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Chapter 1: Introduction

The circulation of the oceans is driven by fluxes of watssit Bnd momentum
across the interface between the ocean and the atmosphera, théuwcean affects
the state of the atmosphere and plays an important rolesindeing Earth’s climate.
Ocean currents are constrained by the shape of the basiby, the. distribution of
land and sea and by the bathymetry. Although often thought of as statibasin
shape is as mobile as the ocean and the atmosphere, albeit on thiemyec time
scale of plate tectonics (millions of years). Viewed ageological time then, the
oceans, the atmosphere (climate), and the solid Earth form a clogelg fiystem. It
is in the form of sediments, and in particular those sedimsa@ismulating on the
seafloor, that this system records changes in ocean tiocula.g., Woodruff and
Savin, 1989; Maier-Reimer et al., 1990; Heinze and Crowley, 198mnsRy et al.,
1998). These changes are especially well expressed in land-loagied, which are
more sensitive to changes in climate due to their limited connection ¢cehe.

A very direct way in which plate tectonics affects theletron of ocean
circulation is by means of the opening and closure of magateways. Marine
gateways are oceanic passages between neighbouring basimaNduw interbasinal
exchange of water, heat, and salt, nutrients and biota (e.g., deConto, 2@GORpy
role of marine gateways is well exemplified by the Sthibraltar, which at present
forms the only connection between the Mediterranean Sea and tidicA@eean.
The Strait of Gibraltar has a length of 60 km, a minimum depth ofr29tear
Camarinal Sill and a minimum width of 15 km close to Tarifarblas (e.g., Sannino
et al., 2002). Because of these small dimensions the strad thmiexchange between
the Mediterranean basin and the Atlantic Ocean. This, tagettte the high
evaporative loss over the basin, increases Mediterrandiaityséand therefore
density) relative to that in the Atlantic Ocean at the saleeth. The resulting
horizontal pressure gradient drives a dense outflow fronvVidditerranean at depth
through the strait, towards the Atlantic Ocean (e.g., Bryden amikKi1991; Figure
1.1). This outflow causes the Mediterranean surface to tenddswadower level and
the implied surface gradient triggers Atlantic infloixshallow levels (Figure 1.1). In
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Figure 1.1. Schematic east-west cross-section of the StraiGitkraltar illustrating the
Mediterranean-Atlantic water exchange at the sitddl on Bryden and Kinder (1991). The
white line corresponds to the interface betweenupper Atlantic inflow and the lower
Mediterranean outflow.

terms of volume transport, inflow slightly exceeds outflow whigimpensates for the
net evaporative loss over the Mediterranean Sea and ahlewsasin volume to be
constant with time. With an annual mean of 0.78+0.05 Sv (Soto-Nastatq 2010;
1 Sv = 16 m*/s) the volume of Mediterranean outflow waters is relatigehall but
it has been proposed to be sufficient to enhance the Atlantidibteal Overturning
Circulation (e.g., Hernandez-Molina et al., 2014 and referencesrihand thus to
play a role in the global climate system. Particularly reggngly, in the recent
geological past, marine gateways existed between the Wadiégan Sea and the
adjacent Indian and Atlantic oceans.

In general terms, this thesis is about applying theory and mtafetsean
circulation, to questions stemming from the sedimentary evidergarding the
influence of tectonics. More specifically, |1 aim to achipiysics-based insight into
the role of the marine gateways of the Mediterranean regitirae when these were
subject to important changes, the Miocene period (see Figure 1eXpdus is on the
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Figure 1.2. Oligocene to Pliocene geologic time scale based tlw International
Chronostratigraphic Chart of 2015/01 (Cohen et2f1,3; updated).

control that gateways exert on first-order aspects such @8 temperature and
salinity, the basin-scale (overturning) circulation, and pagtef exchange in the
gateways. For this | use regional-scale ocean generalaticcumodels. In addition,
| perform a quantitative analysis of what may be thoughtamfan extreme
conseqguence of gateway closure, the lowering of sea level satthitite basins of the
Mediterranean, the predecessors of the Black Sea and thiai€&sa. By comparing
model results to available data | am able to discard preyipugbosed scenarios and
formulate new ones. My research focuses on three outstanding, is$igh played a
role at different times: (i) the Early to Middle Miocene closure ofTibhys Seaway
which used to connect the proto-Mediterranean Sea to the IndéecRacéan (the
“Indian Gateway”); (ii) the interplay of the two marine kdors that connected the
Mediterranean and the Atlantic during the Late Miocene, befer8titait of Gibraltar
was formed; and (iii) the sea level variations of the Black Sea arChtgan Sea in
response to the fall of the level of the Mediterranean Sea during thetidepokthe
Messinian evaporites.

13
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1.1. From the Neo-Tethysto the M editerranean Seaand

itssatellite basins

From the Eocene-Oligocene onwards, the motion of the Africabhidma
plate relative to the Eurasian plate turned the once opsteme\eo-Tethys Ocean
into the proto-Mediterranean Sea (e.g., Rogl, 1999; Figure 1.3a). The gemeeof
the two plates was accommodated by subduction of the African lpdétev the
Eurasian plate and, subsequently, resulted in collision ofpjm@aching continents
(e.g., Jolivet et al., 2006). The ensuing lithospheric deformatidfiegpthe Alpine
chains in a long-term process of tectonic interaction (e.g., iickmal., 1996;
Bellahsen et al., 2014). Due to the development of the Alpine cahaiesv marine
realm north of the proto-Mediterranean Sea came into existéhe Paratethys
(Senes, 1973; Béldi, 1980; Rdgl, 1999). This vast sea extended ovauttiers flank
of Europe and had connections with the North Sea and the proto-NMeu#an Sea
(Rogl, 1999; Harzhauser and Piller, 2007; Figure 1.3a). With the péatadary
pinned at certain points by collision, subduction of the remaining Aftitagosphere
resulted in slab retreat and extension of the overriding soutddge of Eurasia
(Jolivet and Faccenna, 2000; Wortel and Spakman, 2000). As a resuiaithieasins
of the western Mediterranean developed as back-arc b&sined by oceanic crust
since the Oligocene (e.g., Jolivet and Faccenna, 2000; Jolivet et al., 2006)

On the eastern side of the proto-Mediterranean Sea, riftingpaedding of
the Red Sea occurred, leading to the separation of Arabia fraoa AMcKenzie et
al., 1970; Coleman, 1974; Figure 1.3b). At some point, Arabia collidédBurasia
which resulted in closure of the marine gateway that usedrnect the proto-
Mediterranean Sea to the Indo-Pacific Ocean: the Indian @gtéMhe consensual
view is that closure of the Indian Gateway occurred during the Middle Weoatker
several short-lived disconnections during the Early Miocene, (Rggl, 1999;
Harzhauser et al., 2007), but the precise age is still de@mtedWang et al., 2002;
Allen and Armstrong, 2008; Husing et al., 2009). By the end of tldellkliMiocene
the formation of the Carpathians divided the Paratethys intoastera domain
(Euxinic-Caspian basins) and a central domain (Pannonian Irégime 1.3c; e.g.,
Steininger et al., 1988; Rdgl, 1996).
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Figure 1.3. Schematic palaeogeographic maps of the circum-Meditean region modified
from Harzhauser and Piller (2007) at different peim time. “C. P.” and “E. P.” refer to
Central and Eastern Paratethys, respectively. “Be@tesponds to the Betic corridor and
“RiC” to the Rifian corridor.

In the Late Miocene, the communication between the Mediterraresaartsl
the Atlantic Ocean was established by means of two marirsages the Betic
corridor of southern Spain and the Rifian corridor through the rasrifiorocco
(Santisteban and Taberner, 1983; Benson et al., 1991; Figure 1.3d)eCGlbthese
gateways would terminate the connection between the Meditarré®ea and the
Atlantic Ocean (e.g., Krijgsman et al., 1999a; Martin e280.1, 2009) and result in
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the deposition of evaporites over the Mediterranean basin dtmmgso-called
Messinian Salinity Crisis (Roveri et al., 2014). As to theraRethys, further
differentiation between the Eastern and Central Paratethysptao& and episodic
connections with the Mediterranean Sea have also been documegte@léaizon et
al., 2005; Krijgsman et al., 2010; Vasiliev et al., 2011).

The Pliocene starts when the Zanclean flooding terminateMdéssinian
Salinity Crisis (e.g., Cita and Gartner, 1973). Vertical motiorthé Mediterranean,
the Black Sea and the Caspian Sea shaped their modern geantebathymetry, as
well as the present-day river systems (e.g., Meulenkamp asth@i, 2003; Popov
et al., 2006).

1.2. Marine gateways, ocean circulation and climate

The key role that marine gateways played in the Cenozoictewohf ocean
circulation and climate is well exemplified by the Draked2@e. Although estimates
of the opening of this marine passage between South AmericAraaittica range
from the Middle Eocene (Livermore et al., 2007) to the Eaitycehe (Barker, 2001),
the opening has been related to abrupt changes in ocean circulation and(elignate
Kennett, 1977; Nong et al., 2000; Toggweiler and Bjornsson, 2000). frannad
the passage allowed the gradual establishment of the Ant@iatiempolar Current
(ACC; Latimer and Filipelli, 2002), which resulted in thermalasion of Antarctica
(e.g., Kennett, 1977). Model studies have shown that the opening of Baskage
weakened the Southern Ocean Meridional Overturning Circul@tidtolajewicz et
al., 1993; Sijp and England, 2004, Pfister et al., 2014).

Estimates of the time of closure of the Panama Seawayghwised to
separate North and South America, range between the Middle Migdiemees et
al., 2015) and the Pliocene (Coates et al., 2004). The formation astkimuk of
Panama is thought to have had an important effect on ocearatoouktlimate and
the exchange of faunas (e.g., Maier-Reimer et al., 1990; Prangetarid, 2004; von
der Heydt and Dijkstra, 2005; Schneider and Schmittner, 2006; ketigh, 2014).
Closure of the Panama Seaway has been argued to haveeddteadlorth Atlantic
Deep Water (NADW) production (Burton et al, 1997; Haug and Tiadem 1998;
Schneider and Schmittner, 2006) and enhanced the Atlantic Meriheraiurning
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Circulation (e.g., Bartoli et al., 2005; Sepulchre et al., 2014hafigh this aspect
remains controversial, formation of the isthmus has also been ptbpssa factor
contributing to northern hemisphere glaciation (Bartoli et al., 2004 et al., 2008).

Regarding the Mediterranean region, arguably the most prominempkxa
of changing gateways is the closure of the Indian Gateway. Early toéwtldcene
closure of the Indian Gateway has been suggested to havaaknthe so-called
Tethys Circumequatorial Current (von der Heydt and Dijkstra5R0#® westward
current that was possible due to the existing continental ggobefore the Indian
Gateway closed (Berggren and Hollister, 1977; Bush, 1997). Althougkntly
under debate (e.g., Butzin et al., 2011; Hamon et al., 2013), for detasia® of this
gateway has been related to the development of the Eaattidrite Sheet (e.g.,
Woodruff and Savin, 1989; Flower and Kennett, 1994). On the regional closiere
of the Indian Gateway increased the sensitivity of thatBtrys and Mediterranean
Sea water properties to climate and favoured the transdigards the present-day
Mediterranean circulation (Karami et al., 2009, 2011).

The Late Miocene tectonic restriction of the marine connections betiveen
Mediterranean and the Atlantic, together with glacioeustaiiclsvel fluctuation,
caused the deposition of a thick and complex sequence of evapmiteghout the
Mediterranean during the Messinian Salinity Crisis (see Reval., 2014 for a recent
review). During the climax of the crisis (5.61-5.55 Ma; Kirijgs et al., 1999a;
Manzi et al., 2013), the Mediterranean sea level presumably dropped by 1Z0D
m. This triggered halite deposition as well as the formatidheo§o-called Messinian
Erosional Surface (MES) and river incisions over the Mewiteran shelves (Ryan,
1978; Ryan and Cita, 1978). The sea level drop also affected theucication
between the Mediterranean and the Paratethys. Mediterrarfileaniimo this realm
disappeared and the sea level in the Paratethys sub-basinsone prone to fluctuate
(e.g., Gillet et al., 2007). Although some authors speculate thia iBlack Sea and
the Caspian Sea a lowering of the order of 2000 m may have octuresghonse to
the Messinian Salinity Crisis (e.g., Hsl and Giovanoli, 1979; Abgiliat al., 2012),
the amplitude and timing of these lowstands are still contriadékgijgsman et al.,
2010; Grothe et al., 2014, Tari et al., 2015; van Baak et al., in press, 2015).

17



CHAPTER 1

1.3. The model approach

Over the last decades significant improvements in computatiomadr have
allowed the development of sophisticated models capable of singulaltiysical
processes in the ocean with high accuracy. One of the strengthsmafrical
modelling is that it allows us to test hypotheses and understaritbhaviour of the
system under study. In reconstructing palaeoenvironments, whesespday analog
of the system does not exist, modelling represents an esseaittal gain insight into
the functioning of the system. In this case, the comparison ahttel results to
geological evidence allows us to determine the processesadiiens responsible
for the observations.

In Chapters 2 and 3 | use ocean general circulation models (OGTiMse
models are based on the primitive equations, which describartgedcale ocean
circulation. General circulation models provide a detailed, ttiireensional output.
Diagnostic variables are temperature, salinity, waterface elevation and the
components of velocity. Output is conveniently processed to studgrtjes variable
(e.g., overturning streamfunction, basin averaged temperature) basraged
salinity). From a computational perspective, these modelexgensive to run and
therefore cannot be integrated over long time scales. OGdapplied when the
research question to tackle involves spatial variation of thim lsgnamics. Results
obtained correspond to the equilibrium state of the system. Thisterapproach is
justified given that palaeogeographic changes are much slowertthages in ocean
circulation. The input required to run the OGCMs includes: (i) thyioaetry; (ii)
atmospheric forcing; (iii) lateral boundary conditions to simulaéeexchange with
the adjacent ocean(s); and (iv) initial conditions for therb@és., temperature and
salinity). More specifically | use sbPOM (Jordi and Wang, 204Bjch is the parallel
version of the Princeton Ocean Model (POM; Blumberg and Mdl&87). POM is
a three-dimensional, sigma-coordinate, free-surface, hydrostatam model. POM
was applied to the dynamics of the Mediterranean Sea firgheéme by Zavatarelli
and Mellor (1995) and has been extensively used for this basin thiecge.qg.,
Drakopoulos and Laskaratos, 1999; Alhammoud et al., 2010). SbPOM wigslappl
the Mediterranean Sea for the first time by Topper and Meijer (2015).

In Chapter 4 | perform budget calculations to investigateeses Variations
in response to changes in hydrologic fluxes (i.e., evaporation, iadoip and river
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discharge). The essential element of this analysis moast&ucted hypsometry of the
basin under investigation.

1.4. Thesisoutline

The chapters of this thesis are arranged in chronological ofdlee period
under investigationChapter 2 focuses on the effect of the Early to Middle Miocene
shoaling and closure of the Indian Gateway on the exchange patitritse adjacent
oceans, as well as on Mediterranean circulation and watgenies. For this | use
sbPOM and a series of bathymetries constructed from an aadygBlian (20.5-19
Ma) palaeogeography from which | solely modify the depth of the InGeteway.
To simulate a progressive closure, the Indian Gateway te 4600, 450, 200 and O
m. In view of the lack of a unique Early Miocene climate datal start with idealised
atmospheric conditions based on the present and then examinegtieigeof the
system to different climates. The effect of a westwardloet through the gateways
on the patterns of exchange is investigated for the first tvith a regional-scale
model. Results show the complex reorganisation of flows thagréual closure of
the Indian Gateway entails, especially when this gatewslyadow. Comparing our
results to observational evidence | propose patterns of exeltangistent with data
for different stages of closure, as well as the conditiegsired for those patterns to
occur.

In Chapter 3 | examine the functioning of the double gateway formed by the
Betic and Rifian corridors that existed at the time justguiang the Messinian Salinity
Crisis. Understanding the exchange patterns through these gaievweasential to be
able to interpret geological evidence and reconstruct the selesading up to the
salinity crisis. To this end | use sbPOM and a reference inatiny based on a late
Tortonian (8-7 Ma) palaeogeography. From this bathymetry, nmaltigiteway
geometries are created by changing the depths of the gatemgyBecause the Late
Miocene climate is uncertain, various idealised atmospheginfys are considered.
In all cases, regardless of the atmospheric conditions assumets, sasw that only
two exchange patterns are possible in the gateways and thatphtterns are a
function of the depth of one corridor with respect to thathef dther. The insight
derived from our model is essential to understand whether geal@gyidence from
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a corridor indicates one- or two-layer flow, reconstruct thatike depths of the
gateways, and determine the age of gateway closure.

During the Late Miocene, at the same time as the Messalmty Crisis in
the Mediterranean Sea, the Paratethys sea level may have been subjewtdring.
However, estimates of the sea level fall range fromnanfeters to more than 1500
m. In Chapter 4, | therefore assess the sensitivity of the level of the IMiocene
Black Sea and Caspian Sea to hydrologic fluxes when no connectitime to
Mediterranean exists. Using budget calculations | quantifiathglitude of the sea
level drop, the resulting salinity, and the time to reach dajiuitin for a wide range of
negative hydrologic budgets (i.e., evaporation exceeds precipitatidnriaer
discharge). Comparing the model results to hydrologic budgets derived feward
global climate simulation and to salinity estimates based ongjeal evidence I find
that a sea level drop as large as 1000 m is unlikely to hawered in the Caspian
Sea. For the Black Sea, the possibility of a drop ineses of the order of 21000 m
would appear unlikely but cannot be fully discarded.

20



Chapter 2: Response of Mediterranean circulation
to Miocene shoaling and closure of the Indian
Gateway; A model study

ABSTRACT

In this regional ocean model study we explore the effechefBarly to
Middle Miocene shoaling and closure of the Indian Gateway oditbteanean
circulation and its exchange with the adjacent oceans. Fowghisse the regional
ocean circulation model “sbPOM” and a collection of bathymetrieated from an
early Burdigalian palaeogeographical base map in which the deptte dhdian
Gateway is set to 1000, 450, 200, or 0 m. A significant improvemethisofvork
relative to previous regional modelling studies is that we also conb&possibility
that the Indian and Atlantic gateways accommodated net welstiwa—as reported
in many global climate model studies. To this end we superinmedseestward flows
of different magnitudes to the gateways. Because the Eadgi&IMiocene climate
is uncertain, we start with atmospheric conditions based on thenpresd
subsequently explore alternative atmospheric forcings. &imilwe first assume a
relatively shallow Atlantic Gateway of 500 m depth and then sthdyeffect of a
connection of 900 m. The extensive set of experiments perforioed ais to gain
detailed physics-based insight into the role of the differastofs mentioned above
and provides a solid background to interpret observational evidenamrgyaring
our modelled exchange patterns to data we are able to propose therffiyurations
consistent with observations—some of them not considered until nowrgdine
different stages of closure and infer the conditions (cématesence/absence of net
flow, Atlantic Gateway depth) under which these patterns arise.

This chapter is based on:

de la Vara, A., and P. Th. Meijer. Response of Mgthnean circulation to Miocene shoaling
and closure of the Indian Gateway; A model stueglaeogeography, Palaeoclimatology,
Palaeoecology (in press).
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2.1. Introduction

The configuration of the proto-Mediterranean Sea during the Bhdgene
was very different from that at present. To the north, théitdeanean was connected
to the Paratethys: a large intracontinental sea thaedtay isolate from the Tethys
Ocean during the Eocene-Oligocene due to the formation of thieeAthain (see
Figure 2.1; Baldi et al., 1980). In addition to being connected to thatit Ocean,
the Mediterranean Sea was also open to the Indian Ocean thrbagtvevwill refer
to as the Indian Gateway. The exchange through this gatewapnated when the
Arabian plate collided with the Eurasian plate. The age aduceé of the Indian
Gateway has been estimated using various criteria: artiom of the deformation of
the Arabian and Eurasian margins (Allen and Armstrong, 2008), amaiystable
isotopes (e.g., Woodruff and Savin, 1989; Ramsay et al., 1998), study of the
Mediterranean-Indian Ocean faunal affinities (e.g., Harzhausait.,e2009) and
investigation of the sedimentary record (e.g., Wang et al., 20@2n¢gliet al., 2009)
among others. Although the age estimates differ depending appiheach used, the
most commonly accepted scenario is that final closure of thevgs occurred
around the Middle Miocene after several short-lived discoiorectiuring the Early
Miocene (Rdgl, 1999; Harzhauser et al., 2007).

In general, marine gateways control interbasinal exchangeekhsas the
water properties of the two connected basins. There are emamples that illustrate
the key role of the evolving gateways on the regional and ghuladd- oceanic and,
indirectly, atmospheric circulation in the geological past (e.gneCand Molnar,
2001; Zhang et al., 2014). For instance, the deepening of the Tasmaay Sesivg
the Late Eocene has been related to a global deep ocean ¢&alnegt al., 2011).
The shoaling and closure of the Panama Seaway is suggesiaebtenhanced the
Atlantic Meridional Overturning Circulation (AMOC,; e.g.,[@&dchre et al., 2014 and
references therein). It has also been proposed to have cadritutice-sheet
expansion—although this aspect is now disputed (e.g., Haug and Tiedemain, 199
Bartoli et al., 2005; Lunt et al., 2008). Extant gatewayeseemplified by the modern
Strait of Gibraltar which accommodates a dense Mediterranelovo into the
Atlantic, which is considered an important factor in the wtia Meridional
Overturning Circulation (Hernandez-Molina et al., 2014).
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Also the closure of the Indian Gateway triggered important asarlgany
modelling studies report that, with a deep and wide connection todia Ocean
this gateway, as well as the Atlantic Gateway, accomraeddatnet westward flow
(Butzin et al., 2011; Krapp and Jungclaus, 2011; Herold et al., 2012). T$tiwave
flow is often considered the result of a west-directeduairequatorial current, the
so-called Tethys Circumglobal Current, which has been found hotromodelling
studies (Bush, 1997; Omta and Dijkstra, 2003; von der Heydt andrijjRe06), but
also inferred from biogeographic evidence (Hallam, 1969; Stail@95). Some
authors argue that the closure of the Indian Gateway hegeith widening of Drake
Passage, led to a reversal of this global current (Omtdgkstra, 2003; von der
Heydt and Dijkstra, 2005). Furthermore, the closing of the InG@teway is thought
to have triggered warming of the northern Indian Ocean at shigl@ls and cooling
at depth (Butzin et al., 2011). Although controversial (Butzial.e2011; Hamon et
al., 2013), closure has been suggested to have caused a dectteaseat transport
to high southern latitudes that cooled the Antarctic surfacersvaind induced the
formation of the East Antarctic Ice Sheet during the Middleddne (Woodruff and
Savin, 1989). On the regional scale, faunal and stable isotopesshai@ate changes
in water properties in both the Mediterranean and Parat#tihgaghout the time
interval accepted for closure (e.g., Bicchi et al., 2003; Bosand Perrin, 2008;
Kocsis et al., 2008, 2012). However, proxy data are limited in spatialesnporal
coverage and do not provide an unambiguous story of the evolafiahe
Mediterranean exchange with the Atlantic and Indian oceans aeflatss. This is
exacerbated by the fact that other factors such as clohatee and the conditions of
the Atlantic Gateway have played an as yet unknown role.

The purpose of this paper is to try and achieve a more complgeestanding
of the response to closure through the use of a regionalesxa circulation model.
The model permits us to formulate hypotheses, rooted in physicsyagh changes
will result from shoaling and closure and provides a solid frametiat we use to
interpret existing data. Comparison between data and modékrabows us (i) to
determine which of the modelled exchange patterns is consigténbbservations
and (i) to specify the conditions required for these patterdsvelop. In our analysis
we will focus on the circulation of the Mediterranean basintaedexchange at the
Atlantic and Indian gateways but also address the changesiintéaperature and
salinity. Specific attention will be paid to the role of awestward flow. We use the
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Figure 2.1. Reference bathymetry based on the early Burdiggaaeogeographic map of
the Peri-Tethys Atlas (Dercourt et al., 2000).

model “sbPOM” (Jordi and Wang, 2012) in combination with a sedeélised

bathymetries constructed from the Peri-Tethys Atlas (Detrostual., 2000). The
uncertainty as to atmospheric forcing is handled by consideriregetiff atmospheric
conditions and we also examine the role of the Atlantic Gateway depth.

The first-order response of the Mediterranean Sea and Pasatetblpsure
of the Indian Gateway has been extensively studied with box madizngi et al.,
2009, 2011). Furthermore, in Karami (2011), a regional ocean circutatidel was
used for the first time in this context. The most relevanrovements of this study
compared to Karami (2011) are the use of a more realistityrbatry, a greater
vertical resolution, and the simulation of net westward flow throughdhmwvays.
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2.2. Model description

2.2.1. Ocean circulation mode

SbPOM, which is the parallel version of the Princeton Oddadel (POM;
Blumberg and Mellor, 1987), only differs from the 2008 version of P@Nhe
parallelisation. SbPOM is a three-dimensional ocean model basdée @mititive
equations that uses sigma-grid coordinates. The latter guardmtesame amount of
vertical levels (in our case 40) regardless of the vapth. This increases the vertical
resolution in shallow areas and allows us to study in démiflows during the last
stages of the process of closure. The horizontal grid is rectamgadas a uniform
resolution of ¥ by % degree. POM has been extensively applieddstigate the
circulation of the Mediterranean Sea (e.g., Zavatarelli antbM&995; Drakopoulos
and Laskaratos, 1999; Alhammoud et al., 2010). Lately sbPOM was ugbd fisst
time to investigate the sensitivity of the Mediterraneasirbe changes in the depth
of the Strait of Gibraltar (Topper and Meijer, 2015). For a gibasin/gateway
configuration the model is run into equilibrium, which is generalhieved after 800-
1000 model years. Results shown here represent the averagheolast tL00 years
of each experiment (during all of which steady state pvallhis approach is
justified because palaeogeographic changes are slower thestabé#shment of the
new circulation pattern.

2.2.2. Set of bathymetries

Our reference bathymetry is based on the early Burdigallarqg@geographic
map of the Peri-Tethys Atlas (Dercourt et al., 2000). The past positthe bhsin in
an absolute sense was brought up-to-date using rotationfpolsisica and Eurasia
from Miller et al. (2008). The atlas distinguishes between deep and sdaltoans
which we set to 200 and 3000 m, respectively (see Figure 2.1)avoa
computational instabilities and artefacts related to large tapbis variability, we
introduce a continental slope between the deep and shallow domasisulate the
process of closure a set of alternative geometriesitant by changing solely the
depth of the Indian Gateway. This allows us to isolate tleetsdf the Indian Gateway
in our results. The southern portion of the Indian Gateway te 4600, 450, and 200
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Figure 2.2. Alternative geometries of the Indian Gateway whadlow us to examine the
process of closure. The Indian Gateway depth i2cs&000, 450, 200 m in panels (a-c),
respectively. The gateway is closed in panel (d).

m depth or is considered closed (Figure 2.2). Both MediterrdPagtethys
connections are defined as shallow areas in the atlas and ae dssigned a
maximum depth of 200 m (see Figure 2.1). Although the Paratethiygs included
in our model to capture, to first approximation, the effect itdmethe Mediterranean,
in our analysis below we will focus on the Mediterranean at@ut and exchange at
the ocean gateways. The Atlantic Gateway depth is §80ah—a value deeper than
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the present-day Strait of Gibraltar (300 m) but not as deéjpeadeepest basin. Due
to the complex tectonic history, the past water depth in thentiktislediterranean
transition zone is essentially unknown. In a set of additionalriemgets we will
increase the Atlantic Gateway depth to 900 m to explore lgs The Atlantic and
Indian gateways have a width of 417 and 1056 km, respectively.

2.2.3. Atmospheric forcing

Because there is no consensus as to the climate of the Eaviiddte
Miocene and global climate model simulations do not converge tevargngle
climatic data set, we start from boundary conditions based on éserprday.
Subsequently, we test the sensitivity of the results to atteerstmospheric forcings.
This approach allows us to understand the role of climate andramentally build
knowledge about the functioning of the system. We use idealisedteric forcing
constant in time, which has been shown to conveniently reproduce ithécatares
of the Mediterranean circulation (Meijer and Dijkstra, 2009; Topel Meijer,
2015). In the reference setup (i.e., based on the presenttdayjeat exchange
between the atmosphere and the basin is achieved by relaxatlon wdper water
layer to the present-day zonally averaged annual mean $aeestamperature. For
the latter we use the reconstruction based on satellitpgiased by Steppuhn et al.
(2006) shown in Figure 2.3a. As in Topper and Meijer (2015) the redaxatie scale
is set to one day. The freshwater flux (evaporation minus pratipi and river
runoff) is set to a uniform and constant value of 0.5 m/yr a ¢the entire model
domain. This value, which is within the range of present-dayesgalfor the
Mediterranean Sea (Mariotti et al., 2002), has also been toumel adequate for the
Late Miocene (e.g., Gladstone et al., 2007).

The alternative atmospheric forcings only differ from thenerfice setup in
that we either modify the atmospheric temperature prescoibte freshwater flux.
Specifically, we consider a Middle Miocene sea-surfacepégature profile
constructed on the basis of proxy data by You et al. (2009;jgee=R2.3c). Although
at lower latitudes temperatures are similar to thoseeaept, values are significantly
higher at northern latitudes. This thus permits us to in\astitpe effect of a reduced
north-south sea-surface temperature gradient. Because ttetRg was probably
less evaporative than the Mediterranean due to the largalibaharge over this area
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Figure 2.3. Initial temperature at the surface (2 m; paneJsata (c)) and at depth (300 m;
panels (b) and (d)). In panels (a) and (b) théainfields derive from the present-day zonally
averaged annual mean sea-surface temperature trembded by Steppuhn et al (2006) from
satellite data. In panels (c) and (d) the initesnperature derives from one of the Middle
Miocene zonally averaged annual mean sea-surfagget@ature profiles proposed by You et
al. (2009) based on proxy data.

(e.g., Pippérr and Reichenbacher, 2010), in another set of experimergst the
freshwater flux over this realm to O m/yr. Both atmosphericifiggs entail a greater
change in the water properties over the Paratethys comparee kdediterranean.
These experiments will thus shed light on the effect of theat&ays on
Mediterranean circulation.

We do not prescribe winds because (i) the Early Miocene wirtdrpat
uncertain and (ii) earlier sensitivity model studies demotastitzat winds mainly
intensify the circulation at shallow depths and are not essentialrtwiteye the first-
order features of the basin-scale circulation (e.g., Maij@r Dijkstra, 2009). In a
general sense, the horizontal oceanic circulation isrdated, to some extent, by the
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geometry of the existing gateways and winds (Krapp and Jusyck011). By
imposing a westward flow our model can be considered to partly account for winds.

2.2.4. Open-ocean boundariesand initial conditions

On the western and eastern limits of the model domain we rimaplieopen
ocean boundaries representing the communication with the AtlantcIndian
oceans. We impose a Sommerfield radiation condition to theclvaco(depth-
dependent) mode of the boundary-normal velocity and set the vetocitgonent
parallel to the boundaries to zero. To ensure water volume cotiservthe
barotropic (depth-averaged) component of the velocity normahgobbundaries
compensates for the net evaporative loss over the basin. Tediseprach of the
boundaries compensates for exactly half of the total water edleshby evaporation
in the basin. This flux is distributed homogeneously over the open boulidaey. a
net westward flow is prescribed, the boundary condition on therbpio mode of
the open boundary is adjusted according to the water flux specified (1, 3, or 5 Sv). In
each experiment net flows of the same magnitudes are prescribed oratite Athd
Indian open-ocean boundaries.

In line with our general approach, we wish to keep the redjyirescribed
values for temperature and salinity at the open boundaries and in the attjaeant
boxes” as simple as possible. Following Karami et al. (2009)ake the Atlantic
Ocean to be saltier than the Indian Ocean. Salinities ate sehstant and uniform
values of 35 and 36 psu in the Indian and Atlantic oceans, respectively (while we are
aware that psu is not a formal unit we use it to be consisiémthe formulation in
sbPOM). Because a match to the imposed surface forcing reebdsensured and
sharp temperature contrasts between the open boundaries and therriteshn
waters next to them are not desirable, temperature cannotibeddat a uniform
value. Instead, temperature is made to decrease exponentidfllgepth from the
latitude-dependent sea-surface temperature. The exponentiabfuisct best fit of
present-day potential temperature from the Levitus Atlasgiriei et al., 2013). This
approach automatically adjusts the vertical temperatureilgorotar the open
boundaries when the prescribed atmospheric temperature changeg(ses 2.3b,
2.3d). Our setup results in an Atlantic Ocean that is denserthadndian Ocean, the
implications of which have been extensively discussed in Karami et al. (2009).
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Within the basin, initial salinity varies smoothly betwetde values of the
oceans at both ends of the model domain. Initial temperature decegpeasntially
with depth from the sea-surface temperature (Figures 2.3b, 2.3d).TApper and
Meijer (2015), to ensure a smooth transition towards the open boesdamter
properties are gradually restored to the initial values thes part of the model grid
just inward of the boundaries (extending over 18 grid cells inabieveest direction).

2.3. Resultsand analysis

In our analysis we will focus on the Mediterranean zonal ovenmirn
streamfunction (calculated excluding the velocity field of Beratethys), which
conveniently captures the main features of the basin-s@aldation. The zonal
overturning streamfunction corresponds to all water transport projected dicalyve
east-west section through the basin. In Figures 2.4, 2.5, and 2.6 theo$ense
overturning is defined as viewed from the south. Negative ¢giswn in blue)
indicate anticlockwise circulation and a positive sign (yellmvred) points to
clockwise motion.

2.3.1. Reference experiments

Experiments performed with the reference atmospheric forcing aenpeds
in Figure 2.4. First, we assume that there is no net flowdrgateways and then we
superimpose net flows of different magnitudes.

Effect of shoaling and closure of the Indian Gateway without a net flow

As observed in Figure 2.4a, with a deep Indian Gateway (1000 m), the
Mediterranean is dominated by a strong, anticlockwise cdllotupies the whole
basin. The streamlines indicate that the Indian Gateway awodates inflow from
the surface until an intermediate depth and that outflow ocelwsvtihe inflow (i.e.,
exchange is antiestuarine). In the westernmost Mediterrapeanof the Indian
waters coming from the east flow out of the basin while beloouthe mid-depth
of the Atlantic Gateway water flows in from the ocean (ixechange is estuarine).
The streamlines also show that exchange is largest on the Indian side.
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When the Indian Gateway has an intermediate depth of 450 m (Rigee
an anticlockwise cell still occupies the basin but it doesrt#nd into the Atlantic
Gateway. There, a small clockwise cell associated wihAthantic Ocean has now
developed. Even though the exchange with the Atlantic is stil} limited, a
transition towards antiestuarine exchange has started. Therweaggitude of the
anticlockwise (Indian-related) cell indicates that the Madiinean-Indian exchange
is not as large as with a deep Indian Gateway. Note thatlewegh the two gateways
have similar depths, the greater width of the Indian Gate@aages water transport
through this gateway to be largest.

With a shallow Indian Gateway of 200 m (Figure 2.4i) the circagpiattern
is substantially different in that large clockwise and dotkwise motion cells
appear. The clockwise cell, which shows well-developed antigstuaxchange with
the Atlantic, extends from the surface until 800-1000 m depth all ovéagie. The
anticlockwise cell, which is much weaker than with an interateeilepth Indian
Gateway, extends over the Indian Gateway and sits below the eglpérhis deep
cell is mainly fed by deep water formation and is enhancéadign inflow. Studying
in detail several cross-sections of temperature and tyakinier the basin we
determined that deep water forms in the northernmost Mediterr&a. At locations
where deep water is formed, temperatures are low due totdradtion with the
atmosphere at high latitudes and salinities are high.

Finally, when the Indian Gateway is closed (Figure 2.4m), the Bleditean
general circulation resembles that with a shallow Indianvagtdut it becomes even
more similar to the present-day Mediterranean. The deefs aglily related to deep
water formation because the complete closure of the Indidew@g blocks the
exchange with the Indian Ocean.

To summarise, when atmospheric values based on the presessedrand
no net flow is prescribed in the gateways, the shoaling and elaguhe Indian
Gateway imply a progressive transition from a circulationepatdominated by the
Indian Ocean towards a pattern that resembles the preseritdditerranean
circulation. This shift involves an increase of the importawfcte Atlantic Ocean
relative to the Indian Ocean on the Mediterranean circulatioraastthnge of the
exchange type between the Mediterranean and the Atlantic (@m,efstuarine to
antiestuarine). In this respect, antiestuarine exchange aciars at levels above the
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Figure 2.4. (Previous page) Mediterranean zonal overturnimgastfunction for several
Indian Gateway depths and different amounts ofwesttward flow. The Indian Gateway is
set to 1000 m (a-d), 450 m (e-h), 200 m (i-I), #&nsl closed in (m). As indicated in the figure,
in the first panel of each block of four no netflts imposed and, in the following ones, 1, 3
and 5 Sv are prescribed, respectively. In thi®sekperiments reference atmospheric forcing
based on the present day is used. The contouvattisrl Sv.

sill, the Mediterranean density is larger than the demditye adjacent ocean. We
observe that estuarine exchange arises when oceanic densitydsexitee
Mediterranean density, at least, in the lower portion of thenlumn above the
sill (more details about the development of estuarine excheitidpe given in Section
2.3.2). The reversal of the exchange type with the Atlahtis results from the
increase of the Mediterranean density as the basin becomes mosednélithough
in Karami (2011) a much more idealised bathymetry is used derdeadif atmospheric
conditions are assumed, these authors also find that, without a net flow,iagsbbal
the connections to the Atlantic and Indian oceans results ireesed of the exchange
type with the Atlantic.

Effect of the addition of a net flow

The net flow, which is imposed uniformly at both open ocean boundaries
found to be accommodated mainly at the surface. This is exprégsdtie
disappearance of closed overturning contours at shallow |&viglsres 2.4b-2.4d,
2.4f-2.4h, 2.4j-2.41). Whereas with a small net flow the Meditevaam general
circulation does not change substantially, when a large neidlpvescribed (i.e., 5
Sv), the Indian inflow is able to reach the Atlantic Oceahatiow depths, even with
a shallow Indian Gateway. This can be seen in Figures 2.4d, 2d4R.4, where
streamlines extend at the surface from east to west all ovbasire

When the Indian Gateway is deep, or has an intermediate deptixctiange
with the Indian Ocean remains antiestuarine regardless ohdlyeitude of the net
flow prescribed (Figures 2.4b-2.4d and 2.4f-2.4h). This is explained dadhéhat
Mediterranean densities are greater than those of the Indiam Qibe latter being
relatively warm and less salty than the Mediterraneaweder, if the Indian
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Gateway is shallow, the addition of a net flow substagtigtiuces the outflow and
the Indian Gateway features mainly inflow due to the lackpace to accommodate
the flows (Figures 2.4j, 2.4k, 2.41). With a deep Indian Gateway, tHeaage with
the Atlantic Ocean remains estuarine even if large netsflan@ prescribed (Figures
2.4b to 2.4d). However, with an intermediate-depth or shallow Indiaaw@gt when
net flows larger than 1 Sv are added, the Atlantic Gatewagnamodates mainly
Mediterranean outflow over its entire depth range (Figures 2.4q, 2.4h, 2Bk, 2.

In our simulations we always find a large anticlockwisétbal extends until
the bottom of the basin (Figure 2.4). Without net flow the magnitutt@so€ell is not
the same with a deep or a shallow Indian Gateway and thesednds differently to
the progressive addition of a net flow. Whereas larger nesflesaken this cell when
the Indian Gateway is deep, the cell strengthens if thevggtes shallow (Figures
2.4ato 2.4d and 2.4i to 2.4l). It appears that several micha are at play. On the
one hand, westward inflow imposed on the eastern boundary reduces the
Mediterranean outflow through the Indian Gateway, which decréasanagnitude
of the deep cell. On the other hand, part of the Indian inflow coming the eastern
Mediterranean is not able to reach the Atlantic Oceanditee shallow nature of the
Atlantic Gateway and recirculates over the basin strengtbehie deep cell. While
with a deep Indian Gateway the first mechanism prevails, whisngateway is
shallow the second becomes more important.

To sum up, the prescription of a net flow has a greater impabeaxchange
with the adjacent oceans when the Indian Gateway is relastellow. In this case,
although without a net flow the exchange with the Atlantic Oceawst to be
antiestuarine, the addition of throughflow results in mostly owtfall over the
Atlantic Gateway. On the Indian side, when this gateway itoshahe addition of a
net flow terminates the antiestuarine exchange, which laaeg by mostly Indian
inflow over the Indian Gateway. The deep anticlockwiseresibonds differently to
the prescription of an increasing net flow depending on the Indiaw@®atdepth.
The implication is that the magnitude of the deep cell avghallow and a deep Indian
Gateway is comparable when a large net flow is prescfibe=d5 Sv; Figures 2.4d
and 2.4l).
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2.3.2. Additional experiments

In the following sections the sensitivity of the basin to chanigethe
atmospheric forcing and Atlantic Gateway depth is examined.

Sensitivity to atmospheric forcing

In Figures 2.5a and 2.5b we assume no net evaporation over thehyarate
and, in Figures 2.5c and 2.5d, we use the Middle Miocene sea-stamagerature
profile (see Figure 2.3). Whereas in 2.5a and 2.5¢c we do not presdritb@nss in
2.5b and 2.5d intermediate-magnitude net flows of 3 Sv are adddu: taference
experiments we find that the pattern of exchange with the adjaceans is more
sensitive to the boundary conditions applied when the Indian Gatewsfagllow (i.e.,
200 m). For this reason the shallow Indian Gateway geometry igleced in this
section.

Figures 2.5a and 2.5c¢ show that, when no net flow is prescrileedsénhof
neither of the two alternative atmospheric forcings changeswaiall circulation
pattern compared to the equivalent experiment with referamoasgheric forcing
(Figure 2.4i). However, the new atmospheric conditions substgntedluce the
strength of the Mediterranean zonal overturning. Both the use of a flattessnatth
temperature profile and the decrease of the net evaporagorine/Paratethys lead
to a reduced meridional density gradient. Assuming thermal-atahce, a weaker
meridional gradient in density corresponds to a decrease oktlieal gradient of
zonal (east-west) velocity, which is consistent with a #ssng zonal overturning
(see Karami, 2011).When throughflow is added (Figures 2.5b and 2.5d) the bas
accommodates the flows as in the corresponding experiment wefiénemce
atmospheric forcing (Figure 2.4k): at shallow levels the Indidovinéxtends from
east to west all over the basin, the Indian Gateway doescmihanodate two-layer
flow anymore and the deep cell becomes stronger compatwsel ¢ages without a net
flow. Again, the flatter meridional density gradient correspotmisa weaker
Mediterranean zonal overturning. Different from the referens,cthe Indian-
derived water now enters the Atlantic Gateway over a reddepth range. When the
Middle Miocene sea-surface temperature is used this shaalimgre pronounced
and Atlantic inflow develops at depth in the gateway (i.¢uaeme exchange; Figure
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Figure 2.5. Mediterranean zonal overturning streamfunctiondoshallow Indian Gateway
when alternative atmospheric forcings (Alt.) aregidered. In panels (a) and (b) the net
evaporation is reduced over the Paratethys (RN&)rapanels (c) and (d) the Middle Miocene
sea-surface temperature is prescribed (MM SSTpalmels (a) and (c) the gateways do not
accommodate net flow and, in (b) and (d), 3 Sviraposed. The contour interval is 1 Sv.

2.5d). Our analysis strongly suggests that the occurrencdaoftistinflow at depth
in the gateway depends on the Mediterranean-Atlantic peegsadient. Although
this is mainly determined by the density gradient, an effes¢a-surface elevation is
expected also. In our experiments Mediterranean water is deaseftiantic water
from the surface until a certain level below which the pat@rerses because Atlantic
temperature decreases more strongly with depth. In this cdmm met flow is
prescribed in combination with the use of alternative atmaiptiercing, the
Mediterranean densities are lower causing the deep inflow tastrallower levels.
As to the exchange type with the Indian Ocean, this remainsaime as in the
equivalent experiments with a shallow Indian Gateway (Figdrds and 2.4Kk).
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Sensitivity to Atlantic Gateway depth

Here we increase the depth of the Atlantic Gateway to 9@0arder to study
its influence on the Mediterranean circulation. In panels 2.6a &idtBe Indian
Gateway is deep (i.e., 1000 m) and, in 2.6¢ and 2.6d, it is shalloy2(iCem). While
in 2.6a and 2.6c we assume no net flow, in 2.6b and 2.6d intermedignétrda net
flows of 3 Sv are again prescribed in the Atlantic and Ind&ewgays. In these four
experiments reference atmospheric forcing is used. In the finalpg2.6e and 2.6f)
the Indian Gateway is closed. In 2.6e reference atmosphericioosdire used and
in 2.6f the Middle Miocene sea-surface temperature profilesiscpibed.

Starting with the deep Indian Gateway configuration we obser¢gevtith
and without a net flow (Figures 2.6a and 2.6b), the exchange with théidQaean
remains estuarine. The deep nature of the Atlantic Gatensyres that the level
below which the Atlantic is denser than the Mediterransagituated above the sill.
Although the Indian Gateway is also deep, deep oceanic inflow in this gateway never
develops due to the relative low density of the Indian Ocdwm lfeing warmer and
less salty than the Atlantic).

When the Indian Gateway is shallow and there is no net flow @@.c),
the overall circulation pattern does not show important diffeeimoeomparison with
the equivalent run with a shallow Atlantic Gateway (Figure 2 ARQhough the
Atlantic Gateway is deep, the shallow nature of the Indiatev@sy promotes less
exchange with the Indian Ocean. This increases the Mexditan density and
antiestuarine exchange with the Atlantic Ocean develops. Wih#owés prescribed,
estuarine exchange with the Atlantic similar to that guFé 2.5d occurs (Figure 2.6d).
The mechanism by which estuarine exchange develops is thesaxglained in the
previous subsection. In this case, the greater depth of lnatidtconnection, together
with the lowering of the Mediterranean density associatedpsétbcribing a net flow,
guarantee that the change in sign of the Mediterranean-Atldetisity gradient
occurs above the sill depth.

After closure, if a deep Atlantic Gateway is consideredexthange with the
Atlantic can be substantially different from that at présdepending on the
atmospheric conditions prescribed (Figure 2.6e and 2.6f). Ifereferatmospheric
forcing is used, the upper antiestuarine cell extends untidtiem of the sill (Figure
2.6e). In contrast, if the Middle Miocene sea-surface temperatymescribed, the
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Figure 2.6. Mediterranean zonal overturning streamfunctiorefdeep Atlantic Gateway and
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atmospheric forcing (i.e., Alt) consisting of thdddle Miocene sea-surface temperature is
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upper antiestuarine cell extends only until an intermediate deptldeep Atlantic

inflow occurs below it, resulting in three-layer flow (Figw&f). The causes for its
development are again those explained in the preceding subsdatidine six

experiments the exchange pattern with the Indian Ocean is unchaomgedred to
the equivalent experiments with a shallow Atlantic Gateway.

To sum up, in terms of mechanisms, the additional experimentstafier
relevant insights: (i) forcing that decreases the nmmnalidensity gradient leads to a
weaker zonal overturning streamfunction, and (ii) when the Medlitean densities
are relatively low Atlantic inflow may occur over the sill.

2.4. Discussion

2.4.1. Exchangethrough the Indian Gateway

Carbon and oxygen isotope studies indicate that the Mediterranesaa wa
source of warm and salty deep outflow into the Indian Ocean botiitd.4-14.5 Ma
(e.g., Woodruff and Savin, 1989; Wright et al., 1992; Flower and Kenne#, 199
Ramsay et al., 1998). These observations are in agreement witbdbeexperiments
for an Indian Gateway depth greater than 200 m, which show that the exehiéimg
the Indian Ocean consists of Indian inflow at the surface and &iediean outflow
from an intermediate depth. This antiestuarine exchangethégtindian Ocean has
also been reported in other regional studies (Karami et al.; R@®8mi, 2011) and
global climate models (e.g., Butzin et al., 2011) with an open Indian Gateway. In our
results, only when the Indian Gateway is as shallow as 200 m diides from this
pattern occur. In this case, Mediterranean outflow still etersndian Ocean if the
Indian Gateway does not accommodate net flow. However, if a nevaveslow is
imposed, the gateway shows mainly inflow into the MediternaugEgures 2.4, 2.5,
2.6). The latter is consistent with the global climate moxjeéements of Hamon et
al. (2013), who find Mediterranean outflow into the Indian to ehdmthis gateway
has a depth of 250 m. However, these authors did not consider idigerdepths of
the Indian Gateway between 1000 m and 250 m. We find that an Indian @afewa
450 m is still deep enough to permit in- and outflow regardiésse atmospheric
conditions and net flow prescribed.
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Although the effects of the disappearance of the Mediterramgiflow into
the Indian Ocean on global circulation and climate are beyondcibyge of this
regional work, our results show that, with a deep connectidretimtian Ocean there
is a net heat transport from the Indian Ocean into the Inditew@g in the order of
10 - 102 PW. Furthermore, both the Indian inflow and the Mediterranean outflow
carry a heat content in the order of 1 PW—being grelaéeheat transported by the
inflow. Based on this we speculate that, although closure mayihereased the heat
content of the Indian Ocean, warming at shallow levels andngpatideeper depths
could have occurred in the Indian Ocean in response to closure, ¢éhedptirted in
the model study by Butzin et al. (2011).

Even when the Indian Gateway accommodates anti-estuarine exclileage
the present-day Strait of Gibraltar, there is a fundamentateliite in the way these
gateways connect to the basin circulation. Atmospheric forcingatdrtemperature
causes density to be greater in the northern parts of the basiintthe south—at
least—at shallow levels. Assuming thermal-wind balanced#nisity gradient would
correspond to an increase in the magnitude of the east-dirkmtegiding upwards in
the water column. This is, indeed, the nature of the upper cimuleell in the
present-day Mediterranean, which is composed as it is of aabtflow at
intermediate depth and eastward surface flow. Anti-estuarinbaage with the
Atlantic Ocean matches this pattern of circulation in blasin. However, anti-
estuarine exchange with the Indian Ocean does not: the gateway flogeaigst the
“geostrophic sense” of overturning of upper waters set by thesatmeric forcing.
Inspection of map views of salinity, temperature and currem®ustrates that this
is achieved by the Indian inflow occupying mostly the southern pateobasin
where, locally, the meridional density gradient is reversed.

2.4.2. Atlantic exchange with an open I ndian Gateway

Consistent with previous modelling studies (e.g., Karami et al.,, XG0ami,
2011; Krapp and Jungclaus, 2011), our experiments show that with a deep Indian
Gateway the Mediterranean-Atlantic exchange is estuarineodtrast, when the
Indian Gateway is shallow, multiple exchange patterns withAttamtic Ocean are
found possible depending on the boundary conditions (i.e., net flow ipesscr
climate, and depth of the Atlantic Gateway). Exactly whictharge develops is a
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function of the density (pressure) gradient between the basitharatean. In our
results we observe that a deep connection to the Atlantic @oelsanlowering of the
Mediterranean density promote Atlantic inflow at depth in tHarkic Gateway (e.g.,
Figure 2.5d). Similarly, the vertical density profile on &tkantic Ocean (i.e., Atlantic
open boundary) determines the Mediterranean-Atlantic densitilegtaand hence
also sets the depth at which the inflow at depth starts.

Observational evidence concerning the Atlantic exchange durendgarly
and Middle Miocene comes from faunal and isotopic studies pegfbrat several
sites of the western and central Mediterranean. These spafirdate the presence
of cold Atlantic waters (4 — 2Q) at depth in the Mediterranean basin during the
Langhian (e.g., Benson, 1978; Vergnaud-Grazzini, 1983; Gebhardt, 1999;
Dall”Antonia et al., 2001; Dall’Antonia, 2003). Given that most estimaféhe time
of closure of the Indian Gateway lie in the range from theyBarlthe Middle
Miocene, we assume that deep Atlantic inflow was coeval, at ledsydame time,
with a still open—but probably shallow—Indian Gateway. In our model rethdte
are two flow configurations consistent with Atlantic inflowdspth in the Atlantic
Gateway: estuarine exchange and three-layer flow (thex ladt shown, but similar
to that presented in Figure 2.6f). Both flow configurations prewedred by: (i) a
relatively deep Atlantic Gateway and (ii) climatic cdiwhs leading to lower
Mediterranean densities than in the case with referenaesplraric forcing, which is
consistent with the early Langhian climate being more humid (B@traé, 2011)
and warmer (coeval with the late Middle Miocene Clim&jmimum; Zachos et al.,
2001) than presently. For estuarine exchange to develop a laffimanist required.
In panels (a), (b), and (c) of Figure 2.7 the flow configuratianssistent with the
entrance of Atlantic waters at depth in the Atlantic Gaiefor a shallow Indian
Gateway, as well as the conditions under which these floverpattarise, are
summarised. Note that although estuarine exchange can also devedaptive
connection to the Atlantic is shallow, only with a relativdgep Atlantic Gateway
(i.e., 900 m) does the temperature of the Atlantic inflow ligaiw the inferred from
faunas (see Dall’Antonia, 2003). The possibility that the estwagikthange was
related to a positive Mediterranean water budget (i.e., ptatigm and river runoff
being greater than evaporation)—as indicated in Karami. §2@09)—cannot be
excluded.
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Figure 2.7. (Previous page). Panels (a), (b), and (c): modeNediterranean-Atlantic
exchange patterns consistent with data from theghi@am for a shallow Indian Gateway.
Panels (d), (e), and (f): all possible exchangeéepad found after closure. The conditions
under which the flows develop are also indicatéd>™ refers to the Atlantic Gateway; “Ref”
and “Alt” to reference and alternative atmosphesanditions, respectively (see text for
details). Note that not all the exchange pattereie presented have been shown in the
preceding figures.

Thus, although the presence of deep Atlantic inflow during the Langhian has
generally been related to estuarine exchange (e.g., Gebhardt, 1999dayiag our
model results to data we learn that there are other patfegrshange that also feature
Atlantic inflow at deep levels. The depth of the Atlantiat€éway, the magnitude of
the net flow, and the atmospheric conditions prescribed play artiaksele in the
configuration of the flows when the connection to the Indian Ocean is redtrict

2.4.3. Atlantic exchange after closure of the Indian Gateway

As explained in the previous section, deep Atlantic inflow e t
Mediterranean during the Langhian is evidenced by observationsudgettee exact
date of closure of the Indian Gateway is still under debate tiiging et al., 2009),
we also need to consider the possibility that deep Atlantiovinfersisted after
closure. In our set of results three-layer flow is the @ioky configuration consistent
with deep Atlantic inflow after closure (Figure 2.6f). Althoudinete-layer flow has
been found to occur in other regions at present (e.g., Red Seaf@dlen; Smeed,
2000), this is the first time that this is suggested as ahp@ssxchange pattern
between the Atlantic and the Mediterranean in the pakislhappened, the transition
towards present-day antiestuarine exchange would have requinadige in climate
leading to greater densities of the Mediterranean (i.e., latr@yspheric temperatures
or greater net evaporation) and/or a shoaling of the Atlanticeotion. Panels (d),
(e), and (f) of Figure 2.7 show all the exchange patterns faftadclosure and the
conditions under which each of them appear. If, after closure, deaptidtinflow
occurred in a setting of simple two-layer estuarine exchahgéJéditerranean must
have had a positive water budget. In this case, the evolution toasatidstuarine
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exchange would necessarily have required a change in the signwater budget.

Because most authors maintain that after the Langhian ghameedvidence for cold

inflowing Atlantic waters in the Mediterranean, if the ajelosure is younger than
this, the exchange with the Atlantic after closure may baes antiestuarine directly
(see Figure 2.7).

Our results also show that if (i) a shallow Indian Gatewa aa feature
significant net flow (e.g., smaller than 1 Sv) and (ii) climaonditions and Atlantic
Gateway depth persist while the Indian Gateway changes frdlovsia closed, then
the Mediterranean circulation before and after closurerig sieilar. Although the
transition from a shallow to a closed Indian Gateway may bla&rged temperature
and salinity, the configuration of flows in the Mediterraneany rhave been
essentially the same (i.e., Mediterranean circulation ddedray the Atlantic Ocean
and limited exchange with the Indian). This, which was asad in the global model
study by Hamon et al. (2013), implies that a shallow Indian Gatewmaye taken to
be effectively closed from a palaeoceanographic perspectivether words, the
overall circulation pattern prior and after closure would raatehbeen subjected to
important changes.

We may conclude that available data and model results do not converge on a
single, most likely response to closure of the Indian GatewaweMer, whatever the
details, the transition from estuarine (i.e., deep Indian Gatewanrds present-day
antiestuarine exchange through the Atlantic Gateway mayhae had important
consequences for the circulation of the Atlantic Ocean. Duhigy process, the
outflow shifted its position from the surface to deeper parts of the gatevemy.tiAé
outflow became saltier (denser) due to the more landlocked ocaiign of the
Mediterranean basin. According to several modelling studiedHamon et al., 2013;
Ivanovic et al., 2014), the latter configuration may have enidative Atlantic
Meridional Overturning Circulation.

In this context, more information about the Mediterranean hydrological
budget during the Early-Middle Miocene would represent a major feteyard
towards the understanding of the communication between the Medganr@\tlantic
during the last stages of closure. This would allow the discdrcertain flow
configurations and hence to gain insight into the conditions thatenay existed for
the possible exchange/s to develop (i.e., climate, Atlantic Gatelepth, net flow).
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If, for instance, during the Langhian the Mediterranean water buggenegative,
then the influx of deep Atlantic waters into the Mediterraneansete related to
(i) estuarine exchange associated with a large net wekfloav or (ii) three-layer
flow. The former entails that the Indian Gateway was still oped was able to
accommodate large water volumes; the latter necessagiljres a relatively deep
Atlantic connection (i.e., 900 m).

24.4. Effect of closure of the Indian Gateway on basn

temperature and salinity

Our analysis shows that there are many exchange patteriisgobstween
the Mediterranean and the adjacent oceans—especially heitittantic—for the
different stages of the process of closure. Consequently, haw &amity and
temperature change in response to closure is dependent on thie specifination
of boundary conditions. An aspect that all cases do have in comrtiwat islosure
entails a complex reorganisation of the flows and this leads teum@orm
temperature and salinity changes all over the basin (not shown). Thigdehalso
found in the sensitivity study of Karami (2011) and observed in data Bicchi et
al., 2003), implies that variations observed in a certain regidepth interval are not
automatically applicable to the rest of the basin.

As reported in previous modelling studies (e.g., Karami, 2011; Hamon et al.,
2013), we observe a general salinity increase when the connedtiioth& Indian
becomes shallower. This is direct consequence of the reduchdngecwith the
adjacent oceans. Comparing the corresponding deep and closed IndiamyGate
geometries included in our sets of experiments we find tlsatise is generally more
pronounced in the Paratethys (Paratethys: from about 1 to 6 psu; iéedtitan: from
1 to 2 psu). This relates to the greater sensitivity ofPthiatethys to atmospheric
forcing due to its small water volume and limited conneatiith the Mediterranean.

Temperature changes are more complex. Using a simplified batityym
constructed from the same palaeogeography we use, Karami (2t that
warming or cooling could happen after closure depending on the boundaryarendit
assumed. In our analysis we find that, on the local scale, coolingroning can
occur. On the basin scale, however, we observe an increasaeéthge temperature
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of the Paratethys and Mediterranean (Paratethys: from 0.1°@; M@diterranean:
from 0.1 to 2C). The fact that only small temperature changes occur ipareethys
is a direct consequence, again, of its high sensitivitymospheric forcing. For this
reason, the average temperature over this realm tends tdadayto the prescribed
atmospheric values. After closure, changes in the heat tratisfpargh the gateways
occur as a result of the new circulation pattern. On the ortk tantransition from
estuarine (deep Indian Gateway) to antiestuarine or threedlyv (closed Indian
Gateway) entails a change in the sign of the heat trandpibnigugh the Atlantic
Gateway. Whereas with a deep Indian Gateway the basin loget® tiea Atlantic
Ocean, the basin gains heat from the Atlantic when the ggtesaclosed. This may
contribute to the higher temperature after closure. On the ludimel, whereas with a
deep Indian Gateway the Paratethys acts as a source obht#s Mediterranean,
the Paratethys becomes a sink of heat after closure. Maiéicadly, when the Indian
Gateway is deep, part of the Indian inflow enters the Rbyatdrom the eastern
Mediterranean-Paratethys connection and flows into the Medtitsn through the
western connection transporting heat into the basin. After relpshe eastern
connection disappears and the Paratethys becomes a sink of he#te for
Mediterranean. However, it is not straightforward to establigtkdetween changes
in the heat budget and variations in temperature because of thaidyoke of the
atmosphere.

2.4.5. Role of depth of the Par atethys connections

Because the alternative atmospheric conditions that we exaftect to a
relatively large extent the Paratethys, the correspondipgrienents provide insight
into the role of the Paratethys on the Mediterranean cironldHowever, we do not
explore how changing the depth of the Mediterranean-Paratshpections—set to
200 m in all the experiments—would affect the two marine dasn&Vith an open
Indian Gateway shallower connections may have reduced the vohfme
Mediterranean-Indian waters entering the Paratethys througtaghern connection
and decreased the total water exchange between the Meditaramoghe Paratethys.
As found by Karami et al. (2011) the latter would reduce tthesince of each marine
domain onto the other and is expected to increase the sengifittity Paratethys to
climate. Although the same effects are expected aftercldsure of the Indian
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Gateway, given that in this scenario only the western tdednean-Paratethys
connection may have persisted (see Figure 2.2d), the previouslioneeheffects

would be even more enhanced. On the contrary, the opposites effeatxpected if
before and after closure deeper connections existed. Given ithathe

palaeogeography we use as a reference the Mediterraneaet®ss connections are
very narrow, we do not expect relatively small changes indéymh of these
connections to introduce significant deviations from the reiultyd in this analysis.

2.5. Conclusions

Using a regional ocean model we investigated the changes iteliadean
circulation due to shoaling and closure of the Indian GateWwayunderstand the
functioning of the system and test the robustness of the resultmposed several
atmospheric conditions, modified the Atlantic Gateway depth, aescpbed net
westward flows of different magnitudes for each of thgedaof closure. Our main
conclusions are:

- Shoaling of the Indian Gateway progressively increasesrtherfance of the
Atlantic Ocean with respect to the Indian Ocean when thewgste do not
accommodate net flow. However, when a net westward flow is prescribed,amtport
changes in the Mediterranean large-scale circulation occurecieflp if the
gateways are shallow.

- We find antiestuarine exchange with the Indian Ocean unlessnttian|
Gateway is 200 m and the gateways accommodate net flow.

- The exchange with the Atlantic Ocean is estuarine ifrttih Gateway is deep.
However, if this is shallow or closed, there are severakipte Mediterranean-
Atlantic exchange patterns depending on the atmospheric conditiengtlantic
Gateway depth and net flow prescribed.

- For the case of a shallow Indian Gateway, a comparison betheemdelled
exchange patterns and proxy data from the Langhian suggestsuhahesxchange
or three-layer flow are the most likely configurations to haseurred between the
Mediterranean and the Atlantic. These patterns are favoureal dgep Atlantic
Gateway and/or climatic conditions that reduce the Meditermadeasity. Estuarine
exchange additionally requires a relatively large net flow to develop
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- After closure, with a negative Mediterranean water bydgedel results show
antiestuarine exchange with the Atlantic unless the Atla@ateway is deep and
alternative atmospheric conditions are applied. Then, three-layedéwealops.

- Temperature and salinity changes due to closure are not spatiathgéoaous
in either the horizontal or vertical direction in the Meditereanand Paratethys.
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Chapter 3: Water exchange through the Betic and
Rifian corridors prior to the Messinian Salinity
Crisis: A model study

ABSTRACT

Although the present-day Mediterranean-Atlantic water exchhagéebeen
extensively studied, little is known about the dynamics of tk&écBand Rifian
corridors that existed before the Messinian Salinity €riBue to the difficulties in
studying the palaeogeographic evolution of these corridors, gHyaged knowledge
of their behaviour is essential to interpret observationaleece and to relate flow
structures to gateway geometries. Here we presentsheystematic model study of
the water exchange through these gateways. We use theelpaeaiion of the
Princeton Ocean Model (sbPOM) and a set of idealised bathgmbtased on a late
Tortonian palaeogeography. This analysis represents a majpifatvard in the
understanding of the behaviour of the double-gateway system ctetstifuthe Late
Miocene Betic and Rifian corridors. We demonstrate that #ightn” scenario,
involving inflow of cold upwelled Atlantic water through the Rifi corridor and
outflow of Mediterranean water only via the Betic corridor, iskehy from a physics
perspective. It is shown that two exchange patterns are podsjidading solely on
the relative depths of the corridors. The implication of thikas geological evidence
for the behaviour of one corridor provides information about theedsions of the
other. We show that disappearance of outflow in one corridor does cextsagily
imply its closure and we establish a guideline to determinedemlogical evidence
can be interpreted as indicating one- or two-layer flow. 8asethe model results,
we propose new physics-based scenarios for the time interval defirtad fphon.

This chapter is based on:

delaVara, A., R. P. M. Topper, P. Th. Meijer, dhd. Kouwenhoven (2015), Water exchange
through the Betic and Rifian corridors prior to tHdessinian Salinity Crisis: A model study,
Paleoceanography 30(5), pp. 548-557, doi: 10.1002/2014PA002719.
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3.1. Introduction

During the Late Miocene, the Mediterranean and the Atlantic emreected
by at least two marine gateways: the Betic and Rifiaridmng through southern Spain
and northern Morocco, respectively (e.g., Santisteban and Taberner, 1983; Benson et
al., 1991; see Figure 3.1). Tectonic restriction, in combinationglattioeustatic sea
level fluctuations, led to the Messinian Salinity Crisisiigiwhich evaporites were
deposited throughout the Mediterranean basin (e.g., Roveri et al., Rbibf)ledge
about the palaeogeographic evolution of these two gatewaysgiaidsereconstruct
the sequence of events resulting in the salinity crisis.adew it is difficult to identify
the gateways because of the local nature of the strait depodithe erosion inherent
to regression and uplift (e.g., Martin et al., 2009). For this reasost of the
information about gateway dimensions and evolution derives fromsttiay of the
past exchange. For this, indirect methods such as faunal (eeg;A&&nsio et al.,
2012) or isotope (e.g., lvanovic et al., 2013) studies are used. Howevéack of
insight regarding the functioning of a double gateway limitsitierpretation of
results. It is generally assumed that each gateway éighaves in the same way as a
single gateway or that the two corridors acted togethér #te “siphon” scenario
proposed by Benson et al. (1991). The siphon theory entails that in a double-gateway
scenario prior to the Messinian Salinity Crisis, the iaRif corridor (RiC)
accommodated only upwelled inflow from the Atlantic while tiegi®corridor (BeC)
was the sole conduit for Mediterranean outflow.

The purpose of our study is to gain physics-based insight inioténplay of
the two gateways prior to the salinity crisis in order to (ldi&h a solid framework
that provides information relevant to data acquisition and (cjpretation and (ii)
test the validity of the “siphon theory”. For this we use éregj-scale ocean general
circulation model. The experiments include multiple gatewaynggries created from
a reference bathymetry based on a late Tortonian palacaghygrom which only
the depths of the gateways are modified. Our model study allswe assess the
significance of observational evidence for patterns of exghand provides a basis
for relating observed flow configurations to the associated ggtgeametries. To
the extent that our work provides insight regarding the behawidlie Mediterranean

50



MESSINIAN DOUBLE GATEWAY EXCHANGE

Guadalhorce

Atlantic gateway (Betic corridor)

Ocean

Rifian
corridor

valley Morocco

Figure 3.1.Earliest Messinian palaeogeography modified froartivh et al. (2001) showing
the location of the Taza-Guercif basin, Bou Regraltey and the Guadalhorce corridor. The
black line corresponds to the present-day coasthlwde that this map is a shapshot in the
evolving palaeogeography and our model geometigugEi 3.2) is more generic.

outflow in a double gateway it is relevant also for ongoing effartreconstruct the
pathway of outflow water from contourites (e.g., ODP Leg-339; Hemandez-
Molina et al., 2014).

3.2. Model setup

We use the parallel version of the Princeton Ocean Model (Bhgrared
Mellor, 1987) sbPOM (Jordi and Wang, 2012). This is a three-dimehsgigaa-
grid coordinate, free-surface, hydrostatic, primitive equation ricedlenodel. The
use of sigma coordinates gives the same amount of vertieds legardless of the
water depth, which is optimal for the study of shallow (Jtexi¢as. The horizontal
grid is curvilinear and has a resolution between 12 and 63 kheii direction and
between 11 and 70 km in the j direction of the grid (Figure B@)brevity, we will
refer to the i direction as “east-west” and | directsri‘north-south”. Starting with
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Figure 3.2. Reference bathymetry based on the late Tortorgdaeepgeographic map from

the Peri-Tethys Atlas and the orthogonal curvilingéd (only one out of three gridlines is

drawn). Right-hand side panels illustrate in dethi#é gateway area to exemplify the
alternative bathymetries. The BeC is set to 30@md, the RiC is (a) 300, (b) 100 and (c) O
m. The red line shows the transect where horizorgkicities are illustrated (Figures 3.4-
3.6).

Zavatarelli and Mellor (1995), POM has been widely applied testigate the
oceanography of the Mediterranean Sea. Recently, sbPOM hasuseessfully
used to study the Mediterranean circulation (Topper and Meijer, 201&ids of
idealised bathymetries based on the late Tortonian map of thdddays Atlas
(Dercourt et al., 2000) is considered. The Paratethys is notigetbecause we focus
on the functioning of the Betic and Rifian corridors and the pres@fcthe
Paratethys is not necessary to reproduce the basin-scaldatiin of the
Mediterranean. To construct the reference bathymetry, the deeghaliay levels
distinguished on the atlas are set to 3000 and 220 m, respectivalgcRdhese two
levels, a continental slope is introduced to create a smawisitton (Figure 3.2). In
the alternative geometries, we only change the depth o&tbergy areas, which are
set before the continental slope is implemented (Figures 3.2a-3.2coddtine is
not modified so as to enable the isolation of the effectafthaits. Although the
Atlantic region is always 3000 m deep, the smoothing introducestmental slope
that extends toward the west over different distances depending on stitifTdept
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maximum gateway depth we consider is that of the presernit @t@ibraltar (300
m) arguing that in a double-gateway scenario just prior tdvigsinian crisis—
during which the corridors were severely restricted (e.gteRet al., 2014)—these
gateways were most likely shallower than that. We donubdde geometries where
both corridors are shallower than 25 m because these configurigtiahto very
high salinities, which are not expected before the crisis. Tétec Bind Rifian
corridors have, at the red transect shown in Figure 3.2, & wfd®9 and 70 km,
respectively.

We use idealised atmospheric forcing which has been shown to bwable
capture the first-order features of the thermohaline citioniale.g., Meijer and
Dijkstra, 2009) and allows us to isolate the basin’s responsathymetric changes
in the gateways. Because the Late Miocene climate is taic€e.g., Roveri et al.,
2014), atmospheric values based on the present day are used.shinatee flux
(evaporation minus precipitation and river discharge) is set to a unifatcastant
value of 0.5 m/yr. This is close to the value for the predaptand also appropriate
for the Mediterranean region during the Late Miocene (Ghadset al., 2007; see
discussion in Topper et al., 2011). To simulate heat exchange wittintlosphere,
the upper layer of the model is relaxed to the modern latituginéle of zonal and
annual mean sea-surface temperature of Steppuhn et al. (2006}.the sEnisitivity
of the model results to changes in climate we ran seggpaliments with alternative
atmospheric conditions (this aspect will be addressed in Hoeigdiion). Because
former sensitivity studies conclude that the main effeth@fddition of winds is the
enhancement of the circulation in the uppermost water column (e.gerMed
Dijkstra, 2009), winds are neglected. In the Atlantic, west ofjtteways, our model
features an open boundary that represents the communication withethiicADcean
and through which an amount of water flows that exactly compenkatahe
evaporative loss in the Mediterranean. Atlantic water flowing intdvibditerranean
is given a salinity of 35 psu independent of latitude and depth ehtigerature of the
top layer of the model is set equal to that used for the atmasfpdreing. The vertical
distribution of temperature is an exponential curve approximaitieg vertical
distribution of potential temperature in the Atlantic Ocean (1L038?N) from the
Levitus’ World Ocean Atlas (Locarnini et al., 2013). The Medieean basin and the
Atlantic are initialised with a salinity of 35 psu, and tenapere decreases with depth
from the sea-surface value. To ensure a progressive toarfsitm the open boundary
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to the Mediterranean, water properties are gradually relaxeddaeaditions equal
to the initial values over the first 18 grid columns as in Toppe Meijer (2015).
Each experiment is run until steady state, and all resultsrshmiaverages over 100
years of equilibrium. This snapshot approach is warranted becdasegeographic
changes are slower than the establishment of the new dooulpattern. The
implications of the model parameters here used have béed i3 opper and Meijer
(2015).

3.3. Analysis and results

3.3.1. Exchange pattern

In Figure 3.3 the zonal (i.e., east-west) overturning streaméumiditistrates
the basin circulation for a double-gateway scenario where batdars have a depth
of 300 m. The overturning streamfunction may be thought of agasdlr transport
projected on a vertical east-west section through the basimouggh variations in the
depth of the gateways affect the strength of the overturreiig, ¢he basin-scale
circulation remains unchanged in the experiments. The model sanuwall the
overall behaviour of the present-day Mediterranean, where hbamohaline
circulation is characterised by shallow and deep cells. Theshedlll extends to an
intermediate depth and shows antiestuarine exchange with thetiétloceanic
inflow occurs at the surface, extends to the eastern Mediterranean wgieks due
to net evaporation, and returns back to the Atlantic. The underlyemaeulation
cell is fed by deep water formation. Detailed analysis showslé®sp water forms in
the northern parts of the basin where temperature is lowadiniysis high (see also
Topper and Meijer, 2015).

To gain insight into the Mediterranean-Atlantic exchange, tugysprofiles
of east-west velocities averaged over the j directiohefjtid at the transect shown
in red in Figure 3.2 for a range of gateway-depth configuratiohis. [dcation is
chosen because it coincides with the shallowest region of dkewgys and,
consequently, determines the particular type of exchange withaothdors.

The modelled exchange patterns are summarised in Figure 3.4famrthef
coloured dots. The blue dots indicate that we find two-\my fonsisting of Atlantic
inflow at the surface and Mediterranean outflow at depth throudhdootidors, and
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Figure 3.3. Zonal overturning streamfunction for a double-gate scenario where both
corridors have 300 m. Red colours indicate a clos&wgense of flow in this projection and
blue colours counterclockwise. The seafloor is diepl at the maximum depth that occurs at
each longitude and the contour interval is 0.5 Sv.

the red dots correspond to two-way flow in the deep corridor anddlalytic inflow
in the shallower one. The overall behaviour that emergestfremarge set of runs we
carried out is that the pattern of exchange depends on thigealapth of the two
corridors. Specifically, two-way flow in both corridors occuwvhen the shallow
corridor is deeper than about half the depth of the deep coroderway flow
develops when the shallow corridor is shallower than this.

Small deviations from a completely regular pattern occur theglines that
limit the segment with two-way flow in both corridors, especially winencorridors
are deep. On the one hand, the Mediterranean basin is |legwesaadathymetric
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Figure 3.4.Exchange patterns through the corridors. The @bis indicate that we find two-
way flow in both gateways. The red dots representlayer flow in the deep corridor and
only Atlantic inflow in the shallower one. The contous line designates that both gateways
have the same depth, and the dashed lines thatasridor is twice the depth of the other.
Panels (a-d) show various gateway configurationseen from the Mediterranean. The
discontinuous line indicates the mid-depth of teemcorridor.

changes in the gateways when these are deep. This causdsfitfeos one
circulation pattern to the other to occur slightly further awamf the halfway
position. On the other hand, the transition from one- to two-layer flow is gradual and
we only classify a gateway as presenting outflow when tlitedatally-averaged
velocity at depth is oceanward.

3.3.2. Velocity profiles

Figure 3.4 demonstrates that the exchange in a gateway depehdglepth
of one corridor relative to the other. Profiles of east-welstcity averaged by latitude
(j direction) are shown in Figure 3.5 for the following gedg configurations: the
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Figure 3.5.Profiles of east-west velocities averaged ovemtbrgh-south direction, measured
at i=25 (red line in Figure 3.2) for the Betic dRifian corridors. The RiC (green) is set to 100
m, and the BeC (red) is (a) 250, (b) 120, (c) 78 &) 40 m. Positive velocities indicate
eastward flow.

RiC has a constant depth of 100 m, and the BeC is set to 250, 120, 75 and 40 m
Figures 3.5a-3.5d. In Figures 3.5b and 3.5c, the shallow corridor is deapédratf

the depth of the other corridor and both gateways have twdlayIn contrast, in
Figures 3.5a and 3.5d, where the shallow corridor is shallowarthis halfway
position, it only accommaodates Atlantic inflow.

Next, we illustrate in detail the flow structure when thellstacorridor
approaches the mid-depth of the deeper one. Figure 3.6 shows vploditgs for
several depth combinations where the BeC has a constant depth ob8dGime RiC
is 300, 200, 150, 100 and 0 m in panels (a) to (e), respectivelyguneF3.6a both
gateways have the same depth and present eastward velatitiee surface and
westward flow at depth. When the RiC is set to a depth slightijlower than the
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BeC, the outflow occurs only at the bottom of the corridoringelocity decreases
(Figure 3.6b). If the shallow gateway is half the depth of tlee derridor or shallower
outflow disappears in the RiC (Figures 3.6c and 3.6d). In Figures33@lthe BeC

is always deeper than the RIiC and it accommodates twodeay fn the last

configuration, where the RIC is closed, the positive velocitidhénBeC increase
compared with a double-gateway scenario (Figure 3.6e).

3.3.3. Interface between inflow and outflow

Figures 3.6a-3.6e also serve to examine the average depth ofetffigcent
i.e., the level at which velocities are zero. When both gatewaysthawsame depth,
the interfaces are close to the middle of the water column betaotly at the same
position probably due to the complex gateway geometry (FigGag.3n Figure 3.6b,
the interface is shallower in the BeC than in the RiC.ddweer, with two gateways,
the interface in the deep corridor is always locatdétd atid-depth or shallower levels
(Figures 3.6b-3.6d). Finally, with a closed RiC, the interfacehenBeC deepens
(Figure 3.6e).

To investigate the interface configuration in more detailsiuey east-west
velocities through the same transect again (Figures 3.6f-3.6p. Jdteway
geometries are the same as before and presented in th@rskemé/Nhen the two
corridors are 300 m deep, both interfaces are tilted down to thie $ogure 3.6f).
This indicates that at the location of the profiles the flawes affected by Coriolis
force, which causes water accumulation to the right of dve direction. Note that at
locations where the gateways are narrower, Coriolis force mateplay a role and the
interface is flat. When the RiC is shallower than the BeCstiluitleeper than half the
depth of the latter, the interface configuration in the RiGuisstantially different
(Figure 3.69). In this corridor the outflow is restricted to altmangle at the bottom
in the northernmost part of the gateway. In Figure 3.6h, wherRithas half the
depth of the BeC, the interfaces look similar to Figure 3.6g buiutilw in the RIC
is closer to the bottom due to the smaller water depth. When@his Bhallower than
half the depth of the BeC (Figure 3.6i) we find that whtile RiC presents Atlantic
inflow only, the BeC still accommodates two-way flow and has a similar acetb
Figures 3.6g and 3.6h. With a closed RiC the interface in tii2 rBsembles the
previous configuration but positive (eastward) velocitiessiase (Figure 3.6j). In the
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shallow corridor of a double gateway, rotational effects cthusénterface, located
relatively close to its bottom, to reach the floor of the dormr{Figures 3.6g and 3.6h).
However, in the deeper corridor or in a single-gateway settingte the interface is
at about the mid-depth of the corridor, the interface is thtgdt does not reach the
seafloor (Figures 3.6f to 3.6j). An interface located at annmdiate depth in a
corridor would only reach the bottom when the effect of rotation ase® (i.e., in a
wider gateway, see Timmermans and Pratt (2005)).

Figure 3.7 shows the salinity and trajectory of the flow atbtbteom in the
gateway area. The BeC is set to 300 m and the RiC to 158me (eometry as in
Figures 3.6¢ and 3.6h). The purpose of this figure, in which salnityed as a tracer
to distinguish between the low salinity Atlantic waters Hredsaltier Mediterranean
outflow, is to illustrate how the exchange pattern would be recorded in the sediments
of the corridor. Although in this specific case both corridocoasnodate two-layer
flow, only in the shallower RiC, rotational effects alltive upper inflowing layer to
reach the bottom on the southern side of the gateway.

40
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Figure 3.7.(Previous page). Salinity (psu) and flow trajesijust above the seafloor in the
gateway area (shown is the deepest sigma layes)ediories show the paths water would
travel in 30 days, on the basis of the velocitydfiat steady state. Tails are white and heads
are black. The BeC is set to 300 m and the RiGtbrh.

3.4. Discussion

3.4.1. Causal mechanism

The finding that the behaviour of the shallower corridor depends on its dept
relative to the mid-depth level of the deep corridor indisdhat the deeper corridor
controls the behaviour of the double gateway. The antiestuatat@nge in the deep
corridor is the same as in the present-day Strait of Gibieatihfor the same reason:
evaporation leads to a salinity and, thus, density, incredke Mediterranean basin.
The resulting pressure gradient between basin water anddewsity Atlantic waters
drives outflow over the sill. This outflow causes the Mediteean Sea surface to
drop, which drives a compensating inflow at the surface. Theaw®eador apparently
always has the interface positioned near its mid-depthr@Jer exactly halfway and
the reasons for this are discussed shortly) and imposes thtismpos$ the interface
on the shallower corridor. If the bottom of the shallow corridor is above the oeerfa
level, this corridor does not accommodate outflow. Because tleways are
geographically close to each other, the sea-surface gradémilar in both, and both
therefore accommodate surface inflow.

In the deeper corridor the interface is near mid-depth most likely etaus
a given density (pressure) gradient along the strait, amiediate position of the
interface is associated with the greatest inflow and outflewy.,( Bryden and
Stommel, 1984; see also Meijer, 2012). In their turn, these flows are doweard a
maximum by the intrinsic tendency of the Mediterranean to blemietd, subject as
it is to net evaporation and buoyancy loss of its surface wetgr, Bryden and
Stommel, 1984). A well-mixed basin implies a small difference éetwdensity of
inflow and outflow and this—from budget considerations—is astamtiavith
relatively large exchange flows. Note that we neither wisimeed to argue that our
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modelled gateways and basin are in the rather preciséhedeftates of maximal
exchange and overmixing, respectively.

Viewed in more detail, we find that in the deep corridor of a-gateway
system, the interface is shallower than it would be in a syafeway of the same
depth (Figures 3.6b-3.6e). The shallow gateway acts as an extca sduktlantic
inflow into the basin; hence, less inflow needs to be accommodatée deep
corridor, causing the interface to shoal there (Figures 3.6b-3.6d)lyi-iwhen both
corridors accommodate two-way flow, the interface is alvbgeper in the shallow
corridor than in the deeper corridor (Figure 3.6b). As the shallow corriddsstiea
space available for the outflow gets smaller. Friction fthenoverlying layer and the
bottom increases in importance and this reduces the outflow—dgetganterface—
even more.

3.4.2. Sensitivity of the Mediterranean circulationto climate

To investigate how sensitive the Mediterranean largeestatulation and
Mediterranean-Atlantic exchange patterns are to changdsniate, we ran a large
set of experiments with alternative atmospheric conditionspdrticular, we
considered a warmer than present-day temperature profile baséde Middle
Miocene latitudinal profile of zonal and annual mean sea-surfacgerature
proposed by You et al. (2009). This profile was used instead ofeaMiatene one
because this is warmer and thus represents a more extreme casértadgstion to
this, in another collection of experiments, we set the freshflaxeto 1 m/yr (instead
of 0.5 m/yr). Overall, these experiments show that the mairtufes of the
Mediterranean large-scale circulation remain unchanged. $tmilehen present-day
atmospheric conditions are prescribed, the zonal overturning streamfupictsents
deep and shallow cells (see Figure 3.3) and only variations ofdbeitade of these
cells occur depending on the specific atmospheric forcing appliéslimplies that
although changes in the properties and amount of outflow producespionse to
climate are expected, outflow is always present in—aatle-one of the two corridors.
This is consistent with faunal and isotope studies that teper existence of
Mediterranean outflow in the Betic (e.g., Pérez-Asensio et al., 20itPRifian (e.qg.,
Ivanovic et al., 2013) corridors prior to the Messinian Sali@itisis. Regarding the
exchange in the corridors, we find, again, that the shift from onevaavay flow
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occurs when the shallow corridor is deeper than about the mid-defth deeper
corridor. This confirms that our results are robust and thaixtleange pattern is not
sensitive to the atmospheric conditions imposed.

3.4.3. Reassessment of the “siphon event”

Compositional changes in marine microfossil assemblages @&bthenian-
Messinian boundary led Benson et al. (1991) to propose the “sgweoti’. An influx
of deep-water Atlantic ostracods to the western end dRifien corridor (Salé core
in Bou Regreg valley; see Figure 3.1), coincident with a ittansfrom tropical-
epipelagic to temperate-mesopelagic planktic foraminiferas wnterpreted as
evidence for inflow of upwelled Atlantic waters. Benson e{191) suggested that
this inflow occupied the whole RiC while the BeC accommodatdy outflow. The
event is thought to have started about 7.2 Ma (Hodell et al., 1994)anidave ended
6.58 Ma on the basis of the presumed siphon expression in thiaMasin (near the
eastern end of the RiC) (van Assen et al., 2006).

None of our modelled exchange patterns matches the organisatiowsf f
proposed for the siphon event. This suggests that the siphon hypotbes
incompatible with the physics of water exchange. However, combmaugl results
with our knowledge of gateway evolution, it is possible to $keta alternative
scenario that is consistent with certain elements of the sipbenario. In the
gateways at 7.2 Ma, two important events occur: (1) rapidlisigoof Taza-Guercif
basin in the central RiC from about 500 m to less than 100 ng&kran et al., 1999b)
and (2) opening of the Guadalhorce corridor of the BeC with a depth between 50 and
120 m (Martin et al., 2001; see locations in Figure 3.1). Althoaglexistence of a
second Betic connection prior to the crisis is still under efeag., Soria et al., 1999;
Husing et al., 2010), for simplicity we assume a single Betiddor. In this context,
immediately before 7.2 Ma, the RiC may have been the only Megti=in-Atlantic
connection, and therefore, two-way flow is expected. At 7.2 Ma, théirsipoh Taza-
Guercif basin together with the opening of the Guadalhorce comidgrwell have
led to the northern corridor being deeper than the southermathés kituation model
calculations suggest that the BeC would have accommodatedayfiemw while the
RiC experienced only inflow (i.e., as in Figure 3.6i) or mostioinfwith minor
outflow (see Figure 3.69), depending on its exact depth compared BetheBoth
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possibilities entail an increase in the relative importari@glantic-derived waters in
the RiC at 7.2 Ma. In the first case (with RiC shalloviwant half the depth of BeC),
the sole presence of Atlantic inflow would be consistent tighsiphon hypothesis
in the RIC. A possibility that cannot be ruled out based on the ds{itia¢es is that
the RiC was still the deeper corridor. In this case both cosriaiay have seen two-
way flow. The possibility that the RiC was more than tvasedeep as the BeC can
be discarded because then, the BeC would be subject only to iafldvthis is
inconsistent with the presence of sedimentary structurtee iGuadalhorce corridor
indicating oceanward flow (Martin et al., 2001).

Does other observational evidence allow further constrainteeblution
of the Mediterranean-Atlantic exchange through the gatewags2tthe available
data are not conclusive. Ivanovic et al. (2013) present titsim-water record of
the exchange through the RiC based on neodymium isotopes. Although thak over
picture emerging is far from straightforward, the data dacaid that before the
restriction of the RIiC at 7.2 Ma, bottom waters in the Taza-€Hubasin are of
Mediterranean origin. This is consistent with the presentemfvay flow in the RiC
before the opening of the Guadalhorce corridor. It is importanttethat for this
same period, the Bou Regreg valley sections (situated swemeauth of the middle
in the wide western end of the RiC, see Figure 3.1) only prégénitic bottom
waters (Ivanovic et al., 2013). Apparently, the Mediterranearosutfassing through
the central RiC is not recorded at this location on the Adasndie. In a wide section
of a single gateway, the interface tilted southward byiostahay reach the bottom.
Whereas within the central corridor (i.e., Taza-Guercif basin) aumtffow would be
recorded at the bottom, in the much wider Atlantic end oRike inflow and outflow
could be side by side on the gateway floor. Consequently, Meditemn outflow may
have passed to the north of the location of the Bou Regregrseciihe implication
would be that we should not expect major changes at this sésgonse to variations
in the depth of the RiC. The Bou Regreg neodymium signal is puzzliaff means;
it indicates more Mediterranean-like water after 7.2 Maereh after the RiC has
closed, possibly due to reworking (lvanovic et al., 2013). A new, detailed analysis of
benthic foraminiferal assemblages from the Salé Briqueterie in the Bou Regreg
valley shows only minor compositional changes for the timeviat@roposed for the
siphon and fails to show the “influx” afvigerina peregrina andU. pygmaea used as
evidence for influx of deeper-water Atlantic taxa by Bendal.€1991; A. Cutler, A
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reexamination of the Miocene Morocco siphon event hypothesis utmnthic
foraminifera, unpublished MSc thesis, University of Birmingham, 20IBjs casts
doubt on the validity of the siphon hypothesis and thus supports the conclusions
derived from our model results. The fact that faunal changembreninor may again
be an expression of the location of the section in the widéemeportion of the
gateway (see Figure 3.7). Seemingly in favour of the sighgothesis, several
studies reported a cooling of waters of the RiC at thé aftéine siphon (e.g., Hodell
et al., 1994; Cunningham and Collins, 2002). The flow configurations thptapose
for the time interval corresponding to the siphon event acteallgil a warming in
the RiC, although our results prove to be not fully conclusivasiréispect. The great
shoaling of this corridor implies that the Atlantic inflow arige tMediterranean
outflow (if present) come from shallower depths and carry hitgm@perature. If
deep-water Atlantic organisms were able to reach theaRi Ma when this corridor
was as shallow as 100 m, then this may have been due to upwelliveg Atlantic
Ocean not captured by our model.

3.4.4. Further implications

The systematic behaviour of these gateways in terms of eyelpatterns is
useful to determine the depth of a corridor relative to the ddoe instance, evidence
for outflow in both gateways would not only automatically retatéwo-way flow
through both but also indicate that the shallow corridor was deepethtéy mid-depth
of the other gateway (Figures 3.4b and 3.4c). When evidence for inflow is found in a
corridor, it is important to note that this could be an expoassi rotational two-layer
flow. In this case, as explained above, evidence from another lotatibe north of
where evidence for inflow was found is required to determinthé corridor
accommodated one- or two-layer flow. If one-layer flow occurfgid,may be taken
to indicate that the corridor was shallower than half the d&ftie other one (Figures
3.4a and 3.4d). Our results also entail an important consequerarelimggthe
reconstructions of the time of gateway closure. In a doubteagatconfiguration, the
disappearance of evidence for outflow from the sedimentargrdedoes not
necessarily indicate that the gateway was closed.rdcapto our results, estimates
of the age of closure of the Guadalhorce corridor basedhisrctiterion (Pérez-
Asensio et al., 2012) are too old.
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3.5. Conclusions

This model analysis offers, for the first time, physicsebaimsight into the
functioning of the Late Miocene Betic and Rifian corridors tbahnected the
Mediterranean and the Atlantic prior to the Messinian Sal@itgis. Our results show
that the water exchange through these two corridors depends preditynomathe
depth of a corridor relative to the other. More specificllbth corridors present two-
way flow (i.e., antiestuarine exchange) unless the shalloswgagtis shallower than
about the mid-depth of the deeper corridor. We show that thegooatfion of the
flows postulated in the “siphon theory” by Benson et al. (1991) ikaiplfrom a
physics perspective. Combining our model results with the infiwmatvailable
regarding the evolution of the corridors, we propose new, model-dagegdtterns
for the time interval defined for the “siphon event’. Thadfhg that the exchange
pattern varies systematically depending only on the depth réatie cbrridors allows
us, even from limited geological evidence, to gain valuable insggdrding the
double-gateway geometry: (i) outflow evidence in a corridbomatically relates to
two-way flow; (ii) evidence for inflow could be the result ofie-way flow or a
rotational two-layer flow; in this case evidence from a liocafurther north would
clarify if this corresponded to one- or two-layer flow;)(@ne-way flow in a corridor
indicates that this corridor was shallower than half thehdefthe deeper gateway;
(iv) outflow disappearance in a corridor does not necessarily indicatestseland
(v) two-way flow in the two gateways indicates theg shallower corridor was deeper
than the mid-depth of the other.
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Chapter 4: Quantitative analysis of Paratethys sea
level change during the Messinian Salinity Crisis

ABSTRACT

At the time of the Messinian Salinity Crisis in the Medianean Sea (i.e., the
Pontian stage of the Paratethys), the Paratethys sediepped also. Evidence found
in the sedimentary record of the Black Sea and the Caspah&s been interpreted
to indicate that a sea level fall occurred between 5.6 and 5.5 dlenaes for the
magnitude of the fall range between tens of meters to marel8@0 m. The purpose
of this study is to provide quantitative insight into the savitsitof the water level of
the Black Sea and the Caspian Sea to the hydrologic budget, foagbehat the
Paratethys is disconnected from the Mediterranean. Usingaliatene bathymetry
based on a palaeographic map by Popov et al. (2004) we quantify theséadllevel,
the mean salinity, and the time to reach equilibrium for dewange of negative
hydrologic budgets. By combining our results with (i) estimatesetfrom a recent
global Late Miocene climate simulation and (ii) reconstructed bafimities, we are
able to rule out a drop in sea level as large as 1000 ne i@4dspian Sea during this
time period. In the Black Sea, however, such a large seafdl/cannot be fully
discarded.

This chapter is based on:

de la Vara, A., C. G. C. van Baak, A. Marzocchi,Gsothe, and P. Th. Meijer. Quantitative
analysis of Paratethys sea level change duriniytgsesinian Salinity Crisis (submitted).

69



CHAPTER 4

4.1. Introduction

During the Eocene-Oligocene, as a consequence of the incipiewattion of
the Alpine chains, a new marine realm separated to the ndfth d&thys Ocean: the
Paratethys (Rogl, 19990 his large epicontinental sea extended over southern Europe
and consisted of several sub-basins of which the Black, @espibAral seas are the
modern remnants. Later in time, during the Middle to Late Miackeeprogressive
enclosure of the Paratethys gave rise to further differ@mi between the Central
Paratethys (Pannonian basin) and the Eastern Paratethsls fBkbasin and Caspian
basin; e.g., R6gl, 1996; see Figure 4.1a). The Paratethys sub-bagrepigodically
connected through shallow channels (e.g., Popov et al., 2006; Kroonenlagrg et
2005) and sporadic Mediterranean-Paratethys connections have beeremtecum
(e.g., Popov et al., 2006; Suc et al., 2011; Vasiliev et al., 2013).

In the Late Miocene, the Mediterranean Sea experienced thenhdessi
Salinity Crisis (5.97-5.33 Ma; Krijgsman et al., 1999a; Manzlgt2013). During
this extreme geological event a thick sequence of evapadiedeposited in the basin
in response to tectonic and glacio-eustatic restrictioneo€dnnection with the ocean
(Roveri et al., 2014). The consensual view is that during thexlohthe Messinian
Salinity Crisis (from 5.61 to 5.55 Ma) the Mediterranean ses iropped about 1500
m (e.g., Hsl et al., 1973; Clauzon et al., 1996). Such a fall wouldéwrmimated the
inflow of Mediterranean waters into the Paratethys, but HratBthyan water level
would not simply mimic the Mediterranean drop due to the presafrkill(s). Instead,
the water level of the Paratethys would be controlled locallyhieyinterplay of
tectonics (i.e., sill depth) and climate (i.e., hydrologic budg#8r disconnection
from the Mediterranean (e.g., Krijgsman et al., 2010). With ativeghydrologic
budget (i.e., evaporation dominating over freshwater input by prempitand
runoff), the Paratethys sea level would have dropped. A sdatepdelow the depth
of the channels within the Paratethys would have potentialiyrfeated the sea into
a series of individual sub-basins. From 5.6 to 5.5 Ma, roughly ceintcidith the
climax of the Messinian Salinity Crisis, the Paratetingy indeed have experienced
a drop in sea level (e.g., Hsl and Giovanoli, 1979; Popescu, 2006; Gillet et al., 2007;
Krijgsman et al., 2010; Leever et al., 2010; Abdullayev et al., 2di@teanu et al.,
2012). In Paratethys terminology, this occurred during the Pontage.sifThe
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amplitude of the fall in the Black Sea and the Caspian Sea durirgdbisis highly
debated and estimates range from tens of meters to more than 1500 m.

In this paper, to provide a quantitative basis for the debatepesform a
model analysis of the sensitivity of the levels of the Lidiecene Black Sea and
Caspian Sea to the hydrologic budget when the Paratethys is nottedntwethe
Mediterranean Sea. Using a late Messinian bathymetry basedpaidabegeographic
map of Popov et al. (2004) we quantify (i) the drop in sed,léWethe resulting
average basin salinity, and (iii) the time needed for the sehdad salinity to reach
equilibrium. This is done for a wide range of negative hydrolbgidgets. In our
calculations the drop in sea level is determined by the balmtesen evaporation
minus precipitation (EP) and river discharge (R). We first focus on the entire
Paratethys and then study the Black Sea and the Caspianp@estedg. By using
hydrologic budgets calculated for the Late Miocene Paratetbiysthe recent global
climate model experiments of Marzocchi et al. (2015) and by congpatir results
to salinity estimates inferred from geological data for timg interval, we aim to
elucidate the magnitude of the sea level drop consistent wignali®ns in the Black
Sea and the Caspian Sea. In particular, we investigate whetbatdevel drop of 1000
m or more is possible.

4.2. Model setup
4.2.1. Underlying equations

In this analysis the rate of sea level (SL) drop in the basin dt(icdée entire
Paratethys, Black Sea, or Caspian Sea) is controlled bgutfece freshwater flux
(i.e., E=P) and the river discharge R (Equation 4.1). With SL for sea leve] E-P
in m/yr, R in ni/yr, sea level dependent surface area Ainand time t in years, the
governing equations reads,

d _ _ _ R
=SL=(E—P)

A (SL)

(4.1)

Both E=P and R are assumed to be constant over time. The reductfen of
surface area of the basin entailed by a drop in seaiterelases the rate of the sea
level rise due to river input. In all calculations-E is greater than R/A at the outset.
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Sea level drop and salinity are calculated for the steatly, sthich is reached when
the two terms on the right-hand side become equal.

To calculate the salinity associated with a certem Isvel drop, the initial
salt content of the basin is divided by the remaining watermwel Over time the
salinity of the Paratethys waters varied between marinerastl {e.g., Schrader,
1978; Popov et al., 2006). To account for this, each calculatimitiesdised with a
range of salinities: 10, 20, or 35 g/kg. Empirical and theoretindies have shown
that evaporation decreases when the salinity of the body of imareases (e.g.,
Salhotra et al., 1985). We will consider the effect of sglinit the evaporation using
the expression proposed in Topper et al. (2013). This consistdinéaa fit to
observational data regarding the evaporation rate as a functafiroty reported in
Warren (2006). In our model setup we do not distinguish between atiapoand
precipitation and, consequently, this parameterisation also affiestipitation (i.e.,
E—P). Following Topper et al. (2013), we assume this to be a vaticbach given
that other parameterisations are more complex and entail asstamptions. The
resulting expression reads,

E—-P=(E-P), -1.0316-(1—8.75-107*-5) (4.2)
where S is salinity in g/kg and ), corresponds to the initial value ofP before
the sea level starts to drop. In each simulatiefi® Eanges from 0 to 3 m/yr. R is
varied between the values that would contribute a sea Iseeirom 0 to 3 m/yr at
the initial sea level, i.e. before any fall in sea leveldasirred. In the Mediterranean
Sea, the modern value ofB is 0.6 m/yr (Mariotti et al., 2002) and model studies
have yielded 1 m/yr for the Late Miocene (Gladstone ¢t28l07). Estimates of
present-day £P are 0.1 m/yr in the Black Sea (Unliiata et al., 1990) and 0.7m/yr i
the Caspian Sea (Ozyavas et al., 2010). At present theruiveff is 350 kriyr (0.8
m/yr) in the Black Sea (Unlliata et al., 1990) and 30%ym(0.8 m/yr) in the Caspian
Sea (Ozyavas et al., 2010). We therefore expect 0-3 m/yver,doy far, the range
of E=P and R of the Late Miocene Paratethys.
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4.2.2. Bathymetry and hypsometry

The bathymetry used for the calculations is built from the N¢ssinian
palaeogeographic map of Popov et al. (2004), from which a gridded bathymetry with
a uniform horizontal resolution of 1/20 1/2Q is created. The deep and shallow
domains distinguished on the palaeogeographic map are set to 2000 m and 100 m
respectively (Figure 4.1a). A smooth transition between these domains is
achieved by the implementation of a continental slope. This cerdfish linear
increase of the depth from the shelves to 2000 m. As in the preyeBlag Sea and
Caspian Sea, this slope is considered relatively steep and narrow (egua%taal.,
2001). Arguing that water depths greater than 1000 m only existed iretitel
depressions indicated on the map (Popov et al., 2006), the contitgoedksnserted
on the “deep side” of the outer edge of the shallow domains shown math@-igure
4.1a). Next, the horizontal area as a function of depth is computadiie surface
until the seafloor at a vertical spacing of one meter (IWpsometric curve in Figure
4.1b). Because in the bathymetry the shelf is considered 100 m deiy sight at
the coastline, the hypsometry starts abruptly. This was foumdetie numerical
instabilities and to correct for this we assume a lit@ausition between the surface
area at 0 m and that at 100 m. To account for a more graduahdeof the surface
area from the continental slope to the deepest basin, wedalgbaalinear transition
from the surface area at 100 m and that at 2000 m (red curve in Figure 4.1b). Results
presented in this paper are computed using the red hypsometric curve. Wedsst fo
on the entire Paratethys and, at a later stage, assumirthehgateways connecting
the sub-basins were shallow (e.g., Popov et al., 2006), we stuBlattkeSea and the
Caspian Sea separately. The hypsometric curves for the B&lkand the Caspian
Sea are calculated following the same procedure as foratfa¢ekhys (Figure 4.1c
and 4.1d). Volume as a function of depth (not shown) is calculat@udgyyration of
the red hypsometric curves.
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Figure 4.1. (Previous page). Panel (a) shows the late Messbathymetry constructed from
the palaeogeographic map of Popov et al. (2004).cliicles show the location of DSDP sites
380/380A and 381, Taman Peninsula (Russia), antidelz (Azerbaijan). White dashed lines
indicate the present-day coastline of the Black @&ehthe Caspian Sea and the blue dashed
lines the modern Danube and Volga rivers. Panglgo(fd) show the hypsometric curves for
the Paratethys, the Black Sea and the Caspianmé&gactively. The blue hypsometric curves
are built from the palaeobathymetry of panel (a)tHe red curves a linear decrease of the
surface area from the surface until 100 m, as agfrom 100 m until 2000 m is assumed.
Results shown in this paper are calculated withrékdecurves

4.2.3. Alternative parameterisations

To test the effect of other parameterisations we perfeveral additional
experiments. We investigate the possibility that the rigdexcharge increases
progressively as the sea level drops due to the implied increasesofthee area of
the drainage basins. In this case we assume that the isgbade is proportional to
the surface area of the drainage basins, following JaareirHubert (1984). When
the sea level falls the newly desiccated area is addbd drainage basin. The surface
area of the drainage basins at normal sea level is déroradhe global Late Miocene
climate simulations by Marzocchi et al. (2015).

Because the exact bathymetry of the Late Miocene Parati&thyncertain,
we also explore the sensitivity of results to bathymetianges in the basins. To this
end, we set the shelves to 250 m (instead of to 100 m). We alstigateshe case
where the continental slope is inserted on the shallow sitie shelf edge. Although
this seems a less likely configuration, it does represeseful alternative to test the
robustness of our results. The corresponding hypsometries anetpddsda-igure 4.2.
In this figure hypsometric curves of the modern Black Sea asgién Sea are also
presented for comparison to the Miocene ones. An important feattiratisn the
present-day Black Sea and Caspian Sea hypsometric curvegthdateains of the
basin occupy a surface area that takes intermediatesvbkiaveen the two Late
Miocene curves. A summary of the surface areas and volwatwesated for the entire
Paratethys, the Black Sea and the Caspian Sea is presented in Table 4.1.
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Figure 4.2. Present-day (black line) and Late Miocene (bled,and green) hypsometries of
the Black Sea (a) and the Caspian Sea (b). TheeatedViiocene hypsometric curves are based
on a bathymetry where the continental slope iohiced on the deep side of the shelf edge
(“Hyp. 1"). The green curves differ from the redesnin that the shelves are set to 250 m
(instead of 100 m; “Hyp. 1 (sh=250m.)"). The bluete. Miocene hypsometric curves are based
on a bathymetry in which the continental slopegerted on the shallow side of the shelf edge
instead (“Hyp. 2”). Bathymetric data used to camstthe present-day Black Sea and Caspian
Sea hypsometries is extracted from the SRTM dat@smetr and Kobrick, 2000) and the
National Geographical Data Center of the NOAA, ezsjvely.
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Total Area Area Total Volume Volume
area shallow deep volume shallow deep
(x10°km?  domains domains  (x10° km?) domains domains

(x10°km?)  (x10° km?) (X10°km®  (x10° kmd)

Hyp. 15.6533 11.8057 3.8476 5.0485 0.9907 4.0578

Late 1

Mioc.

Parat. Hyp. 15.6533 9.2951 6.3582 10.8079 1.1162 9.6917
2

Late Hyp. 6.8533  4.0751 2.7782 3.4872 0.4884 2.9988
Mioc. 1
Black  Hyp. 6.8533  2.6006 4.2527 7.2387 0.5621 6.6766
Sea 2
Late Hyp. 7.3607  6.2913 1.0694 1.4878 0.4288 1.0590
Mioc. 1
Casp. Hyp. 7.3607  5.2552 2.1055 3.4957 0.4807 3.0150
Sea 2

Table4.1. Summary of the surface areas and volumes of the M&cene Paratethys, Black
Sea and Caspian Sea. Shallow domains correspdhd shelves (i.e., depth smaller or equal
100 m) and deep domains include all depths gréiadéer that. Hypsometry 1 (Hyp. 1) is built
from a bathymetry in which the continental slopénisoduced on the deep side of the shelf
edge. In hypsometry 2 (Hyp. 2) this is done onsthellow side.

4.3. Analysisand results

4.3.1. Reference experiments

The amplitude of the sea level drop, the associated salimitythre time
required to reach equilibrium in the entire Paratethys, Black Seaampia@ Sea are
shown in Figures 4.3, 4.4, and 4.5. Since the river dischargesponding to an
equivalent rate of sea level rise which ranges from O toy8, ms/ greater when the
basin occupies a larger surface area, the maximum R coathidegreatest in the
Paratethys, followed by the Caspian Sea and the Black Sdse(4.1). In these
experiments the basins are initialised with a salinity of 10, 285 @ykg and EP is
considered to be either dependent or independent of salinity.
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Nearly the entire range oHP and R tested results in a sea level fall smaller
than 100 m (in Figure 4.3 the purple colour dominates). For a spdasin,
combinations of &P and R with which the sea level drops below the shelves (i.e.,
below 100 m) are the same regardless of the initial saéinify=—P parameterisation.
Comparing panels corresponding to the same basin, only subtdiors of the
amplitude of the sea level drop appear when R is very sma#n\his close to 0
m/yr the sea level drops between 1500 and 2000 m depending on theadiitity of
the basin and the way in which-B is defined. For a given basin, the base level fall
is greater when-EP is not a function of salinity (e.g., Figures 4.3a-4.3d). WhelR E
is parameterised as a function of salinitysFEdecreases linearly as salinity increases
and this reduces the magnitude of the sea level drop companrgten E-P is
constant. For this reason, in this case, in a certain bassedHevel drops less when
the basin is initialised with a higher salinity (e.g., panet®-4.3d). When £P is
independent of salinity the sea level drop remains the segaediess of the initial
salinity prescribed. For this case we only consider an initial sabh20 g/kg.

For a given E-P, the absolute value of R required for a sea level drogvbelo
the shelves (i.e., larger than 100 m) is smaller in thekBf®@a and the Caspian Sea
individually than for the Paratethys as a whole (Figure 4.3). @wcsea level drops
below the shelves the surface area of the basins becomésnsiailg smaller (see
Figure 4.1 and Table 4.1). River discharge, which is assumeddanistant, is spread
over a smaller area and contributes a greater sea IseelWhen the horizontal
surface area of the basin at levels deeper than the sisedvaall, the balance between
E—P and R will therefore be attained at higher positions oféaelevel. When the
Black Sea and the Caspian Sea are taken separately, fime sanea below 100 m
depth is smaller than when the entire Paratethys is considesethis reason, the
absolute value of R for which the sea level drops below the shislgealler for the
Black Sea and the Caspian Sea individually. To achieva &egel fall of 100 m or
larger, a substantially smaller R is required for thepiaan Sea than for the Black Sea
because in the Caspian Sea the deep domains of the basin accapgiderably
smaller area (Figure 4.1 and Table 4.1).
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Figure 4.3. Drop in sea level for the entire Paratethys (atlg, Black Sea (e-h), and the
Caspian Sea (i- ) for a wide range of hydrologiddpets. As indicated in the figure, in the first
panel of each row of four,-H#° does not depend on salinity and the basins #iaiged with

a salinity of 20 g/kg. In the next three panels;FEis a function of salinity and the initial
salinity of the basins 10, 20, and 35 g/kg, redpelst White continuous lines indicate a sea
level drop of 50 and 100 m. White dashed linesdangts (e) and (i) show the present-day
hydrologic budgets of the Black Sea and the Casfiea, respectively. The Black Sea
hydrologic budget derives from Unliiata et al. (19@@dd the Caspian Sea budget from
Ozyavas et al. (2010). Grey areas denote regioesenthe hydrologic budget is positive.
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Figure4.4. Salinity at equilibrium in the Paratethys (a-dlaék Sea (e-h) and Caspian Sea (i-
) for a wide range of hydrologic budgets. In tivstfpanel of each row of four—P is not
dependent on salinity and initial salinity is 2@gy/In the next three panels-P is a function

of salinity and the basins are initialised with 20, or 35 g/kg, respectively. White continuous
lines indicate a salinity of 40 g/kg and white degtines show the hydrologic budgets that
correspond to a 100 and 1000 m sea level dromdasated in panel (a). The areas coloured
in grey correspond to positive hydrologic budgdtste that in panels (b), (f) and (j) the
contours showing the 1000 m sea level drop andkgaosely overlap.
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Salinity at equilibrium is shown in Figure 4.4. Given that no gypsr halite
was deposited in the Black Sea and in the Caspian Sea theihgte Miocene, we
set the upper limit of the colour scale to 150 g/kg for gebstsualisation of results
(i.e., the value at gypsum saturation). Salinities grehter 150 g/kg are shown in
white. Salinity only starts to rise substantially relativéhe initial salinity of the basin
when the sea level is below the shelves. Although the shelves azdame surface
area, the volume from the surface to the shelf depth is ontyall part of the total
volume of the basin and the salt contained in the shelgasal. In the Black Sea the
shelves occupy 59% of the total area but only contain about 14% of thedlatak.
This is even more pronounced in the Caspian Sea, wheraithigers are 85% and
29%, respectively. Once the sea level drops below the shelvesuttaze area
becomes substantially smaller in the Caspian Sea thae iBlack Sea (Table 4.1).
For a given sea level drop larger than the shelves, tgaliiuld rise more in the
Caspian Sea than in the Black Sea (e.g., see the 1000 m dedrdgveontour of
Figures 4.4e-4.4l).

Figure 4.5 shows the time to equilibrium for the entire Pdrggethe Black
Sea and the Caspian Sea. For a given basin, essentially no deviations dueetd diffe
E—P parameterisation and initial salinity occur. For brevityhere focus on the case
where E-P is a function of salinity and the basins are initialised aisalinity of 10
g/kg. Time to equilibrium never exceeds 80-90 kyr. We observddhatost of the
hydrologic budgets tested a steady state is reached withyr.IDike to equilibrium
is shortest for sea level drops over the shelves (i.e.,amntiadin 100 m). In the areas
adjacent to the boundary between a positive and a negativadgidrbudget time to
equilibrium is short, but slightly longer for small values effEand R. Time to
equilibrium is longest when the sea level drops below theehblecause this entails
the evaporation of a greater volume of water which takes longer, espemiaipdll
fluxes of R and EP.
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Figure 4.5. Time to reach equilibrium in the Paratethys (dcR Sea (panel b), and Caspian
Sea (c). E-P is parameterised as a function of salinity aedtisins are set to an initial salinity
of 10 g/kg. The discontinuous lines correspond withhydrologic budgets for which the sea
level drops 100 m. The grey regions of the plotdate positive hydrologic budgets.

4.3.2. Additional experiments: Alter native parameterisations

For brevity, and because it proves representative, wexaithme the role of
the other parameterisations only for the case whei i& a function of salinity and
the basins have an initial salinity of 10 g/kg. Results obtairiddniver discharge
depending on drainage area are depicted in panels (a) toHiguoé 4.6. Due to the
increase in R, for a given E-P and starting value of R ghéesel falls less compared
to the equivalent reference experiment (see Figures 4.3b, 4.3f, B&jthis reason
a specific hydrologic budget also entails a smaller salifnitt shown). Time to
equilibrium proves not significantly different (not shown).

The sea level drop in the whole Paratethys, Black Sea and Caspian Sea when
the shelves are set to a maximum depth of 250 m is showigureBi4.6d to 4.6f.
Because we assume a linear decrease from the surfacat sineasurface to that at
250 m, shelves are deeper everywhere (see Figure 4.2). Naawdimgj the greater
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Figure4.6. Sea level drop in the Paratethys as a whole @, 8lack Sea (b, e, h) and Caspian

Sea (¢, f, i) as a function of the hydrologic budg®l for several alternative parameterisations.
E—P is a function of salinity and initial salinity tife basins is 10 g/kg. In panels (a) to (c) the

river discharge is proportional to the surface afdle drainage basins as proposed by Jauzein
and Hubert (1984). In panels (d) to (f) the shelass set to 250 m. In panels (g) to (i) the
continental slope is inserted on the shallow sid® shelf edge. White contours indicate a
sea level drop of the amplitude specified in thgufé. Grey areas correspond to positive

hydrologic budgets.
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depth of the shelves, the hydrologic budgets for which sea tregls below
the shelves remain roughly unchanged compared to the equivalenencef
experiment (cf. Figures 4.3b, 4.3f, 4.3j). Comparing these resuleqguivalent
experiments with shallow shelves we find that a specific hgdiolbudget now
entails a slightly higher salinity (not shown). Because sisedwe deeper, hydrologic
budgets that drop the sea level over the shelves entail tergfahin sea level and
therefore higher salinity. For hydrologic budgets that correspmiséd level drops
below the shelves salinity is slightly greater due to the de®yare of the shelves,
which increases the salt content of the basin. For each basrtotequilibrium for
sea level drops over the shelves is somewhat longer thanntlibe reference
experiments, but it never exceeds 10 kyr (not shown). For laligeif sea level time
to equilibrium is very similar to that in the reference experimgmsshown).

Finally, we consider the case that the slope is introduced on thevskale
of the outer edge of the deep domains. The sea level drop for itlecRaratethys, the
Black Sea and the Caspian Sea is shown in Figures 4.6g, 4.6h, and 4.6i, regpectivel
With this hypsometry, in a given basin and for a specific dipdic budget, the sea
level stabilises at greater depth than in the previous empets (see Figure 4.3 and
Figures 4.6a to 4.6f). This is a direct consequence of théhitatie deep domains of
the basin are now more extensive and the area for which RéAdes E—-P is only
found at greater depth (Figure 4.6g-4.6i). Because of this, soeiated salinity is
also higher (not shown). It takes a longer time to reach bquith than in the
equivalent reference experiment, especially whef Bnd R are small (not shown).
However, time to equilibrium never exceeds 10 kyr for seal lénaps over the
shelves and 100 kyr for sea level drops below them (not shown).
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4.4. Discussion

4.4.1. A largeintra-Pontian sea level drop in the Black Sea?

During Deep Sea Drilling Project Leg 42b a shallow-wat@omatolitic
dolomite unit, the so-called Pebbly Breccia, was recovered fhenBlack Sea at
modern water depths deeper than 1700 m at sites 380A and 381 (8er lodégure
4.1; Ross et al., 1978). Based on biostratigraphic studies itovasuded that the
Pebbly Breccia had a Late Miocene age (e.g., Gheorghian, 1978;alamidukhina,
1978). However, in the 1970s age control on the Paratethysl ieasrpoor and the
age assigned to this unit was questioned (Kojumdgieva, 1979)ndtwihstanding,
Hsl and Giovanoli (1979) proposed that the unit formed in responsé@00am
amplitude sea level fall coeval with the Messinian Sali@irisis. Further studies
correlated erosional surfaces observed in seismic profdes thhe Black Sea to the
Messinian Salinity Crisis, supporting the hypothesis thatdese! drop larger than
1500 m occurred during the Late Miocene (e.g., Gillet et al., 2003, ROdwtpanu
et al., 2012).

On the basis of new seismic surveys in the western Blaek Tari et al.
(2015) conclude that that the Pebbly Breccia is allochthonoustr&igsaphic and
magnetostratigraphic studies have led to greatly improved cagé&ol on the
Paratethyan successions (e.g., Vasiliev et al., 2005; ®toita2013) and new dating
shows that the Pebbly Breccia is older than the Late Mioderahe et al., 2014).
Also, lithological and faunal evidence from Taman (Figure 4.1bbas interpreted
to indicate a sea level drop of 50-100 m at 5.6 Ma (Krijgsmah,e2010). However,
the target section contains a hiatus at 5.6 Ma and the authotsopoithat their
estimate must be considered a minimum. The seismic suo¥elyari et al. (2015)
show that the Late Miocene incisions over the Black Sea gqsitaee have a
subaqueous origin. This, they argue, excludes the possibilitysel devel drop as
large as 1600 m.
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Figure 4.7. Estimated sea level drop for the entire Parase(hyand d), Black Sea (b and e),
and Caspian Sea (c and f). Note that the x-axisugs expressed in (m/yr). In all casesfEis
prescribed as a function of salinity and the baanesnitialised with 10 g/kg. In (a) to (c), the
hypsometry used for the calculations is built fratpathymetry where the continental slope is
inserted on the deep side of the shelf edge. lelpdd) to (f), the hypsometry used for the
calculations is constructed from a bathymetry whbeecontinental slope is inserted on the
shallow side of the shelf edge instead. The squadisate the hydrologic budgets derived
from the global climate simulations by Marzocchakt(2015). “Dan.” and “Vol.” refer to the
Danube and Volga rivers, respectively. White limeicate a sea level drop of 500 and 1000
m. Grey areas indicate positive hydrologic budgets.
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Can we use our analysis to assess the likelihood of a leageel drop in
the Black Sea? We will assume that the level of thet€thges does not simply follow
the falling level of the Mediterranean, in other words, that the te@eparated by a
sill located higher than the lowered Mediterranean wateaseurfArguing that the
connection between the Black Sea and the Caspian Sea was ghalloWwopov et
al., 2006), we determine the hydrologic budgets that would cause a 1@20level
drop in the Black Sea basin in isolation. We také®?Ho be no greater than 1 m/yr,
the value proposed for the Mediterranean Sea during the Messisan(Gladstone
et al., 2007). To achieve a 1000 m sea level drop in the BlaciRS®ss to be close
to 0.23 miyr (i.e., 158 k#fyr) or smaller if E-P is less than 1 m/yr (Figure 4.7b). This
value of R is about two times smaller than the modern river discheogéne Black
Sea (350 krfyr; Unliiata et al., 1990) and is close to the present-day Danube Ri
discharge (198.68 Kityr; Garnier et al., 2002).

While these numbers perhaps already speak against a laggétuda drop,
it would clearly help to have a constraint on the hydrologic budgbéeaime. For
this we turn to Marzocchi et al. (2015) who performed experiments aviglobal
ocean-atmosphere-vegetation coupled model for the Late MiocenalMiated the
annual mean hydrologic budget of the Paratethys averaged owdurtimn of the
full Late Miocene precession cycle simulated by Marzocchalet(2015). The
methodology, which is derived from Gladstone et al. (2007), and the bgitrol
budgets calculated from the simulations of Marzocchi eRallg), are presented in
the Supplementary material. In the hydrologic budget calculatlmmsen route”
evaporation from the catchment area to the basin is not takeadotmnt. This
implies a slight overestimation of the runoff which may notehla@en larger than 5%
(pers. comm., Rens van Beek; see also Torcellini et al., 20@8hddbunt for this
and also for the fact that, since the configuration of the Mateene drainage system
is uncertain (e.g., Gillet et al., 2007; Munteanu et al., 2012), therelitierent
possibilities as to the location of discharge of the Danube andaiige (Figure 4.7
and see Figures 4.8a-4.8c also). It proves that only in the caseetlzssume that
neither of these rivers enters the Black Sea, the hydedbogiget takes significantly
negative values (i.e., £ > R; Figure 4.7b). This would result in a sea level drop of
about 75 m and corresponds to an equivalent freshwater flux ¢-B=E) between
0.14 and 0.15 m/wwhich is substantially smaller than that of the present-day
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Figure 4.8. (Previous page). Schematic illustration of thelsgal configuration in the Black
Sea and the Caspian Sea for different configuratadrihe sills between the basins and using
the hydrologic budgets from Marzocchi et al. (2018)panels (a) to (c) the sill between the
Mediterranean Sea and the Paratethys (most likalthe Aegean region; Popov et al., 2006)
has a similar depth to that between Black Sea laedCaspian Sea. Once the Mediterranean
sea level falls below the connecting sill, the Rl&e=a and the Caspian Sea become separated
basins and develop their own hydrologic budgetgdnel (d) the sill between the Black Sea
and the Caspian Sea is deeper than that to thetdriediean. A lowering of the Mediterranean
sea level below the sill does not separate thekBfsm and the Caspian Sea and both basins
would have the same hydrologic budget. Initialls®al is indicated as SLo. Arrows between
basins indicate possible overspilling from a basio another.

Mediterranean Sea (0.5 m/yr). This indicates that even inxthenge case that none

of the major rivers was flowing into the Black Sea thdrblogic budget calculated

from the simulations by Marzocchi et al. (2015) does not correspond to a 1000 m sea
level drop. In contradiction with the relatively small agge budgets inferred from
Marzocchi et al. (2015), hydrogen isotopes measured on alkeri@hgsngnd from

the Black Sea suggest prevailingly dry conditions and likebtrangly negative
hydrologic budget for this time period (Vasiliev et al., 2013, 2015). As an alternat
explanation, the heav§Dakenones Signal could represent a Mediterranean signal
transferred into the Paratethys by evaporation.

Another way to constrain past sea level is via the salinity diakan waters.
Surface salinity observations reported by Schrader (1978) i38i0#380A and 381
have recently been dated by van Baak et al. (in press)asiey high-resolution age
model. In borehole 380/380A one of the diatom species used to reconstface s
salinity (Coscinodiscus stokesianus) shows an abrupt increase in abundance during
the time interval of the Messinian crisis. The salinity @refice of this species is
unknown and this causes salinity estimates to be subjectg lsicertainty. Van
Baak et al. (in press) considers both the possibility thastiésies represents fresh-
to-brackish conditions (as done in Schrader, 1978) and the cage itititates a
marine environment. Comparing the estimated values just prim6ta with the
maxima inferred for the interval from 5.6 to 5.5 Ma, the firsssibility considered
by van Baak et al. (in press) yields a change from a satihB to maximally 23 g/kg.
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The second case gives a change from a salinity of 10 to, &ighest, 25 g/kg.
Combined with our model calculations these changes would corresparsga level
fall of 1400 m and 785 m, respectively (Figure 4.9). These valeedearly higher
than those inferred from the climate model results. Howewemust keep in mind
that salinity reconstructions are uncertain to start witsoAlwhereas the diatoms
provide us with an estimate of sea-surface salinity, our monlediaders basin-
averaged values. Salinity at shallow depths is more pmobange in response to
surface processes and, for that reason, may show more extreme galiniipn.

To what extent are the insights reached so far robust in vietwoides made
in setting up our model? In Section 4.3.2 we find that in the casdhihaiver
discharge increases gradually as the sea level dropsgifeen basin and a hydrologic
budget, the sea level falls slightly less than in the equivatderence experiment
(Figure 4.3 and Figures 4.6a-4.6¢c). When the shelves are set to 2b@iuen
combination of E-P and R results in a slightly larger sea level drop theeshelves
relative to the equivalent reference experiment, but it doesffeat the magnitude of
sea level drops below the shelves (Figure 4.3 and Figures 4.6drh&R alternative
parameterisations thus do not affect much the preceding dmtusscontrast, when
the alternative hypsometric curve is considered (blue curvégimd=4.2), a given
hydrologic budget corresponds to a substantially greater geladep (Figure 4.3
and Figures 4.6g-4.6i). In Figure 7e we observe that when this hypgasngted the
Black Sea hydrologic budget derived from the simulations of Malz@t@l. (2015)
excluding the Danube and Volga rivers now results in aesed dirop of about 690
m. Surface salinity estimates from van Baak et al. (in pres®spmnd to a sea level

drop of 1675 and 1080 m, respectively (see Figure 4.9b). Thus, as found with the

reference hypsometry, a 1000 m sea level drop is possible on teeobasiinity
reconstructions but it is not supported by the climate modellingasfocchi et al.
(2015).
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Figure 4.9. Salinity (g/kg) as a function of the sea levelgl(m) in the Black Sea (blue lines)

and Caspian Sea (red lines) when the basins aaedo The basins are initialised with a
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To summarise, the sea level drop calculated on the basis of-derdedd
hydrologic budgets differs from that based on geological salgstymates. The
budgets from the simulations of Marzocchi et al. (2015) nesgespond to a sea
level drop of 1000 m but salinity estimates would indicatdesesl drops exceeding
that value. However, salinity estimates for this timgqukare very uncertain and a
1000 m drop seems less likely to have occurred.

4.4.2. Did the Caspian sea level drop 1000 m during the

Pontian?

One of the main arguments to postulate a large sea levil the Caspian
Sea is the presence of a palaeo-Volga canyon through thel@aspsan Basin. This
was interpreted to have formed in response to a base-levedfatten 600 and 1500
m coeval with the Messinian Salinity Crisis (e.g., Jones amim8ins, 1996).
However, the age of this canyon is poorly constrained. Anotheéees® in favour of
a 1500 m sea level fall is the basinward shift of the depacehgzrved in seismic
profiles (Abdullayev et al., 2012). Similarly to the BlackaSgood age control has
only been acquired lately. Using a high resolution age model, aak & al. (2015)
argues for a sea level drop of 100-150 m in Adzhiveli section (soutnwdgSaspian
Sea; see location in Figure 4.1a) between 5.6 and 5.5 Ma, in cavittagrevious
estimates.

We can apply our results by deriving the hydrologic budget that would cause
the Caspian sea level to go down by 1000 m. As in the previous seogioimgathat
the connection between the Black Sea and the Caspian Sea liag, st study the
Caspian Sea separately. Assuming again th#&t ®as equal or smaller than 1 m/yr
we find that R has to be lower than about 0.1 m/yr (72hkntigure 4.7c). Based on
the dimensions of the Volga canyon it has been proposed thatiatehthe discharge
of this river was at least as large as it is at pre@gt, Abdullayev et al., 2012).
However, the required R for a sea level lowering is mucHlemnthan the modern
annual mean discharge of the Volga River (239.67yanOvereem et al., 2003). A
1000 m sea level drop and the simultaneous formation of a deeming palaeo-
Volga canyon would thus seem incompatible.
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Our calculations from the Late Miocene climate experimehkdarzocchi et
al. (2015) indicate that the hydrologic budget of the Caspian Saasitve if the
Volga River flows there (Figure 4.7c and Figures 4.8a, 4.8b). Insihigtion
overspilling from the Caspian Sea into the Black Sea would begerred. If the
Volga River is excluded from the river discharge into the Caspéanthe equivalent
surface freshwater flux (EE2—R) is close to 0.3 m/yr, which is smaller than that of
the present-day Mediterranean Sea. This hydrologic budgespormds to a sea level
drop of about 100 m (Figure 4.7c), which is within the range propogedn Baak
et al. (2015). In this case, the Volga River would have drairtectie Black Sea.
Interestingly, the runoff of the Volga River calculated bgrkbcchi et al. (2015) is
so large that it causes the hydrologic budget of the basin ahtHiows, in this case
the Black Sea, to become positive. Thus, a simultaneous hightodegsiea level
drop in both the Black Sea and the Caspian Sea is not pggsghalees 4.7b and 4.7¢).
According to van Baak et al. (2015), salinity in the Caspiambamained relatively
stable at 10 g/kg from 5.6 to 5.5 Ma. We find that a sea levelffaD0-150 m would
have increased salinity by 4-5 g/kg (from a salinity of 10 to 14-15 §fkggre 4.9a),
which is probably too small an increase to detect. The possilifilik 1000 m sea level
drop at this time can be discarded because it would raiséys#dia value of 47 g/kg,
which exceeds by far the brackish conditions inferred by ek Bt al. (2015; Figure
4.9a).

When the alternative hypsometric curve is considered, the hydrddadget
calculated from Marzocchi et al. (2015), for the case H&Vblga and Danube rivers
are not connected to this basin, corresponds to a sea level dyeptkean 1000 m
(Figure 4.7f). In the Caspian Sea, due to the small suaf@ezeoccupied by the deep
domains of the basin, R has to be very small to lower the sea level helghetves.
Once this value is reached, even small reductions of R, camaharge impact on the
amplitude of the sea level drop. A sea level drop of 1000 m, angdour results,
would cause a salinity increase from 10 to a value of 26 giggré-4.9b). However,
van Baak et al. (2015) reports no major environmental shiftegitinis period and
estimates a constant salinity of 10 g/kg from 5.6 to 5.5 Ma, and a 1G@@ hevel
drop in the Caspian Sea can be ruled out. This result confirmghthalternative
hypsometric curve represents a too extreme basin configuratidhatrthe sea level
drop in the Black Sea and the Caspian Sea may have been shzallénat inferred
from this curve.

93



CHAPTER 4

To summarise, by combining salinity estimates derived fronid fie
observations and Late Miocene hydrologic budgets we are abiectyadia 1000 m
sea level drop in the Caspian Sea from 5.6 to 5.5 Ma. For are@aspian Sea, a
drop in sea level below the shelves would only happen if theavddgs not flow
there.

4.4.3. Further implications

So far in this discussion, we have studied each of the basiisslation
arguing that the connection between the Black Sea and the C&ggiavas shallow
(Popov et al., 2006). We now use our analysis to look into thebiagsihat the
Black Sea and the Caspian Sea remained united duringirtidsinterval. This
scenario necessarily requires the connection between théekladean Sea and the
Paratethys to be shallower than the channel between the 8acknd the Caspian
Sea (Figure 4.8d). For the Paratethys as a whole the modks$ @srived from the
simulations of Marzocchi et al. (2015) predict a hydrologic budpeste to neutral
(Figures 4.7a and 4.7d). Any drop in excess of the level of thbetiveen the
Paratethys and the Mediterranean Sea would thus seem umeliiceihe Black Sea
and the Caspian Sea would remain connected (Figures 4.7a, 4.7d anch48ubr |
words, if the Paratethys sea level drop induced by the Meditarrdeeel lowering
is not enough to isolate the basins, further sea level drop would not occur.

In this case, the connectivity between the Black Sea a@dbkpian Sea may
have been relatively poor due to the presence of a shallowayateetween them.
Whereas, for this reason, the same salinity values aexpetted in both basins, one
would expect a similar evolution of salinity over time inBiack Sea and the Caspian
Sea. In contrast with this, van Baak et al. (in press, 2@t important salinity
fluctuations in the Black Sea but a relatively stable enwient in the Caspian Sea
during this time interval. Overall, based on salinity eatems, it would appear unlikely
that the basins remained together from 5.6 to 5.5 Ma. This impligthéeonnection
between the Mediterranean Sea and the Paratethys was mlystdikshallower than
the channel between the Black Sea and the Caspian Sea.
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4.5. Conclusions

We have shown that a relatively simple analysis providdsiakibe
guantitative constraints on the sensitivity of sea level ®Raratethys basins to the
hydrologic budget. The model approach allows us to study sea lewahdagalinity
change in a consistent way and provides a framework to inténprepatially limited
observations on the scale of entire (sub-)basins. The follawngusions have been
reached independent of data:

- In the Caspian Sea, a smaller river discharge is retjtorea sea level drop
below the shelves than in the Black Sea.

- Basin salinity only rises significantly for sea level drops belastielves.

- For a given basin, time to equilibrium is typically not longer than 10 kjxerww
E—P and R are small time to equilibrium is longer, but it never reaches 100 kyr.

- Climate-model derived hydrologic budgets indicate that thga/Bliver renders
the hydrologic budget of the basin in which it terminates posifiveea level drop
below the shelves at the same time in the Black Sea ai@hpgan Sea thus seems
unlikely.

Combining our model analysis with the available data, twohduart
conclusions could be drawn regarding the possibility of a largiegelsfall from 5.6
to 5.5 Ma:

- A 1000 m sea level drop in the Black Sea can be ruled out baghd bate
Miocene hydrologic budgets from Marzocchi et al. (2015). Salieitpmstructions,
although very uncertain, would leave open this possibility. Even exgjude Volga
and the Danube rivers from the discharge into the Black Sea proves na@riouugh
to lower the Black sea level by 1000 m.

- A sea level drop in the Caspian Sea of 1000 m or more,ikeiyniThe Caspian
sea level only drops below the shelves if the Volga Riseniich smaller than at
present or absent. A large sea level drop coeval with theafmn of a deep Volga
canyon is unlikely.
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Supplementary material

The climate model simulations by Marzocchi et al. (2015) werfonmeed
with the UK Hadley Centre Coupled Model (HadCM3L, version 4.6)sTs a fully
coupled ocean-atmosphere global circulation model, coupled alsodymaanic
vegetation model (TRIFFID). The ocean and atmosphere components have a
horizontal resolution of 3.79ongitude by 2.5latitude. The model has 19 vertical
levels for the atmosphere and 20 levels for the ocean. The Mibcene
palaeogeography used in these simulations derives from Mark@@k ( Figure
S4.1). See Marzocchi et al. (2015) and references therein, foetdits of the model
setup.

In order to calculate the hydrologic budget for the Paratethysnsirainage
basins were defined as proposed by Gladstone et al. (2007) buheviiddition of
the Amu Darya catchment (Figure S4.1). The hydrologic budgetdslated in the
same way as in Gladstone et al. (2007), by considering precipitaticevaporation
separately over each catchment and over the Paratethys litse¢, “en-route”
evaporation from the catchments to the Paratethys is nat ilstikeaccount, but this
is unlikely to be an important source of error. Exchange thghVediterranean Sea
is not included because there is no Mediterranean-Paratethys tmmnriacthe
palaeogeography used. Precipitation and evaporation values aieddtam an
ensemble of 22 climate simulations through a Late Miocene ggiececycle. We
computed the annual mean hydrologic budget, averaged over the falgiogccycle,
for the Paratethys as a whole, the Black Sea and the Caspian Sea.

In the palaeogeography adopted in our sea level calculatior3atatethys
is slightly smaller than in the palaeogeography used by Marzetal. (2015; Figure
S4.1). In order to obtain a correct representation of the sealigainics implied by
the climate model runs, we convert the river discharge dkfigen the climate model
in litre/year, to the equivalent rate of sea level msmeétre/year by dividing it through
the basin area of the climate model palaeogeography. The value thusaigdiren
used in our calculations. Note that directly using the hydrologitget predicted by
the climate models (i.e., in litre/year) would render the budsgged in our calculations
only wetter and any inferred sea level drop less. To k&P the total evaporative
loss over the entire Paratethys is considered to be unyfatisiributed over the
surface area of the Paratethys.
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Figure $4.1. Late Miocene drainage basins (modified from Gladstet al., 2007) used for
the hydrologic budget calculations from the climsitaulations of Marzocchi et al. (2015).
The basins are represented at the model’s resolatid the Late Miocene coastline used in
the climate simulations is also outlinéithe dashed lines indicate the eastern limit oBlaek
Sea and the western limit of the Caspian Sea, @gsted in Marzocchi et al. (2015). Which
drainage basin is connected to each of the twdisisins is specified in Table S4.1.
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Runoff into the
Black Sea

Danube
Dnestr
Dnepr

Northern Turkey

Runoff into the
Caspian Sea

Volga
Ural
Amu Darya
E—P
(mlyr)

Volume flux (I/yr)

1.8383- 16
8.7565- 10

2.3398-10
6.0471-10

Volume flux (I/yr)

6.3140- 1Y
3.8597- 18
5.0416- 16

Over the
Paratethys
0.3830

Equivalent rate of
sea level rise over
the Paratethys
(mtyr)
0.0601
0.0286

0.0765
0.0020
Equivalent rate of

sealevel rise over
the Paratethys

(miyr)
0.2064

0.0126
0.0165

Over the
Black Sea
0.3830

Equivalent rate of
sealevel rise over
the Black Sea

(miyr)
0.1380
0.0655

0.1750
0.0045
Equivalent rate of
sea level rise over
the Caspian Sea

(miyr)
0.5154

0.0315
0.0412

Over the
Caspian Sea
0.3830

Table $4.1. Mean annual Paratethys hydrologic budget averagedthe duration of one full

Late Miocene precession cycle derived from the a&fansimulations by Marzocchi et al.

(2015).
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Summary

During the Early Miocene (23-16 Ma; Ma = million years in {bast)
several marine gateways existed in the broader Mediterraregion. These
seaways connected the Mediterranean Sea to the Indo-Fac#an to the east, to
the Atlantic Ocean to the west, and to the Paratethys—#uepessor of the Black
Sea, Caspian Sea and Aral Sea—to the north. Tectonicallyrgralaeogeographic
changes resulted in the modern land-locked configuration of thédvtatiean Sea
and its satellite basins. As part of this, the opening and clo$unarine gateways,
together with climate, triggered changes in the palaeoceatograf both the
Mediterranean Sea and the Paratethys. These changes arevepreserthe
sedimentary record but, because our techniques for reconstructitme gast
conditions are limited and the record itself is incompletegrgmetation of the
geological evidence in terms of the underlying causes is $ubjemcertainty and
discussion. In this thesis | explore the alternative (amdptementary) approach of
applying regional-scale numerical models to gain physicsdbasderstanding into
the role of marine gateways in the palaeoceanography of theede (23-5 Ma)
Mediterranean Sea and Paratethys. The comparison of model resgétslagical
data allows me to determine which scenarios are consisi#tntiata, as well as to
specify the conditions under which these arise.

| first focus on the closure of the marine gateway that corsheitie
Mediterranean to the Indo-Pacific until the Early to Middléodéne: the Indian
Gateway. In particular, 1 examine the effect of the shoaling #&slre of this
gateway on Mediterranean circulation, the exchange with the adjacens acehno
a lesser extent, Mediterranean and Paratethys water propertidés Betsined with
a regional-scale ocean circulation model show that when the Indiaw&ais deep
(1000 m), the patterns of exchange are not dependent on factors stlithats,
Atlantic Gateway depth and presence or absence of net ardstiw in the ocean
gateways. When the Indian Gateway is shallow (200 m) the egehaith the
adjacent oceans is very sensitive to the previously meaditactors. After closure
more than a single Mediterranean-Atlantic exchange patiegpossible depending
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on the Atlantic Gateway depth and climate. By combining model sesuth the
available geological data, flow configurations consisteith vebservations for
different stages of the process of closure are proposed. iS@thtion is given to
the exchange pattern with the Atlantic Ocean after closurewliicch | compare
model results to observations of Langhian age (16-14 Ma) from tetemeand
central Mediterranean Sea.

In the Late Miocene, before the Messinian Salinity Crisis, the Mediesira
and the Atlantic were connected by two marine gateways: #ie Bnd Rifian
corridors. Using a regional-scale ocean circulation model Istigage the patterns
of exchange through this double gateway. Results show that two erchattgrns
are possible depending on the relative depths of the gateMases specifically, the
deep corridor always presents two-layer flow (i.e., oceafliow at the surface and
outflow at depth); the shallow corridor accommodates two-ltger if it is deeper
than the mid-depth of the deeper corridor and one-layer flowAtlantic inflow) if
this is shallower than half the depth of the deeper one. Modeltseallow the
discard of the “siphon theory”, according to which the Rifi@orridor
accommodated only Atlantic inflow and the Betic corridor Mediieean outflow.
With the model results as a basis, the geological data fremgateways are
interpreted in terms of new scenarios, consistent with phyfsicshe time interval
proposed for the “siphon event”. Knowledge of the systematic behawfotire
double gateway in terms of exchange patterns is useful tmswuact gateway
geometries from the incomplete geological data.

In the Late Miocene, during the Messinian Salinity Crisis he t
Mediterranean, the Paratethys sea level dropped. Estimatie famplitude of the
sea level drop in the main Paratethys sub-basins (Blaxlai®® Caspian Sea) range
from a few meters to more than 1600 m. In this thesis | exatheeensitivity of
the Black and Caspian sea levels to hydrologic budgets, assursaugmiction of
these basins from the Mediterranean Sea. For that | quantifg, ¥ode range of
negative hydrologic budgets (evaporative loss exceeds freshiwptd}, the sea
level drop, the resulting salinity, and the time requiredetach such a fall in sea
level. Comparing the model results to (i) a set of Late Miodsmieologic budgets
calculated from a global climate simulation and (ii) to sgliestimates inferred
from geological evidence, a 1000 m sea level drop in th@i@asSea can be
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discarded. In the Black Sea, whereas such a dramatapfadlars unlikely, it cannot
be fully ruled out.
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Samenvatting

Gedurende het Vroeg Miocene tijdvak (23-16 Ma; Ma = miljoengakeden)
bestonden er meerdere zeestraten in het toenmalige Mitttkdl&Zeegebied. Deze
zeestraten verbonden de proto-Middellandse Zee met de Indo-Recidseaan in
het oosten, met de Atlantische Oceaan in het westen, en nigdrdiethys - de
voorloper van de Zwarte Zee, de Kaspische Zee en het Arainiedret noorden.
Door tektoniek gedreven paleogeografische veranderingen erdelte in het
hedendaagse door land ingesloten karakter van de MiddellandsecrZeate
aangrenzende bekkens. Als onderdeel hiervan veroorzaakten de @retnsgjuiting
van de zeestraten, samen met het klimaat, veranderingerpaiedeeanografie van
zowel de Middellandse Zee als de Paratethys. Deze verandedijgdmewaard
gebleven in de sedimenten die zich afzetten op de zeebodem. Oneltgamieken
voor de reconstructie van de omstandigheden in het verleden beperkn zile
stratigrafie zelf incompleet is, is de interpretatie vargkelogische archief in termen
van de onderliggende oorzaken onzeker en onderwerp van discussie. In dit
proefschrift onderzoek ik de alternatieve (en aanvullende) bengdean de
toepassing van numerieke modellen op regionale schaal om fysisctbaunde
inzicht te krijgen in de rol van zeestraten in de palaeocedimgrede zeespiegel van
de Middellandse Zee en Paratethys tijdens het Mioceen [2&8)y5De vergelijking
van de modelresultaten met geologische gegevens stelt stijahte bepalen welke
scenario's consistent zijn met de data, alsmede te specficerda arastandigheden
waren waaronder deze zich hebben voltrokken.

Ik richt me eerst op de sluiting van de zeestraat diestoftoeg- tot Midden-
Mioceen de Middellandse Zee met de Indo-Pacifische Oceabaneerde Indische
zeestraat. In het bijzonder onderzoek ik het effect van het pardigorden en de
sluiting van deze zeestraat op de circulatie in de Midudda zee, de
wateruitwisseling met de aangrenzende oceanen en, in mindere deate
eigenschappen van het water van de Middellandse Zee en detfyarddetresultaten
verkregen met een oceaancirculatiemodel op regionale donaal aan dat wanneer
de Indische zeestraat diep is (1000 m), de patronen van uiingseat afhankelijk
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zijn van factoren zoals klimaat, diepte van de Atlantiseestzaat of de aan- of
afwezigheid van een netto westwaartse stroom in de zeestraten.eaNdamedische
zeestraat ondiep (200 m) is, is de uitwisseling met de asregrde oceanen zeer
gevoelig voor de genoemde factoren. Na sluiting is meer dantéésseiingspatroon
tussen de Middellandse Zee en de Atlantische oceaan mogé#fignkelijk van de
diepte van de Atlantische zeestraat en het klimaat. Doomaldelresultaten te
combineren met de beschikbare geologische gegevens ben ittidestzonfiguratie
van stroming voor te stellen die consistent is met waangem voor de verschillende
fasen van het sluitingsproces. Specifieke aandacht wordtveggegaan het
uitwisselingspatroon met de Atlantische Oceaan na dengjuivaarvoor ik mijn
resultaten vergelijk met waarnemingen aan sedimenten van Langhiedamudéé-
14 Ma) uit de centrale en westelijke Middellandse Zee.

In het Laat-Mioceen, en wel v6ér de saliniteitscrisisivaiMessinien, waren
de Middellandse Zee en de Atlantische Oceaan verbonden doaditlieeij elkaar
gelegen zeestraten: de Betische en Rif-zeestraat. Metpbehn een algemeen
oceaancirculatiemodel op regionale schaal en een Laat-Mioceaegeafrafie
onderzoek ik de uitwisselingspatronen door deze dubbele zeestragsiaten
laten zien dat er twee patronen mogelijk zijn, afhankebjik de relatieve diepte van
de zeestraten. Meer specifiek vertoont de diepe zeestliddt een tweelagen-
stroming (dat wil zeggen, instroom aan het opperviak en uitstroodieppe); de
ondiepe zeestraat biedt een tweelagen-stroming als deze diepedss luglft van de
diepte van de diepere zeestraat en een éénlaagse stromemgdezé ondieper is dan
de helft van de diepte van de diepere zeestraat. De modiresgtellen mij in staat
om de zogenaamde “sifon theorie” te weerleggen. Volgens deagetzou door de
Rif-zeestraat alleen instroom van Atlantisch water zijn tpeden, terwijl door de
Betische straat alleen uitstroom vanuit de Middellandse daatsvond. Met de
uitkomsten van het model als basis worden geologische obsergatiaan in de
zeestraten, voor het tijdsinterval voorgesteld voor de “sifonmtgmreteerd in
termen van nieuwe scenario’s, nu wel consistent met de aggtertie natuurkunde.
Kennis van de systematiek van het uitwisselingspatrode reestraten is nuttig om
de geometrie van de zeestraten te reconstrueren uit de incompletésgbelagta.

In het Laat-Mioceen, gedurende de saliniteitscrisis van lessMien, daalde
de zeespiegel van de Paratethys. Schattingen voor de grootte van de eklkdipigg
in de belangrijkste sub-bekkens van de Paratethys (de ZwarterZzde Kaspische
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Zee) variéren van enkele meters tot meer dan 1600 m.groeifischrift onderzoek ik
de gevoeligheid van de zeespiegel van de Zwarte Zee en disdfas@ee voor
hydrologische budgetten, aannemend dat deze bekkens van de Midel@laadsin
afgesloten. Hiervoor kwantificeer ik voor een breed scadm \negatieve
hydrologische budgetten (d.w.z. verlies door verdamping oversatheijdanvoer van
zoetwater), de daling van de zeespiegel, het resulterendgehalte, en de tijd die
nodig is om de desbetreffende daling van de zeespiegel te bereikeslijMaggvan
de modelresultaten met een set van Laat-Mioceen hydrologischettendafgeleid
van een recente globale klimaatsimulatie en met schattingerhet zoutgehalte
afgeleid uit geologisch observaties, maakt het mogelijzeespiegeldaling van 1000
m in de Kaspische Zee te verwerpen. In de Zwarte Zee kan een dergeiijgendit
volledig worden uitgesloten, hoewel zo een dramatische datingarschijnlijk lijkt.
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Resumen

Durante el Mioceno Inferior (23-16 Ma; Ma = millones de afioseken
pasado) existieron varios corredores marinos en la regiontéviégiea. Estos
conectaban el Mar Mediterraneo con el Indo-Pacifico al esiAtlantico al oeste, y
el Paratetis—predecesor de los mares Negro, Caspiddyatle-al norte. Cambios
paleogeograficos, que incluyen la apertura y el cierre de estashos marinos,
dieron lugar a la configuracién actual del Mar Mediterraneonsycsiencas satélite.
La cambiante geometria de los estrechos marinos (impulsada fentonica de
placas), en combinacion con el clima, modificé sustancialmergeleoceanografia
del Mar Mediterrdneo y del Paratetis. Estos cambios quegmeservados en el
registro sedimentario, que constituye una herramienta fundamental lpa
realizacion de reconstrucciones paleoambientales. El estutlis dedimentos, sin
embargo, no permite determinar los procesos causantes de lasiormwli
ambientales observadas, ni tampoco conocer si dichas condiciongsicalnles al
resto de la cuenca o representan un fenémeno local. En estapésd modelos
numéricos de escala regional para comprender, mediante lasdeya fisica, la
influencia de los estrechos marinos en la paleoceanografMadeVlediterraneo y
el Paratetis durante el Mioceno (23-5 Ma). La comparaciongleskultados de los
modelos con informacién procedente del registro sedimentario tpedigtierminar
los escenarios modelados consistentes con los datos de campo, aslasom
condiciones necesarias para la generacion de los mismos.

En primer lugar estudio el cierre del estrecho marino que dortdilar
Mediterraneo con el Indo-Pacifico hasta el Mioceno Inferior-Ehoc Medio: el
Estrecho del indico. En particular, examino la influencia de lsegaation vy el
cierre de este estrecho en (i) la circulacién termohalihldeMediterraneo, (ii) el
intercambio de aguas entre el Mediterraneo y los océanoseatmcy (iii) las
propiedades de las aguas del Mediterraneo y el Paratetisesaltados, obtenidos
con un modelo de circulacion oceanica de escala regional, muestranaa® el
Estrecho del indico es profundo (1000 m) los patrones de intercambaguds con
el Atlantico y el Pacifico no dependen de factores tales comolired, la
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profundidad del Estrecho del Atlantico y la presencia (o augeseitriansporte neto
de agua hacia el oeste en los estrechos oceanicos. CuandoaticEstieindico es
somero (200 m), el intercambio de aguas con los océanos adyaesntasy
sensible a los factores mencionados anteriormente. Trasrrel ded Estrecho del
indico existen multiples patrones posibles en cuanto al intercamlzigude con el
Atlantico en funcién de la profundidad del Estrecho del Atlantiad glima. La
comparacion de los resultados obtenidos con datos geoldgicos pestabkecer los
posibles patrones de intercambio de aguas en los estrechote dasadiferentes
etapas del proceso de cierre. Presto especial atenciénrefuiniigo de aguas entre
el Mediterraneo y el Atlantico tras el cierre del Estro del indico, para lo cual
utilizo datos de campo procedentes del Mediterraneo centratigeatal de edad
Langhiense (16-14 Ma).

En el Mioceno Superior, con anterioridad a la Crisis de $alihidel
Messiniense, el Mediterraneo y el Atlantico estuvieron cadest por los
corredores Bético y Rifefio. Utilizando un modelo de circulaci@amica de escala
regional investigo el intercambio de aguas a través de estosdores. Los
resultados indican que hay dos patrones posibles en cuanto al intercenalgjuas
en funcién de la profundidad relativa de un corredor con respecto al otro
Concretamente, el corredor mas profundo siempre presenta flujpabiEste
consiste en entrada de aguas Atlanticas hacia el Medieren superficie y salida
de aguas Mediterrdneas en profundidad. El corredor mas somesemtar (i) flujo
bicapa, si la profundidad de éste es superior a la mitad de la profundidad mékkima
otro corredor y (i) Unicamente entrada de aguas Atlanticagstsi es menos
profundo que la mitad de la profundidad del corredor mas profundoekolados
obtenidos permiten descartar la “teoria del sifon”, que proponeelquerredor
Rifefio presentaba exclusivamente influjo de aguas AtlantiedBgtico salida de
aguas Mediterraneas hacia el Atlantico. Utilizando los retagtdel modelo y datos
de campo procedentes de los corredores propongo posibles patramesodenbio
de aguas durante el intervalo temporal del “sifon”. El sistiemdntercambio de
aguas encontrado en los corredores en funcion de sus profundielatieas resulta
de gran utilidad para reconstruir las geometrias de loedmeas a partir del
limitado registro sedimentario y, por tanto, recrear la sucegémcdntecimientos
gue culmind en la crisis de salinidad.
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En el Mioceno Superior, durante la Crisis de Salinidad del Messiniense en el
Mediterrdneo, el nivel del mar Paratetis cay6. Estimacialeesa amplitud del
descenso del nivel del mar en las principales cuencas débtiRatilar Negro y
Mar Caspio) varian desde unos pocos metros hasta mas de 1600 sta Easie
analizo la sensibilidad de los niveles del Mar Negro y del ®&spio a multiples
balances hidrolégicos cuando el Paratetis esta desconectddarddediterraneo.
Cuantifico la caida del nivel del mar, la salinidad resudtanel tiempo necesario
para alcanzar dicho nivel del mar, asumiendo mudltiples balandesldgicos
negativos (pérdida evaporativa excede a la entrada de aged. dil comparacion
de los resultados modelados con (i) una coleccion de balancesoOgicvsl
calculados para el Paratetis durante el Mioceno Superidi) gstimaciones de
salinidad obtenidas a partir del registro sedimentario, pedeiteartar un descenso
del nivel del mar de 1000 m en el Mar Caspio. En el Mar Negnogue una caida
del nivel del mar tan acusada parece poco probable, ésta moede descartar
completamente.
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