surface and
at a distance exceeding 150 km from the coast (Fig. 14). In places beneath the shelf
pre-MSC sediment as thick as 1 km had been removed. Such a large thickness could
not have been stripped from the edge of basins only 200 to 500-m deep.

Additional personal communications from H. Hay-Roe of the Belco Petroleum
Corporation in 1971 and from J. E. Webb of the Phillips Petroleum Company in 1973
announced another extensive erosional event in the offshore regions of Israel [93,
94] and Egypt [95] which had resulted in the sculpting of dendritic drainage systems
buried beneath a Pliocene—Pleistocene cover exceeding 1 km in thickness (Fig. 15).

Another issue raised at the Utrecht symposium was the presence of planktonic
foraminifera in the dolomitic marls. Had the planktonic foraminifera been supplied
during repeated fillings of the Mediterranean? In reply, Maria B. Cita cautioned that
the sparse, dwarfed and specialized foraminiferal assemblage in the dolomitic marl of
the DSDP cores represented either abnormal environments or mechanical size-sorting
[38]. Arvedo Decima and Rodolfo Sproveri added to the discussion [96]. In their study
of the last seven marl levels in the Gessi di Pasquasia Formation in Sicily they noted
that all normal-sized planktonic foraminifera were reworked from elsewhere. The
specimens were broken, partly dissolved, and stained by red iron oxides. Furthermore,
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Fig. 14 Tracing of a reflection profile from the shelf edge in the Gulf of Lions to the foot of the continental
margin [92]. Arrows mark successive truncations Miocene sediments by the erosion surface corresponding
to Reflector ‘M’. The dot marks the maximum onlap of Messinian evaporites. Numbers on the right are
calculated elevation referenced to sea level in kilometers
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Fig. 15 Tracing of a Phillips Petroleum Company reflection profile across the Nile Delta revealing the
thalweg of the buried Messinian Nile Canyon [95]. Profile crossing is located 25 km seaward of Cairo

the assemblages were inconsistent in stratigraphic distribution from sample to sample.
Many species had already become extinct. The dwarfed specimens were all of the same
size: a sign of traction transport from elsewhere. The only autochthonous species were
the fresh- and brackish-water benthic foraminifera and ostracods.

As to the inquiry of whether there had been many fillings and dryings, Gerhard
Richter-Bernberg offered his knowledge of the Cattolica Member of the Gessoso
Solfifera Formation in Sicily [97]. He described repeated beds of selenite, each up
to several meters in thickness. The beds were built by “upright standing gypsum
crystals” that he called “crystal swords”. There were as many as a dozen selenite
beds stacked one upon the other and reaching a combined thickness of 150-200 m.
They were rooted on top of the diatomaceous Tripoli Fm, signaling the gradual rise
in salinity to saturation for gypsum. He was able to trace the same succession of
beds from outcrop to outcrop over distances exceeding 80 km. But, in some places
younger beds were missing. Those preserved were capped and sealed by the Pliocene
Trubi marls, implying removal of the youngest selenite beds by erosion during the
Messinian. It became apparent that these considerable thicknesses of gypsum could
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be not explained by accumulation in the tidal zone. Instead, Richter-Bernberg proposed
a “reef-like platform” on margins surrounding deep-water areas where gypsum and
salt co-precipitated. The more than a dozen beds belonged to a hypersaline stage of the
MSC prior to any fall of sea level. Since individual beds of selenite showed no signs
of emersion, there must have been a sufficient accommodation space and continuous
supply of Atlantic seawater to keep the Mediterranean full.

A full Mediterranean during the hypersaline stage fit with deep-water evaporite
model of Robert Schmalz [98]. Discussions at the symposium concerned whether the
salt had co-precipitated with the selenite beds or accumulated afterwards. Reflection
profiles had displayed a band of strong reflections (Unit 3 in Figs. 5, 10 and 13)
immediately below the acoustically transparent and ductile layer assumed to be halite
[86, 99, 100]. If the selenite beds had preceded halite, these reflections would most
likely correspond to the selenite beds that Selli termed ‘lower evaporites’ [101]. As
many as 14 consecutive selenite beds had been precipitated not only in Sicily, but along
the eastern margin of the central Apennines and on the margins of the Adriatic fore-
trough [101-103]. In outcrop these ‘lower evaporites’ were almost always observed
to be at disconformable contact beneath the Gessi di Pasquasia formation in Sicily
and the Colombacci formation in the Apennines that Selli referred to as the ‘upper
evaporites’ [101].

According to the presentation of Decima and Sproveri [96] the ‘upper evaporites’
had accumulated in restricted basins under conditions of brackish water as shown by the
presence in the interbedded marls containing Cyprideis and Ammonia beccardi tepida
and mollusks such as Dreissena sp. and Melanopsis. Episodes of evaporation resulted
in beds of gypsum in some places and limestone in others. Decima and Sproveri
concurred with the DSDP Leg 13 scientists that during the concluding interval of the
MSC the Mediterranean had become divided into numerous lakes of uncertain size
and depth, which collected great quantities of detritus from strata of different ages
that had become exposed around the borders of the lake-basins during episodes of
partial desiccation. From a paleogeographic viewpoint the brackish environments in
both proximal and distal regions of the Mediterranean “made it impossible to realize
a direct connection with the Atlantic Ocean during the terminal Miocene” [96].

5.2 When did the sea level begin to fall?

In advance of the Utrecht symposium Forese Wezel and Arvedo Decima had created
a stratigraphic schema for the evaporite deposits in the Caltanissetta Basin in Sicily
[6] (Fig. 16). In map view the successive beds of selenite assigned by Selli to the
‘lower evaporite’ Cattolica formation were offset from the halite and only present on
its margins. However, in cross-section the selenite beds were instead placed beneath
the halite and thus precede the halite. The halite in the Decima and Wezel schema was
divided into four units, A though D, with an erosional unconformity (#1 in Fig. 16)
separating the Cattolica and Pasquasia formations.

However, at a later conference in Erice, Sicily in 1975, with the objective of bringing
the sea-going and land geologists together for discussions on the same outcrop, Decima
took the participants to the Realmonte salt mine. There they went down though the
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Fig. 16 Stratigraphic schema of Decima and Wezel [6, 7]. The wiggly lines labeled 1 and 2 denote presumed
unconformities

salt body in an open cargo elevator. Decima stopped the elevator at the top of his Unit
B and pointed to a recently discovered surface that he suspected was once subaerial.
The measurements of the bromine content from samples in Units A and B had uniform
values in the range of 400 ppm [104] and thus were precipitated from a deep (i.e., thick)
body of brine supplied by the evaporative concentration of saltwater, presumably
entering from the Atlantic. However, his measurements in Unit C above were no
greater than 20 ppm. He advocated that this abrupt drop in the bromine could only be
explained by a substantial shoaling of the brine body. Exposure of halite as margins
became exposed to rain would lead to its dissolution and the recycling of the solutes
into the subsequent Units C and D. In his fieldtrip guide Decima revised his earlier
schema to place the major exposure surface as truncating Units A and B (#1 Fig. 17),
with Unit C and D halite precipitated in the only the deepest regions of the basin during
maximum regression.

Decima’s hypothesis of subaerial emersion was confirmed two decades later by
findings of spectacular vertical fissures spaced at intervals of up to 5 m apart, extending
down to a depth of 6 m into the top of Unit B, and filled with red mud. The salt surface
cut by the fissures was upturned and buckled.
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Fig. 17 Revised schema on the thick Cattolica formation halite [105] based on mine shafts, tunnels (hor-
izontal lines) and boreholes (vertical lines) with absence of selenite beds below the Cattolica halite and
truncation of the halite, prior to the upper evaporite Pasquasia Formation. Drawn to true scale: vertical and
horizontal distances are the same

5.3 Relevance of erosion surfaces

Atthe 1976 Messinian Seminar on the shore of Lake Garda in the Italian Alps the theme
was Messinian erosion surfaces. The Southern Alpine Lakes are crypto-depressions,
so deep that their floors lie below mean sea level. With new reflection and refraction
measurements, Peter Finckh showed the elevation of bedrock surface beneath the
sediment in axis of Lake Garda lay at 1260 mbsl [106]. For him and Alfredo Bini such
extreme deepening could not have derived from glacial erosion alone. It was better
explained by entrenchment of rivers during extreme Messinian lowstands [107].

Antonio Rizzini and Luciano Dondi built upon this hypothesis when presenting
evidence from commercial oil and gas exploration of thick alluvial deposits belonging
to the Sergnano Gravel Formation. The gravel was encountered as deep as 1600 m
beneath the Lombardian Plain just south of the Alpine Lakes. They proposed that the
gravel was alluvial and originated from the excavation of up-stream gorges occupied
by the present-day lakes. The gravel had been incised by an even younger network of
fluvial valleys. These valleys were filled by Pliocene sand and clay.

In a second presentation Rizzini announced new results from commercial explo-
ration in the subsurface of the Nile Delta [108]. There the Messinian consisted of three
formations. Ranging from older to younger they were: the Qawasim Fm of brackish-
water fluvial-deltaic sands containing lenses of peat and coal; the Rosetta Fm with
beds of anhydrite; and the Abu Madi Fm fluvial sand. The Abu Madi was encountered
between 3100 and 3600 mbsl in boreholes. According to Rizzini, the appearance of the
Qawasim Formation was sudden and accompanied by “drastic changes in the faunal
assemblage from marine to lacustrine”. Ruling out explanations of lateral migration
of proto-Nile mouth or a tectonic phase, Rizzini concluded that the changes were
most likely initiated “by a great lowering of sea level... that would have adjusted the
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Sfluvial processes to a new base level, deeply entrenching the old channels and alluvial
plains.”

Attention then turned to erosion surfaces revealed in seismic reflection profiles
[109]. Offshore the Ebro delta on the Castellon coast of Spain exploration boreholes
had passed through a regional unconformity corresponding the Reflector ‘M’ sepa-
rating Castellon sands of Miocene age from Ebro clays of Pliocene age [110, 111].
Messinian sediments were missing beneath the shelf, but present as evaporites in
the more distal Valencia Trough (Fig. 18). The erosion surface extended beneath the
evaporites sampled at DSDP Site 122 at a depth > 2500 mbsl.

On the Levant margin of the eastern Mediterranean the top of the salt layer in
Fig. 19 displayed the same truncation as shown in Fig. 17 for the Caltanessetta Basin
of Sicily [112]. However, at this location in the easternmost Mediterranean there was
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Fig. 18 Reflection profile from the Ebro River margin of Spain to DSDP Site 122. Stratigraphic ages and
lithologic formations are based on subsurface drilling [111]. The Messinian erosional surface corresponding
to Reflector ‘M’ can be followed from the margin eastward to beneath the ‘upper evaporates’ (colored violet).
Unconformity numbers are the same as in Figs. 16 and 17
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Fig. 19 Tracing of a reflection across the Levant Basin in the eastern Mediterranean showing truncation of
the top of the salt layer. Unconformity numbering same as in Figs. 16, 17 and 18
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no observable equivalent to the Unit C and D halite layers in Sicily and the younger
Pasquasia gypsum beds.

6 New findings from additional Mediterranean deep-sea drilling

There have been four subsequent deep-sea drilling expeditions: 42A in 1975, 107 in
1986, 160 and 161 in 1995.

6.1 Expedition DSDP 42A in the eastern Mediterranean

When re-evaluating the magnitude of sea level fluctuations and the sabkha origin for
nodular sulfates belong to the Upper Evaporite member of the Mediterranean Evap-
orite formation two drill sites in the eastern Mediterranean are of particular relevance
(Fig. 9). Site 374, in the center of Messina Abyssal Plain in the Ionian Basin is the
deepest (4088 mbsl). In reflection profiles its Unit 1 gypsum beds are continuous with
little elevation change over distances exceeding 80 km (Fig. 20, Left). Sites 376 and
375 on the flank of the Florence Rise in the Levantine Basin are considerable shallower
(2117 and 1914 mbsl) (Fig. 20, Right). Their Unit 1 gypsum beds were mostly detrital
with gypsarenite, gypsiferous sandstone and gypsiferous breccias, but also contain-
ing bottom-growth ‘swallow-tail’ selenite and cumulates in the laminated gypsum
‘balatino’ facies interbedded with nodular anhydrite with occasional ‘chicken-wire’
textures. Scattered vugs in the anhydrite were filled with halite. At both of the Florence
rise sites the base of Unit 1 is a flat-pebble conglomerate consisting of scattered elon-
gate gypsum clasts similar to those described by Hardie and Eugster [113] from the
Caltanissetta Basin as “formed when storm waves ripped up mud-cracked, algal-bound
laminated sediment.”

The flat-pebble conglomerate rests on erosion surface #1 at both the deepest and
shallower Florence Rise drill sites. The flat-pebble conglomerate was interpreted by
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Fig. 20 Left: Tracing of a reflection profile across the center of the flat Messina Abyssal Plain in the Ionian
Basin with location of Site 374 Right: Tracing of a reflection profile on northern flank of Florence Rise with
locations of Sites 376 and 375 [114]. Dashed line is erosion surface #1, separating Units 2 and 1
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those onboard the drillship to be the consequence of a drop in brine surface during the
passage from a subaqueous to subaerial environment [115].

The mudstone in Unit 1 was barren of microfossils at Site 374, but contained the
brackish to freshwater ostracod Cyprideis pannonica and shallow-water ammonia
beccardii at Sites 375 and 376. The 8!30 isotope measurements on the sulfate at Site
374 showed a progressive upward trend from + 15 to 4+ 19%o, whereas those from the
higher site remained more or less constant (Fig. 21) [116]. The marked increase in the
sulfate 8'80 at Site 374 could not have derived from bacteriological reduction, because
such reduction of sulfate ions produces an accompanying enrichment in 334, that was
not observed. Besides, bacteria activity is drastically reduced or completely poisoned in
brines concentrated to the level for sulfate precipitation [117]. Therefore, the increase
in the sulfate 880 (Fig. 21, Left) signaled a state of progressive evaporation of a thick
brine body. Additional evidence of progressive evaporative concentration is the heavy
8180 (+ 9.7%0) and §'3C (+ 13.8%o) in the interbedded dolomitic sediments (Fig. 28)
[116, 118]. Because continuing enrichment could only be achieved under conditions
of a steadily evaporating brine body, it became difficult with this post-expedition data
to maintain the hypothesis that each of the nodular anhydrites or gypsums beds at sites
of different elevations had formed on tidal flats (Fig. 22).

The drilling at Sites 374 and 376 terminated in halite. In the Ionian Basin the
bromine content varied between 114 to 218 ppm, confirming a thick layer of brine.
In comparison on the Florence Rise bromine content was no greater than 30 ppm,
suggestive of shallow salt pans [119].
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Fig. 21 Isotopic measurements from sulfate beds at Sites 374 (deeper Ionian Basin) and 376 (shallower
Florence Rise in the Levantine Basin). The numbers denote beds of anhydrite (parallel stripes) and gypsum
(cross hachures)
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Fig. 22 Oxygen versus carbon isotopes at the deeper 374 and shallower 376 drill sites in eastern Mediter-
ranean sites [118]

The reflection profile (Fig. 20) crossing Site 374 displayed a halite layer with two
styles of internal bedding: an acoustically transparent layer succeeded by one with
internal reflections. This observation raised the likelihood that the transparency was
indicative of the pure (> 98%) halite belonging to Unit A of the Cattolica Formation
in Sicily [7] and the upper layer with internal reflections containing beds of kainite,
sylvite and bischofite similar to those in Unit B in Sicily. Furthermore, the rubidium
measurements in the kainite at Site 374 were in the same ranges as in the kainite of
Unit B [119].

In Caltanissetta Basin in Sicily, on the Florence Rise, and in the Levant Basin the
physical erosion or chemical dissolution had truncated the top of salt layer prior to
accumulation of the overlying upper evaporite gypsum beds. However, in the deepest
region of the Ionian Sea the brine had not evaporated to completion, as indicated by
the extreme positive values for the both the sulfates SO4 and dolomites CaMg(CO3)
in the remaining brine. Over time its dilution by freshwater reduced the salinity to a
threshold suitable for radiolarians, sponge spicules and diatoms [120], yet the residual
brine remained anoxic and thereby excluded ostracods and benthic foraminifera.

6.2 Ocean Drilling Program expedition 107 in the Tyrrhenian sea
There were two additional drill sites in the Tyrrhenian Sea (Fig. 23) of significance

when evaluating changes in Messinian water level: namely the shallower Site 654
(2218 mbsl) and deeper Site 652 (3446 mbsl).
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Fig. 23 Reflection profiles at Site 654 and 652 in the Tyrrhenian Sea are colored with the same notation as
in Figs. 5, 9, 11 and 20. UE upper evaporites, LE lower evaporites

At Sites 654 and 652 a breccia and conglomerate were sampled at the depth cor-
responding to the transition between Unit 1 and Unit 2. Whereas Unit 2 onlaps Unit
3 at Site 654, Unit 2 drapes Unit 3 at Site 652. In the Site 652 reflection profile Unit
2 displays an internal bed (yellow), located down-dip and remote from the drill site.
The up-dip conformity from this bed points to 485 mbsf where the downhole increase
in porewater chlorinity reached a peak value of nearly three times that of seawater.

At the deeper Site 652 the downhole electric logs showed the top of the Messinian to
be a 2-m-thick iron-rich, indurated clay of increased bulk density and decreased poros-
ity. The sediment below was mudstone with occasional sand and silt beds containing
detrital gypsum, plant debris and alga spores [121]. The presence of Cyprideis pannon-
ica and Ammonia beccarii tepida (Fig. 24) confirmed a brackish-water environment
[122]. A substantial depletion of the strontium isotope 87 [123] and strongly negative
8180 (— 4 to — 5%o) in calcites confirmed that the water in which the foraminifera
and ostracods had lived had been continently derived [124].

The drilling at both sites encountered beds of anhydrite (v symbol) below the
discontinuity in Fig. 24. The 3°*S measured on the anhydrite displayed an oceanic
composition. Farther below were thinly laminated black shales rich in organic carbon
(3-11%) at Site 652 and rich in diatoms at Site 654.

The clay mineral content above the discontinuity was abundant in smectite [127].
Smectites are a dominant component of the Pasquasia Formation in Sicily, whereas
in the preceding Cattolica Formation, the mineralogical composition had only minor
smectite [ 127]. At the drill sites the strontium and calcium contents were low above and
high below [123]. Based on fauna, isotopes, chemistry and mineralogy the sediments
above the discontinuity were assigned to the ‘upper evaporites’, sediments below to
the ‘lower evaporites’, and the finely laminated anoxic shale and diatomite to the
precursor Tripoli Formation [121].
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Fig. 24 Comparisons between Sites 652 (3470 mbsl) and 654 (2218 mbsl) in the Tyrrhenian Sea [125, 126].
Depths are meters below seafloor

As a consequence of the observed discontinuity in the reflection profiles now firmly
located between the upper and lower evaporites, the conglomerate and breccia came
into focus as potential indicators of possible sea level drop. Quoting from the expedition
report, the rounding and in some cases flattening of the pebbles at Site 652 may have
indicated “a temporary fluviatile or beach environment” [125]. If so, its stratigraphic
position makes the discontinuity an equivalent to the surface that truncated Units A
and B in the Cattolica halite in Sicily (Fig. 17). The pebble’s composition of limestone
of Oligocene to early Miocene age, quartz arenite, calcareous phyllite, and calcareous
sandstone with fragments of Bryozoa and mollusks is more similar to the local bedrock
than to source terrains in Sicily and the Apennines [128].

The sampling in reflection Unit 3 of anoxic shales at Site 652 and diatomite at Site
654 confirmed for the first time that the band of strong reflections directly beneath the
ductile halite layer was not ‘lower evaporite” selenite or its stratigraphic equivalent,
but instead the Formazione Peliti Eusiniche.
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6.3 Ocean Drilling Program expedition 160: eastern Mediterranean

There are four drill sites in the eastern Mediterranean (Fig. 25) of further relevance
to the elevation of the sea surface during the MSC. The shallowest (966) is close to
the crest of the Eratosthenes Seamount at a depth 923 mbsl and the deepest (967) on
northern toe at 2687 mbsl. Six holes were investigated at the shallowest site. All were
offset within a few tens of meters from each other. The deposit beneath a relatively thin
and soft Pliocene—Pleistocene cover was described shipboard as a compact calcareous
limestone breccia or para-conglomerate [129]. There was a wide range of carbon-
ate lithologies, including limestone derived from the underlying formation. Some
clasts displayed signs of dissolution and recrystallization. The most common clast
type was clotted micrite, a typical product of soil formation on Quaternary carbonate
substrates [130]. Some clasts exhibited polygonal cracking [131]. Porewater measure-
ments showed a downhole decrease in salinity indicative of freshwater aquifers.

This somewhat pebbly deposit rested with an erosive contact on shallow-water lime-
stone that upon microscopic analysis revealed a coralgal, oncolitic, and oolitic facies.
Although benthic foraminifers, echinoids, bryozoa and mollusks were present, a late
Miocene (Tortonian) was confirmed on the basis of the strontium isotopic composi-
tion and its similarity to shallow-water carbonates of known age exposed on Cyprus
(Koronia Member of the Paskhna Formation) [132].

Based on the offset drilling, the depth to its top of the breccia varied by more
than 20 m between holes spaced only a few tens of meters apart. The very irregular
relief was suggestive of pot holes of karst origin. Since the drill site is on a local
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Fig. 25 Location of a drill site transect from the crest of the Eratosthenes Seamount to the foot of the
southern margin of Cyprus. Bathymetric contours are numbered in units of mbsl. The seamount is nestled
in a depression rimmed by steep scarps where the surrounding subsurface salt layer is thin or absent
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topographic high, the clasts in the breccia could not have been transported downslope
from elsewhere.

Late Miocene karst surfaces had previously been reported on reef limestone in the
Santa-Pola basin of southeastern Spain [133], the island of Mallorca [134], the Melilla
peninsular in Morocco [135] and the Koronia reef on the south coast of Cyprus [132].
Karstification of these reef platforms to depths of 60 m is indicative of a long duration
of subaerial exposure. The growth of almost all coral reefs along the margins of the
western Mediterranean ended with truncated surfaces [136], resulting in a deposit
called the Terminal Complex. The Terminal Complex is commonly made up of oolite
shoals and both evaporitic and fresh-to-brackish limestone. The Terminal Complex is
considered a lateral equivalent to the ‘upper evaporites’ and shows clear evidence of
long periods of emersion such as karst, terra rossa soil with rizocretions and caliche.

Atthe intermediate depth Site 965 (1506 mbsl) on the northern slope of Eratosthenes
Seamount the Pliocene—Pleistocene foraminiferal ooze covered a ~ 5-m-thick bed of
indurated clay containing calcareous nodules and caliche that were interpreted as
components of a desert soil [137, 138]. Shallow-water limestones of indeterminate
age, similar to those at Site 966, underlay the calcareous clay, again with an erosive
top surface.

The latest Miocene limestones on both the crest and flank of Eratosthenes Seamount
show extensive moldic and vuggy porosity with cavities forming after dissolution of
aragonitic mollusk shells. The Formation Micro Scanner (FMS) images of the borehole
wall and mechanical caliper logs of the drill hole diameter revealed voids up to a meter
in size [131]. The voids came from dissolution of limestone by meteoric water at times
of subaerial exposure.

The deepest Site 967 on the seamount (2553 mbsl) had another relatively thin bed
of calcareous clay with ostracod carapaces indicative of Lago-Mare fresh-to-brackish
waters. However here the clay rested conformably on a single bed of gypsum that was
also captured with the Formation Micro Scanner [139] (Fig. 26, Right). Noteworthy
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Fig. 26 Left: Formation Micro Scanner Image strips 90° apart of the wall of the drill hole at Site 966.
Highlighted are large rounded clasts in the breccia and the sharp erosive boundary separating it from
the underlying shallow-water limestone. Right: FMS image of a ~ 5-m-thick gypsum bed at foot of the
Eratosthenes Seamount at Site. 967, overlying upper Eocene foraminiferal nannofossil chalk along an
irregular erosion surface
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Fig. 27 Tracing of a reflection profile across the Eratosthenes Seamount showing the Eocene and Cretaceous
limestone (violet), the thin Messinian breccia, paleosol and gypsum (green) and Pliocene—Pleistocene oozes
(blue) at all three drill sites. Track is located in Fig. 25. Drill sites have been projected onto the profile,
some at considerable distance. The circle symbol at two sites indicates presence of Lago-Mare ostracods.
Black ovals signify clasts in the Site 966 breccia

is the clear sign of erosion on the top of underlying middle Eocene chalk that left a
gap of 35 million years in duration.

The onlap of the salt layer and older strata against the flanks of the seamount
confirms that the edifice existed as a topographic high prior to the MSC (Fig. 27).
The Messinian and Pliocene—Pleistocene sediment cover on the seamount is thin in
comparison with its thickness in surrounding deep basins. Although age control at the
two shallower sites (965 and 966) is poor over the intervals of interest, the presence
of the acme of the pelagic foraminifera Sphaeroidinellopsis just above the Lago-Mare
ostracods [140] at the deepest site (967) clearly indicates an abrupt change from
brackish environments to fully-marine environment at the beginning of the Pliocene.

Site 968 (1963 mbsl) recovered 150 m of mostly clastic sediments attributed to the
late Messinian by the presence of gypsum, both as beds of in situ alabaster, but mostly
detrital in beds of sand intercalated with calcareous and dolomitic marls containing
Cyprideis pannonica and Ammonia beccardii tepida. The sand included fragments
of amphibole and serpentine derived from erosion of the Troodos ophiolite currently
outcropping on Cyprus. The steady downhole rise of chloride, sodium and magnesium
in the pore waters confirmed the existence of halite beyond the reach of the drilling.
An unexpected discovery was the finding of a terrestrial snail, Brotia (Melanidae) at
two levels (224 and 265 mbsf) [141]. If the snail was autochthonous, its occurrence
implied an episode of subaerial emergence and development of soil, a sign desiccation.

6.4 Ocean Drilling Program expedition 161: western Mediterranean

Evidence of sea level lowstand also became evident from additional drill sites in the
western Mediterranean, especially those in the Alboran Sea. There, the salt layer is not
observed in reflection profiles. The salt layer’s landward limit is the in westernmost
Algero-Balearic Basin at an elevation 3.2 km below the sea surface (Fig. 28). Despite
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Fig. 28 Neither the upper evaporites (UE), as mapped in reflection profiles, nor the underlying the salt layer
reach westward into the Alboran Sea. The only Messinian deposits there are detrital aprons (gray) and
sediment associate with gravel at Sites 977 and 978 [142]. Instead of evaporites, the Messinian is expressed
by a widespread erosion surface, first confirmed by DSDP Site 121 and since by ODP 161 Sites 976,
977,978, and 979 [143] (black dots) as well as by commercial exploration wells (pink dots). Onshore time
equivalents to the upper evaporites (UE) appear in margin basins of Spain and Morocco (N Nijar; S Sorbos);
V Vera; M Mellia; Ma Malaga). Dots with stars denote occurrences of fresh-water ostracods. The elevation
of the landward limit of the salt is ~ 3200 mbsl, deeper than most of the buried bedrock surface in the
Alboran Sea. Seabed contours are in units of mbsl at a 500 m spacing

the absent of a halite layer, downcore increases in sodium and chloride were observed
at all the Alboran sites [32, 47]. The average molar Na/Cl ratio of the interstitial water
samples was equivalent to the seawater ratio of 0.86. If the pore waters increase had
derived from dissolution of buried halite at these locations, the Na/Cl ratio would be
expected have had a value of 1 because of equal amounts of Na and Cl in halite. The
seawater ratio implied that the elevated porewater salinity in the Pliocene—Pleistocene
sediment cover originated from concentrated Messinian seawater that had seeped into
and had become stored in the underlying Miocene strata.

In every case, when drilling at Sites 121, 976, 977, 978 and 979 (Fig. 28), the ‘M’
reflector corresponded to a resistant formation. At Sites 977 and 978 the formation
turned out to be a 10-m thick gravel containing pebbles of volcanic and sedimentary
rocks [143]. Pebbles had smooth and rounded surfaces. Cement coatings, scalloped
indentations, and adhesion of some pebbles indicated that they were most likely bro-
ken apart during drilling. Cementation of the gravel formation was further supported
by downhole logging that showed high resistivity due to lack conducting porewater
(Fig. 29).
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Fig. 29 Tracing of reflection profiles across ODP drill sites showing the erosion surface #1, separating the
Pliocene—Pleistocene cover from Miocene sediments. The erosion surface at sites 977 and 978 is strewn with
partly cemented gravel containing pebbles eroded from exposed bedrock and Middle Miocene sandstone.
Gravel is displayed on a grid with 0.5 cm spacing. Unit #1 at Site 978 has Lago-Mare fauna

Most of the pebbles were of volcanic origin and could have been derived locally
from the Al-Mansour Seamount separating Site 978 from Site 977 (Fig. 39). The non-
volcanic pebbles consisted of chert, limestone, quartzite and metamorphic rocks of
the type sampled from the bedrock at Site 121 [144] and Site 976 [145].

At Site 978 the gravel rested directly on a 68-m thick bed of silt and sand with
shallow-water Ammonia tepida, and ostracods (Candona sp., Loxoconcha miilleri,
Cyprideis sp.), indicative of either a fluvial or lacustrine environment [122].

The erosion surface upon which the gravel resides is pervasive throughout the sub-
bottom of the Alboran Sea. Silvia laccarino and Alessandro Bossio, participants in
the drilling expedition, concluded in their report that at the end of the MSC “the area
of Site 978 would have been occupied by an alluvial fan, which was drowned and
subsequently covered directly by marl ooze with typical planktonic marine fauna of
the early Pliocene.” [122]

7 Obtaining an age for the Mediterranean Salinity Crisis
After completion of the first deep-sea drilling in the Mediterranean in 1970, the next
task was to obtain the age of the onset and the end the MSC and then estimate its

endurance, including the run-up to evaporation expressed by the Tripoli diatomite,
and the stages expressed by the ‘lower evaporites’ and ‘upper evaporites’.

7.1 Miocene/Pliocene boundary

The Miocene/Pliocene boundary had been recovered in 1970 at three drill sites and
its age became a challenging task [146]. Five published and unpublished K/A dates
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Fig. 30 History of dating the biostratigraphic and paleomagnetic boundaries of Raimando Selli’s original
‘crisis of salinity’ (shaded) and the more commonly referred to Messinian Salinity Crisis (MSC). A Reversal
boundaries. Black: normal polarity, white: reversed [150, 151]. B Magnetic chrons [152]. C Currently
accepted ages of the boundaries (Ma)

had been derived from volcanic rocks in contact with Pliocene sediments in Italy
that also contained planktonic foraminifera [147]. Using the biostratigraphic ranges
of these foraminifera in combination with those from Pliocene/Pleistocene sediments
from the Tyrrhenian Sea at Site 132 and correlating them with equivalent datums from
continuously cored marine sections at DSDP Sites 62 and 77 from the western and
eastern equatorial Pacific [148, 149] the Miocene/Pliocene boundary was placed at ~
5.4 Ma [146] (Fig. 30).

A decade later attention turned to the age of the Miocene/Pliocene boundary as
expressed in outcrops in Sicily [153, 154]. There in the Capo Rossello section the
boundary was located below the Thvera normal polarity subchron of the Gilbert Chron.
According to the geomagnetic timescale in use at that time [155] the boundary was
set earlier at 4.86 Ma.

Sediments from ODP Site 652 and 654 in the Tyrrhenian Sea provided the first
opportunity for reliable geomagnetic measurements on actual Mediterranean deep-sea
sediments [156]. These measurements showed that the Messinian lithologies at these
two locations were also confined to the reversed magnetic polarity interval of the lower-
most Gilbert Chron that had recently been named subchron 3r. The Miocene/Pliocene
boundary was again young at 4.80 Ma. Its youth raised doubt on the validity of the
geomagnetic timescale being used at that time [155].

To address the reliability of these young ages, a new astronomically calibrated
(polarity) timescale was created [157]. Late Pliocene to early Pleistocene sapropel-
carbonate couplets in southern Italy and Crete repeated at the Earth’s precession
frequency modulated by eccentricity. The alignment of the couplets with orbital
calculations provided an innovative method of interpolation between the K/A dated
magnetic reversal boundaries [158]. When extended downward from the Thvera sub-
chron to the base of the Pliocene Trubi marls in the Capo Rossello composite section
in Sicily, the counted cycles provided an age of 5.32 Ma [157], some 0.5 my older than
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the previously accepted age. This date has since been extended to 5.33 Ma, bringing
it closer to the original 5.4 Ma from derived from K/A calibrated foraminifera datums
applied to DSDP Site 132 [146].

7.2 Dating the base of the Messinian Stage of the late Miocene

According to Selli the Messinian stage was “characterized throughout the Mediter-
ranean and the Paratethys by a crisis of salinity” [101]. Therefore, in deference to his
definition, the crisis (sensulatu) encompasses all of the Messinian stage (i.e., Peliti
Eusiniche, Gessoso Solfifera and Colombacci formations) with its base coincident
with the onset of the diatomite beds of the Tripoli Formation.

At the time of the first DSDP expedition in the Mediterranean the age of the bound-
ary between the Tortonian and Messinian was poorly constrained (as early as 11.8 Ma
[159] and as young as 8.0 my [160]. In the first attempt to access the duration of
the Messinian stage, the marine sediments at DSDP Sites 62 and 77 in the western
and Pacific equatorial Pacific were investigated for their nannofossil content [161,
162]. Using the Ceratolithus tricorniculatus Zone in the Pacific cores and its range
at Site 132 in the Tyrrhenian Sea, an extrapolation was made to the next earlier Dis-
coaster quinqueramus Zone based on an assumption of constant sedimentation rate.
This approach positioned top of the Tortonian [34] at 7.5 Ma and provided a duration
of approximately 2 my for the Messinian stage [146].

The Tripoli diatomite in the Falconara section in Sicily is ~ 25 m thick [163,
164]. Its base is coincident with the first occurrence datum (FOD) of Globorotalia
conomiozea [165]. Six Upper Miocene marine diatomite sections on Crete (Greece)
were subjected to a detailed magneto-biostratigraphic analysis [166]. Regrettably, the
FOD of G. conomiozea was inadvertently placed in the reversed interval of chronozone
5 resulting in an age of 5.6 Ma and thereby reducing the duration of the Messinian
stage to 0.3 my.

This misfit was corrected a decade later with the first direct radiometric estimate of
the Tortonian-Messinian boundary using K/A methods on lavas imbedded in sediments
in the northern Apennines. The resulting K/A age of 7.26 Ma was soon affirmed by
additional measurements on the Metochaia section on Gavdos and the Gibliscemi
section in Sicily [167, 168]. There the FOD of G. conomiozea was observed in chron
C3Br.1 with an age of 7.24 Ma according to the CK95 geomagnetic polarity timescale
[169]. The currently-accepted age is 7.251 [170, 171].

The 1.91 Ma duration of the Messinian stage from the new astronomical (polarity)
time scale turned out to be remarkably close to ~ 2.0 my interval derived 22 years
earlier using nannofossil datums in Pacific sediments.

7.3 Age of the Gessoso Solfifera and Colombacci Formations

Since the Gessoso Solfifera and Colombacci Formations all fall within the reversed
polarity chron 3r, another approach using high-resolution cyclostratigraphy was nec-
essary to refine the boundary ages for ‘upper’ and ‘lower’ evaporites. Sapropel/marl
couplets in pre-evaporite sequences of the Sorbas basin of SE Spain, Caltanissetta basin
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of Sicily, and eastern Gavdos basin of Greece were investigated [172]. Upward tuning
of these cycles by calibration to northern hemisphere insolation peaks [173] arrived at
an age of 5.96 £ 0.02 Ma for the first gypsum bed at each location, demonstrating that
the onset of the ‘lower evaporites’ was synchronous across the entire Mediterranean. In
the course of counting the cycles, nine Mediterranean-wide planktonic foraminiferal
bioevents (first occurrences, last occurrences, coiling changes) were recognized and
given astronomically calibrated ages.

In the Sorbas basin of SE Spain 55 precession-induced sapropel/marl cycles of the
Upper Abad Member of the Cafios Formation passed upwards to 14 gypsum/sapropel
cycles in the Yesares Member [174]. The cyclic alternation of gypsum and sapropel
[175, 176] indicated that these gypsum cycles were also astronomically controlled.
Under the assumption that each cycle had a periodicity of 21-24 kyr, an age of 5.6 to
5.54 Ma was obtained for the top of the Yesares Member [177]. Since the same number
of gypsum beds appeared in the Gessoso Solfifera in Sicily, it could be established
that the Yesares Member took place synchronously with deposition of the ‘lower
evaporites’ in Sicily and the Apennines.

The Yesares Member was followed by the Sorbas Member, consisting of coastal
sandstone followed by conglomerates [178, 179]. The Sorbas Member represents the
lateral equivalent of a facies association known as the Terminal Carbonate Complex
(TCC) [133, 136] that included Porites patch reefs and thrombolites [180, 181]. These
elevation of these reefs along the margins of the basins and the TCC established that
Yesares and Sorbas Members accumulated when the Mediterranean was filled with
brine from 5.96 to 5.60 Ma.

Nextin succession, the continental Zorreras Member exhibited 8 sedimentary cycles
of alternating terrestrial reddish silts (dry climate) and yellowish sands (wet climate)
which matched in number with gypsum/shale cycles in the Pasquasia Formation in
Sicily, the limestone/shale couplets in the Colombacci Formation in the Apennines
and the gypsum/Lago-Mare facies in the Mediterranean drill cores. Tuning the eight
cycles to the isolation peaks provided an age estimate of 5.52 Ma for the initiation of
the ‘upper evaporites’ and left a gap of 20 to 80 kyr for the evaporative drawdown of
the Mediterranean [177].

8 Evidence of subaerial exposure on Mediterranean margins
The findings from deep-sea drilling of lacustrine and even fluvial and alluvial environ-

ments soon gained the attention not only terrestrial geologists, but also commercial
hydrocarbon exploration companies.

8.1 3D seismic reflection imagery of erosion surfaces
The Koninklijke Shell Exploration and Production Laboratory was among the earliest

to conduct a 3D seismic survey of the offshore margin of eastern Spain [182]. The
location of their survey in 1981 is shown as box 1 in Fig. 3. There they encountered
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high-amplitude reflections from a buried erosion surface outlining a landscape pos-
sessing a dendritic-style drainage system with broad interfluves and deeply incised
valleys. At the seaward margin of the study area the surface flattened to a presumed
piedmont plain. Amplitude extraction identified valley fill which well-data confirmed
to be sand and conglomerate deposited in Messinian thalwegs before the resumption
of marine sedimentation in the early Pliocene. High amplitude reflections from the
thalwegs implied cemented conglomerates. Fluvial terraces and braided streams in the
3D imagery were features of a subaerial landscape. Knowledge of the measured relief
of the erosion surface in the area surrounding the 3D survey and correction for the
effects of post-Messinian compaction and subsidence suggested “a minimum value of
nearly 2000 m for the Messinian seas level fall” [182].

The subsequent Tortuga 3D survey (Box 2 in Fig. 3) covered a slightly larger
area in which there were more than a dozen exploration wells that had encountered
the “Messinian Unconformity Surface” [183]. Two or possible three orders of stream
branching were distinguished. The morphological characterization of the unconfor-
mity was highly reminiscent of complex subaerial erosional networks seen in areas of
badlands topography, for example in southern Spain or the USA [184, 185]. There was
no evidence of repeated infilling and excavation of the subaerial deposits, implying a
sustained Messinian lowstand.

A much larger 3D survey (Box 3 in Fig. 3) was conducted in 2002 by British Gas BV
[186-188]. Slices from the 3D seismic data afforded an exceptional view of drainage
networks with tributaries of at least five orders, channel-bank terraces and meandering
thalwegs (Fig. 31). The reflection amplitude map showed meanders with a sinuosity of
1.3. Sonic velocity values from the Fornax-1 well logs identified the largest excursion
(> 1 km/s) when crossing the unconformity. The velocity increase was accompanied by
a gamma ray decrease as would be expected from cementation of the fluvial deposits
during subaerial exposure [182]. The amount of incision into the underlying Miocene
Castellon group approached 1.3 km. The erosion surface could be traced as deep as
3 km below sea level before it was onlapped by the ‘upper evaporites’ of the Valencia
Trough.

The initial drawdown of the sea surface induced large-scale destabilization of the
continental slope and the deposition of large detrital bodies at the foot of the margin
[186, 187, 189]. The continuing fall of the sea surface exposed these deposits to their
own subaerial erosion. An even further drop exposed most of the floor of the Valencia
Trough [190]. Reflection profiles have confirmed the presence of a widespread Bottom
Erosion Surface (BES) under the ‘upper evaporites’ [191, 192, 192]. The distal limit
of the BES marks a maximum lowstand shoreline situated some 3 km below present
sea level [193] (Fig. 32). All of the subaerial landscape not covered by the subsequent
upper evaporites was given the name Margin Erosion Surface (MES) [191, 194, 195].

As shownin Fig. 33, fossil drainage also exists in the subsurface of the Gulf of Lions,
France [191, 196-199]. Few regions were spared from errosion including interfluves.
Mesa tops were truncated. At one location the MES cut into Jurassic dolomite. The
erosion surface can be traced to an elevation > 3 km below present sea surface where
it becomes onlapped by the ‘upper evaporites’. Exploration boreholes confirmed the
absence of any Messinian residue expect for gravel in the drainage thalwegs. The
reflection profile in Fig. 34, top panel displays the rugged nature of the MES, not
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Fig. 31 Depth-structure map and margin-parallel reflection profile) of the Messinian erosional unconformity
and resulting dendritic drainage network in the subsurface of the Ebro margin of the western Mediterranean
[186-188]. Contours at 0.5 km intervals are relative to sea level. Circles are industrial boreholes. The
Fornax-1 well encountered fluvial gravel in the thalweg of a major tributary

discernable from contours alone. Fault offsets in the Miocene substrate had been
truncated at the interface between the pre-MSC Miocene and the overlying Pliocene
strata.

8.2 Elevation range of erosion surface below present sea level
8.2.1 Sardinia margins

Using reflection profiles, the Margin Erosion Surface can be traced down slope to
its overlap by the ‘upper evaporites.” The western Sardinia margin of the Provencal
Basin has presented an illustrative example [200]. There in Fig. 34 (Left panel) the
MES extends from the coast to 2.1 kmbsl. Three individual Messinian paleo valleys,
separated by interfluves, have been identified down to a depth of 2.5 kmbsl. On shore,
a karstic plateau in Oristano Gulf (Fig. 35A) outcrops over an area of 100 km?. There
the erosion surface has been etched by dissolution and brecciation and incised as deep
as 5 m into the top of the Terminal Carbonate Complex [133, 201, 202], the final
‘lower evaporite’ lithology prior to the evaporative drawdown beginning at 5.6 Ma.
The karst plateau had been opened by caves and dissolution pipes prior to infill by
Pliocene marls and limestones.

Another MES has been observed on the eastern margin of Sardinia (Fig. 35, Right
panel) where it can also be traced to > 2.1 kmbsl [203]. There the MES once again
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Fig. 32 The Messinian dendritic drainage networks on the Catalan margin of Spain feeding into a 270 km
long fluvial valley (blue), later submerged by the upper evaporites (green) [193]. Red line in the reflection
profile insert displays the rugged margin erosion surface with no preserved Messinian deposits except fluvial
gravel in thalwegs. Solid dots are exploration wells and DSDP drill sites. Vertical scale in the reflection
profiles is from — 1 to — 2 km relative to the present sea surface

displays a network of paleo valleys with relief exceeding 250 m. Onshore in the Orosei
Gulf (Fig. 35B) the erosion surface had been deeply incised by the paleo-Cedriino river
valley and subsequently filled with marine sandy deposits of early Pliocene age [204].
No evidence of sediments belonging to the Lago-Mare stage of the ‘upper evaporites’
has yet been observed on either margin above 2 kmbsl.

8.2.2 Corsica margin

A Messinian erosion surface exists in the subsurface of the Golo and Orbo basins east
of Corsica in the Tyrrhenian Sea (Fig. 35). However, here the MES extends only to ~
1000 mbsl before continuing as a Top Erosion Surface (TES) across the underlying
Messinian evaporites. The exitance of the evaporites suggest that they accumulated
in a perched setting, before its lake breached its sill and drained southward into the
deeper Tyrrhenian Sea. Again, there is no evidence of latest Messinian deposition on
the TES prior to the its Pliocene cover. The drainage of the prior Golko and Orbo lakes
cut a valley 3 km wide and > 300-m deep into the evaporites and underlying substrate.
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Fig. 33 The Margin erosion surface (MES) in the Gulf of Lions, France [196, 197, 197-199]. Contours
at 0.5 km intervals. Solid dots locate exploration boreholes that calibrate the elevations and confirm the

absence of any Messinian residue expect for gravel in the drainage thalwegs. The reflection profile (top
panel) displays the rugged MES
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Fig. 34 Tracings of reflection profiles displaying the MES on the western and eastern margins of Sardinia.

Bathymetric contours in the map panel are at 250 m intervals [200, 203]. In Map panel: A Oriste Gulf; B
Orosei Gulf
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Fig. 35 Tracing of reflection profile (right panel) crossing the Orbo basin east of Corsica [205]. Dashed line
in left panel depicts the path of a paleo-river valley cutting an incision > 300-m deep into the Messinian
evaporites (purple) and their Miocene substrate at the location of the profile

8.2.3 Subsurface of the northern Adriatic Basin

There was another substantial base-level drop in the Po Plain-Northern Adriatic region
of the eastern Mediterranean. The evaporative drawdown resulted in an unconfor-
mity with an erosive contact at the Miocene—Pliocene boundary [206, 207]. The
unconformity exhibits V-shaped incisions that extend southward from the present-day
southern Alpine valleys. These valleys were party-filled with fluvial conglomerates
of the Sergnano Formation and then completely filled with Pliocene—Pleistocene tur-
bidites, indicating that the modern drainage network had been inherited from the late
Messinian.

The MES has been restored to its original state through flexural-backstripping
numerical modeling [206]. The calculations to reconstruct the landscape (Fig. 36)
produced a maximum water-level drop of ~ 900 m when assuming that the sea level
before the MSC was close to the present elevation. Deeper regions remained as sep-
arate lakes, accumulating turbidites of the Fusignano Fm. The ‘lower evaporites’ are
preserved beyond the 500 m level and are directly overlain by Pliocene sediments
above a TES that extends to 900 mbsl where the ‘upper evaporites’ (brackish-water
facies) appear in reflection profiles. The enclosed nature of the Po Plain and northern
Adriatic Sea and the proximity to substantial fresh water from Alpine drainage are
plausible explanations for the lack of halite and potassium-rich salts in these foredeeps.
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Fig. 36 Lower panel: reconstructed elevation contours (mbsl) of the Po Plain-Northern Adriatic foreland
basins for the latest Messinian obtained using an elastic thickness of 20 km [206], extended to include
westernmost of the Piedmont Basin. MQ: Moncucco Quarry; PS: Pollenzo Section; NB: Narzole Borehole,
discussed in Sect. 13.1.4. Dash line is the outline of the Piedmont Basin based on reflection profiles and
exploration wells [208]. Green stars are wells labeled with present depth to the base of the Pliocene (mbsl).
The Southern Alpine lakes are shown in blue. Upper panel: SW-NE profile derived from connecting
commercial wells (stars) showing the MES, appearance of the ‘lower evaporites’(purple) beyond 500 m
depth, and ‘upper evaporites’ (green) below 900 m. The red stars are wells delineated with the resistivity
measurements from electric logs

8.2.4 Central Adriatic basin

The gypsum beds of the ‘lower evaporite’ Gessoso Solfifera Fm were deposited on
a pre-MSC substrate of the Adria Plate that had been tilted downward to the SW
during its subduction beneath the Apennines [209, 210] (Fig. 37B). The tilting of the
‘lower evaporites’ gypsum beds provided a slope into which canyons were later cut
during falling sea level (Fig. 37C). These gypsum beds were subsequently covered
by earliest-Pliocene mudstone as directly calibrated in exploration wells [211]. An
erosional unconformity is well-evidenced by truncation of the gypsum beds and an
irregular and scattered TES. The base of the gypsum beds showed no evidence of
erosion (Fig. 37C). The ‘upper evaporites’ were either never deposited on the gypsum
beds in response to subaerial exposure, or they were removed by subsequent erosion.
However, a significant thickness of detrital sediments had accumulated throughout the
entire MSC in the adjacent and deeper Apennine foredeep [212, 212, 213].

The finding of the TES at elevations > 2500 mbsl provided substantial evidence of
evaporative drawdown of the Mediterranean beginning at around 5.6 Ma and coinci-
dent with the event that produced the #1 erosion surface elsewhere.
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Fig. 37 A Present seabed bathymetric contours at 25 m intervals of the Central Adriatic Basin in a region of
dense coverage with 2-D and 3D reflection profiles and numerous commercial exploration wells. Region
shaded white in the map is displayed in panel D. B The ‘lower evaporites’ of the Gessoso Solfifera Fm
buried at > 2 km depth in the subsurface of the basin beneath its Pliocene—Pleistocene cover. C A 5-km-wide
Messinian valley incised through the ‘lower evaporites’ and filled with earliest-Pliocene sediment. D Map
of maximum reflectance on the late-Messinian erosion surface showing the paths of the incised valleys.
Imagery compiled from [211]

8.2.5 On the Island of Crete

Substantial base-level drop became evident in Crete when examining the MES at
five locations across the island (Fig. 38, Left panel) [214]. There the ‘upper evaporite’
interval of marls with thin beds of gypsum ended with alluvial conglomerate, in places
containing bones and teeth of mammals and elsewhere terrestrial snails. Erosion had
sculpted ravines in the underlying ‘lower evaporite’ gypsum beds with relief > 50 m.
The breccia interval between the ‘lower’ and ‘upper ‘evaporites was interpreted to
have resulted in the dissolution of halite, accompanied by collapse of the original bed.
The return of saltwater at the onset of the Pliocene was announced by a foraminiferal
assemblage indicative of upper-bathyal water depths.

8.2.6 On Cyprus

On Cyprus the passage from the Messinian to Pliocene transition was accompanied
by a very rapid environmental [140] change expressed in the lithology, sedimentol-
ogy, microfaunal assemblages and stable isotope composition [215-217]. The terminal
Messinian lakes were colonized by Cyprideis pannonica and Ammonia beccarii [140].
The feature most evident of a terrestrial landscape was paleosol interbedded with car-
bonates and conglomerates. Paleosols with preserved casts of plant roots substantiated
periods of subaerial exposure of sufficient duration for pedogenesis to have advanced.
The topmost soils contained a pollen assemblage composed of Pistacia associated
with Olea, characteristic of dry seasons and mild winters. Conglomerates with basalt,
gabbro and Cretaceous-age limestone had been delivered by rivers from the adjacent
Troodos Massif and its sedimentary cover.

The uppermost gypsum beds were intensely karstified. Large cavities had been
hollowed out by dissolution and subsequently filled with Lago-Mare deposits. As
was the case on Crete, the ‘lower’ and ‘upper’ evaporites were also separated by an
intermediate breccia. The 20-m-thick breccia (also called a mega-rudite) contained
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Fig. 38 Left: Five outcrops investigated from the Messinian stage on Crete [214], beginning upwards with
the Tripoli diatomite (black), ‘lower evaporite’ gypsum beds, an intermediate breccia, ‘upper evaporite’
gypsum bed intercalated with lacustrine sediments hosting brackish-water fauna, terminal alluvial and fluvial
conglomerates with clear evidence of belonging to a terrestrial landscape undergoing extensive erosion,
and then a blanket cover of earliest-Pliocene-age pelagic marls. Right: Three outcrop sections on Cyprus
displaying the latest part of the ‘upper evaporites’ from its youngest gypsum bed to the earliest-Pliocene
marls [217]. Paleosols, alluvial and conglomerates are present at the top of these Messinian successions

meter-sized clasts from both the ‘lower’ and ‘upper’ gypsum beds, the precursor
diatomite, and olistoliths with stromatolitic layers displaying desiccation cracks. This
breccia has been interpreted as a stratigraphically equivalent to the 300 m thick salt
unit in the subsurface of the Mesaoria plain north of the Troodos Massif and confirms
that halite may have been present in the region of the outcrops illustrated in Fig. 38
(Right panel).

The latest Messinian paleosols were directly overlain by the lowermost Pliocene
beige and white marls of the typical ‘Trubi’ facies in Sicily, deposited in a well-
oxygenated marine setting. According to the investigators, the abrupt environment
changes at the climax of the MSC showed that the elevations of a late-Messinian
terrestrial landscape were several hundred meters below that of the world ocean at the
time of the invading Pliocene saltwater [217].

8.2.7 Levant margin in the easternmost Mediterranean
The subsurface of the coastal plain and offshore of the Levant margin has been exten-

sively investigated since the early 1960’s with commercial exploration wells and
reflection profiling methods [94, 112, 218-235]. The halite layer in the Levant Basin
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Fig. 39 Tracing with interpretation of a reflection profile from [232] extending westward from the Levant
continental margin to the Herodotus Basin. TES Top Erosion Surface, BS Bottom surface, IMTS Intra-
Messinian Truncation Surface. Green layer is the stratigraphic equivalent of the ‘upper evaporites’. White
dots in the map insert are locations of ODP Site 965 and the Dolphin well. The Dolphin gamma-ray log
displays the abrupt passage from underlying marine marls below to halite above

exceeds 1.7 km in thickness and extends westward with similar thickness into the more
tectonically active and deeper Herodotus Basin (Fig. 39).

The halite layer has been investigated from cuttings and electric logs at the Dolphin
well. The succession of planktonic foraminifera bioevents in the sediment immediately
below the halite layer has revealed that Levant salt had been deposited synchronously
with the 14 to 16 ‘lower evaporite’ gypsum beds of the Cattolica Fm in Sicily and
Yesarers Mb in the Sorbas Basin of SE Spain [236].

The top surface of the halite exhibits the truncation of six internal halite layers
(ME-1-ME-6) [220, 221, 226, 231]. Although ever-so slightly titled, this surface
(Intra-Messinian Truncation Surface—IMTS [225] has remained remarkably flat
[234], except at the foot of the continental margin. There the IMTS is pitted with
enclosed depressions thought to have been attributed to dissolution [237].

The IMTS has been interpreted both as an erosional unconformity of subaerial
origin [220, 226, 229, 234] and the product of halite dissolution [225, 227]. High
resolution 3D reflection imagery has since revealed a thin sediment package overlying
the IMTS [226, 234] and given the names Nahr Menash [228, 229] and Unit 7 [225].
This layer (Fig. 40, left) has been assigned to the ‘upper evaporite’ interval of the
MSC [234]. It remains unsampled except at well Or-South-1. There the lithology and
faunal composition had been described as belonging to the stratigraphic equivalent of
the Afig Member of the Mavqiim Fm [238]. Gamma-ray and density logs indicated
the presence of anhydrite and halite (Fig. 40, Right). Deposition of the Afig Mb ended
with a conglomerate located directly above dolomitic marl that contained the brackish-
water ostracod Cyprideis torosa. The written log described the Late Miocene to include
“evaporite with fluvial clastics.” The conglomerate was followed by the arrival of
earliest-Pliocene marls belonging to the Sphaeroidinellopsis acme zone. These fully-
marine deposits had draped an undulating surface etched with channels 100 m in width
and 15 m in relief.
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Fig. 40 Left: Tracing of a reflection profile in the Levant Basin of the easternmost Mediterranean. Right:
Gamma-ray and density logs from exploration well Or-South-1 [225] correlated with lithologic and faunal
descriptions in the well report [238]. White dot is the location of the Cyprideis torosa ostracod. Black ovals
depict the terminal conglomerate belonging to the TES

Most intriguing was the necessary gap in time between accumulation of the halite,
its deformation into folds, offset of the folds by thrust faults and eventual decapitation
to produce the flat surface. The removed halite, even as detritus, was enhanced by
dissolution. The solutes were transferred elsewhere into the deeper regions such as the
Herodotus Basin [227]. Therefore, top of the salt (IMTS) in the Levant Basin records a
substantial fall in relative sea level that most likely coincided in time with the exposure
surface between Units B and C in the Realmonte salt mine in Sicily [239].

The Afig Mb (green in Fig. 40) with its euryhaline ostracod Cyprideis torosa had
previously been recognized in 18 exploration wells on the Levant Margin ranging from
800 to 2000 mbsl. In all wells it overlies anhydrite (purple) belonging to the Mavqui’im
Formation that is equivalent in age to the ‘lower evaporites’ based on measurements
of 37S1/80Sr [240]. The anhydrite on the Levant margin was directly sampled from
1600 to 900 mbsl, and halite (yellow) from 1750 to 1000 mbsl was inferred by unique
responses in the electric logs [222, 223] (Fig. 41).

The presence of halite and anhydrite across this large depth range was not surprising
since they had been components of the ‘lower evaporites’ and had accumulated prior
to any major fall in sea level. On the other hand, the Afiq Mb raised concerns [241].
If the Afig Mb had been a lacustrine deposit, it would have implied that the basin
may have partly filled to elevations as high as 800 mbsl and then emptied one or
more times. However, the Afig Mb on the margin is a clastic deposit composed of
conglomerates with lithoclasts of Cretaceous and Eocene limestone and sandstone
as well as earlier detrital anhydrite from the underlying Mavqui’im Formation that
had been eroded and redeposited in an alluvial and fluvial setting. These lithologies
became subject to erosion with falling sea level during the Lago-Mare Stage 3 of the
MSC [219, 242].

Using 3D seismic reflection surveys and boreholes the MES has been recently
mapped on the westward dipping continental slope of the Levant margin to reveal
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Fig. 41 Composite of exploration wells on the Levant continental margin in passage from offshore (left) to
onshore (right). The collapse breccia is a residual from the dissolution of prior salt or gypsum. The pre-
evaporite Messinian Patitish Reef at 10 to 50 mbsl provides a stable reference elevation for the pre-MSC
sea surface

dendritic channel networks extending downdip to clastic deposits in the Hadrea val-
ley [219] (Fig. 42, Left). The clastic deposits were composed of fragments of ‘lower
evaporite’ anhydrite and pre-Messinian chert and chalk fragments along with dis-
tinct Lago-Mare benthic foraminifera. The clastic deposits have also been sculpted by
the same upslope drainage. Second and third order channels were cut to a depths >
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Fig. 42 Left: reflection profile EM-83-31 displaying the Afig Mb and Mavqi’im Fm in the region of the buried
Hadrea Valley and Delta Ridge. Right: Location of exploration wells presented in Fig. 40 and including
those discussed elsewhere in the text
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5 m below interfluves. The top surface of the clastic deposits display funnel-shaped
endorheic depressions interpreted as sink holes and dolines. Although the presumed
subaerial pattern of the drainage network disappeared beyond 1350 mbsl, the lower-
most dolines extend further down slope to 1530 mbsl.

8.2.8 Nile Delta and its offshore margin

The continental margin of Egypt had experienced severe erosion during the latter
part of the MSC when creating a vast drainage system on the southern margin of
the Mediterranean [95, 108, 243, 244]. Numerous valley incisions had cut through
the entire pre-Messinian Miocene and into the deeper Oligocene and Eocene strata
(Fig. 43) [245]. The erosion surface can be followed seaward to elevations approaching
4000 mbsl [246] before arriving at the landward edge of the halite layer buried beneath
the Herodotus abyssal plain and the Mediterranean Ridge accretionary prism [247,
248].

One of the incised valleys, the Eonile, has been extensively explored with 3D reflec-
tion surveys. More than 50 wells have targeted the Abu Madi sandstones on its floor
where they serve as a major hydrocarbon reservoir [244, 245, 249-257]. Beyond the
valley’s mouth the Eonile evolved into a 6-km wide and slightly-meandering channel
cut > 200 m into mudstones and limestones belonging to the brackish-water Qawasim
Fm, itself, the stratigraphic equivalent of the ‘upper evaporites’ [258].

The Eonile channel incision (Fig. 44) has been referred to as an “intra-Messinian
erosional surface”, and the sandstones within it have been attributed to both a “fluvial
to fluvial-deltaic facies” [252] and a “braided river deposit” [259]. On the outside
rims of the channel drilling had recovered siltstones and mudstones, intercalated with
lagoonal clay rich in coal fragments and soil horizons that have been described as flood-
plain deposits [108]. These deposits were interbedded with fine-grained sandstones
with abundant ripples, presumably deposited during splay-crevassing of a meander-
ing fluvial system. Clastic sediment from the Eonile reached the deepest regions of
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Fig. 43 Adaptation of a generalized south to north cross-section of the western Nile Delta, based on reflection
profiles and wells [108]. Stars indicate locations of exploration wells. Insert [256] is a stratigraphic cross-
section at the mouth of the EoNile channel displaying the sequence from ‘lower evaporite’ halite (yellow),
to ‘upper evaporite’ limestone (blue), followed by lacustrine mudstone (green) and ending with the Rosetta
Fm. anhydrite (violet). Stipple pattern is for sandstone. Dashed line is the erosion surface cut by the channel.
Channel relief > 100 m
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Fig. 44 A Tracing of reflection profile showing the ‘upper evaporite’ Abu Madi Fm. infilling valleys cut
into the underlying Miocene by a Bottom Erosion Surface (BES) on the distal margin offshore Egypt [247].
B Higher on the margin where valleys have cut through the entire Miocene and into the Oligocene. C
Sandstone (stippled) interbedded with mudstone of the Abu Madi Fm. within the confines of the Eonile
Canyon. D Map view of the EoNile Valley with stars locating exploration wells in panel C [251, 252]. E
RMS amplitude map illustrating the meandering channels network within an alluvial to delta plain at the
apex of the Nile Messinian lowstand fan 10 km further downdip of the Abu Madi valley mouth [256]

the Herodotus basin where they are recognized in reflection profiles as channel-levee
deposits interbedded in the halite layer [246].

The sandstones within the channel contained fragments of igneous rocks (andesite,
andesitic tuff, rhyolite, and basalt), limestone and low-grade metamorphic rocks (mica
schist and phyllite) that had traveled long distances from their source terrains in Egypt
and Sudan. Beyond the mouth of the Eonile Canyon the sand and mudstone of the Abu
Madi Fm passed seaward along meandering paths (Fig. 45E) onto a mudstone coastal
flat at the edge of a brine lake precipitating anhydrite of the Rosetta Fm.

The overall incised-valley filling pattern of the Abu Madi Formation and the anhy-
drite accumulation are consistent with a relative sea level fall followed by a stillstand.
At the end of the MSC, the incised valley and brine lake became flooded with marine
water and the Eonile valley transformed into a > 1000 km long estuary.

8.2.9 Offshore Sirte Basin, Libya

Reflection profiles acquired by CGGVeritas in 2004—2005 have allowed the Messinian
on the offshore margin of Libya deposits to be imaged in both cross-section and map
view [260-262] (Fig. 45). The coverage has revealed a large tear-shaped apron in
the subsurface of the continental margin fed by the EoSahabi River in Libya. The
apron accumulated on a rugged erosion surface, labeled in Fig. 43 as the Intra-
Messinian Erosion Surface. This apron is part of the ‘upper evaporite’ series belonging
to the late brackish-water Lago-Mare stage of the MSC. Earlier ‘lower evaporite’
halite had been limited to the interior of the Ionian abyssal plain in the distal Sirte
Basin.

The ‘upper evaporites’ exhibited seven successive layers, interpreted as indicators of
periodic fluctuations in base level that had been synchronized to processional cycles.
Individual layers had their own deeply incised valley fed by water sourced though
the EoSahabi channel from the expansion of Neogene Lake Chad during northern
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Fig. 45 Tracing of an interpreted reflection profile [260] crossing the large apron of sediment delivered
onto the margin of Libya from the Sahabi River during the ‘upper evaporite’ interval of the MSC. Seven
successive layers display episodes of down cutting to created deep valleys followed by refilling. Insert is
an example of the original reflection profile. MES margin erosion surface, TES top erosion surface, IMTS
Intra-Messinian Erosion Surface

hemisphere insolation maximum. The tear-shaped pattern of the apron indicated that
the sediment in the apron had been derived from the river, and not from mass-wasting
across the broader margin.

The individual valleys display extremely steep-walls of enormous relief. After being
down-cut, each valley had then been refilled by sediment delivered during the next
cycle. Each new layer reached higher on the edge of the margin than the previous
layer, displaying a pattern of successive coastal onlap. The landward extent of the
entire apron coincided with the present-day base of the continental slope at around
1400 mbsl, whereas the basin-ward extent had reached all the way to the southern
edge of Sirte abyssal plain at 3600 mbsl.

The high-amplitude reflections (insert in Fig. 45) came from lithified material with
high-compressional-wave-velocity and high-density. Well cuttings and logs confirmed
these reflections derived from beds of gypsum and anhydrite some 10-20 m in thick-
ness and deposited in a sabkha-like environment [262]. The lower amplitude reflections
arrived from sand and clay deposited in a fluvial or lacustrine environment with beds up
to 100-200 m in thickness. The extremely-rough IMTS had separated the ‘upper evap-
orites’ from the underlying ‘lower evaporites’ and their deeper substrate. The Margin
Erosion Surface corresponds to karst found all across the margin by exploration wells
and formed during latest Miocene subaerial exposure [262].

@ Springer



212 W. B. F. Ryan

In the profiles, layers 1-4 displayed smaller valleys with a maximum width of 4 km
and a maximum relief of 130 m. However, layers 5-7 exhibited the largest valleys
with a maximum width of 7.5 km and a maximum relief > 350 m. The flow of water
through the larger valleys had been capable of eroding thalwegs down to the base of
earlier layers. Analysis of the present-day depth of the ‘upper evaporites’ indicates
that during the terminal stage of MSC sea level had fallen in excess of 1.5 km [260,
261, 263]. During precession maxima and relatively dry periods Neogene Lake Chad
would have receded and the flow of the EoSahabi river would have ceased, triggering
the lowering of the eastern Mediterranean base level and promoting the precipitation
of sulfates from evaporation of residual brine.

8.2.10 Southeast Spain

There are two widespread lowstand erosion surfaces in the marginal basins of southeast
Spain [264] (Fig. 46).

End-Messinian unconformity (e-M unc) [263]: The first erosion surface to be rec-
ognized in southeast Spain was the previously-overlooked gap that separated the
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Fig. 46 The interconnected Neogene basins of SE Spain containing Messinian sediments. Insert A: The end-
Messinian unconformity (e-M unc.) [273] is expressed on the northern margin of the Bajos Segura basin
in SE Spain where it had incised fluvial valleys into the ‘upper evaporites’ lagoonal marls with Lago-Mare
brackish-water ostracods and overlain by Pliocene marls. Insert B: The intra-Messinian unconformity (i-M
unc.) in the Nijar basin was incised into the Sorbas and Yesares Members of the ‘lower evaporites’ and
subsequently filled and covered by the continental Zorreras Member of the ‘upper evaporites’ [269]
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Lago-Mare laminates with the brackish Cyprideis ostracods from the Pliocene open-
marine, upper-bathyal foraminifera marls in the Cuevas del Almanzoro section in the
Vera Basin [265]. This locality was visited during the third Messinian Seminar in 1977
to test the claim of a continuous Messinian—Pliocene transition [266]. In an outcrop
cleared of alluvial soil, a gap appeared on an inclined surface with a veneer of gravel,
pebbles and coarse sand overlying mudstone with root casts along the topmost laminae
belonging to the Loxoconcha djaffaroui zone [265]. At another location visited during
the seminar the erosion had cut all the way down into the pre-MSC Abad marls where
it left a 4-m-thick boulder bed along the contact. Boulders consisted of reef limestone
with Porites from the earlier Terminal Carbonate Complex and the pre-Neogene meta-
morphic bedrock. Boulders also included large slabs of the Yesares ‘lower evaporite’
gypsum up to 10 m in diameter [175, 176, 267].

In the adjacent Sorbas Basin to the south (Fig. 46) this erosion surface separated
the Zorreras continental deposits with rodent fauna from overlying marine Pliocene
marls (Fig. 46). This stratigraphic superposition was considered “convincing evidence”
for a substantial Messinian lowstand [268]. In the adjoining Nijar Basin the “almost
instantaneous” Pliocene open-marine flooding occurred above the continental deposits
of the Feos Fm along a “razor sharp contact” during a “relatively dry period with lower
water levels” [269].

Farther north in the Bajo Segura Basin on the eastern coast of Spain, the lagoonal
marls with Cyprideis sp. had been incised by > 30 m-deep fluvial valleys during
the latest Miocene terminal lowstand named for the first time the ‘End-Messinian
unconformity’. Like those in the Vera, Sorbas and Nijar basins, these valleys were
also filled with sand and gravel derived from bedrock and with 1-m size boulders
from pre-MSC sandstones. Once more, the fill was covered by either earliest-Pliocene
pelagic marine marls or coastal sandstones depending upon location within the basin.
At one outcrop in the northern sector of this basin, the end-Messinian unconformity
rests directly on algal stromatolites interpreted as “indicators of sudden emersion and
subsequent subaerial exposure” [270]. The End-Messinian unconformity in Spain
corresponds to erosion surface #2 and its equivalent TES observed in the Mediterranean
reflection profiles.

Intra-Messinian unconformity (i-M unc) [264]: Despite knowledge of the desic-
cation hypothesis derived from the five Mediterranean drilling campaigns completed
in 1995, researchers had not yet found clear evidence for any major erosional hiatus
indicative of a large lowstand event in the SE basins of Spain either preceding or during
the MSC [178]. If there was any, it was supposedly represented either by local scours
occurring at the top of the Sorbas Member [268] or beneath the ‘lower evaporites’
Yesares member [271]. The most plausible explanation was that the Sorbas Basin had
been isolated from the Mediterranean and therefore left unaffected by external sea
level changes [177, 272]. However, discoveries in the adjacent Nijar Basin changed
this deduction, for there the equivalent to the Sorbas Member had been cut by fluvial
valleys later filled by the Feos Fm continental deposits belonging to the MSC Stage 3
Lago-Mare interval [269] (Fig. 46, Insert).

In the afore mentioned Bajo Segura Basin the Intra-Messinian unconformity was
occupied by wide and shallow palaeo-valleys on its northern margin [273] and sub-
aerial exposure, such as karstic breccias and caliche-like carbonate crusts, in the south
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sector [274]. The overlying sediments included alluvial mudstones, conglomerates,
brackish-water lagoon marls with some containing Cyprideis torosa and Ammonia
tepida and others rodent fossils, beach sandstones with stromatolites and up to 7 beds
of selenitic gypsum. This composite was interpreted as the product of reflooding after
an episode of subaerial emersion [264]. The Intra-Messinian unconformity in Spain
most likely corresponds to the IMTS in the eastern Mediterranean and erosion sur-
face #1 observed in the Mediterranean reflection profiles, though some researchers
have placed it earlier and separating the ‘lower evaporites’ from the pre-evaporitic
Messinian [275].

8.3 Summary of erosion surfaces

Messinian erosion surface are ubiquitous in the subsurface of all of the margins of
the Mediterranean. Their descriptions and interpretations have been presented in two
volumes of “Seismic Atlas of the Messinian MSC markers in the Mediterranean
Sea—Volumes 1 & 2 with > 50 contributing authors and co-authors [276, 277].

8.3.1 Western Mediterranean surfaces

The common features of western Mediterranean are Margin Erosion Surfaces that
display broad dendritic-style drainage systems that continue towards basin depocenters
to elevations exceeding 3000 mbsl. There they encounter the onlap limit of the ‘upper
evaporites’. The onlap onto margins is considered the be the latest Messinian paleo-
shoreline [278]. Here the MES splits into Bottom and Top Erosion Surfaces that
bracket the ‘upper evaporites’. Although the onlap denotes the highest water level
during deposition, the top of the ‘upper evaporites’ shows truncations. The presence
of Internal Erosion Surfaces (IES) indicates fluctuations above and below this water
level [194].

Flexural-isostatic backstripping using an effective elastic thickness that is depen-
dentupon the age of the bedrock restores the observed onlap elevation to approximately
— 1100 £ 100 m at the time of maximum regression [278]. However, a somewhat
deeper paleo-shoreline at — 1300 m is required to expose the Ebro margin [188]. A —
1100 m evaporative drawdown implies a ~ 500 m rebound from pre-MSC elevations
due to the loss of the weight of water.

Isostatic subsidence, compaction and thermal subsidence since the Messinian have
for the most part compensated the accumulation of the Pliocene—Pleistocene cover,
implying that the bathymetry of the various basins at the onset of evaporative drawdown
was comparable to the present.

8.3.2 Tyrrhenian Sea surfaces

In the Tyrrhenian Sea the Margin Erosion Surface offshore of the Sardinia coast reached
to depths a short distance beyond 2000 mbsl (Fig. 47, Left) before being onlapped
by the ‘upper evaporites’ [279]. The three drill sites (132, 652, 654) that recovered
brackish-water Messinian sediments containing beds of gypsum and anhydrite came
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Fig. 47 Left: The regions occupied by the margin erosion surface (white) in the western Tyrrhenian Sea
rimmed by the solid line and located close to, but below the 2000 m contour (dashed line). Depths for the
‘upper evaporite’ onlap are not derived from bathymetry, and come from the observed onlap in reflection
profiles. Right: More confined regions are occupied by the halite layer [279, 280]

from elevations below this horizon, but in the case of Site 654 only 400 m deeper.
The conglomerate at the base of the ‘upper evaporites’ at Site 362 lies at 3790 mbsl,
or almost 1800 m deeper than the onlap horizon. Therefore, it would have taken an
extreme lowstand for the pebbles and gravel to have been a fluvial or alluvial deposit.

The existing underlying halite layer in the Tyrrhenian Sea has been preserved in
an even smaller region where it is now confined to the floors of enclosed depocenters
(Fig. 47, Right). It is inconceivable that it only precipitated in these depressions,
which were at different elevations and separated from each other by sills. It seems
more reasonable that the distribution observed today includes the salt that had been
dissolved from elsewhere and became reprecipitated in shrinking regions prior to the
commencement of the ‘upper evaporites’. Such a deduction leads to the question: did
the dissolution take place under a fresher body of water, or was the confined salt the
residue of extreme evaporative drawdown with all regions without salt having become
subaerial? The elevation of the boarder of the salt lies some 100 to 300 m below the
onlap of the ‘upper evaporites’.
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Fig. 48 Reflection profiles on the Levant margin of the eastern Mediterranean with the Pliocene—Pleistocene
cover removed to expose the Margin Erosion Surface. Profiles are spaced 10 km apart from north to south
along the margin. Arrows show breaks in the slope interpreted as stillstand terraces

8.3.3 Eastern Mediterranean surfaces

At the end of the MSC the Margin Erosion Surface on the Levant margin was left
with a rugged relief. Here the surface had been notched by a series of well-defined
breaks in its slope, suggestive of wave-cut terraces, presumably created at stillstands
of fluctuating shorelines [220]. Many of these breaks align at the same elevation below
present sea level (Fig. 48).

A series of enclosed depressions in the top of the salt layer (Fig. 49, Left) had formed
a short distance beyond the base of the slope in the region where the upper layers within
the salt had been previously truncated (Fig. 49, Left). These depressions, some deeper
than 75 m, had been created either from abrasion during exposure of the salt [195,
221,226, 234,237, 281], from subaqueous dissolution by an overlying undersaturated
body of [225, 227], from down-dip migration of the salt layer away from the margin
[282-284] or from later dissolution of the salt beneath its Pliocene—Pleistocene cover.

A 3D reflection survey at the distal end of the Afiq Canyon revealed a fan-shape
apron with a thickness > 150 m [285] (Fig. 49, Right). The apron consists of clastic and
evaporitic beds. Its lithology and microfossil assemblage were sampled in cuttings and
its physical properties obtained from the electric logs of 7 exploration wells [238, 285].
Although initially considered to be the Yafo Sand Fm of earliest-Pliocene age [285],
the apron contained latest Messinian ostracods and belonged to the latest Messinian
Afiq Fm (Fig. 41, Right).

The lobe had been deposited within the floors and just beyond the mouths of the
Afiq and el-Arish canyons. There are no channels with bounding levees crossing the
lobe or observed within the lobe interior, as would be the expected for a subaqueous
fan [286]. The Or-South-1 well (previously discussed) was located in the middle of
the apron. The recovered conglomerate had been interpreted as a fluvial deposit and
the underlying anhydrite a sabkha facies emplaced in an environment of subaerial
exposure at the conclusion of the MSC [238]. This interpretation is supported by
an overwhelming number of allochthonous fossil specimens from Cretaceous to the
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Fig. 49 Left: Contours in seconds (twtt) of the top of the salt layer (yellow colors) and Margin Erosion
Surface (orange) on the Levant margin. Labeled lines are locations of reflection profiles in Fig. 48. Right:
Fan-shaped apron of the Afiq Fm at the distal end of the Afiq and el-Arish canyons. Contours in meters of
the lobe thickness [285]

mid-Miocene strata that were eroded from exposed canyon walls. The allochthonous
specimens included > 80% of foraminifera in the sandstones and shale beds in the Afiq
Fm [285]. The evidence from the Or South-1 well placed a late-Messinian shoreline
in the vicinity of 2 km below present sea level.

Reflection profiles in the far-eastern Mediterranean show that the elevations of base
and top of the halite layer is different from basin to basin [287]. The halite base ranges
widely from — 2.5 to — 5.9 km with respect to the sea surface, whereas the halite top
has a narrower range of — 2 to — 3 km (Table 1, Fig. 50).

The linear relation between the elevation of the salt base and its thickness implies
that the halite thickness had been acquired in proportion to the depth of the depocenter
in which the halite was collected. If the depth to the top of the halite for the two deepest
regions (Anatalya and Herodotus basins) is shifted upwards to — 2.1 km, the trend of
increasing thickness with increasing depth to the base of the salt becomes continuous
(ghost dots in Fig. 50). The two deepest basins are on the down-bending slab of the
African Plate that is currently subducting beneath the Eurasian Plate and have thus
been influenced by tectonics since 5 Ma ago [235, 288] (Fig. 51).

The lack of preserved salt above — 2 km in the easternmost Mediterranean basins
implies that any halite that had once been precipitated onto seafloors at higher eleva-
tions had been removed by the event that left behind the Intra-Messinian Truncation
Surface. The cause of this event has been the subject of considerable interest. The
competing models for the origin of the surface are (a) subaerial erosion linked with
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Table 1 Elevations with respect to present sea level to the top and base of the halite layer and the halite
thickness for seven separate basins in the eastern Mediterranean

Basin Top Bottom Thickness TES UE
Adana 2116 2487 371 Yes No
Cilicia 2116 2812 696 Yes No
Iskenderun/Latakia 2116 2818 702 Yes No
Florence Rise 2100 3000 900 Yes Yes
Levant 2100 3700 1600 Yes Yes
Anatalya 3100 5700 2600 No Yes
Herodotus 3000 5900 2900 No Yes

Fig. 50 Salt layer thickness
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Fig. 51 Left: Tracing of a west to east cross-section through the Herodotus Basin and Levant Basin from
(Kirkham, 2020) [227]showing truncation of internal halite layers on the Levant Margin and the western
continuation of layer 6 to become the Messinian Upper Megasequence (MUM) above the Messinian Lower
Megasequence (MLM) [291]. The IMTS is portrayed as a dashed red line corresponding to unconformity
#1 in the Caltanessetta Basin in Sicily. Right: The truncated crest of a fold in the deformed halite layer from
the Larnaca—Latalia Basin [281]
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relative sea-level fall [112, 220, 226, 234, 281], (b) subaqueous dissolution beneath a
stratified body of low-salinity water of substantial thickness [225, 227]. The evidence
for dissolution comes from two observations.

First: removal of the crests of the deformed and folded halite layer (Fig. 52, Right)
from a reflection profile in the Larnaca-Latakia region SE of Cyprus [281]. Prior to
its loss by intra-Messinian truncation, the height of the crest of the folded halite layer
above the truncation surface may have reached almost 700 m, unless the crest was
dissolving as it protruded into the lower-salinity water.

Second: observation of internal layers within the halite layer that once continued up
the Levant margin and were later truncated to become the IMTS. The NaCl removed
from all regions of the eastern Mediterranean above the — 2 km elevation was unlikely
to have escaped the Mediterranean. Instead, upon further evaporative concentration
the Na™ and Cl~~ would have begun to re-precipitate in deeper regions as a rain
of hopper crystal originating at the thermocline between the new brine and warmer
less-saturated water above, or by direct nucleation on the seabed [289, 290].

The interface between undersaturated brine (epilimnion) above saturated brine
(hypolimnion) below is unlikely to have remained stationary in its elevation. As the
brine below the interface became consumed into halite, its volume would necessarily
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Fig. 52 Stable isotopes of mollusks and fish otoliths from the Podere Torricella gypsum quarry compared
to isotopes of earliest-Pliocene marine foraminifera at DSDP Sites 132 and 134
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have shrunk, the interface lowered, and the remaining halite on Levant margin exposed
and then overlain by the Afiq Fm.

Since, there is little evidence of any further truncation of the halite folds below the
— 2 km elevation, the low-salinity water in the epilimnion must have either evaporated,
or persisted in lakes confined to the deepest regions of the eastern Mediterranean (the
Ionian and Sirte basins and the Hellenic Trough).

Below the 2 kmbsl elevation, the Messinian Upper Megasequence (MUM) became
covered by a highly reflective layer that can be attributed to the ‘upper evaporite’
interval of the MSC [291]. The lithified anhydrite beds in this layer have acted as an
effective seal to prevent the halite below from further dissolution.

The tear-shaped apron on the Libya margin has the appearance of a giant alluvial
fan with its apex at the mouth of the EoSahabi River. Alluvial fans form when flow
exits a feeder channel and is able to spread out in diverging channels or sheet flows. In
the proximal fan, where the slope is steepest, the flow is initially confined to a single
channel of high relief.

The Libya apron has little in common with subaqueous deep-sea fans such as the
Mississippi, Amazon, Rhone and Nile. The Libya margin valleys are far deeper and
wider. They lack lateral levees and show no evidence of tight meanders and abandoned
oxbows [286, 292-295].

9 Evidence of sea level drop from terrestrial outcrops and wells
9.1 Additional observations supporting desiccation hypothesis

After a period of controversial debate concerning the initial hypothesis of pre-existing
the deep basins that had accumulated evaporitic deposits in shallow waters, a near-
consensus emerged following the results from the 1975 drilling expedition) [296,
297]. A sequence of five yearly seminars (1975-1979) brought the marine geologists
and geophysicists that had been on the drill ship together with terrestrial geologists
and paleontologists. The objectives were to examine during fieldtrips the sediments
of Messinian age in Sicily, the Apennines, Spain, Calabria, and Cyprus and discuss
together each evening their observations and interpretations.

An early publication to emerge from field studies announced the discovery of stro-
matolites and cryptalgal laminae associated with Messinian gypsum in Cyprus [298].
Preserved algal filaments had been identified in gypsum from the northern Apennines
[299, 300] and Sicily [301]. Filamentous (type Lyngbia and Microcoleus) and coc-
coid blue-green algae (type Aphanocapsa) had also been observed in the dolomitic
mudstones of the evaporitic sediments from DSDP Sites 126, 134 and 372 ([65, 302,
303]. Wavy stromatolite bedding became exposed on the walls of gypsum quarries in
the Piedmont of northern Italy [304]. Stromatolites with metric scale polygonal des-
iccation cracks in the Bajo Segura basin of SE Spain are observed directly beneath a
subaerial exposure surface corresponding to the intra-Messinian unconformity. Expo-
sure there was followed a sustained drop in Mediterranean sea level, a deep incision of
the San Miguel paleovalley, and an abandoned terrestrial basin unable to accumulate
Lago-Mare sediments [305].
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In Cyprus the cryptalgal laminae and stromatolites appeared in the youngest two
gypsum beds of the ‘upper evaporites’ along with the shallow-water mollusks Limno-
cardium, Melanopsis, Melanoides, Congeria and the ostracod species Cyprideis. The
alteration between ostracods and mollusks pointed to a switching between brackish
and more saline environments that could only have happened on shallow playa lakes
fed by the dissolution of earlier sulfates and located below the exterior-ocean sea level
[306]. Support for the hypothesis of complete desiccation of these lakes at the end of
dry periods came from erosion along the top of each gypsum layer and four levels of
paleosols with terrestrial snails interbedded with carbonates and conglomerates [217,
307].

The erosional event at the end of the Messinian also left its imprint in the Vera and
Lorca Basins in Spain that became fully continental prior the end of the MSC [265,
308]. There laminated gypsum of the ‘balatino’ facies passed upwards to a gypsum flat-
pebble conglomerate and then on to gypsum with a ‘chicken-wire’ facies displaying
surficial desiccation cracks. Dissolution of deeply buried earlier halite towards the end
of evaporite deposition resulted in faults cross-cutting the gypsum and the creation of
collapse breccia. All of the accompanying microfossils had arrived from erosion of
older Mesozoic to Miocene strata.

9.2 Separation of the MSC into two steps

The Mediterranean Science Commission (CIESM) held a workshop in 2007 with
particular focus on the MSC: its deposits and its microbiology. Fifteen scientists from
eight countries participated and contributed manuscripts published in the Consensus
Report [309].

The method of astrochronology had already been successful in providing consensus
ages for the onset of the first gypsum bed of the ‘lower evaporites’ and the conclusion of
the ‘upper evaporites’ at the Miocene/Pliocene boundary [157, 172, 310]. However,
the usage of astronomical tuning to link the closure of the Atlantic gateway to a
lowering of the global sea level during the peak glacial stages TG12-14 [311], had led
to gap of several precession cycles not accounted for by combination of the 16 to 17
cycles in the ‘lower evaporites’ and 8§ cycles in the ‘upper evaporites’. The missing
precession cycles left an hiatus of approximately 80 kyr for the evaporitic drawdown,
the accumulation of halite that accompanied the drawdown, the isostatic rebound for
the loss of the evaporated water, the uplifting of margins in response to the removal of
weight of any halite that had accumulated above — 2 km elevation, and the additional
loading of the reprecipitated halite in deeper regions [278, 312, 313].

The consensus report envisioned a two-step scenario, in which during Step 1
(5.96-5.6 Ma) the gypsum selenite beds in the Vena del Gesso Basin of the Apennines
and Gessi di Cattolica Fm. in Sicily were deposited in shallow regions on Mediter-
ranean margins separated by sills from the exterior deeper Mediterranean lacking
preserved sulfates due to its anoxic condition [314, 315]. These selenite beds were
labeled the Primary Lower Gypsum (PLG). The PLG was correlated with the western
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Mediterranean ‘lower evaporites’ (LE) that were presumed to exist beneath the acous-
tically transparent halite based on a set of strong and laterally continuous reflections
[191, 194, 316].

Step 2 was divided into two intervals. Step 2.1 (5.6-5.5 Ma) encompassed a brief
interval of halite precipitation, followed by evaporitic drawdown, and the shedding
of exposed PLG from the margins to become Resedimented Lower Gypsum (RLG).
In Step 2.2 (5.53-5.33) the interior of the Mediterranean transformed into a brackish
body of water (Lago-Mare) with its’upper evaporites’ (UE). Steps 2.1 and 2.2 were
separated by a subaerial hiatus corresponding to the erosion surfaces on margins. The
placement of halite after the PLG was widely adopted in the Consensus Report despite
the envisioned lateral transitions between these deposits that had been proposed by
others [317-319].

9.3 The Step 1 early evaporitic facies

As presented in the publications by the attendees at the Consensus Workshop the
earliest PLG beds of massive vertical selenite crystals passed upwards into thinner
beds of banded selenite before being followed by nodular and lenticular selenite that
grew in branches projecting outward from a nucleation zone. All of the PLG beds
had been separated by thin euxinic shale layers when undersaturated water during
humid periods stopped gypsum precipitation. No evidence of subaerial exposure or
evaporite re-sedimentation had been found inside the evaporitic succession. The cou-
plet (gypsum/shale) was explained by evaporite precipitation during falling sea level,
producing higher salinity and gypsum growth, followed by dilution during a sea level
rise for each shale bed [320, 321]. The driver for the sea level oscillations was inferred
to be global eustacy. However, in the late Miocene glacial cycles were pulsed at the
obliquity frequency and not the precession frequency of the gypsum beds [322]. The
large overall 100 to 200 m thickness of the PLG required substantial pre-existing
accommodation space, thus ruling out a very shallow setting for selenite deposition
[323].

9.4 The step 2.1 halite facies

The Step 2.1 halite in subsurface of the Caltanissetta basin reached a thickness of
600 m and was divided into four units. The halite unit B contained beds of kainite and
carnallite that showed no evidence of dissolution and/or truncation surfaces except on
the top of Unit B [324, 325]. However, the upper halite units C and D were peppered
by dissolution pipes and displayed halite crystal truncations along bedding surfaces,
indicating precipitation in a relatively shallow-water body that had been periodically
diluted with fresher water.

The interval layer separating units B and C had also been pierced by closely-spaced
dissolution pipes, each filled by clear halite cement and mud. The piped salt layer
was upturned to form tepee structures and then cut by vertical fissures interpreted as
giant contraction polygons that had dried out on salt flats [239, 326]. According to
those presenting at the workshop, the Caltanissetta Basin had been relatively deep at
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the location of the Realmonte mine prior to undergoing complete desiccation. After
subaerial exposure and re-submergence under a new brine originating from halite that
had dissolved from the exposed margins, the halite in units C and D developed in a
shallow-water environment.

9.5 The Step 2.2 ‘upper evaporite’ facies

The Step 2.2 ‘upper evaporites’(UE) also presented a cyclic pattern with thin lami-
nated gypsum cumulates and gypsarenites interbedded with fluvio-deltaic sandstone
and shale. The UE beds of selenite did not exceed a few meters in thickness. The
rhythmic alternation between the gypsum and sandstone with shale was interpreted as
the response to precession-driven arid-wet climate cycles affecting both base level and
salinity [327]. During wet climate phases (at insolation maxima) marl and sandstone
were deposited in a brackish environment as suggested by the typical Lago-Mare fau-
nal assemblage and negative 3'80 values. During arid phases (at insolation minima)
the reduced meteoric supply, registered by higher 8'80 values in the carbonates, led
to a negative hydrological interval terminating in evaporite precipitation. The termi-
nal Arenazzolo Fm. with its tabular cross-bedding, climbing ripples, and lenticular
bodies of sandstone is genetically different from the thin sandstones and mudstones
intercalated with the gypsum beds. Its lithic sand came long distances from terrestrial
sources rather than from locally exposed gypsum, and its fossil content consisted of
species of Mesozoic, Paleogene and Neogene age that had become extinct long before
the MSC. There was little doubt at the workshop that the UE had evolved in a closed
Mediterranean isolated from the exterior ocean.

Step 2.2 was itself divided into two sub-units, p-evl (5.5-5.42 Ma) and p-ev2
(5.42-5.33 Ma), based on the development of the fauna and flora in the brackish-water
environment [328]. Sub-unit p-evl contained Lago-Mare species with low-diverse
and pioneer taxa belonging to the Loxoconcha biozone, whereas p-v2 included fossil
assemblages of increasing diversity and complexity which make up the Loxocorni-
culina biozone [329, 330]. The typical Lago-Mare mollusks (Melanopsis, Melanodies,
Limnocardium, Congeria, and Dreissena) became more abundant and diversified in
the p-ev2 unit. The calcareous nannofossil assemblages were consistently dominated
by specimens reworked from older strata. There existed no convincing evidence from
either microfossils or mollusks for any sporadic marine incursion in either of the
sub-units [328, 331].

Those attending the Consensus workshop expressed in their published chapters
different opinions as to the magnitude of the evaporitic drawdown in the Mediterranean
during Step 2.1 and the configuration of the Mare-Lago water body during Step 2.2.
Some favored a partial evaporitic drawdown during Step 2.1 [315] and a scenario
during Step 2.2 similar to the present-day Caspian Sea with salinity values of 1-14%o
and with adjacent evaporitic conditions as in the Kara—Bogaz Gol, all related to a
combination of climate gradient, morphology and areal distribution of the freshwater
fluvial input. Others favored a more extreme lowstand in Step 2.1 and persistence
of shallow-water conditions during Step 2.2 based on the erosion expressed by the
Bottom, Intermediate, and Top Erosion Surfaces visible in reflection profiles from the
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Valencia Trough [194] and on the recovery by exploration wells of fluvial sands with
seams of coal and paleosols in the deep subsurface of the Nile Delta [255].

9.6 Replacement of the two-step scenario with three Stages

To more clearly distinguish the interval of presumed hypersaline halite precipitation
(Step 2.1) from the subsequent hyposaline brackish-water interval (Step 2.2), a new
3-Stage scenario was proposed that is now widely adopted [332]. Step 1 with its 16
to 17 gypsum beds of selenite belonging to the Gessoso Solfifera Fm. became Stage
1 (5.97-5.55 Ma). Step 2.1 with the halite in the Caltanissetta Basin was assigned to
its own Stage 2 (5.55-5.53 Ma). Step 2.2 with the “‘upper evaporites’ was converted to
Step 3, itself separated into an earlier Stage 3.1 (5.53-5.42 Ma) with its first 6 gypsum
beds in Sicily that was considered more evaporitic and a later Stage 3.2 (5.42-5.33 Ma)
with its sandstone beds and terminal Arenazzolo bed indicating an upward increase
of fluvial discharge accompanied by the Lago-Mare biofacies along with the presence
of paleosols, terrestrial conglomerates and karst.

9.7 Afacies cycle for the Upper Gypsum in Stage 3

The Stage 3 ‘upper evaporites’ have seven rhythmically interbedded primary gyp-
sum bodies in Sicily separated by marls, shale and diatomite [327]. The architype
depositional cycle begins with sandstone thought to come from prograding deltas as
water levels started to drop. The sandstones transitioned into gypsarenite and gyp-
srudite once former areas of previous gypsum accumulation on the basin margins
had become exposed to erosion. The lowstand was announced by a shallow-water
gypsum cumulate (the balatino facies). Untruncated crystals were indicative of a per-
manent cover of saturated brine, whereas flat-pebble conglomerates were diagnostic
of polygonal-cracked, alga-bounded laminated sediment that had been ripped up from
laminated gypsum by storm waves or sutf [113]. Mud-cracked laminae are associated
with these conglomerates.

The onset of bottom-growth selenite took place during the deepening of the basin
and was accompanied by the creation of substantial new accommodation space to allow
for the decimeter-thick beds with increasing crystal size. Domed selenite appeared in
the upper portion of the cycle when the growth of crystals was reduced to sparse
nucleation points. Similar domes are common in modern marine salina [333]. Maxi-
mum flooding at the cycle highstand occurred after the return to undersaturated water
conditions and deposition of marl and mudstone recolonized by ostracods, benthic
foraminifera in the deeper regions and mollusks in closer proximity to shorelines.

9.8 How dry was the Mediterranean during Stage 3
The dryness of latest Messinian climate was accessed using the hydrogen isotopic com-

position of the long-chain n-alkanes (8Dn-alkanes) derived from higher-plant waxes
preserved in the Stage 3 ‘upper evaporites’ from the Caltanissetta Basin in Sicily
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[334, 335]. The 3D ratios of n-alkanes reflect the 8D composition of precipitation.
Accordingly, the 3Dn-alkanes have been successfully used for reconstruction of ter-
restrial paleo-precipitation. Stage 3 samples came from six beds at the Eraclea Minoa
location spanning in age from 5.48 to 5.34 Ma.

The long-chain (C29-C31) n-alkanes had the highest abundances, and displayed
a range between — 124%o and — 150%0, with no differences between samples from
evaporites and marls. Values from present-day lakes in Sicily are 40%o to 60%0 more
depleted than those from Stage 3. Three different mechanisms can account for the
greater enrichment in the Stage 3 samples: (1) change the water vapor source; (2)
distance from the vapor source; (3) increased continental temperatures. All three would
have influenced the composition of the higher-plant vegetation [334-338].

In comparison, long-chain alkenones are produced by haptophyte algae living in
surface water.

The results from Eraclea Minoa indicated that the hydrogen isotopic composition
of the C37 and C38 alkenones had a much higher range than those from the warmest
Mediterranean Pleistocene/Holocene interglacial sediments. The very high values (—
125%0 to — 146%0) at Eraclea Minoa confirmed extreme drought. The highest value
at — 125%o in Stage 3 was even more enriched that those from either the kainite beds
in Unit B of the Realmonte Salt mine (— 166%o) or from the level of the salt polygons
(— 143%o), indicative of desiccation during subaerial exposure [326].

Consequently, climate during Stage 3 had become sufficiently arid during insolation
minima to have been able to convert various Lago-Mare lakes into shallow salt pans,
especially water bodies at lower latitudes and at elevations such as those in the far-
eastern Mediterranean.

9.9 How saline was the Mediterranean surface water at the onset of gypsum
precipitation during Stage 1?

Archaea are ubiquitous microbes in the environment. They not only survive but thrive
over a broad salinity range from fresh to hypersaline, well beyond that of haptophyte
algae and other calcareous or siliceous. The relative amounts of acyclic diether and
tetraether membrane lipids synthesized by Archaea correlate with salinity from 0 to
250 practical salinity units (psu) in modern settings. Using this proxy, there is the
potential to provide insights into salinity variations within desiccating basins such as
the Mediterranean and change the salinity accompanying evaporite precipitation.

Messinian sediments of the Tripoli Formation were collected from two locations
in the Caltanissetta Basin in Sicily, affording a continuous record spanning the tran-
sition from marine to the hypersaline conditions that signaled the onset of the ‘lower
evaporites’ [339]. The linear salinity correlation deduced from relationship between
archaeol, caldarchaeol and salinity (ACE index) and its application to measurements
on modern samples to calculate salinity showed relatively low salinities in the range of
20 to 40 psu in the marls and diatomite until just prior to first bed of laminar gypsum,
when the lipid-based salinity estimate rose abruptly to ~ 140 psu at one location in
the basin and ~ 160 psu at the other, more than four times the earlier salinity and well
and within the salinity at which gypsum precipitates (110 psu).
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9.10 The Formazione Peliti Eusiniche

As previously mentioned, Raimando Selli included his Formazione Peliti Eusiniche in
his “crisis of salinity’. In the central Sicilian Basin, the microfossils in these deposits,
called the Tripoli Formation, evolved from well-oxygenated and ventilated bottom-
water conditions to a significant decrease in oxygen concentration and reduced biotic
diversity beginning around 7.0 Ma [340]. Deep-dwelling planktonic foraminifers
became excluded at 6.7 Ma and were replaced by stress tolerant species. The deterio-
ration of the environment became more extreme at 6.12 Ma, with the development of
highly saline, dysoxic bottom-water conditions accompanied by a high preservation
of organic matter. A sudden increase of 3'80 in the calcite and dolomite at 6.03 Ma
was followed by total anoxia of the seabed, triggering the disappearance of benthic
foraminifers and mollusks just below the 1st laminated carbonate at the base of the
Primary Lower Gypsum [341]. Although evaporative conditions were reached rapidly,
they apparently did not involve changes in prevailing warm and humid climate.

Although pseudomorphs of halite are observed during the trend towards hyper-
salinity, the increase in salinity did not reach concentrations high enough to precipitate
substantial volumes of evaporites prior to 5.97 Ma [342-346]. Still, the 8'80 values
of + 4.0 to + 8.5 %o in dolomite connote highly evaporated waters [346].

In the previously discussed Falconara section, the Tripoli Fm reaches a thickness
of 25 m with 45 cycles of diatomite and marls occurring in synchroneity with the
astronomical precession frequency. The dominance of precession in controlling the
cyclicity rules out eustatic sea level as the driving mechanism, since glacial cyclicity
was obliquity-controlled during the Messinian [347].

The bituminous Tripoli Formation was sampled in the Tyrrhenian Sea at Sites
654 and 652 where it corresponds to refection Unit 3 in Fig. 23. Unlike the halite
Unit 2 that onlaps the pre-existing relief at Sit. 654, Unit 3 drapes the relief with a
conformable contact on its underlying strata. In the Legnagnone section of the Northern
Apennines the bituminous shale was deposited in a coastal shallow environment with
no evidence of a sea level drop in the passage from the Tripoli Fm to the Gessoso
Solfifera PLG [341]. Therefore, the hypothesis of an early and major drawdown of
the Mediterranean seawater before the precipitation of central basins halite layer [196,
348], can be definitely excluded. The sediment beneath the halite layer with a thickness
exceeding 1.5 km is the lateral equivalent to the middle to early Miocene marlstones
and mudstones recovered at DSDP Site 372 located beyond the foot of the Balearic
Platform east of Menorca [349] (Fig. 3).
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10 Beginning of a serious pushback against substantial Messinian
desiccation

10.1 Evidence from the Levant Margin

A team of five researchers gathered at the Geological Survey of Israel in Jerusalem in
2011 to re-examine cores that had been obtained when drilling through the Afiq and
Maviq’im Formations in the subsurface of Israel. Their effort led to the interpretation
that the gypsum and anhydrite beds belonged exclusively a clastic sulfate facies [240].
Based on visual appearance and thin-sections, they described the sulfates as gypsru-
dite and gypsarenite, with some beds laminar and others cross-bedded. The clastic
facies was attributed to deposition from subaqueous gravity flows sourced from dis-
mantled Primary Lower Gypsum selenite originally located up dip in the Afiq Canyon.
In each of the six wells investigated the gypsum had been deposited directly on Pale-
ogene—Neogene marls and thus on an unconformable surface. The strontium isotopic
measurements on the gypsum at elevations > 880 mbsl provided values consistent with
those of the Mediterranean ‘upper evaporites’.

Therefore, these beds came from the Afiq Fm, not the underlying Mavqui’im Fm,
as implied in their publication. Furthermore, the gypsum beds were directly overlain
by fully-marine Yafo Fm. of earliest-Pliocene age. The sparce number of gypsum
beds in each well (< 4), their overall thinness (< 100 m), and their stratigraphic posi-
tion sandwiched between pre- and post-MSC strata required only a brief interval of
accumulation and not the entire “‘upper evaporite’ interval. Transitory accumulation is
more consistent with fluvial transport or flash-flooding rather than submergence under
a water body that had “persisted even during the acme of the salinity crisis” [240].
Consequently, the deduction that ancient canyons around the Mediterranean Basin
“may not be necessarily related to a base-level drop” is as yet unsubstantiated [240].

An earlier publication encompassed a larger set of exploration wells tied to reflec-
tion profiles. Their five authors presented more persuasive evidence that “the final
Messinian sea-level drop below the canyon’s floor resulted in a subaerial environ-
ment in the canyon, the erosion of the upper evaporites, and the subsequent deposition
of fluvial and brackish sediments (Afig Formation)” [242].

10.2 Re-interpretation of the sulfate facies in the Mediterranean drill cores

Four of the five researchers that had gathered in Jerusalem met again 2 years later at
MARUM core repository of the Universitit Bremen in Germany to re-examine the
evaporite sediments in the Mediterranean drill cores from all five DSDP and ODP
expeditions [241]. They once again concluded that the “upper evaporite’ units in both
western and eastern deep Mediterranean basins consist mainly of clastics (gypsrudite,
gypsarenite). No unequivocal evidence of shallow water or even supratidal (sabkha)
deposition was in evidence, suggesting that at the very last phase of the MSC the
Mediterranean Sea had not experience any desiccation, but that “deposition took place
under permanent subaqueous conditions.”
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In the process of reaching this assessment the authors failed to mention: (1) the
bromine measurements on the Site 134 and 376 halite [60, 119]; (2) the photo-synthetic
benthic diatoms [39] and coccoid blue-green algae [302, 303] in the dolomitic mud-
stones; and (3) the soil horizon at Site 132. In addition, they presented: (1) an incorrect
upside-down illustration of the core section with the expansion halite crack (Fig. 12)
to dismiss the crack as a desiccation feature; (2) asserted that all anhydrite had formed
from gypsum dehydration; and (3) interpreted the elongated and flattened nodular
anhydrite as gypsrudite rather than a feature of in situ displacement growth in a sand/silt
matrix.

The authors were correct in their critique of the supratidal sabkha facies. The internal
reflections in the “‘upper evaporites’ (Unit #1 in Figs. 5, 10, 11 and 23) are continuous
over relatively large distances (> 10 km) and show no geometry of coastal onlap. Con-
sequently, the Ca** and SO, that nucleated into anhydrite nodules did not arrive
from a nearby offshore region with saltier water and then transit through permeable
layers to locations where the brine was drawn upwards through the capillary zone
to fill porous layers with nodules in the supratidal environment, as is the case of the
modern Persian Gulf. Instead, the Ca** and SO4~~ had been delivered by downward
reflux into subaqueous sediments from a denser overlying brine as its solute concen-
trated to saturation under extreme evaporation. The laterally continuous reflections
in the profiles are echoes from a succession of individual lithified anhydrite beds (or
gypsum) such as those in the drill cores, with their number and order synchronized
to the precession frequency. The enlargement of the nodules would still have been by
displacement growth within the matrix layer, no matter how thin or thick, with no need
for the sulfate to have arrived as sand or clasts in the context of detrital components.

10.3 An alternate scenario for origin of Messinian canyons

In the effort to explain evaporite deposition in a non-desiccated basin rimed by its
deeply incised Messinian canyons, a novel mechanism has been proposed, namely
energetic erosion of the substate by dense hypersaline brine transiting from the shelf
edge into the abyss [350]. Although modern deep-water environments show significant
submarine erosion and sediment transport within canyons, the principal processes for
erosion are turbidity currents, hyperpycnal flows from river floods, mass wasting, and
to a minor degree by shelf water cooled in the winter so as to sink and supply new
intermediate and bottom water to ventilate the basin interior.

The published study focused on the latter phenomena called Dense Shelf Water
Cascading (DSWC) [351, 352]. Dense water is produced in shallow areas of the
continental shelf. Large-scale water cascades from the Antarctic shelves to become
Antarctic Bottom Water, the most widespread water mass in the global ocean. Dense
water also flows off the Arctic Ocean shelves where it ultimately contributes to the
Atlantic Meridional Overturning Circulation (AMOC). Using instrumented moorings,
dense shelf water cascading events have been observed passing through the Cap de
Creus Canyon in the western Mediterranean with enough energy to create furrows in
unconsolidated sediment on the canyon floor [351]. The currents, with velocities up
to 1 m/s, support mud and silt in suspension and transport sand as bedload. Furrows
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are a common feature on large drift deposits [353, 354]. Although the episodic flows
are capable to flush sediment from canyons [355], they lack the energy to excavate
bedrock.

To use this process to have deeply incised the Mediterranean canyons such as the
forementioned Durance, Rhone and Eonile valleys is considered an overreach. These
Messenia valleys are entrenched into Mesozoic limestone, and in the case of the Eonile,
had cut through basalt, leaving behind mesas [95]. Furthermore, the incision of valleys
now occupied by the south Alpine lakes, the valleys buried beneath the Lombardian
Plain and those in northern Adriatic basin are in regions where there is no evidence
that salt deposits ever existed during either during Step 1 or Step 2 of the MSC.

10.4 Evidence from fish fossils that the Mediterranean was filled with saltwater
during Stage 3.2

Fossil fish assemblages from the ‘Stage 3.2 ‘Lago-Mare’ deposits at seven localities in
central Italy consisted of marine euryhaline species [356, 357]. These fish assemblages
were dominated by taxa of a strict marine affinity [358]. Their presence in the “upper
evaporite’ marls was considered “unambiguous evidence” that a re-establishment of
normal marine conditions in the Mediterranean had occurred before the end of Stage
3.2. Normal marine conditions implied an open connection from the Atlantic and
therefore a completely filled the Mediterranean.

In the Podere Torricella gypsum quarry several fossiliferous layers contained abun-
dant mollusks (Melanopsis) and ostracods (Cyprideis) typically found in Lago-Mare
deposits, but also exquisitely preserved otoliths (fish ear bones). Based on sampling
location’s stratigraphic position and paleontological considerations, the age of the
fossiliferous fish was constrained between 5.40 and 5.33 Ma [357]. More than 40
taxa belonging to 15 teleostean family-level groups were identified. Some of these
taxa, particularly the Gobiidae and Lophiiformes, as well as lanternfishes, were doc-
umented in multiple localities, although majority of the fish taxa were exclusive to a
single locality.

Specimens of mollusks (Melanopsis sp.) and otoliths (Gobius aff. Niger) and an
indetermined lophiiform taxon were analyzed for their stable isotope composition
and Sr isotope ratios, using samples from the Cava Serredi quarry and spanning a
100 m thick exposure. Fish skeletons were present at two levels, one near the base
and the other 10 m below the Pliocene/Miocene boundary. The taxa belonging to the
ecological guild of marine seasonal migrants are dominant, with 43% of recognized
taxa, followed by estuarine residents that accounted for about 38%. Marine visitors
were rare yet present in more than one sample.

The isotopic measurements tell a different story (Fig. 52). Those from the otoliths
(Lopiformes and Gobius aff. niger) have substantially more negative 8'>C than the
earliest-Pliocene pelagic foraminifera from DSDP Sites 132 and 134 at a time when the
Mediterranean was clearly connected to the Atlantic. Furthermore, the stable isotopic
compositions of Lopiformes and Gobius aff. niger are distinctly different from each
other. The sample of Gobius aff. niger in the stratigraphic position closest to the
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Miocene/Pliocene boundary (star in Fig. 52) has a composition farthest from the that
of the earliest-Pliocene foraminifera.

The strontium isotopes provide further confirmation that these fish were not living
in or migrating from waters of normal ocean salinity. The 7 St/3Sr on the lophiiform
otoliths (0.708559) and the Gobius aff. niger otoliths (0.708798) is far-removed from
the global ocean value (0.709069) measured on the marine Pliocene foraminifera
[359]. The 87Sr/30Sr measurements on the otoliths are in the very same range bracket
as those from the brackish-water ostracod Cyprideis (0.7086 to 0.7088).

10.5 Surface-water temperatures in Stage 3 substantially lower than in modern
high temperature environments

Abundant fossil organic lipids from Archaea were extracted from anhydrite, halite,
and gypsum belonging to the ‘upper evaporites’ at DSDP Sites 124, 134 and 374
[360]. As mentioned previously, Archaea are ubiquitous microbes in the environment
and thrive across temperature, pH, redox and salinity gradients. Distinct differences in
the salinity tolerance of Archaea, from fresh water to hypersalinity, produce shifts in
the relative dominance of archaeal groups and thus their lipid distributions. Relative
abundances of archaeal lipids form the basis for estimating sea-surface temperature
[361].

The TEX86 index is defined by the relative abundances of a set of tetracther com-
pounds that are sensitive to water temperature [362, 363]. Archaea that synthesize these
compounds live throughout the water column, but thrive at the base of the photic zone.
The calibrated TEX86 measurements on the anhydrite, halite, and gypsum showed
little variation between 25 and 28 °C [360]. These temperatures were much lower than
temperatures such as the modern Dead Sea. The dry atmosphere adiabatic is 9 °C/km
and the moist value is around 5 °C/km. Thus, the atmosphere in of a severely desic-
cated Mediterranean basin would be expected to have been 5 °C to 10 °C warmer than
these measurements.

10.6 Surface-water salinities in Stage 3 substantially fresher than in modern high
salinity environments

The previously mentioned ACE index was also applied to deduce the paleo-salinity
of surface water at the time of the precipitation of the Stage 3 anhydrite, halite, and
gypsum at these three drill sites [360]. When converted to marine salinities these ACE
values did not exceed 34 psu. These values were far below the saturation levels of ~
110 psu for gypsum and ~ 250 psu for halite.

As a result, the low salinities were used as an argument for a deep-water evapor-
itic basin that had been continuously supplied by seawater from the external ocean.
Accordingly, the basin must have had a significant volume below wave base and large
vertical gradients in density when water levels became balanced by the combined
influx of seawater and fresh water from rivers and rain.

However, the gypsum/anhydrite facies, bromine measurements, occasional pale-
osols, etc., that were present in the ‘upper evaporites’ are not compatible with a thick
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Fig. 53 Contribution of waters from the Paratethys Lac-Mer to the eastern Mediterranean alkaline lakes
during the terminal stage of the MSC [146]

body of brine. To explain the discrepancy, it is essential to point out that: (1) the
anhydrite, halite, and gypsum contained “abundant remains of lipids derived from cell
membranes of microorganisms of the domain Archaea” [360] and roughly the same
amount in each sample, regardless of its composition; (2) the samples were inves-
tigated > 40 years after they were retrieved and stored in core repositories; (3) the
cores were initially enclosed shipboard in capped tubes containing sponges wet with
Mediterranean seawater; (4) the ACE values indicated normal marine surface water;
and (5) Mediterranean surface water with living Archaea was continuously pumped
down the drilling pipe and out through the drill bit as the anhydrite, halite, and gypsum
was being cut by the drill bit’s teeth.

Issues such as these raise the specter of contamination by larger quantiles of modern
lipids coming in contact with much lower amounts of Messinian lipids and thereby
overwhelming the ACE measurements. Sampling for organic analyses on more recent
drilling expedition is accomplished by cutting a section of the core still in its tube,
sealing the sample immediately, and then storing the tube in an unlit and frozen condi-
tion, and in some cases treated to inhibit new growth. None of these precautions were
practiced in 1970 and 1975.

11 Paratethys origin for the Mediterranean’s Lago-Mare species

The suggestion that the Paratethys (Lac-Mer) may have contributed to the fresh-to-
brackish water prevalent during of Stage 3 of the MSC had already been considered
by the participants of the first DSDP expedition in 1970 [146] (Fig. 53). The ostracod,
Cyprideis pannonica, was well known to have been endemic to not only Pannonian
Basin in central Europe but also to the broader Dacian, Euxinic and Caspian-Aral
region [10, 50, 52, 55, 364].

11.1 Paratethys endemic fauna

Lake Pannon is thought to have been the cradle for the Ponto-Caspian fauna living in
an expansive Paratethys epicontinental seaway between the eastern Alps and modern
Kazakhstan [365-367]. Shortly before to the onset of the MSC the species that had
evolved in separate lakes became reconnected in a widespread Dacian, Euxinic and
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Caspian seaway and gave it acommon and distinct faunal assemblage that, when found
outside of the Paratethys, implied a Paratethys parenthood [368].

All but a few researchers have proposed that the major supply of brackish water to
the Mediterranean came from the Paratethys, either by overspill or through aquifers.
However, only the Euxinic basin (paleo Black Sea) had any sizable volume: estimated
to have been < 15% of the Mediterranean’s capacity [369, 370]. Thus, appreciable
delivery of water from the Paratethys would have occurred during episodes of extreme
wet climate (insolation maxima). It is more likely that at those times, Mediterranean
rivers (Rhone, Po, EoSahabi and Eonile) also played a role, and that their less radio-
genic 87Sr/%0Sr composition would also have contributed to the isotopic signatures of
the Mediterranean Lago-Mare ostracods.

Nevertheless, the finding of the Pannonian species (Cyprideis and Loxoconcha
djaffarovi) throughout the entire Mediterranean region and even at locations as dis-
tant as the Vera, Nijar and Sorbas basins in SE Spain, led to hypotheses that “the
Mediterranean in the latest Messinian was full of water” [371]. The 87Sr/80Sr ratios
from the Spanish and Piedmont marginal basins required an additional external water
source with a low Sr isotope ratio. The most available source would have been from
“a near-full Mediterranean” [372].

11.2 Black Sea and Dacian Basins lowstands

Reflection profiles on the margins of the Black and Azov seas (Fig. 54), calibrated
by exploration wells show that during Portaferian and Bosphorian substages of the
eastern Paratethys Pontian stage [373-377] the Black Sea experienced a major sea
level fall in the range of 700 to 900 m [376-378]. This regression is expressed by
erosional surfaces labeled MES, TES and BES in Figs. 55 and 56.

On the Romanian margin, the loss of the weight of the water led to an overpressure
buildup in the underlying Oligocene to Lower Miocene sediments. The subsequent
gravity failure resulted in up-dip extension and down-dip contraction of the Sarmatian
and Meoitian cover along a detachment surface on the top of the Maykopian shales.
The extensional depressions became filled by lowstand Portaferian and Bosphorian
deltaic sediments and the compressional highs were truncated during subaerial expo-
sure [378].

Using the lack of visible erosion in the reflection profile as indirect evidence of the
minimum sea level and 20 km for the effective elastic thickness of the lithosphere,
the required sea level fall in was in the range of 700 to 900 m [377]. This magnitude
aligned with the elevations of MES, TES and BES surfaces.

11.3 Gap in the Zheleznyi Rog section

The same strong regression created incisions as deep as 400 m into the underlying
middle Pontian (substage Novorossian) sediments on the north Scythian shelf in the
Sea of Azov. On the nearby Taman Peninsula, the Zheleznyi Rog section (top panel
in Fig. 55) exposes in outcrop a passage from the late Miocene Kersonian substage
to the Pliocene Kimmerian stage [365, 379-381]. However, a 4 to 6 m interval with a
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Zhelenznyi Rog section: Upper Miocene to Pliocene
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Fig. 54 Black Sea contoured at 500 m intervals with locations of DSDP drill sites and the reflections profiles
illustrated in Figs. 55 and 56. The Zhelenznyi Rog section is shown in the upper panel labeled with the late
Miocene eastern Paratethys substage names [379]. According to Alena Rybkina and Yuliana Rostovtseva
the Portaferian substage is confined to 4 to 6 m thick interval (insert in lower panel) [380, 381]. Red line
indicates location of the erosional gap between the Pontian and Kimmerian. Numbers in the insert refer
to the sediment type in the gap: (1) Novorossian sandy/silty clay; (2) Portaferian non-calcareous clay with
red paleosols; (3) clay breccia; (4) shelly limestone; (5) Bosphorian sandy/silty clay. The clay breccia is
bounded by erosional contacts
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Fig. 55 Reflection profile on the Romanian margin of the Black Sea Azov showing erosional unconformities
(MES, TES and BES) bracketing the Portaferian and Bosphorian substages of the Pontian [378]. Arrows
show the magnitude of inferred sea level drop during the latest Miocene
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Fig. 56 Reflection profile in the Sea of Azov showing erosional unconformities (TES and BES) bracketing
sediments belonging to the Portaferrian and Bosphorian substage of the Pontian [376]

duration of 200,00 years occurs at the same place in two measured sections (between
8910 92.6 m [379] and 38.4 to 44.4 m [380]).

The gap (located with a red line in upper panel of Fig. 54) has been dated by
astronomical tuning methods to span from 5.65 and 5.45 Ma and includes almost
the entire Portaferian substage. The sediment includes oolitic shell limestone, clay
breccia and paleosols. The clay breccia is bounded with erosional contacts. In the
Dacian Basin, a similar drop in sea level also occurred in the Portaferian, which was
expressed by a shallow, coastal sediment facies and a switch in the ostracod faunal
assemblage from bathyal to littoral, fluvial and lacustrine species.

The coincidence between the timing of the Black Sea’s lowstand and the Mediter-
ranean’s Stage 2 lowstand is remarkable. Sea level drop in the Mediterranean was in
response to closure of the Atlantic gateway. Under the condition of evaporation loss
exceeding supply of freshwater, it was expected that drawdown would occur and take
place rapidly on a time scale of less than 1 precession cycle.

At the time of deep-sea drilling in the Mediterranean and Black Seas, it was not
known if the Paratethys was also in a condition with a negative hydrologic budget in
sync with the Mediterranean. However, the thin Portaferian deposit in the Zheleznyi
Rog section contains gypsum crystals and jarosite, overlain by 2 m of oolitic limestone
that had been stained red with iron oxides [365]. Jarosite occurs during the ultimate
stage of pyrite oxidation and has been found as aeolian dust in Antarctic ice cores
[382]. It is abundant in the intensely wind-swept oxidizing conditions on the surface
of Mars. Oolites seed in agitated shallow, super-saturated saline water. The Babajan
Formation that resides in the Bosphorian substage in the Caspian Sea contains shallow
marine carbonates and evaporites that have been considered a stratigraphic equivalent
of those in the Mediterranean Messinian [383]. The Caspian ostracods include the
same Paratethys species as Leptocythere and Loxoconcha that are diagnostic of the
Stage 3 Lago-Mare sediments [329, 330, 368, 384]. All of these indicators align with a
parallel regressive setting in the Black, Dacian and Caspian basins at the same time as
the evaporative drawdown in the Mediterranean and its conversion to brackish-water
lakes with seven cycles of gypsum precipitation.
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11.4 Portaferian and Bosphorian substages coincident with Black and Dacian
Basin low stands

In the Zheleznyi Rog section on the Taman peninsula the Portaferian resides within
the paleomagnetic reversed C3r chron which encompasses the entire MSC [379]. The
overlying sediment is positively magnetized and therefore resides in the Gilbert C3n.4n
chron. Thus, at this outcrop the first sediment (Kimmerian) above the erosional uncon-
formity must be of Pliocene age. Consequently, the entire latest Miocene Bosphorian
substage (upper Pontian) is apparently missing and the Portaferian (middle Pontian) is
extremely condensed to a few meters on the northern margin of the Black Sea. The bulk
of their accumulation was confined to the lowstand interval observed in the reflection
profiles, which makes it nearly impossible for Paratethys water to have overspilled via
an outlet sill into the Mediterranean at any time during either Stage 2 or Stage 3 of the
MSC.

Had overland spillage occurred through a breach in the sill at an elevation lower
than the former Black Sea rim, marine water would have most likely returned to the
Black Sea though this opening, following the Pliocene transgression. If escape of
water from the Paratethys had actually taken place and been significant, it needed to
exploit underground aquifers and passage through karst leading to the Adriatic Sea or
by means of other aquifers to the Aegean Sea [385]. In any case, published geophysical
and sedimentological evidence indicates that the Black, Dacian and Caspian basins
were partly empty during this time interval as the result of evaporation or leakage.

11.5 Eraclea Minoa representation of Stage 3 of the MSC

The ‘upper evaporites’ environment at Eraclea Minoa in Sicily has been considered
to be representative of a moderately deep Messinian basin [38, 386]. The sequence
consists of a rhythmic series of seven gypsum beds of different thickness and sed-
imentological composition, separated by marly clay layers. The series is topped by
the Arenazzolo Fm., which marks the limit between the Messinian and the Lower
Pliocene (Trubi Formation). The first six beds belong to Stage 3.1 upper gypsum with
rare ostracods showing Paratethys affinity [387] (Fig. 57).

The gypsum isotopic composition, measured on samples at different depths in
modern, Mediterranean salina has uniform 880 (SO4) values of about + 16.1 =+
0.2%o0 [345]. The values on the earlier ‘lower evaporites’ that had been precipitated
when the Mediterranean was receiving salt water from the Atlantic are lower (14.3 £+
0.3%o0) and can be considered a typical marine end member.

The 8'30(S04) isotopic composition of each of the Eraclea Minoa upper gypsum
beds are more positive by 2 to 4%o than the those from either the modern salina or the
primary lower gypsum and show a progressive decrease of 1 to 2%o from the bottom
to top of each bed [388]. This trend indicates that the conditions prevailing at the
beginning of the bed were further from normal seawater evaporating conditions, due
to the presence of brackish continental water. In a density-stratified water column,
evaporation from the water surface would first thin and then remove the fresher lid
followed by the more saline bottom water. As evaporation continued, the salinity
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Fig. 57 The first 6 gypsum beds belonging to Stage 3.1 at Eraclea Minoa in Sicily. The 3180 (SO4) was
measured from the gypsum sulfate [388]. The facies sequence for bed #5 is adapted with modifications
from [327, 389]

would increase until it reached saturation for gypsum precipitation, starting first with
the cumulate ‘balatino’ facies and progressing to massive selenite. As the brine body
shrunk, accommodation space for the deposit would become reduced and the selenite
facies evolved to branching lobes and then domes that were ultimately limited by the
thickness of the gypsum-saturated brine layer. Erosion or karstification of the top of
the domes, when present, signified subaerial exposure.

The upward trend of the 3'80 (SO4) towards the Stage 1 Primary Lower Gypsum
end member showed that most of the SO4 was most likely derived from the dissolved
and reprecipitated earlier PLG. If the SO4 had come from the introduction of Atlantic
seawater, the decreasing trend would have reached an even lower value of 12%o for
Late Miocene evaporation of ocean [318, 388].

11.6 Does the Eraclea Minoa section show evidence of desiccation?

Figure 58 presents measurements to address this question [388, 390, 391]. Between
gypsum bed 6 and 7 there are two intervals (Stage 3.2.1 or p-evl and Stage 3.2.2 or
p-ev2) separated by a gravel bed. The §!80, 8'3C and 87Sr/80Sr isotopes and Na/Ca
ratio measured on ostracods are entirely different in each interval, with no overlap
in values above and below the gravel bed. Samples from immediately below and
immediately above the gravel have even greater isotopic separation. One can infer
that the water body of more or less uniform isotopic composition and higher Na/Ca
ratios in Stage 3.2.1 was replaced by an entirely different water body with a different
isotopic composition and lower Na/Ca, lower Mg/Ca and higher Sr/Ca in Stage 3.2.2.
The only residues of the earlier water reside in the sample directly above the gravel
bed. The earlier water body ended with an extremely positive 8'3C and negative 830
excursion. In the outcrop, there is an observable gap, compatible with the possibility
of erosion and an alluvial or fluvial origin for the gravel bed.

A second unconformity is observed below the Arenazzola Fm. bed with the same
isotopic behavior as observed above and below the gravel bed. The 3'80 and §!3C
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values directly above the younger unconformity are in the same range as below, even
though they were separated by a 20 m thick interval barren of ostracods. And once
again, the largest isotopic shift occurs just below the unconformity.

Although the ostracod species Loxoconcha muelleri had already appeared in Italy
below the tephra layer from Colle di Votta as early as 5.5320 &+ 0.0074 Ma and is present
in Stage 3.2.1 at other Mediterranean locations, at Eraclea Minoa only the single
species Cyprideis agrigentina is present in Stage 3.2.1, where it is accompanied by the
euryhaline benthic foraminifer Ammonia tepida. The Cyprideis-Ammonia assemblage
is considered an indicator of a mesohaline to hyperhaline shallow waterbody [390,
392]. The appearance of Loxocorniculina djafarovi later in Stage 3.2.2 points to a
fresher low mesohaline environment. However, in the topmost samples (253-258 m)
the assemblage reverts back to the single species Cyprideis agrigentina, heralding a
return to stronger evaporation as the MSC approaches its end. Throughout Stages 3.2.1
and 3.2.2 the ostracods and benthic foraminifer indicate shallow-water bodies but not
necessarily where the sediments were barren [390].

At Eraclea Minoa there are two nearby outcrops displaying the same Arenazzolo
bed [393]. In one outcrop of 7.8 m thickness the underlying Lago-Mare sediment had a
unique succession of dreissena shells, white sand and more coquina shells sandwiched
been gypsum bed #7 and the Arenazzolo Fm. In the other outcrop only 1.5 m of the
Lago-Mare sediment was preserved in the window between gypsum bed #7 and the
Arenazzolo bed. The second outcrop retains just part of the lower Driessen coquina.
Some 6.3 m of the Lago-Mare had been removed before the arrival of the Arenazzolo
sediment [394].

The 5.6 m thick Arenazzolo bed is unique with an overwhelming number of micro-
fossils that became extinct long before the MSC [391]. These species range in age from
the Cretaceous to the mid-Miocene and occur in silt-sized sediment. The extinct species
comprise > 92% of those present in samples, whereas elsewhere in the Lago-Mare the
mean reworking is < 15% and consists almost exclusively of Miocene specimens. The
Arenazzolo silts had therefore derived from much deeper erosion than the surrounding
Lago-Mare and earlier evaporitic strata, yet larger foraminiferal tests are absent. Since
the Arenazzolo Fm is the most widespread bed throughout the Caltanissetta Basin
and contains minerals from far-away source regions, it raises the question if it is an
aeolian deposit concurrent with latest Messinian desiccation. The transition between
inner neritic dominated assemblages in the Arenazzolo silts and oceanic dominated
assemblages of the earliest-Pliocene Trubi Formation is sharp [395, 396]. Abundant
burrows at the boundary between the Arenazzolo and Trubi Formations are filled
with the Trubi white biogenic ooze ([397]. The oceanic taxa in these initial oozes
(foraminifera, nannoplankton, ostracods and dinoflagellates) became dominant in a
deep, distal, open-marine environment with normal sea-surface salinities.

11.7 Other locations with evidence of omission surfaces at the end of the MSC
The unconformity at Eraclea Minoa below the Arenazzolo Bed also appears in the

Stingeti quarry in the southern Apennine. Here the upper Messinian post-evaporitic
(p-ev2) deposits with abundant mollusks (Lymnocardiinae, Dreissena, Theodoxus,
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Melanoides, and Melanopsis), ostracods (Cyprideis, Loxoconcha muelleri, Loxocorni-
culina djafarovi), and rare shallow euryhaline benthic foraminifera (Ammonia beccarii
and A. tepida) ended with a black clay layer containing the remains of small mammals
[398].

A black arenite layer of sand with pebbles re-occurs in the walls of the Mon-
cucco gypsum quarry in the nearby Torino hillside and in the Narzole borehole of the
Piedmont basin in northwestern Italy. The black layer overlies paleosols with traces
of roots and beds of conglomerates with remains of amphibians, reptiles, birds and
large and small mammals, all belonging to Stage 3.2.2 of the MSC (5.41-5.33 Ma)
[304, 399-403]. The terrestrial fauna indicated that dry and thinned out forests with
well-developed understory were the dominant elements of the late-Messinian land-
scape. Of the 3,000 gastropod specimens, only 13 were aquatic species dwelling
in ephemeral puddles and ponds. The gastropod assemblage is unrelated to coeval
Pannonian-Pontian faunas of the Paratethys [404] and included species that are typi-
cally found deep under rock rubble, where they could find shelter during desiccation
[405].

Like the Arenazzolo Bed, the black layer in the Piedmont Basin was composed
of lithic grains from a broad range of source regions (frosted quartz, mica flakes,
rounded fragments of metamorphic rocks). Its top corresponded to an omission surface,
evidenced by a network of firm-ground burrows filled by the sediments of the overlying
earliest-Pliocene Argille Azzurre Fm containing the acme of Sphaeroidinellopsis spp.
[400]. The occurrence of bathyal benthic foraminifers and deep marine ostracods in
the Narzole borehole attests to a sudden re-colonization of the Pliocene Mediterranean
at the conclusion of the MSC [401, 402]. Benthic foraminiferal assemblages show a
specific composition very similar to the deep marine succession of the Mediterranean
area [122, 140, 406, 407]. Taking into account the palacoecological indications given
by the benthic foraminifer and ostracod assemblages, a basin as deep as 1 km was
flooded by the introduction of Atlantic seawater. A similar deep submergence is also
evident in the Moncucco quarry, as well as in the Maccarone section of the Northern
Apennines [400, 402, 408].

In the Cava Serredi quarry (Livorno Province, Italy) a Lago-Mare deposit about
26 m thick was found sandwiched between the uppermost gypsum bed #7 and Pliocene
[409]. The Lago-Mare deposit consisted of two beds: a lower 7.50-m thick dreissena-
rich bed and an upper bed about 18 m thick with Melanopsis and Theodoxus shells
[393]. Over the span of 3 decades the quarry face had retreated from exploitation by
2 km to a location where it exposed only 6.6 m of the lower bed with the dreissena-rich
sediments directly capped by the Pliocene clays. The Melanopsis and Theodoxus bed
plus 1 m of top of the dreissena-rich sediment were missing. Apparently, more than
17 m of the Lago-Mare deposit had been removed again at the very end of the MSC
[393].

In the Monticino gypsum quarry near the town of Brisighella in Ravenna, northern
Italy the ‘lower evaporite’ Gessoso Solfifera Fm had been truncated by an erosion
surface displaying deep fissures of a paleokarst origin and then filled with the Stage
3.2.2 Colombacci Fm. [410, 411]. The fossil remains include terrestrial vertebrates,
amphibians, and reptiles that have become one of the most important collections of
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continental vertebrates in the Late Miocene of Italy. Among the mammals were mon-
key, aardvark, rhinoceros, hyaenas and the primitive dog living in a warm-temperate
to subtropical climate. The entire deposit became sealed beneath the earliest-Pliocene
Argille Azzzure Fm, attesting to an abrupt drowning of a terrestrial landscape at the
conclusion of the MSC.

Another omission surface occurs along the top of the upper Messinian post-
evaporitic sediments on the southern coast of Calabria (Fig. 59). There conglomerates
with plutonic and subordinate phyllitic rocks [412, 413] were truncated by an angular
unconformity (labeled #1 in Fig. 60). Above are cross-stratified sandstones displaying
large-scale, low-angle, bidirectional cross-stratification. At outcrops 2, 3, 4, and 5 of
Fig. 60 the cross-bedded sandstones have been truncated by a second erosion surface
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Fig. 59 Five outcrops of the uppermost Messinian on the coast of Calabria [394, 413]. Outcrop locations are
spaced apart by ~ 1 km. (1) Uppermost Messinian conglomerates; (2) Cross-bedded sandstones on erosion
surface #1; (3) Black layer on erosion surface #2; (4) white Pliocene Trubi Fm marls on erosion surface
#2. Dots in location map show the 300 km separation between the Calabria outcrops and those at Eraclea
Minoa in Sicily
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Fig. 60 The dark claystone terminal deposit in the Calabria Eraclea Minoa outcrops [394]
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(#2 in Fig. 60). At outcrop 5, the cross-bedded sandstones are covered once again by a
dark claystone bed. The dark clayey bed (Fig. 60) stands out in a sharp color contrast to
the immediately overlying white first carbonate bed of the Trubi Formation (Fig. 60).
The dark claystone bed in Calabria conforms to the same stratigraphic position as the
black claystone omission surface in the Stingeti quarry, the Moncucco quary, the Cava
Serredi quary, the Buttafuoco, Montepetra, Perticarra sections in the eastern sector of
the Romagna Apennines, and the Calabria outcrops and Eraclea Minoa outcrops in
Sicily.

The previously mentioned karst in Cyprus [414], conglomerates with remains of
plants and mammals in Crete [214], alluvial conglomerates in the Feos Fm in the
Nijar Basin in Spain [415], each located at a stratigraphic level just below the Pliocene
marls, are further indications of widespread omission surfaces coincident with the end
of the MSC.

11.8 The colonization of Mediterranean islands by mainland fauna

The teeth of giant hamster and gerbil from the mainland of Iberia were discovered
in the fillings of paleokarst embedded in red-brown silts on the island of Mallorca
in the western Mediterranean [416]. The teeth showed a close relationship with the
mainland species, an Iberian taxon, from which it differed in size and tooth structure.
The giant hamster Apocricetus darderi became the first endemic Balearic mammal that
could be confidently assigned as having had a direct mainland relative, providing the
first solid paleontological evidence of a Messinian origin for the subsequent Pliocene
and Pleistocene fauna of Mallorca. The arrival of Apocricetus and other mammals,
including rats, voles, shrews and rabbits, has been placed at 5.33 Ma [416].

The occurrence of larger mammals and crocodiles in the terrestrial deposits of Mon-
cucco quarry in the Piedmont Basin of Italy affirm even greater distance migrations
from Africa by way of terrestrial corridors across the latest Messenian Mediter-
ranean [403, 417]. The mammals in the Moncucco gypsum quarry include the rodent
Paraethomys; the hippopotamus Hexaprotodon, and camel Paracamelus [418-423].

Based on reconstructed paleo-bathymetry, and taking into account Pliocene—Pleis-
tocene subsidence, a minimum of 800 to 1200 m evaporative drawdown of the western
Mediterranean would have been necessary to allow the colonization of the Balearic
Islands by new continental fauna [424]. From an examination of > 100 exposures and
numerous boreholes related to the Messinian record in Mallorca, the main desiccation
occurred after the accumulation of the Lago-Mare deposits [425].

12 Was the Mediterranean occupied by a single large Lago-Mare
lake?

When the Paratethys began to separate into several brackish-water lakes at 9.7 Ma,
each new lake developed its own unique endemic fauna in consequence to the diver-
sification of its faunal assemblage [367, 426—428]. Then prior to the Mediterranean
MSC these lakes reconnected into a single seaway in which the Lago-Mare assemblage
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subsequently evolved [365, 371]. Therefore, when the Lago-Mare ostracods appeared
at many widely-separated locations around the Mediterranean during Stage 3 of the
MSC, it raised the question: had all of the Mediterranean sites been interconnected
with each other by a high-standing shared lake?

Ostracod assemblages have become a useful chronostratigraphic tool for the recog-
nition of the Messinian Lago-Mare event in the whole Mediterranean. The Loxoconcha
(Loxocorniculina) djaffarovi Zone was first recognized in Crete [429] where it co-
occurred with Cyprideis pannonica agrigentina. Also present were several presumed
Paratethys immigrants, including Leptocythere spp., Loxocauda spp., Loxoconcha spp.
and Tyrrhenocythere spp.

The ostracod assemblage in Crete was soon found on the margins of the western
Mediterranean (Spain, France, Corsica and Italy) [384, 430]. The species were typical
of an oligo-mesohaline environment, which had originated in the recombined Pan-
nonian to the Caspian basins prior to the MSC. However, not all of the species in the
Paratethys found their way to the Mediterranean. Instead, only a pioneer contingent
became dominant in the Messinian Lago-Mare ostracod assemblage. The pioneers and
those who followed gave the Mediterranean its biostratigraphic and palaecogeographic
fingerprint.

The Paratethys fingerprints have been expressed differently from one region to
another. Community analyses (number of species, Margalef and Shannon—Wiener
indexes) and auto/synecological analyses have been performed on deposits at nine
sites in Italy and Crete [431]. The community analyses revealed that the post-evaporitic
Messinian Stage 3.2.2 was diagnostic of unstable environments, during which salinity
and depth changed repeatedly and inhibited the establishment of mature and diversified
communities.

The separation between low- and high-diversity ostracod assemblages in the inves-
tigated regions turned out not to have been synchronous, even in nearby sites due to
the importance of local factors. Many intervals were barren, including the terminal
dark layers. Other intervals were interrupted by either paleosols or fluvial/alluvial con-
glomerates. Thus, the boundary between low- and high-diversity ostracod assemblages
cannot be used as a biostratigraphic tool [431].

At present, 68 species have been recognized within the late-Messinian Lago-
Mare deposits. Yet, only 36 species are clearly of Paratethyan origin and another
24 are Paratethyan-like taxa [330]. Consequently, the importance of the pioneering
Paratethyan contingent within the Mediterranean Lago-Mare ostracod assemblages
may have been overestimated when considering the possibility that 10% of the species
descended from ancestors which had inhabited the Mediterranean brackish waters
before the MSC [432].

The presence of Lago-Mare ostracods in the Mediterranean deep-sea drill cores
is astonishing rare. Just a few specimens of either Candona sp. or Cyprideis sp.
were observed at Site 372 in the western Mediterranean, Sites 374 and 652 in the
Tyrrhenian Sea and at Site 978 in the Alboran Sea. Specimens of Loxochonca djaf-
farovi, Euxinocythere praebaquana, Amnicythere idonea, and Leptocythere limbate
were reported only from Site 975 and found just in intermittent thin white layers
of finely laminated micrite indicating discontinuous occupations [122]. In the eastern
Mediterranean, closest to a Paratethys spillway, only Cyprideis pannonica was present
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as a potential Lago-Mare signal, and it was found at merely 3 locations: Site 129 in
the Strabo Trench, the two adjacent Sites 375 and 376 on the Florence Rise [433]
and at another two adjacent sites Site 969 and 670 on the crest of the Mediterranean
Ridge. None of the pioneering species managed to successfully colonize regions of
the Messinian Mediterranean except for the westernmost Alboran Sea.

As atest of the interconnectedness of the Lago-Mare lakes, samples with ostracods
were collected from interbedded marls separating three distinct laminated limestone
horizons (termed Colombacci) at 3 locations in the northern Apennines separated from
each other by only 10 to 50 km [432, 434]. The limestones were abiotic, indicating
repopulations of ostracods after each Colombacci interruption.

The isotope measurements 3'80 and 8!3C were obtained on three synchronous
horizons. Those measurements from Horizon III are shown for three locations in
Fig. 61 (S. Donato, Montepetra and Predappio).

In the 830 and 3'3C isotopic space the compositions of the three locations are
distinct from each other. In addition, the 8781/80Sr value for S. Donato is 0.70864 and
for Montapetra is 0.70875 with a precision of £ 0.00002 based on repeated analysis
of the SrCO3 standard [434]. Furthermore, when comparing the $13C for Horizons 1
and III at the same location (S. Donato), the Horizon I 313C values all fall narrowly
between — 0.9 and + 0.65%o0, whereas the values for Horizon III display a much larger
range of — 6.36 to — 0.83 %o. Therefore, the three horizons were not only isolated from
each other at the same time during Stage 3.2.2, but the same location obtained differ-
ent compositions at separate times. This evidence points to the evolution of separate
and intermittent lakes that refreshed with different waters of different compositions
after vanishing at times of interruption by conglomerates, azoic limestone and sterile
black claystone. The particular ostracod assemblage in each lake developed indepen-
dently in response to its local environment. The isotopic measurements do not support
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Fig. 61 Comparisons of 51830 and 313C compositions for the same horizon (III) at three different locations
in the northern Apennines [432, 434]
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the hypothesis that “some of the major basins formed large water bodies occupying
the marginal peri-Mediterranean areas and were probably interconnected during the
Lago-Mare phase” [434].

The observation of different water compositions at different times during Stage
3.2.2 for the northern Apennines is also the case for Eraclea Minoa in Sicily (Fig. 62,
Left). As for the Mediterranean deep-sea drill sites, the isotopic compositions are
different with no overlap between drill site locations using only Stage 3.2.2 samples
within 2 m from the Messinian/Pliocene boundary [435-437] (Fig. 62, Right).

Clearly, the Mediterranean was occupied by separate lakes at different elevations
from each other during Stage 3.2.2 of the MSC. These separations prevented ostracod
migrations by means of uninterrupted aqueous routes from the Paratethys to the east-
ern and the western Mediterranean. The diversified ostracod assemblages in Spain,
Morocco, Algeria, France and Italy must have arrived by other methods, such as avian
transport [438—441]. The environment a kilometer or more below global sea level in
the Mediterranean lakes was apparently too extreme, except for Cyprideis sp., and
Ammonia sp. that are more tolerant to a wide range of temperatures, salinity and
oxygen concentrations.

As an example of avian transport, Holocene brackish sediments of the former
Salziger See and Suesser See in Germany contain Ammonia tepida. Because this
location had never been directly connected to the ocean, colonization by migratory
birds has been assumed as the most viable method of transport [438]. The low diversity
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Fig. 62 Left: The 8180 and 813C isotopic space for Eraclea Minoa Right: The 3180 and 513C isotopic
space for Mediterranean deep-sea drill sites from the western (974, 975, 976), central (132, 652, 974) and
eastern (668, 669) Mediterranean. The measurements are from Stage 3.2.2 samples within 2 m from the
Messinian/Pliocene boundary
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of the foraminiferal fauna in these lakes is consistent with the > 300 km separation
from the natural habitat of foraminifers in the Baltic and North Seas. Since the genus
Ammonia sp. is unable to withstand complete desiccation [442], these particular ben-
thic foraminifers were most likely transported in wet mud adhered to the feathers or
feet of migrating birds.

Ostracods are benthic animals, confined to bottom sediments. Unlike planktonic
species, they have no larval stages allowing long-distance transport in circulating
waters. They either need to theoretically walk, or be carried intact [443, 444].

13 Contrarians to the hypothesis of > 1 km deep desiccated basins

The contrarians to an intermittently desiccated Mediterranean can be divided into three
camps: one objecting on the basis of widespread faunal exchanges with the Paratethys,
a second with suggestions of Atlantic seawater connections already occurring in the
latest Messinian, and the third with reservations that the observed unconformities in
reflection profiles were from dissolution and not subaerial emergence.

13.1 Faunal exchanges and their isotopic signatures

13.1.1: M. J. Brolsma considered the Arenazzolo/Trubi boundary in the Capo Rossel-
1o outcrop near the Realmonte mine in Sicily as an indication of “slow accumulation
under very quiet and low energy conditions” [445—447]. There are no lithologic data
to support the supposed “sudden, catastrophically increasing water depth in the area.”
After checking with Brolsma how his samples were taken, and how big they were,
it seemed evident that the “transitional” character of the faunal assemblages might
be accounted for by artificially induced mixing of the white chalks of the Trubi con-
taining open-marine planktonic foraminifera [397]. Taking into account the mixture
of the different species, the minimum depth of deposition of the Trubi was alleged to
be no more than 40 m [447]. The cross-laminations and parallel laminations in the
Arenazzolo were regarded to be the result of deposition from suspension-clouds when
the energy of storm waves scoured shallow-water substrates.

13.1.2: Daniela Esu was among the first to use the Lago-Mare mollusk assemblages
of Paratethyan affinity in Tuscany and Sicily (specifically the Lymnocardiinae and
Dreissenidae) and their close relationship to upper Pontian species in the Dacian
Basin to propose “diffusion in the larval stage” throughout a single connected water
body [448] (Fig. 63).

13.1.3: Marius Stoica, Wout Krijgsman and co-authors compared the high per-
centage of Paratethyan ostracods with those in Spanish assemblages as validation for
exchange of fauna at high water levels during the final stage of the MSC. Based on
this the similarity alone, they concluded that “the latest Messinian was full of water
(comparable to the present Caspian Sea) and that the Zanclean deluge, if happened,
only surged some tens, up to a maximum of ~ 200 m, into the Mediterranean” [371].

Stoica and co-authors Anne Fortuin and Elsa Gliozzi noted the striking similarity in
the ostracod distribution patterns in the Cuevas del Almanzora section in Spain with
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Fig. 63 An example among many of a single water body joining the Paratethys with an expansive Mediter-
ranean Sea [448] with locations containing Lago-Mare assemblages of Paratethyan affinity [372]

those in the Zheleznyi Rog section on the northern Black Sea margin. They found
that the Spanish ostracod assemblages had a high percentage of Paratethyan (Pontian)
ostracods. By assuming that similar environments had developed synchronously in
the western and central Mediterranean marginal basins, they also concluded that there
must have been “intrabasinal exchange at high water level during the final stage of
the Lago-Mare [371].” In each of these publications, there was no mention of the
intra-Pontian sea level drop in both the Dacian Basin and the Black Sea coincident
with Stage 3 of the MSC in the Mediterranean Sea, even though Krijgsman and Stoica
were co-authors of that publication [449].

13.1.4: High Mediterranean water levels during the Lago-Mare phase of the MSC
sufficient to enable basin-wide connectivity across the Mediterranean and Paratethys
have also been proposed by Federico Andreetto and co-authors based on strontium
isotope measurements [372, 450]. The measurements used the valves of the ostracod
Cyprideis sp. that were picked from Lago-Mare deposits in the Nijar, Sorbas and Vera
basins in SE Spain. Most of the 37Sr/%0Sr measurements from the Nijar and Sorbas
ostracods returned ratios above those for coeval external ocean water (0.709025),
whereas all measurements from the Vera Basin lay far below ocean water and close to
published ratios (< 0.7088) typical of Lago-Mare sediments elsewhere in the Mediter-
ranean during Stage 3.2.2. Measurements on contemporary rivers in the region were
all well above 0.7124 and some as high as 0.7265. Those from bedrock were even
much higher. With the assumption the 37 Sr/3Sr ratios from the three Spanish basins
cannot be explained by an environment shaped only by local rivers, mass-balance
calculations were performed for a mixture of river water combined with a sufficiently
low radiogenic end member to replicate the ratios measured on the ostracods. The
authors concluded that only an external source of water with a low-radiogenic sig-
nature of 0.7085 to 0.7086 as measured elsewhere on Lago-Mare ostracods could
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reproduce the Nijar, Sorbas and Vera ratios. Accordingly, they write that the measured
87S1/30Sr was achieved “with a near-full Mediterranean during the Lago-Mare rather
than the hypothesis that these Spanish basins were isolated lakes perched above a
deeply desiccated Mediterranean” [372].

Federico Andreetto and co-authors used similar strontium isotope ratios from the
Cassano Spinola Conglomerates in the Pollenzo Section of the Piedmont Basin of NW
Italy to state that “at times during the final stage of the Messinian Salinity Crisis, the
Piedmont Basin was hydrologically connected with the main Mediterranean Basin....
(with) ... the water level in the Mediterranean Basin relatively high [451].” However,
the Pollenzo Section is only separated by 5 km from the Narzole borehole, previ-
ously discussed, where the overlying Pliocene Argille Azzure Fm. contains benthic
foraminifer and ostracod assemblages indicative of an epibathyal basin as deep as 500
to 700 in reference to the external global sea [401, 402].

The Cassano Spinola Conglomerates are terrestrial with remains of mammals, birds,
amphibian and reptiles and is largely barren of autochthonous microfossils, except for
a monospecific ostracod assemblage of Cyprideis torosa, known to be a shallow-
water dweller (< 10-30-m deep) with high salinity tolerance. Most foraminifera
had been eroded from pre-MSC exposures, with many species extinct since the
mid-Miocene. The calcareous nannofossil assemblage included species from the Cre-
taceous, Oligocene and lower-middle Miocene. An in situ ostracod assemblage with
Loxorniculina djafarovi appeared in MSC Stage 3.3.2 for the first time only in the
uppermost 1 m below the black layer omission surface. Its 87Sr/30Sr ratio of 0.70875
was used to contend that the surface of the Mediterranean’s Lago-Mare lake water,
with a similar-less radiogenic isotopic composition, had risen to a sufficiently high
elevation that enabled it to submerge the Cassano Spinola Conglomerates in advance
of the Pliocene transgression [451].

In the Piedmont region of Italy, the arguments for a late-Messinian Lago-Mare sea
level highstand were based entirely on 87Sr/30Sr ratios of 0.7085 to 0.7086 that had
to have been provided with water of a nearly-filled Mediterranean [451]. However, in
earlier Tortonian-age brackish basins in Tuscany (Volterra-Radicondoli, Baccinello-
Cinigiano, Valdelsa and Velona basins) the 87 Sr/3Sr ratios performed on ostracods
and mollusks show an almost identical range of 0.7083 to 0.7087 [452, 453]. Their
brackish waters came from aquifers of the late Triassic Burano Anhydrite Fm as
indicated by Sr/Ca ratios higher than Messinian seawater and 8" Sr/30Sr ratios around
0.7080. These earlier basins contained high endemic mollusk and ostracod faunas
with each lake having its own assemblage, and very few species shared between lakes.
The narrow range of 37 Sr/8Sr ratios came from springs or deep aquifers [452]. For
example, modern lake tributaries and some springs located in the Triassic drainage
show exceptionally high Sr/Ca ratios in contrast with much lower Sr/Ca in the river
waters of the world. Therefore, if using the Tortonian-age brackish basins in Tuscany
as an analog, the Lago-Mare 37Sr/%0Sr ratios of 0.7085 to 0.7086 in the Pollenzo
Section of the Piedmont Basin did not necessitate either the mixing of marine and
fresh waters, or the mixing of river waters with the brackish waters occupying an
expansive Mediterranean lake.

The Piedmont and central Apennine lakes may have been completely isolated from
the rest of the Mediterranean at the closure of the MSC, as evidenced by overlying
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black layer omission surfaces with root casts and underlying fluvial conglomerates and
paleosols [400]. Accordingly, the presence of species referable to the Paratethys does
not mandate an aqueous pathway between the central Mediterranean and Paratethyan
bioprovinces, but could instead have been achieved by “passive dispersal through
aquatic birds and rapid speciation within each lake” [453].

13.1.5: The nearly-fully Lago-Mare lake has been put to an additional test using a
time-probabilistic approach to evaluate the synchroneity and preservation of the Stage
3 precession-related deposits at 24 circum-Mediterranean sites [454]. Thicknesses
and sedimentation rates were calculated for each of the 7 cycles. The filling of the
Mediterranean with fresh-to-brackish water would have resulted in landward migra-
tions of deltas and shorelines and caused the burial of antecedent shallow-water clastic
deposits by deep-water clays. The latter would have accumulated with significantly
lower sedimentation rates engendered by increased distances from sediment sources
and by the capture of newly-arriving sediment in flooded estuaries.

Instead, Stage 3 sediment thicknesses were highly variable and spanned three orders
of magnitude. Sedimentation rates showed an increasing trend in successively younger
intervals that is opposite to expectations from a near-full Mediterranean at the conclu-
sion of the MSC Stage 3.2.2 Lago-Mare interval. On the other hand, sedimentation
rates in the earliest Pliocene (5.33 to 3.9 Ma) became not only low at all Mediterranean
drill sites [455], but also low in the northern and central Adriatic in close proximity
to rivers, once the abrupt sea-level rise of the Pliocene transgression changed the
equilibrium between erosion and deposition.

13.2 Early Atlantic sea-water connections

13.2.1: Laurent Londreix and co-authors found the dinoflagellate species Galeacysta
etrusca with Paratethyan affinity in the Arenazzolo Formation and used it as evidence
of the Mediterranean’s return to a highstand sea level during the accumulation of the
Arenazzolo silts [391]. Instead of an abrupt reflooding, the up to 5 m thick lami-
nated silts implied a gradual transition from Lago-Mare fresh-to-brackish water and
to fully-marine saltwater. Londreix and co-authors even conjectured that “the Are-
nazzolo silts....might actually belong to the Pliocene series....” [456]. Considering a
shallow-water setting for the silts, they placed the Caltanissetta Basin on the margin
of the Mediterranean and alleged that it only deepened after the MSC.

13.2.2: Another early assignment for the change from fresh/brackish water to fully
marine came from the appearance of Galeacysta etrusca in the uppermost Messinian
deposits at Cava Serredi [456]. According to Speranta-Maria Popescu and co-authors
the simultaneous occurrence of this fossil cyst in both the Mediterranean and Paratethys
implied “that these two seas communicated during high sea levels” [393]. Accordingly,
they consigned the latest Messinian erosion surface to the boundary between the Lago-
Mare clays the Arenazzolo Formation. In agreement with Brolsma [445-447], they
attributed the Arenazzolo Formation to a gradual reflooding of the Mediterranean by
Atlantic waters.

To strengthen this proposition Popescu and co-authors used the additional presence
of planktonic foraminifers and the calcareous nannofossil Ceratolithus acutus in the
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latest Messinian deposits belonging to the Di Tetto and Colombacci Formations in the
northern Apennines to propose that the Atlantic saltwater connection took place as
early as 5.40 Ma] [457].

Soon afterwards they re-examined a selection of the Mediterranean drill cores from
Sites 976, 977 and 134 in the Alboran and western Mediterranean basins. In these
sediments they located the appearance of Ceratolithus acutus at levels 2 to 23 m below
the conventional Messinian/Pliocene boundary. Its early arrival once again affirmed
their hypothesis that the flooding of the Mediterranean took place more than 120 ky
prior to the earliest-Pliocene Trubi Formation.

13.2.3: Marco Roveri and co-authors replied to the Popescu publication with
a comment that “the marine signature of uppermost Messinian deposits is weak
and still controversial and no significant bio-and magnetostratigraphic events, well-
chronologically defined and recognizable at a global scale appear to be available
to such a purpose.” [458] They noted that outside the Mediterranean the first occur-
rence of Ceratolithus acutus had already been astronomically calibrated at 5.28 Ma
[459], and therefore this species could not have arrived in the Mediterranean as early
as 5.40 Ma. As confirmation of its younger first occurrence age, specimens of Cera-
tolithus acutus were subsequently found in a sample from the Pliocene marls at Site
969 in the eastern Mediterranean [460].

Moreover, Mediterranean ostracod and benthic foraminiferal assemblages living in
the oligohaline to mesohaline Lago-Mare Stage 3.2.2 are clearly distinguishable from
the early Pliocene assemblage living in saltwater at bathyal depths [443]. When species
belonging to these assemblages are presence together in the same biostratigraphic for-
mation, those of one assemblage must be allochthonous and the others autochthonous
[38]. Only when appearing in an orderly succession, can they be employed as con-
vincing evidence of a transitioning environment.

The 87S1/30Sr ratios of 0.70864 + 0.00001 and the 8'3C and 3'80 isotopic mea-
surements on Cyprideis agrigentina valves from three levels within the Arenazzolo
silts provide a clear indication that the ostracods in this formation retained the same
Lago-Mare fingerprint of all the earlier Stage 3.2.2 ostracods (Fig. 63), and thus these
silts predated any connection with the open ocean [390].

13.3 The IMTS produced by dissolution rather than subaerial erosion

Zohar Gvirtzman and co-authors have proposed that the IMTS in the Levant Basin
of the eastern Mediterranean is best explained by subaqueous dissolution, rather than
by a combination of dissolution and erosion under conditions of subaerial exposure
[225]. They emphasized that the surface is remarkably flat (Fig. 40). However, flat is a
miss-leading term. As observed in reflection profiles the IMTS is inclined downwards
from south to north in the Levant Basin with a change in elevation of 0.5 km over a
distance of 100 km and east to west with a decline of 0.2 km over a distance of 100 km
[226, 247, 461]. The decline of the IMTS in Anatalya Basin approaches 3 km over a
distance of 100 km [287].
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Their mechanism for dissolution derives from their assumption of a thick and
stratified water column having developed during Stage 3 of the MSC. The stratifica-
tion created a halite-undersaturated epilimnion above a halite-saturated hypolimnion.
Accordingly, the truncation of the halite took place within the epilimnion. The Na and
Cl dissolved from the truncation surface in the epilimnion would have continued to
precipitate as salt elsewhere at deeper elevations in the hypolimnion. The presumed
flatness of the IMTS in the Levant Basin was attributed to a persistent sharp interface
between the epilimnion and hypolimnion.

What is missing from this argument is any mention to the deep moat-like depression
surrounding the Eratosthenes seamount (Figs. 25, 27), where halite is either extremely
thin or absent. The timing of the dissolution there is not known. Chris Kirkham and
co-authors have suggested that “dissolution initiated ... even prior to the final dilution
and emplacement of brackish Lago-Mare and fluvial deposits” [227]. The Pliocene
cover resting conformably on pre-MSC sediments in the depression surrounding the
Eratosthenes seamount requires that most of the halite dissolution occurred in the
terminal Lago-Mare interval.

Dissolution is still ongoing as attested by porewater salinity increases with sub-
bottom depth at deep-sea drill sites and contemporary brine-filled basins (Tyco,
Bannock, Urania, Atalante and Discovery) [462]. The chemistry of the brines is
strongly variable and suggests dissolution of different levels of the Messinian halite.
The brines ponded in the Discovery Basin in the Ionian Sea (Fig. 7) are the saltiest ever
recorded in a natural environment. The presence of solutions derived from bischofite
(MgCl,-6H,0) “demonstrated that the eastern Mediterranean had evaporated to near
dryness” [463]. The large bromine contents of 8 mg/g in the Discovery brine can only
be obtained when seawater had evaporated to less than 1% of the initial water volume.
The abnormally high Br/CI and Li/Cl ratios in porewaters at DSDP Site 127 in the
nearby Hellenic Trench (Fig. 7) added further confirmation of a “very late stage evap-
orite deposit or residual liquor” [49]. A persistent unsaturated epilimnion [225] is
inconsistent with a near-complete drying of the deepest regions of the Mediterranean.

13.4 Late Messinian channel systems are marine and not fluvial

Jimmy Moneron and Zohar Gvirtzman have questioned whether the clastic-rich evap-
oritic unit shown in Figs. 40 and 41 occurred subaerially as a fluvial system on a
desiccated seafloor overlying the Intra-Messinian Truncation Surface or, instead, as a
network deep-sea turbidite channels in a Mediterranean full or nearly full of fresh-to-
brackish water [464]. They based their preference for a deep-water rather than fluvial
origin on the aggradation characteristics of the channels (levee height, channel depth,
and channel-floodplain coupling).

There is an extensive literature on the characteristics, similarities, dissimilarities,
and modes of formation between deep-water and fluvial channels [286, 292, 293,
465, 466]. Among the dissimilarities are vertical aggradation, lateral migration, and
channel-bank avulsion in deep-water sinuous channels which are not apparent in the
sediments that overlie the IMTS in the Levant Basin [234]. The post IMTS clastic-
rich evaporitic layer has been given the name Nahr Menashe [226, 228, 229]. The
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Nahr Menashe extends from southern Turkey and western Syria to the Eratosthenes
Seamount. The siliciclastic sediments derived from a large ancestor river system drain-
ing though the Lebanon Highlands from eastern Anatolia, with some more local
contributions from the exposed Latakia Ridge [467]. Its uppermost strata are mostly
erosional rather than depositional. Its TES is coincident with the upper boundary
of the Abu Madi Formation, offshore Egypt. According to Heidrun Solem the Nahr
Menashe sediments (Fig. 64, bottom) are significantly different from the overlying
marine Pliocene sediments (Fig. 64, top) (2014) [234]. Based on sonic velocities and
formation densities from well logs the Nahr Menashe is composed of materials that
are well lithified. Young submarine fans are instead composed of unconsolidated sand
and clay.

Although the thalwegs of submarine channels are usually filled with high-amplitude
reflecting sands, the channels incised into the Nahr Menashe are filled with low-
amplitude Pliocene marls. Channel relief is as large as 100 m and yet widths are no
more than 0.5 km. In comparison, the floors of submarine fan channels such as those on
the Rhone and Nile fans [87, 468, 469] tend to be wider, are perched above the adjacent
submarine fan apron, and are bounded by broad lateral levees. The Nahr Menashe
channels lack levees and have lower sinuosity than channels on deep-sea fans. The
Nahr Menashe thalweg floors are incised below the elevation of their adjacent aprons.

A gradient is required to develop submarine channels. A gradient comparable to
those on distal submarine fans (10 m/km) [293, 466] is not present on the IMTS (<
5 m/km). In the case of subaerial exposure, rainwater gathers in streams. Since the
anhydrite, lithified sandstone, limestone and cemented conglomerates in the Or South-
1 well are impermeable, water would not have been able to penetrate into the substate

Fig. 64 Top: Seafloor channels in the Levant Basin. Bottom: Channels cut into the Unit 7 Nahr Menashe
[234]
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and supply aquifers. Nor would water have reached the underlying halite, thereby
leaving the distributary trunks of the Nahr Menashe as elevated belts and backstepping
lobes [229]. Such topographic inversion [470] is not observed on submarine fans
(Fig. 65).

14 What were the magnitudes of Mediterranean desiccations?

Perhaps the most convincing example of extreme desiccation is the exposure surface
in the Realmonte Mine with its spectacular vertical fissures (desiccation cracks) sepa-
rating halite Units B and C (Fig. 65, right). The shrinkage on the exposure surface that
accompanied the drying left a network of giant polygons [325, 326]. What is unknown,
is the size of the Caltanissetta Basin in which Units A and B precipitated and its depth
relative to the surface of the external ocean. One approach is to assume that most of
the halite precipitated after the accumulation of the primary lower gypsum and during
a brief period of evaporitic drawdown [386, 471, 472]. If the drawdown commenced
with the brine already concentrated to saturation for halite (350 kg/m?) [473] the min-
imum volume of water (Vmin) needed to precipitate the observed volume of deposits
(Vdeposit) can be calculated using the equation below [471].

V_min = (V_deposit x p_deposit)/c_saturation,

where p is the density of halite in (kg/m?) and c_saturation for halite is 271.1 kg/m?
[474, 475].

By assuming a hypsometric configuration for the Caltanissetta Basin, basin volume
can be related to basin depth and the calculation can be applied to a box shape. With
the simplest boundary conditions, a 300 m thick halite layer requires a basin with a
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Fig. 65 Left: 3D and 5180 values of values of fluid inclusions measured from natural halite in Units A and C
from the Realmonte mine, Sicily [476]. Right: The subaerial exposure surface displaying expansion cracks
filled with soil separating Units B and C [326]
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pre-existing depth of approximately 1.2 km at saturation for halite, if there was no
further seawater added during the evaporative drawdown. A disconnected basin with
minimal input from rivers would evaporate in less than one precession cycle. One does
not know if the entire the Caltanissetta Basin desiccated, only that at the location of
the Realmonte mine it became dry. However, the 1.2 km estimate is in the range of
mesobathyal and close to the estimate of 800-1400 m for the earliest-Pliocene Trubi
marls at Capo Rossello, Sicily [38, 121, 395-397]. The calculated depth also falls with
the range of 1000 to 2000 m for the psychrospheric ostracod Agrenocythere-Krithe
that appeared in the Trubi marls at Pasquasia, Sicily, without evidence of invading
shallow fauna that would normally accompany the refilling of warm, shallow basins
[443, 444].

Another approach to determining basin depth is to look for the air temperatures
when the evaporites were accumulating. The dry atmosphere adiabatic temperature
gradient is ~ 7 °C/km. A basin floor at 1400 mbsl would be expected to be roughly
10 °C warmer than one at sea level. Homogenization temperatures of fluid inclusions
in halite from the Caltanissetta Basin indicate an average temperature of 34 £ 5 °C for
the halite in Unit C of the Realmonte mine and an extreme temperature of 47 °C [476].
Similar homogenization temperatures were obtained for a complete mud-halite—mud
cycle in Unit C, presumably formed by precipitation from a shallow non-stratified
column of water during a wet—dry—wet cycle [477]. As comparison, fluid inclusions
from halite in Death Valley, California are similar to those in the Caltanissetta Basin
and average 35 &+ 5 °C [478, 479].

The halite fluid inclusions show that the pre-desiccation Unit A halite is distinct
from the Unit C halite (Fig. 65, left). The three natural samples from the earlier Unit A
are characterized by high water contents and most likely incorporated trace amounts of
a hydrated salt, such as kainite or carnallite. The low isotopic values in Unit C indicate
that, once the Mediterranean became cutoff from the Atlantic, the source water that
precipitated the Unit C halite was residual seawater mixed with at least 50-75% of
freshwater [476].
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Fig. 66 Paleo-elevation indicators of subaerial emersion for Mediterranean drill sites and margins. Ebro:
canyon thalweg at Fornax-1 well [188]; S—H: unconformity on Ebro margin at 2.75 [182]; WS: onlap height
on western Sardinia margin [480]; ES: onlap height on eastern Sardinia margin [203]; OB; incised valley
in the Orbo Basin east of Corsica [205]; NC: incised depth and fluvial sands in the Eionile canyonp [95];
AM: Abu Madi sands with paleosols [249, 257]; OS: Or-South-1 well [238]; LM: Onlap height of Afiq Fm
on the Levant margin [219]
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Fig. 67 Local truncation of the “M” reflections (‘upper evaporites’) by the TES in the Liguro-Provengal
Basin of the western Mediterranean

Additional indicators of emergent terrains include paleo soils, alluvial fan deposits,
algal filaments and bottom-dwelling diatoms requiring sun light. Figure 66 displays
symbols for these types of indicators from Mediterranean drill sites and other locations
discussed previously. The symbols are placed at their current elevation with respect
to modern sea level. These plotted elevations require some upwards adjustment to
account for post-Messinian subsidence. However, from the current elevations alone,
it is evident that the western Mediterranean and the Tyrrhenian Sea experienced at
minimum 1.3 to 1.9 km of evaporative drawdown and the eastern Mediterranean as
much as 2.8 km based on the severe down cutting of the Eonile Canyon and the fluvial
nature of the sands of the Abu Madi Formation that are interbedded with paleosols.

An extremely-deep TES is present in the Liguro-Provencal Basin where the mobile
salt layer has uplifted the upper evaporite ‘M’ reflections and allowed them to become
truncated (Fig. 67). For this to have happened, desiccation in the western Mediter-
ranean reached a near-completion at the end of the MES.

15 When did the halite layer accumulate?

Two hypotheses have been proposed for the deposition of halite layer in the western,
central and eastern Mediterranean.

1. The Mediterranean remained in two-way communication with the Atlantic while
becoming hypersaline. Brine reflux delivered the most soluble minerals to regions
farthest from the inlet and kept the lesser soluble minerals closer to the inlet [98,
481-483]. Sulfate with interbedded clastic deposits were sedimented on margins,
while halite accumulated on basin floors [97, 101]. Early precipitation of the salt took
place in deep subaqueous environments [230, 236, 296, 317, 319, 484].

2. Deposition of the halite was delayed until a second stage of the MSC. Precipitation
was initiated by a more severe restriction of the Atlantic entryway, which led to evap-
orative drawdown and shrinkage of brine having already reached saturation for halite
[172, 195, 332, 370, 454, 472, 485-487].
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15.1 Halite layer thicknesses and volumes

The halite layer is present beneath modern basin floors in all regions of the Mediter-
ranean except for the Adriatic and Alboran Seas and the Valencia Trough. In the
western Mediterranean the maximum thickness of the halite layer approaches 1 km
and its calculated volume measures at 180 x 10° km? [278]. In the eastern Mediter-
ranean the maximum thickness exceeds 2 km and its volume approaches 500 x 103
km?>. Nevertheless, when the halite layer volume is compared to the region’s available
water volume for storage of potential brine (western vs eastern) the proportions are
quite similar (14% and 16%, respectively).

There is arelationship between halite thickness and depth to its base. Deeper regions
contain thicker layers. Where former depocenters were flat and undisturbed by tecton-
ics, such as the basins of western Mediterranean, the halite layer thickness is uniform
after adjustment for ductile deformation [278, 480]. All six sublayers are observed in
each of the far-eastern Mediterranean basins regardless of the elevation of the depo-
sitional site [287]. Although each sublayer was originally laterally continuous, halite
has been rarely preserved in the eastern Mediterranean at elevations above 1750 mbsl.
Halite has survived erosion and dissolution where it had accumulated in enclosed
pockets on the crest of the Mediterranean Ridge, however only at depths greater than
2500 mbsl, as attested by reflection profiles [488, 489] and downhole increases in
chlorinity at DSDP Site 127 [49].

15.2 Onset of halite in the eastern Mediterranean

Industrial activities targeting hydrocarbon reservoirs in the eastern Mediterranean’s
Levant Basin have provided abundant 2-D and 3D reflection surveys, well logs, and
cuttings from the halite interval. In the Dolphin well the 1.6 km thick halite layer
rests on a 2-m-thick anhydrite bed corresponding to Reflector ‘N’ [236] (Fig. 39). The
interval directly beneath the anhydrite bed is composed of bathypelagic calcareous
shale and limestone, both containing nannofossils along with benthic and planktonic
foraminifera of Late Miocene age. Five of seven reliable biostratigraphic events were
recognized (Fig. 68, Left). These events appear in the same order in the sediments
directly beneath the PLG in the Sorbas Basin (Spain) [172, 490], in the Falconara
Basin (Sicily) ([172], in the Pissouri Basin (Cyprus) [491], beneath the PLG in the
497-Muchamiel well (offshore of SE Spain) [492], and ODP Site 654 (Tyrrhenian Sea)
[126]. The biostratigraphic events and well log data from the Dolphin well provide
strong support for halite precipitation in the eastern Mediterranean beginning at the
same time as the PLG elsewhere in the [230, 236].

The same anhydrite bed at the base of the halite layer in the Dolphin well can be
traced up the foot of the Levant margin where it is present in the Yam 1, Yam 2 and Hof
Ashdod 1 exploration wells. There it reached elevations above 1750 mbsl. However,
on the margin only the first 100 to 200 m of the halite layer survived removal along
the IMTS (Fig. 68, Right).
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Fig. 68 Left: Datums in sediments from offshore drilling and terrestrial outcrops according to their elevation
below the first bed of gypsum or anhydrite belonging to commencement of Stage 1 of the MSC. Convergence
at 5.97 Ma marks the passage from marine sediments with planktonic foraminifera to the first evaporites.
8: First PLG bed. 7: First influx of sinistral neogloboquadninds. 6: Sinistral/dextral coiling change of
neogloboquadrinids. 5: Top acme of Globorotalia nicolae. 4: Base paracme of the Globorotalia scitula. 3:
First regular occurrence of Globorotalia miotumida. 2: Last occurrence of G. falconarae. 1: Last regular
occurrence of Globorotalia menardii-4 (sinistral). Right: Halite present in three wells at the foot of the Levant
margin where it overlies the same anhydrite bed as in the Dolphin well. The anhydrite bed corresponds to
Reflector ‘N’ and the conformable Bottom Surface (BS)

Halite precipitation continued throughout MSC Stage 1 until 5.56 Ma when the
entryway for saltwater from the Atlantic was cut off by obliquity-forced, glacio-
eustatic sea level fall accompanying either the TG12 or TG14 glacial cycle [493],
depending upon the 16 surviving PLG beds in the Gessoso Solfifera Fm. in the Maiella
composite section in the central Apennines [494, 495], or the 17 PLG beds in the Sor-
bas Basin. If the closure took place in the TG 12 glacial cycle, the duration of the
Stage 2 evaporative drawdown was no longer than 28 + 11 ky [496].

When passing westward from the Levant to the Herodotus Basin sublayer ME-6
thickens and becomes Units D and E in the Messinian Upper Megasequence (MUM)
[227, 291]. Deposition of massive halite from a rapidly shirking brine layer would be
expected to contain a minor amount of interbedded of detritus. Presumably, it would
have been left behind on abandoned shorelines and only later during maximum sea
level fall would have been washed into sublayer 7 (the equivalent to the Afiq Fm. sands
and conglomerates and Nahr Menashe fluvial deposits [229].

Due to drilling limitations, detritus was only retrieved as downhole “fallouts” in
the Dolphin well cuttings [230]. The detritus contains a high amount of sub-rounded
sand grains, mollusk fragments, ostracods, echinoid spines belonging to the Stage
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3 brackish environment, and abundant pre-MSC benthic and planktic foraminifera
including Cretaceous, Eocene, Oligocene and early Miocene species derived from the
exposed basin margins. The faunal composition is practically identical the reworked
assemblages recovered in the wells on the apron located just beyond the mouth of the
Afiq and el-Arish canyons [285] (Fig. 49).

In a large depocenter of the Herodotus Basin south of the Florence Rise the halite
layer had an original thickness estimated to have been in excess of 4.5 km prior to
additional thickening from post-Messiaen tectonic shortening [227]. It is conceivable
that this huge deposit not only held the halite removed from above the IMTS, but the
solutes precipitated from the Mediterranean brine during evaporative drawdown. The
pure halite in sublayer ME-6 would have given it a preferred higher ductility compared
with halite burdened with interbeds of clastics, anhydrite and the denser magnesium
and potassium salts. The increased ductility of pure halite would allow for its preferred
flowage into the diapirs that appear to be sourced from sublayer ME-6, and not from
deeper sublayers.

15.3 The halite layer in the western Mediterranean

The halite sublayers in both the Levant Basin of the eastern Mediterranean and the
Liguro-Provencal Basin in the western Mediterranean are stacked one the other with
conformable bottom boundaries. However, the four sublayers in the western Mediter-
ranean display a pattern of progressive onlap in the direction of the margins, whereas
in the eastern Mediterranean they drape pre-MSC sediments. The earliest sublayer
MW-1 is confined to the deeper regions. Its Bottom Surface (BS) is conformable with
underlying sediments [278]. The youngest sublayer MW-4 extends across the entire
basin and reaches as high as 3.2 kmbsl on the margins of the Balearic Platform and
western Sardinia (Fig. 34). Sublayer MW-4 is the only sublayer with internal reflec-
tors, while sublayers MW-1 and MW-3 display diffuse internal reflectivity. Sublayer
MW-2 is the most acoustically transparent. All of the flowage has occurred in this layer,
suggesting a more ductile rheology than in the other sublayers. The equivalent to the
IMTS in the Levant Basin is erosion surface #1 at drill sites 124, 132, 374 and 375
and surface #1 separating the Cattolica and Pasquasia formations in the Caltanissetta
Basin in Sicily.

Currently, the most widely-accepted timing of the western Mediterranean halite is
after deposition of the Stage 1 ‘lower evaporites’ and coincident with either a highly
restricted or complete closure of the Atlantic gateway. However, the band of strong
reflectors beneath the halite layer and considered to be the stratigraphic equivalent
of the ‘lower evaporites’ Stage 1 selenite, has instead been shown to be the Tripoli
Fm. diatomite at DSDP Site 654 and euxinic shale of the Formazione Peliti Eusiniche
at Site 652. This matching of diatomite and euxinic shale with reflection Unit 3 is
evidence that the commencement of halite precipitation most likely occurred at the
same time throughout the Mediterranean.

If the brine was still at saturation for halite precipitation following the closure of
the saltwater inlet from the Atlantic, evaporative drawdown would have contributed
the remaining solutes to additional thickening of the western Mediterranean’s halite
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layer. In this circumstance the sublayers MW-1 and MW-2 might be equivalent to
the Messinian Lower Sequence (MLM) and sublayers MW-03 and WM-04 to the
Messinian Upper Sequence (MUM) observed in the Levant and Herodoitus basins of
the eastern Mediterranean.

15.4 Dead Sea analog

Using the Dead Sea as a modern analog with double-diffusive flux of Na and CI from a
warmer upper epilimnion into a colder hypolimnion [497], the accumulation of halite
crystals would have become focused into deeper regions of the western Mediterranean
basins [290]. As these depocenters filled, the accumulation would spread wider as it
transgressed over shallower regions and left behind the observed geometry of progres-
sive landward onlap. The internal reflectors in sublayer MW-4 are likely to be detritus
sourced during the enlarging exposure of former seafloors. The observed onlap ter-
mination of the sublayer WM-4 has been used as an indicator of a lowstand shoreline
[278]. A shoreline at this elevation would have left the deeper Liguro-Provencal and
Algero-Balearic Basins still submerged by brine with its halite deposit unaffected by
dissolution. The remaining brine would no longer remain at saturation for halite, once
losses by diffusion and mixing into the fresher epilimnion were replaced by occa-
sional recharge from the surrounding shallower regions [498]. Thus, an IMTS caused
by dissolution would not be anticipated.

The 3.2 kmbsl elevation of the termination of sublayer MW-4 in the Liguro-
Provencal and Algero-Balearic Basins and the 3.25 kmbsl at Site 124 (Fig. 5) is within
the range of the 3.5 kmbsl onlap termination for the halite in the western Tyrrhenian
Sea (Fig. 47) and the 3.2 kmbsl termination at Site 132 (Fig. 10). The Tyrrhenian
Sea is younger and has undergone additional thermally driven subsidence during the
Pliocene and Pleistocene [280].

The thinner MW-1 and MW-2 sublayers suggests that during Stage 1 seawater from
the Atlantic concentrated to saturation for CaSQy in the western Mediterranean but
passed much of its brine over intervening sills to the eastern Mediterranean where under
stronger evaporation and a larger surface area it concentrated to saturation for NaCl
and crystalized to thicker sublayers there. Its precipitation in the eastern Mediterranean
was not focused into the deeper depocenters but occurred at all elevations including
those in the shallower Aegean Sea [499]. The eastern Mediterranean’s hypolimnion
was apparently thick and covered by a relatively thin epilimnion that experienced
the seasonal changes in temperatures that effected whether the NaCl crystallization
took place at the epilimnion/hypolimnion interface (metalimnion) or as growth on the
seabed [289, 290]. Its double-diffusion flux rate though the sharp metalimnion deter-
mined the rate of halite crystallization in the hypolimnion. The previously described
relationship between the thickness of the halite layer and depth of the basin suggests
that the amount of brine residing in the hypolimnion determined the amount of even-
tually precipitated halite.

The conformable contact (i.e., wet upon wet) between the halite layer in the Liguro-
Provencal and Algero-Balearic Basins and Tyrrhenian Sea and their ‘upper evaporites’
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indicates that the evaporative drawdown did not continue below the 3.2 kmbsl eleva-
tion, or if it did, excursions were brief.

15.5 Desiccation limited by sill elevation

As to why the drawdown remained in the range of 3.2 kmbsl is unknown but could have
been determined by the height of the deepest sill to the eastern Mediterranean [370,
500-502]. In this case, without continued inflow from the Atlantic, the western basins
would only have been refreshed by rivers, rain, and groundwater springs as the basins
transform from hypersaline to brackish and freshwater lakes at the commencement
of Stage 3. Under this scenario, the magnitude of desiccation in the western Mediter-
ranean was limited by sill elevation. Although rivers alone might not have kept up the
higher evaporation rates of fresher waters, substantial evaporative drawdown would
have greatly reduced the hydraulic head of margin aquifers, leading to their flushing
and additional contributions of large amounts of previously stored ground water.

The permanence of brackish water in the deeper depocenters of the Liguro-
Provencal and Algero-Balearic Basins and Tyrrhenian Sea during Stage 3 would have
provided an environment for the colonization of ostracods, Radiolaria, diatoms, sili-
coflagellates and fish that then could have made their appearances in perched lakes at
higher elevations. Outlet streams would have served as pathways from the basins to
the lakes using fish, reptiles, amphibians, and birds as transport mechanisms.

15.6 Comparisons of the western Mediterranean’s sublayer ductility
and reflectivity

Sublayer MW-2 in the Liguro-Provencal basin is unique in the lateral flowage that
generated the observed diapiric anticlines and domes in Fig. 69, left. Its transparency
suggests pure NaCl. Precipitation prior to drawdown assures that there would have been
little contamination by detritus derived from exposed margins. Further concentration
during drawdown would contribute the mote soluble magnesium and potassium salts to
sublayer ME-3. The MW-3 sublayer’s diffuse reflectivity could come from interbedded
lenses of kainite, bischofite, sylvite, kieserite, and langbeinite as found in Unit B in
the Caltanissetta Basin in Sicily [503]. The strongest reflectivity in sublayer MW-4
signals the arrival of interbedded detritus from the exposed margins.

16 Reconnection of the Mediterranean with the Atlantic

Currently there are two divergent scenarios concerning the state of the Mediterranean
at the time of its reconnection with the Atlantic [504]. As previously discussed in
earlier sections, one scenario postulates that the Mediterranean was full or nearly full
of brackish water. Open-marine conditions were reestablished in the Mediterranean
interior without major flooding. The second scenario postulates an abrupt flooding
of the Mediterranean previously disconnected from the world ocean and severely
desiccated.
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Fig. 69 Differences in the halite sublayers between the western and eastern Mediterranean

To further elucidate the abrupt flooding scenario, a sample was taken a few meters
above the Miocene-Pliocene boundary at Site 132 in the Tyrrhenian Sea [505]. This
sample of foraminiferal-rich marl had been assigned to the Sphaeroidinellopsis Acme
zone of the Trubi Fm [56, 395]. Based on calculated sedimentation rates its microfossils
would have had an age no younger than the third precession cycle following the opening
of the Gibraltar gateway.

Measurements of 8'80 and 8'3C were performed on specimens of planktonic and
benthic foraminifera. The oxygen isotopic compositions turned out to be almost iden-
tical at + 0.3 & 0.1%o, whereas in the overlying younger sediments the planktonic and
benthic compositions differed by as much as — 1 to 1.5, with the benthic foraminifera
more positive. The value of 0.3%o for the benthic specimens corresponds to a tem-
perature of 15 °C, if in equilibrium with North Atlantic Deep Water. The identical
isotopic composition of the planktonic and benthic foraminifera indicates an early
thermal homogeneity of the Mediterranean water column prior to the establishment of
a steady-state thermocline. Since the mean surface water temperature of the Atlantic
was as warm or warmer than today, a substantial amount of North Atlantic Deep Water
was required to bring the average temperature of the Mediterranean interior down to
15 °C.

This experiment was performed again at ODP Site 976 in the Alboran Sea [437].
There the benthic and planktonic values from 0.2 m above the Miocene/Pliocene
boundary were also practically the same (+ 0.15 and 4+ 0.19%0) and nearly undistin-
guishable from those in the Tyrrhenian Sea. However, at the Alboran site additional
younger samples of the earliest-Pliocene marls were obtained at 0.1 m intervals over a
2 minterval. In samples where the 8'80 for the benthic and planktonic specimens were
the nearly same, the 5'3C were the most divergent (1.2%0) and where the 830 for the
benthic and planktonic specimens were different (1.0 to 2.0%o), the 8'3C compositions
differed by no more than 0.5%o. The strongly negative planktonic 3'3C values were in
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organic carbon rich layers with nearly identical 3'80, suggesting continuing Atlantic
water renewal to a well-mixed Mediterranean water column capable of stimulating
enhanced biological productivity.

A favorable environment for bottom dwellers is observed in the ichnofossil assem-
blage in the earliest Trubi marls at the Eraclea Minoa site in the Caltanissetta Basin
in Sicily [506]). Following the arrival of the cold Atlantic seawater the assemblage
became abundant, diverse, well-developed, and symptomatic of a rapid establishment
of a deep marine environment with well-oxygenated bottom- and porewaters and
the availability of food. Plentiful food stimulated the proliferation of the cold-water-
adapted psychrospheric ostracods [443] and the tracemaker communities. The Trubi
assemblage differs substantially from that in the underlying Arenazzolo Fm with its
unfavorable habitat for tracemaker communities.

A nearly instantaneous restoration of marine conditions in the Mediterranean Sea
is registered at many terrestrial locations from Spain [504] to the Apennines [507] as
well as in the sediments recovered by deep-sea drilling. At a dozen sites aligned along
a west to east transect from the Alboran Sea to the Eratosthenes Seamount in Levantine
Basin the 8'80 measurements and CaCO3 content on bulk carbonate exhibited a rapid
and progressive increase during the first precession cycle after the introduction of
Atlantic seawater [407]. The foraminiferal abundance (P/(P 4+ B) revealed a similar
rapid transition to > 80%.

At numerous sampled sections in the northern Apennines more than 12 precession
cycles can be recognized in the Trubi marls present above Miocene-Pliocene boundary.
The first influx of sinistrally coiled Neogloboquadrina acostaensis took place at the
boundary between the first and second cycle. The second influx occurred at the base
of the 3rd cycle. The base of the Spheroidinellopsis spp. acme interval is sandwiched
between these two biomarkers. Therefore, when all three biomarkers are present in
succession, as they do in the Northern Apennines and elsewhere, they demonstrate
that the Mediterranean flooding was not only a synchronous event throughout the
entire Mediterranean region, but was accompanied by an abrupt increase in paleodepth
estimated at a few hundred meters in the Vera Basin (Spain) [504], 500 m in the Pissouri
Basin (Cyprus) [306, 508], 900 m at Eraclea Minoa [509, 510], 950-1400 m in the
Alboran Basin [437], 1300 m on the Ebro margin [188], 1300 m on the Florence Rise
([511], 1900 m at the foot of the Gulf of Lions margin [92], and 1800—2000 m in the
Tonian Basin [114].

The aforementioned cm/dm-thick dark gray to black layer enriched in organic mat-
ter (Fig. 60) is present at the Miocene-Pliocene boundary in many land-based sections
(Malaga, Sorbas and Nijar Basins of SE Spain, Northern Apennines, Cyprus, Sicily)
and also at Mediterranean drill sites (376, 974, 975). The palaeoenvironmental sig-
nificance of these dark layers is unclear. In the Northern Apennines and Piedmont
Basin, the top of this layer has been placed below the Miocene/Pliocene boundary
based on most of the taxa belonging to the uppermost Messinian Stage 3.2.2. How-
ever, the presence of some planktonic and rare, poorly diversified benthic foraminifera,
almost identical to those found within the lowermost Trubi marls, suggests the pos-
sibility of either a transitional environment prior to the definitive re-establishment of
open-marine conditions or reworking of the microfossils into the dark layer by the
earliest-Pliocene tracemaker communities seeking food in the organic-rich substrate.
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The 20-cm-thick bed of sediment at the Miocene/Pliocene boundary in core 22X
the Site 374 in the Tyrrhenian Sea has been suggested as a transitional deposit [437,
512]. However, it has the appearance of a breccia mixed with discrete fragments of
light olive-gray Trubi clay derived from above and blackish-red silty clay from the
Messinian below. This mixture most likely entered the extended core barrel as the
weight of drill bit on the formation varied during the passage from softer to firmer
lithologies (a routine procedure while adjusting the bearing weight of drill bit when
penetration rates suddenly decrease). The uppermost Messinian Lago-Mare Fm at this
Tyrrhenian Sea location is distinguished from the overlying Trubi Fm by its parallel
laminations, undisturbed by bioturbation and the absence of microfossils.

Others researchers have interpreted the dark gray to black layer as a Pliocene euxinic
deposit that developed when the saltwater entered from the Atlantic and sank into
the interior of the less saline Mediterranean basins [437]. The resulting stratification
reduced the bottom-water oxygen levels. Since the dark layers occur at both deep and
shallow margin settings far away from the Gibraltar gateway, a Mediterranean-scale
water-mass stratification has been proposed. However, the benthic 3'3C measurements
at Site 976 in the Alboran Sea and Site 132 in the Tyrrhenian Sea show that bottom-
water renewal rates were high enough to prevent the reduction of 8'3C at the seafloor
and development of iron sulfides [437, 505].

17 Conclusions

Wide-spread erosion surfaces on the margins of the Ebro River and Gulf of Lions with
patterns of 3 to 5 order dendritic drainage, the gravels containing clasts eroded from
the pre-MSC substrate and sampled from a late-Messinian river bed in the Valencia
Trough, the cemented gravels in the thalwegs of buried valleys in the Alboran Sea and
unconformity hard grounds elsewhere all substantiate a major episode of Mediter-
ranean desiccation at the very end of the MSC. Water levels fell > 1.5 km below the
surface of the exterior ocean in the western Mediterranean and > 2 km in the eastern
Mediterranean.

The thick pre-MSC Tortonian, Serravallian, Langhian and Burdigalian age (7 to
22 Ma) open-marine sediments in both western and eastern Mediterranean are evidence
of pre-existing deep Mediterranean basins, even in the relatively young Tyrrhenian Sea.
When restored to their original depths by accounting for flexural isostasy, sediment
compaction, and subsidence from the cooling of the lithosphere, these elevations con-
firmed that the Late Miocene Mediterranean basins were comparable in volume and
depth to their modern configurations at the time of the onset of the MSC.

A substantial lowering and shrinkage of Lago-Mare lakes accounts for the terminal
alluvial and fluvial conglomerates with remains of mammals and plants in Crete,
karst interbedded with soils in Cyprus, black layers with roots of plants and teeth of
mammals along both the Adriatic and Tyrrhenian sides of the Apennines, the paleosols
in the Tyrrhenian Sea and on the flank of the Eratosthenes Seamount, the exposure of
the summit of Eratosthenes Seamount to the development of karst with sink holes, and
the development of dolines and notched terraces on the lower margins of the Levant.
At the time of the terminal Messinian lowstand, animals of African descent migrated
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Fig. 70 Large clastic aprons and their fluvial stream beds (red) fed from entrenched continental margin river
valleys that spilled onto the top of the massive Messinian halite layer (yellow) in the eastern Mediterranean
during Stage 3 of the MSC

to continental Iberia and then traversed the exposed seabed of the Mediterranean to
reach the Balearic Islands where they left teeth in karst cavities buried by deep-water
earliest-Pliocene marls.

Vast clastic aprons on the African and Levant margins of the eastern Mediterranean
attest to the overlooked importance of terrestrial rivers in supplying the Mare-Lago
lake water (Fig. 70). These rivers incised deep canyons as they kept pace with falling
baselevels. Their meandering distal channels contain sand with minerals from far-
away source terranes in Africa, the Near East and Anatolia. The rivers crossed flood
plains interbedded with plant roots and coal seams in route to the shores of shrinking
playa lakes.

The Paratethys experienced its own lake level fall of 600 to 900 m during the
Portaferian substage of the Upper Pontian at the same time as the freshening of the
Mediterranean during Stage 3 of the MSC, making it problematic for Paratethan ostra-
cods (with no larval stage) to have been carried into the Mediterranean’s Lago-Mare
lakes via spillways, instead of transport on the feet and feathers of migrating birds.

When the carbon and oxygen isotopes from the Stage 3.2.2 ostracods, calcite grains
from interbedded marls and dolomite grains from mud are plotted separately in their
own 2-D space, they show that the Lago-Mare deposits at various locations in the
Apennines, Sicily, Spain and at the deep-sea drill sites all had distinctly different
isotopic signatures. These differences are further confirmed by strontium isotopes and
refute the proposition of a vast single pan-Mediterranean lake at the conclusion of the
MSC.

The substantial IMTS became evident in the Caltanissetta Basin in Sicily using
hydrogen and oxygen isotopes in HoO extracted from liquid inclusions on the rims
of salt crystals. A combination of isotopic signatures and the extinction levels of
calcareous nannofossils and planktonic foraminifera show that the fresh-to-brackish
ostracods are in situ in MSC Stage 3, and the calcareous nannofossils and planktonic
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foraminifera were reworked from older marine deposits made available by erosion
from basin margins when exposed during falling lake levels. The terminal Arenazzolo
Formation in Sicily contains the greatest abundance of reworked specimens (> 80%)
from strata as old as the Cretaceous and Paleogene.

The 14 to 16 successive beds of selenitic gypsum from the Yesares Member of
the Turre and Cafios Formations in Spain, the Cattolica Formation in Sicily and the
Gessoso Solfifera Formation in the Vena del Gesso Basin in the Apennines corrobo-
rate that that gypsum precipitated from a brine that completely filled the entire deep
Mediterranean during Stage 1 of MSC. The sulfur, oxygen and strontium isotopes
from the sulfates indicate that the major source of the Ca™, SO4~~ came from the
exterior ocean during a time period that preceded the closure of the entrance spillway
by 380 ka. The Zorreras Member in Spain, the Pasquasia gypsum beds in Sicily and
the Colombacci Formation limestones in the northern Apennines followed the first
evaporative drawdown that began at ~ 5.6 Ma. This substantial fall in the brine sur-
face left in its imprint the widespread Intra-Messinian Truncation Surface, a feature
attributed to a combination of subaerial erosion and dissolution.

The vast amount of detritus removed by erosion from Mediterranean margins and
the interior of the adjacent mainland resides in the alluvial aprons and river beds of the
eastern Mediterranean and in the thick ‘upper evaporites’ in the western Mediterranean
and Tyrrhenian Sea.

The band of strong reflections beneath the halite layer in the Liguro Provencal
basin and comprising reflection Unit 3 at Mediterranean drill sites 124, 134, 652 and
654 is not from Stage 1 gypsum or shale, but from the preceding Trubi diatomite and
equivalent to the Formazione Peliti Eusiniche.

The massive introduction of saltwater from the Atlantic that permanently ended
evaporative conditions in the Mediterranean at 5.33 Ma was rapid. This event, known
as the Zanclean flood, occurred in the span of a few months or years. Normal marine
environments became established and stabilized well before the end of the third pre-
cession cycle of the earliest Pliocene.

The contrarians to large-amplitude desiccating events base their reservations on
observations of a single feature such as the similarity of Paratethys ostracods with
those Mediterranean margin outcrops or on halite dissolution from a single IMTS in
the Levant Basin without reference to its absence in the western Mediterranean. A
more comprehensive understanding of the MSC desiccation hypothesis comes from
the combined integration of all of the geophysical, sedimentological, biostratigraphic,
isotopic and geochemical measurements achieved over 50 years by expert teams of
sea-going adventurers and terrestrial geologists. These researchers have produced an
immense treasure of expedition reports, illustrated guidebooks to field trips, published
conference proceedings and > 500 articles in scientific journals, all of which has been
a pleasure to review, learn from and appreciate.
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