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Marine gateways are important for semi-enclosed basins as they control exchange flows and influence water
circulation. Duringmuch of the Early andMiddleMiocene (~23–13 Ma), the Paratethys (of which at present only
the Black Sea and Caspian Sea remain) and theMediterranean Seawere connected to both theAtlantic and Indian
Oceans. The gateways to the Indian Ocean were closed ultimately in the Middle Miocene. Here, we apply an
oceanic 4-box model to determine the temperature, salinity and exchange flows for the Paratethys and the
Mediterranean Sea before and after closure of the Indian Ocean gateways. Our analysis forms a novel way of
linking tectonics, climate and basin evolution.We investigate whether changes observed in the geological record
of Paratethys are causedby changes in gateway configurationor in climate.Wemainly focus on Paratethyswhich,
because of the availability of a large variety of geological studies, presents an outstanding opportunity for
studying the evolution of semi-enclosed basins and the impact of gateway closure. Moreover, Paratethys is
considered to have played an important role in the evolution of Eurasian climate. Our analysis explores various
values of the model parameters such as net evaporation and surface heat flux. Our main conclusions are:
(1) Paratethys becamemore responsive to climate change after closure, (2) closure of the gateways to the Indian
Ocean probably caused cooling of Paratethys and, in particular, accounted for the enigmatic Mid-Burdigalian
cooling in Paratethys, (3) closure induced a change in salinity of Paratethys which is dependent on the net
evaporation and size of the gateway connecting Paratethys to the Mediterranean, (4) Paratethys is sensitive to
closure of both the gateway between Paratethys and the Indian Ocean, and the gateway between the
Mediterranean Sea and the Indian Ocean, (5) Paratethys is influenced by the water properties of the
Mediterranean Sea, (6) thewater properties of Paratethys have only very limited influence on theMediterranean
Sea, and (7) in the advanced stage of the closure, the Mediterranean/Paratethyan temperature and salinity
became more responsive to the restriction of the eastern gateways.
l rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Marine gateways play a crucial role in the exchange of water, heat
and salt between ocean basins. Tectonically induced changes in
gateway geometry can alter ocean circulation and heat transport,
which in turn can cause climate change on a regional scale and
potentially on the global scale (e.g., Hay, 1996). For instance, model
results of Omta and Dijkstra (2003) indicated that constriction of the
Tethys Seaway in combination with the widening of Drake Passage
reversed the exchange flow through the Panama Seaway in the Early
Miocene (~23 Ma). This has been suggested to result in cooling of the
Caribbean surface waters and may have caused the demise of warm-
water corals (von der Heydt and Dijkstra, 2005). In another example,
the emergence of the Isthmus of Panama at around 4.6 Ma is thought
to have intensified the Gulf Stream and transported warm and saline
water to high northern latitudes (Haug and Tiedemann, 1998; Bartoli
et al., 2005).

For enclosed or semi-enclosed basins, marine gateways are even
more important because they are the only means of communication
with other basins. The opening or disruption of gateways, resulting from
tectonic activity and/or sea level variations,may significantly change the
temperature, salinity and sedimentary environment of the semi-
enclosed basin (e.g., recently, Alhammoud et al., 2010; Thompson
et al., 2010). Located in the convergence zone between Africa and
Eurasia, theMediterranean Sea and Paratethys had gateways to both the
Atlantic and the Indian Oceans during much of the Early and Middle
Miocene (~ 23–13 Ma; Fig. 1). The gateways to the Indian Ocean were
closed sometime in the Middle Miocene (Rögl, 1999; Meulenkamp and
Sissingh, 2003; Reuter et al., 2009). The geological record suggests that
disconnection from the Indian Ocean led to severe changes in thewater
properties of both the Mediterranean and Paratethys (Rögl, 1999; Latal
et al., 2004; Harzhauser et al., 2007b). In Paratethys, intermittent
gateway disruption, in combination with sea level variations, caused
major turnovers in the composition offlora and fauna (Harzhauser et al.,
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Fig. 1. a) Sketch of the paleogeography of the Early to Middle Miocene Mediterranean Sea and Paratethys prior to closure of their connections to the Indian Ocean (after Rögl, 1999).
b) Cartoon of corresponding 4-box model with arrows showing the exchange flows. Question marks are indicating that exchange flows are not known.
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2002; 2007a). However, the cooling and warming trends in the
geological record of Paratethys and the Mediterranean, inferred from
changes in faunal assemblages or shifts in oxygen isotope values, are
often interpreted as a reflection of changes in global or local climate
(e.g., Kocsis et al., 2008). It is of much interest to understand to what
extent these changes observed in proxy data are actually controlled by
changes in the gateways.

The purpose of this study is to investigate the gateway control on the
Paratethyan temperature and salinity by using an ocean model. The
model offers a newmeans to address the complex interplay of tectonic
and climatic factors in basin evolution. The availability of detailed proxy
recordsmakes Paratethys a very suitable case for studying the evolution
of semi-enclosed basins. The evolution of Paratethys deserves to be
understood in detail also because the sea is considered an important
player in the development of Eurasian climate (Ramstein et al., 1997;
Zhang et al., 2007).

The only previousmodel study concerning the effects of closure of the
gateway to the Indian Ocean is our oceanic 3-box model (Karami et al.,
2009) in which Paratethys is considered a part of the Mediterranean Sea
and is not represented as a separate basin. Although the use of a 3-box
model is valid as a first step, a separate box representing Paratethys is
needed in order to address the possibility of different atmospheric forcing
over the Mediterranean and Paratethys. Also, this allows us to examine
the scenario in which the Mediterranean Sea is disconnected from the
Indian Oceanwhile Paratethyan–Indian connection remains open or vice
versa (e.g., early Serravallian reconstruction of Rögl, 1998).

We thus apply an oceanic 4-box model to achieve quantitative
insight into the effect of gateways, and especially their closure, on the
water properties of Paratethys and theMediterranean Sea. We also aim
to determine possible configurations of the exchange flows. Theoretical
predictions of thenew4-boxmodel are comparedwith isotope data and
inferences based on biota in order to understand better the factors that
controlled the evolution of the sedimentary record of Paratethys. Our
findings also include new results concerning the Mediterranean Sea
resulting from the fact that it is now considered separate from
Paratethys (cf. Karami et al., 2009). This study is to contribute to the
general understanding of the role of gateways in determining water
properties and circulation of land-locked basins.

2. Model description

2.1. Basin configuration

By the end of the Eocene (~34 Ma), the northward drift of Africa
and several other Gondwana-derived continental blocks caused the
disintegration of the Western Tethys Ocean (Rögl, 1998). It fragmen-
ted into theMediterranean Sea (the southern domain) and Paratethys
(the northern domain) that were connected to each other and to the
Atlantic and Indian Oceans through marine gateways (Rögl, 1998;
Popov et al., 2004). As the starting point for the configuration of the
basins in ourmodel (Fig. 1), we use the EarlyMiocene paleogeography
of Paratethys and the Mediterranean Sea, in which both are still
connected to the Indian Ocean (e.g., Rögl, 1999). We treat Paratethys
as a single basin, which is a reasonable assumption in view of the
strong faunal similarities between the Eastern and Central Para-
tethyan domains (Rögl, 1998, 1999). The intricate paleogeography is
simplified to a 4-box model with four gateways to achieve a simple
quantitative setup capable of predicting the first-order response to
gateway closure (see Fig. 1b). The boxes represent the Atlantic Ocean,
the Mediterranean Sea, Paratethys and the Indian Ocean. The
Mediterranean Sea is considered to have three gateways: in the
west between the Mediterranean Sea and the Atlantic Ocean, GMA; in
the east between the Mediterranean Sea and the Indian Ocean, GMI;
and in the north between the Mediterranean Sea and Paratethys,
GMP. Paratethys is considered to have two gateways: with the
Mediterranean Sea, GMP; and a gateway to the Indian Ocean, GPI.
Paratethys lacks a direct connection to the Atlantic Ocean. We aim to
determine the evolution of salinity and temperature of both the
Mediterranean Sea and Paratethys (SM, TM, SP and TP) before and after
closure of the gateways to the Indian Ocean (i.e., closure of GMI and
GPI). In Section 2.2, we provide a qualitative description of the basic
concepts of our 4-box model.

2.2. Underlying concepts

Similar to previous oceanic boxmodels (e.g., Stommel, 1961;Meijer,
2006; Karami et al., 2009) each box in our model is assumed to be well
mixed and therefore it has a uniform salinity and temperature. The
boxes associatedwith theAtlantic and IndianOceansare taken to be two
large reservoirs: their salinity and temperature are prescribed and kept
constant during the simulations. It is assumed that the boxes exchange
water through the gateways by means of a two-layer flow: a deep flow
and a surface flow moving in opposite directions. The deep flow is
parameterized as a function of the pressure difference between the two
boxes which, by applying the common assumption of hydrostatic
balance, is proportional to the density difference between boxes. Hence,
the deepflowgoes from the denser box (colder and/ormore saline) into
the less dense one (warmer and/or less saline). Mathematically, deep
flow is given by the multiplication of the density difference and a
parametric quantity known as the hydraulic constant. The hydraulic
constant represents the geometry of the gateway. A larger hydraulic
constant represents a deeper and/or wider gateway and vice versa. The
surface flow is found from the requirement that water volume be
conserved. Our formulation allows for surface and deep flow not being



Table 2
Definitions of the model parameters.

Variables and parameters Symbol

Volume of the Mediterranean Sea (m3) VM

Volume of the Paratethys (m3) VP

Salinity and temperature of the Atlantic Ocean (psu, °C) SA, TA
Salinity and temperature of the Indian Ocean (psu, °C) SI, TI
Net evaporation over the Mediterranean Sea (m3/s) (E-P-R)M
Net evaporation over the Paratethys (m3/s) (E-P-R)P
Net surface heat flux over the Mediterranean Sea (W) QM

Net surface heat flux over the Paratethys (W) QP

Hydraulic constant for gateways connecting the Mediterranean
to Atlantic and Indian Ocean (m3/s)

fMA, fMI

Hydraulic constant for the gateway connection the Paratethys to
the Mediterranean Sea or the Indian Ocean (m3/s)

fMP, fPI

Ratio of the hydraulic constant of the eastern gateway of
the Mediterranean to that of the western gateway (fMI/fMA)

rM

Ratio of the hydraulic constant of eastern gateway of the Paratethys
to that of the western gateway (fPI/fMP)

rP

Ratio of the surface flow from the Indian Ocean into the Mediterranean
to the surface flow in/out the Atlantic

rsM

Ratio of the surface flow from the Indian Ocean into the Paratethys to
the surface flow in/out the Mediterranean

rsP

The ratio of surface to deep flow at the gateways to the Indian Ocean h
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equal in magnitude for a given gateway. This allows a net flow through
the gateways depending on the ratio of the exchange flow in the eastern
gateways to that in thewestern ones. Generally, at least a small net flow
into or out of the Mediterranean and Paratethyan boxes is required to
preserve their volume in the presence of a real freshwater exchange
with the atmosphere.

We apply conservation of water mass and the equations of salt and
heat balance to the Mediterranean Sea and Paratethys. Atmospheric
forcing is imposed on Mediterranean and Paratethyan boxes as (i) net
evaporation (i.e., the difference between evaporation E, precipitation
P and river discharge R, i.e., E-P-R) and (ii) surface heat flux (Q). We
use net evaporation as a real freshwater input instead of a virtual
salinity flux (cf. Stommel, 1961). Net evaporation (E-P-R) is a term in
the conservation of mass equations and surface heat flux (Q) is a
source/sink term in heat balance equations. Salt and heat are advected
through surface and deep flows into and out of the Mediterranean Sea
and Paratethys as described by simple linear laws. The resulting
system of equations for salinity and the temperature of Paratethys and
the Mediterranean is solved, through time, in terms of various control
parameters to find the steady state solution. From this we subse-
quently determine the configuration of exchange flows. The equations
that represent these concepts are derived in the Appendix A.

2.3. Implementation of the exchange flows with the Indian Ocean

To investigate the role of closure of the gateways between the
Mediterranean/Paratethys and the Indian Ocean (i.e., GMI and GPI) we
allow only these gateways to vary while the other gateways (GMA and
GMP) are kept constant during a single model run. We define the
hydraulic constant for the variable gateways GMI and GPI (i.e., fMI, fPI)
relative to the hydraulic constant of the invariable gateways (i.e., fMA, fMP).
The ratios between these hydraulic constants are rM (fMI/fMA) and rP
(fPI/fMP) for the Mediterranean Sea and Paratethys, respectively. As rM
and rP approach zero, the deep flows to or from the Indian Ocean become
zero. Moreover, we define the ratio of surface flow in GMI to the surface
flow in GMA as rMs and ratio of surface flow in GPI to the surface flow in
GMPas rPs (where superscript “s” refers to surfaceflow). Choosing rMs and
rP
s to be zeromeans that the surfaceflows toor from the IndianOceanare
zero. To simulate closure, we decrease all the gateway ratios (i.e., rM, rP,
rM
s and rsP) to zero. The model variables (the salinity and temperature of
the Mediterranean and Paratethys) and model parameters are listed in
Table 1 and Table 2, respectively.

No data or other independent constraints on the magnitude of
exchange flows with the Indian Ocean exist. This results in four
unknown control parameters (i.e., rM, rP, rMs and rP

s) with an infinite
number of possibilities to determine the exchange flows. To decrease
thenumber of unknownparametersweconcentrate our analysis on two
cases: (i) equal surface and deep flow in the gateways to the Indian
Ocean, and (ii) surface flow only in these two connections. These cases
correspond to the ratio of surface to deep flow with the Indian Ocean
being unity or infinity, respectively. Hence, we cover the limits of the
range of possible solutions for the ratio of surface to deep flowwith the
Indian Ocean. In the first case, the surface flow ratios (i.e., rMs and rP

s) can
be written as a function of the corresponding deep flow ratios (i.e., rM
and rP) and so they can be eliminated from the equations. Note that the
surface flows between the Mediterranean and the Atlantic Ocean, and
between the Mediterranean and Paratethys are not equal to the
corresponding deep flows because volume has to be conserved. The
main results presented below prove not to be very sensitive to the
Table 1
Definitions of the model variables.

Variables Symbol

Salinity and temperature of the Mediterranean (psu, °C) SM, TM
Salinity and temperature of the Paratethys (psu, °C) SP, TP
choice of equal surface and deep flow to and from the Indian Ocean (see
Discussion section). In the second case, with only surface flow, the deep
branch of exchange with the Indian Ocean is taken as zero (rM=0 and
rP=0) and as a result there is only one-layer flow to or from the Indian
Ocean. This case relates to the advanced stage of Arabia–Eurasia
collision, for which paleogeographic maps show long and shallow
gateways between the Mediterranean Sea and the Indian Ocean, and
between Paratethys and the Indian Ocean (Popov et al., 2004; Reuter
et al., 2009). It is conceivable that such gateways accommodated one-
way flow.
2.4. Model parameters

Here, we introduce the model parameters that are consistent in all
model experiments. The remaining parameters that vary will be
discussed in Section 3.

The volumes of Paratethys and the Mediterranean Sea prior to
closure are approximated by taking the coastlines from the Early
Miocene paleogeographicmapofMeulenkamp and Sissingh (2003) and
assuminganaveragedepthof 1500 m(which is theaveragedepthof the
present-day Mediterranean) for each basin. We find 3×1015 m3 and
6×1015 m3 for Paratethys and the Mediterranean Sea, respectively.
Although these are roughestimates at best and thevolumeof Paratethys
and the Mediterranean changed during the Miocene, it can be shown
that changes in volume do not affect our results. Mathematically,
volume is the coefficient of the term for the first derivative of salinity
and temperature to time (for the first order differential equation)which
controls only the time to reach equilibriumand it does not influence the
steady state solutions (see Eqs. (1)–(4) in Appendix A).

The boundary conditions for temperature and salinity of the inflow
water, i.e., salinity and temperature of the Atlantic and Indian Oceans
(SA, SI, TA, and TI), also need to be estimated since their exact values in
the Miocene are not known. We set the Atlantic Ocean to SA=36 psu
and TA=16 °C, which are approximately the present-day average
values for the Atlantic inflow to the Mediterranean Sea (Hopkins,
1999). We assume that the Indian Ocean is warmer and less saline
than the Atlantic Ocean (Stewart et al., 2004; von der Heydt and
Dijkstra, 2006). According to von der Heydt and Dijkstra (2006), the
sea surface salinity and temperature difference between the Indian
and the Atlantic oceans (δS and δT) are roughly equal to −2 psu and
5 °C, respectively. We apply these differences to our well-mixed
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oceanic boxes and assume that SI=34 psu and TI=21 °C. Conse-
quences of choosing alternative values are discussed in Section 5.1.

The hydraulic constant for GMA is taken to be fMA=3 Sv (Karami
et al., 2009). This value, six times larger than the value appropriate for
the present-day Gibraltar Strait, is chosen to get the exchange flows in
the order of O(1) (i.e., exchange flows of around 10 Sv or smaller; see
Karami et al., 2009) and to capture the situation that, according to
paleogeographic maps (e.g., Rögl, 1999), gateways of the Early
Miocene were relatively large. We take GMP to be smaller than
GMA as suggested by the same paleogeographic maps. The hydraulic
constant (fMP) is conjectured to be fMP=0.1 Sv. This would make GMP
analogous to the Hormuz Strait (the strait connecting the Persian Gulf
to the Gulf of Oman) which has a minimum width of 54 km and a
depth varying between 40 and 90 m. We also consider the effect of
choosing other values of fMP in Section 5.1.
3. Results I: Sensitivity analysis

In this first part of the results we systematically explore the model
parameter space to determine how the temperature and salinity of
Paratethys and theMediterranean Sea respond to closure of the gateways
to the Indian Ocean. As expected from the requirement of volume
conservation, net evaporation affects both salinity and temperature, and
we place more emphasis on exploring the role of this parameter. In
addition,we investigate the importanceof surfaceheatflux, comparing its
effects to that exerted by the gateways. Moreover, we also present the
case of one-way flow in the eastern gateways. In Section 4, we will
combine our model with the available data from Paratethys.
Fig. 2. a) Salinity and temperature of the Mediterranean Sea and Paratethys as a function of e
configuration for this experiment.
3.1. Effect of closure dependent on net evaporation

3.1.1. Zero net evaporation (E=P+R)
We start our analysis with zero net evaporation (i.e., E-P-R=0) and

zero surface heat flux (i.e., Q=0) in both basins. We calculate salinity as
well as the temperature of theMediterranean Sea (SM, TM) andParatethys
(SP, TP) as a function of two ratios rM and rP (Fig. 2). Constriction of the
gateways connecting the Mediterranean Sea or Paratethys to the Indian
Ocean means decreasing rM or rP, respectively (recall that surface and
deep flow were considered equal in these gateways). Salinity of both
basins increases and their temperature decreases by closure of the
gateways to the Indian Ocean (Fig. 2a, compare the values at rM=0 and
rP=0 to that for ratios greater than zero). The reason for this response is
that the IndianOceanacts as a sourceofwarmand less salinewater for the
Mediterranean Sea and Paratethys, given that it is assumed warmer and
less saline than theAtlanticOcean. In addition, temperatureand salinity of
the two basins changes non-linearly in response to closure. That is, the
smaller the gateways, the stronger the response to closure. Furthermore,
by looking at each basin individually, we find that salinity and
temperature of the Mediterranean Sea (SM, TM) are much more sensitive
to closure of the gateway between theMediterranean Sea and the Indian
Ocean (i.e., decreasing rM) than it is to closure of the gateway between
Paratethys and the Indian Ocean (i.e., decreasing rP). The Mediterranean
Sea is connected to the Atlantic Ocean and the influence of Paratethys is
relatively small. In contrast, salinity and temperature of Paratethys (SP, TP)
are sensitive to the closure of both gateways (decreasing rM and rP)
because the flow between Paratethys and the Mediterranean Sea is
comparable inmagnitude to the flow between Paratethys and the Indian
Ocean. Any changes in the Mediterranean Sea will affect the exchange
xchange flowwith the Indian Ocean (rM, rP) for the case of zero net evaporation. b) Flow
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flow with Paratethys and thus influence Paratethys. Closing the
Mediterranean Sea-Indian Ocean gateway can therefore alter the
temperature and salinity of Paratethys.
Fig. 3. a)Salinityand temperatureof theMediterraneanSeaandParatethysasa functionofexchang
b) Deep flow between theMediterranean Sea and the Atlantic Ocean is shown by qMA. Negative va
versa; red dashed line shows the boundary where qMA changes direction. c) Flow configuration
configuration, labeled 1 to 3 and illustrated next to the graph. (For interpretation of the reference
In terms of the configuration of exchange flows (Fig. 2b) we find
that the deep flow is from the Atlantic Ocean to theMediterranean Sea
and from there to Paratethys and the Indian Ocean. The surface flows
eflowwith the IndianOcean(rM, rP) for thecaseofpositivenetevaporation(E-P-R=1m/yr).
lues correspond to the deep flow from the Atlantic Ocean to theMediterranean Sea and vice
is plotted as a function of two ratios rM and rP. Each region corresponds to a different flow
s to color in this figure legend, the reader is referred to the web version of this article.)
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are from the Indian Ocean to Paratethys and the Mediterranean, and
from the Mediterranean Sea toward the Atlantic Ocean.

3.1.2. Positive net evaporation (ENP+R)
Next,we consider the case inwhich evaporation exceedsprecipitation

and river discharge. We chose E-P-R=1m/yr for both basins which is in
the range of estimated net evaporation for the present-day Mediterra-
nean Sea (Hopkins, 1999). Compared to the case of zero net evaporation,
there is an overall increase in both salinity and temperature of Paratethys
(Fig. 3a). Positive net evaporation appears as a source term for both
salinity and temperature and increases the flow of salt and heat into
Paratethys (see Appendix A). For the same reason, this behavior is also
found for the salinity and temperature of the Mediterranean but here
changes are smaller. Upon closure, salinity of both theMediterranean Sea
and Paratethys increases and their temperature decreases, similar to the
previous case. Salinity in this case shows a larger increase due to the
positive net evaporation. Temperature shows more non-linear behavior
than salinity: it is relatively constant for rMN1, then it increases for rMb1,
and finally it falls sharply for rMb0.3. The non-linearity is more
pronounced in the Mediterranean Sea than in Paratethys. This behavior
is the result of the competition between the warmer water of the Indian
Ocean and the colder water of the Atlantic Ocean. Provided there is a
sufficiently large connection to the Indian Ocean (rMN1), the Mediter-
ranean is at first less dense than the Atlantic Ocean because it is
significantly warmer. Mediterranean salinity and therefore its density
increases by constricting the gateways to the Indian Ocean (i.e.,
decreasing rM and rP) which in turn decreases the deep flow from the
Atlantic Ocean, because density difference between the Mediterranean
and the Atlantic Ocean is decreased (Fig. 3b). Consequently, for
0.3b rMb1, the warm Indian-Ocean inflow becomes dominant and raises
Fig. 4. a) Salinity and temperatureof theMediterraneanandParatethys as a functionof exchangefl
b) Flow configuration for this setup.
the temperature of the Mediterranean Sea. In turn, this increase in the
Mediterranean temperature raises slightly the temperature of Paratethys.
Further constriction of the eastern gateways (rMb0.3) decreases the
Indian-Ocean inflow even more but the exchange flow with the Atlantic
Ocean starts to increase since from this point onwards theMediterranean
Sea becomes more dense than the Atlantic Ocean because of its higher
salinity.More inflowof coldAtlanticwatermakesboth theMediterranean
Sea and Paratethys colder. This significant finding for the positive net
evaporation scenariomeans that temperature remains relatively constant
in theearly stageof restrictionbut awarming trend (~+1 °C) followedby
a sudden cooling (~ −5 °C) are to be expected as complete closure
approaches in the advanced stage. As for the previous case, salinity and
temperature of the Mediterranean Sea (SM, TM) are only sensitive to the
changes of GMI. Paratethys temperature (TP) is responsive to the closure
of both gateways, GMI andGPI, but its salinity (SP) ismore sensitive to the
closure of GPI than to closure of GMI.

The configuration of the exchange flow for this case is more complex
than in the previous case and depends on the value of the ratios rP and rM
(Fig. 3c). For example, deep flows (blue arrows) are from Paratethys to
the Mediterranean Sea and the Indian Ocean—and from the Mediterra-
neanSea to the Indian andAtlanticOcean for rPb0.3 and rMb0.3 (area2 in
Fig. 3c). Around rM≈0.3, the exchange flow with the Atlantic Ocean
reverses (going fromarea2 to area1) and this is thepointwhere a sudden
decrease in temperature occurs.

3.1.3. Negative net evaporation (EbP+R)
In the casewhere evaporation is less than the sumof precipitation and

river discharge (E-P-R=−1 m/yr) there is an overall decrease in both
salinity and temperature of Paratethys and the Mediterranean water
compared to theprevious cases (Fig. 4). The negative net evaporation acts
owwith the IndianOcean (rM, rP) for the caseofnegativenet evaporation (E-P-R=−1 m/yr).
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as a sink term for both salinity and temperature and decreases the flowof
salt and heat into Paratethys and Mediterranean. Both the salinity and
temperature of the Mediterranean Sea and Paratethys decrease during
constriction of the Indian Ocean gateways. Salinity of the Mediterranean
Sea displays a minor decrease in comparison with temperature which
decreases significantly. The reason that salinity decreases in contrast to
the caseswith zero or positive net evaporation is the input of atmospheric
freshwater. As before, theMediterranean properties aremainly sensitive
to restriction of the gateway between the Mediterranean Sea and the
Indian Ocean. In contrast to the previous cases, the salinity of Paratethys
does not respond to the closure of the gateway between the
Mediterranean Sea and the Indian Ocean (GMI) and is only a function
of the gateway between Paratethys and the Indian Ocean (GPI) (Fig. 4).
The reason is that by constricting GMI (decreasing rM) input of salt from
theMediterranean to Paratethys remains nearly constant. By contrast, the
temperature of Paratethys is sensitive to constriction of both gateways.

The configuration of exchange flow in this case (Fig. 4b) is not as
complex the case of positive net evaporation and does not changewhile
constricting the gateways to the IndianOcean. The deep flow is from the
Atlantic Ocean to the Mediterranean Sea and from there to Paratethys
and to the Indian Ocean; surface flow is in the opposite direction. In
addition, there is a deep flow from the IndianOcean to Paratethys, again
with opposed surface flow.

3.1.4. Net evaporation pattern similar to that at present
Here we study the case where there is positive net evaporation over

the Mediterranean Sea (E-P-R=1m/yr) and negative net evaporation
over Paratethys (E-P-R=−1 m/yr). This case can be thought of as an
approximate analog to the present-day Mediterranean and Black Sea
system but with open gateways to the Indian Ocean. By constricting of
a) 

b) 

rM 

Fig. 5. a) Salinity and temperature of the Mediterranean and Paratethys as a function of exc
R=1 m/yr) over the Mediterranean Sea and negative net evaporation (E-P-R=−1 m/yr) o
the gateway between theMediterranean Sea and the IndianOcean, GMI
(decreasing rM), salinity increases and temperature decreases in both
basins (Fig. 5a). The increase in the salinity of Paratethys, in contrast to
the previous case with negative net evaporation over the whole region,
is related to the positive net evaporation over theMediterraneanwhich
makes the inflowing water from theMediterranean to Paratethys more
saline. Constricting the gateway between Paratethys and the Indian
Ocean, GPI (decreasing rp), does not affect the Mediterranean Sea but
does reduce the salinity and temperature of Paratethys. Of particular
interest is the fact that the salinity of Paratethys is less sensitive to
closure of GPI for restricted GMI (plane of constant rM in Fig. 5a with
rM≪1). For example at rM=3, the salinity of Paratethys decreases by
approximately 1 psu over a rP range from 2 to 0, but at rM=0, salinity
decreases by 0.2 psu over the same rP range. The reason for this is that
constricting GMI makes the salinity of Paratethys of the same order as
the salinity of the Indian Ocean. This decreases the impact of exchange
with the Indian Ocean on the salinity of Paratethys. Mathematically
speaking, the source and sink terms related to the exchange with the
IndianOcean cancel eachother in theequation concerning the salinity of
Paratethys. Note that is not the case for the temperature of Paratethys.
We conclude that closure of GPI alone does not affect the salinity of
Paratethys because of the reduced sensitivity to the GPI in comparison
with the previous cases.

Concerning the exchange flow in this case, there are two different
configurations for rMN0.2 and rM≤0.2 (Fig. 5b). In the first case
(rMN0.2), deep flow is from the Atlantic Ocean to the Mediterranean
Sea and to the Indian Ocean with opposed surface flow. However, in
the second case, deep flows are directed from the Mediterranean to
the Atlantic and to the Indian Ocean. In both cases, deep flows are into
Paratethys with opposed surface flows. At rM≈0.2, the exchange flow
rM>0.2

hange flow with the Indian Ocean (rM, rP) for the case of positive net evaporation (E-P-
ver Paratethys. b) Flow configuration for this setup.
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between the Mediterranean and the Atlantic Ocean reverses and this
is the point where a sharp slope in salinity and temperature occurs
(Fig. 5b).

3.2. The surface heat flux (Q) versus gateways

In the results shown so far, the total surface heat flux (Q) was
prescribed as zero. Here, we examine the role of surface heat flux and its
importance relative to that of the gateways. We solve temperature and
salinity as a function of surface heat flux Q and gateway ratios rP and rM.
The latter ratios are taken to be equal (i.e., rP=rM). This is convenient
because it reduces the number of parameters and can be shown that does
not have an important effect on the results described in this section. We
consider a range forQ of both basins between−5Wm−2 and 5Wm−2.
To put this in perspective, the present-day yearly-averaged net surface
heat flux of the Black Sea and the Mediterranean Sea are 0.0Wm−2 and
−5Wm−2, respectively (Hopkins, 1999; Kara et al., 2008). In ourmodel,
a positive surface heat flux for a given basinmeanswarming up the basin
and vice versa. For the model parameters we use the same values as
before. We prescribe a value for net evaporation over both basins.

Fig. 6 shows temperature of the Mediterranean and Paratethys as a
function of surface heat flux (Q) and corresponding gateway ratio (rP or
rM) for different values of net evaporation. Salinity proves quite
insensitive to changes in surface heat flux and is not shown. In our
model, because the net evaporation and surface heat flux are acting
independently, surface heat flux can only affect salinity indirectly
through its influenceon theexchangeflow. This effectproves to be small
for Paratethys and negligible for the Mediterranean. In contrast, the
temperature of the basins is directly influenced by the heat flux since
this flux is introduced as a source/sink term in the equations for
temperature. The response of temperature to variation in Q depends on
the size of thegateway connecting to the IndianOcean i.e., size of rP or rM
(plane of constant rP or rM in Fig. 6). The larger the gateways (larger rP or
Fig. 6. Temperature of the Mediterranean Sea (TM) and Paratethys (TP) as a function of their n
evaporation; lower panel: similar to present-day system. To clarify the figure we also show
positive Q means warming of the basin, a negative Q implies basin cooling.
rM), the less sensitive the basins become to variation of the surface heat
flux. A larger exchangeflowwith the openocean suppresses the effect of
atmospheric heat flux. Temperature of the Mediterranean Sea (TM) is
relatively insensitive to the variation of Q before closure (plane of
constant rM with rM≫0 in Fig. 6) but it becomes highly responsive for
limited exchange and complete closure (rM≈0). The temperature of
Paratethys (TP), on the other hand, varies significantly by changing Q
evenbefore closure (planeof constant rPwith rP≫0 inFig. 6) although it
also displays greater sensitivity close to complete closure (rP≈0).
Paratethys ismore sensitive to the variationofQ than theMediterranean
Sea due to its more restricted connections with the open ocean. By
decreasing the connection to the Indian Ocean (decreasing rP or rM)
while keepingQ constant (theplaneof constantQ in Fig. 6), temperature
of the Mediterranean Sea, except for the cases with E-P-R=1m/yr and
QN3W/m2, decreases for most values of Q. Moreover, the temperature
of Paratethys decreases for all values of Qb3W/m2. However, if Q
increases, e.g., from a negative value to a positive onewhile constricting
the gateways, the Mediterranean Sea and especially Paratethys become
warmer.
3.3. One-way flow in the eastern gateways

In our model formulation we represent this case by rP=0 and
rM=0. In contrast with the previous cases, the equations are solved as
a function of the surface flow ratios i.e., rMs and rP

s. The solutions are
only shown for the range rP

s≤1 and rM
s ≤1, which is most likely given

that we are dealing with shallow gateways. It should be also noted
that some flow configurations do not have valid solutions for rPs N1 and
rM
s N1 due to the requirement of conservation of mass.We present two
cases for net evaporation over the basins: (i) negative net evaporation
over both basins and (ii) positive net evaporation over Paratethys
and negative over the Mediterranean Sea. Other combinations of net
et surface heat flux (QM and QP) and gateway ratios (rM or rP). Upper panel: for zero net
the 3-D surface projected on the bottom face of each graph using contour lines. Note, a
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evaporation yield results similar to the corresponding two-layer flow
cases and are not shown.

In the case of positive net evaporation over Paratethys and negative
over the Mediterranean Sea, Mediterranean properties and the salinity
of Paratethys are dependent on rM

s but insensitive to rP
s (Fig. 7).

The temperature of Paratethys, however, is sensitive to variation of
both rM

s and rP
s. The reason that the temperature of Paratethys is sensitive

to rP
s but not salinity is the result of a) the configuration of the exchange

flow and b) the difference between the Indian and the Mediterranean
(the basins connected to Paratethys) in terms of salinity and
temperature. Surface flows are from both Mediterranean and Indian
Ocean into Paratethys. The surface flow from theMediterranean, which
is colder andmore saline, increases by decreasing the surface flow from
the Indian Ocean (i.e., decreasing rP

s) because the volume of Paratethys
must be conserved. The difference between the Mediterranean and
Indian in terms of salinity (~1 psu) is smaller than their difference in
temperature (~5 °C) and this causes the temperature of Paratethys to be
more affected.

In the case of negative net evaporation over both basins, both
Mediterranean and Paratethys water properties are dependent on the
surface flow between the Mediterranean and the Indian Ocean (i.e.,
dependent on rM

s ). On the other hand, these properties are independent
of the surface flow between Paratethys and the Indian Ocean (i.e.,
independent of rPs). The reason for this behavior is related to the surface
flows fromParatethys to both IndianOcean andMediterranean Sea. The
decrease in the surface flow to the Indian Ocean (decrease in rP

s) is
compensated by increased surface flow to the Mediterranean to
conserve mass, and therefore water properties of Paratethys are not
affected. The important implication is that, for the case of negative net
evaporation, opening or closure of a shallow gateway between
Paratethys and the Indian Ocean will not affect Paratethys salinity and
temperature.
3.4. Summary of the results

To summarize, we studied salinity and temperature of the
Paratethyan and Mediterranean Seas prior to closure and the changes
Fig. 7. Salinity and temperature of the Mediterranean Sea and Paratethys as a function of the
gateways connecting to the Indian Ocean. Net evaporation is positive for Paratethys and ne
due to closure for various values of model parameters. We found that
water properties of Paratethys are sensitive to both Paratethys–Indian
and Mediterranean–Indian gateways but those of the Mediterranean
are sensitive mainly to the Mediterranean–Indian gateway. While net
evaporation is kept constant, the temperature of both Paratethys and
the Mediterranean Sea decreases upon closure. This is found for
various values of net evaporation. Decrease in net evaporation (i.e.,
from positive to negative values) while constricting gateways, can
enhance the cooling effect of closure and vice versa. Salinity, however,
decreases or increases upon closure depending on the value of net
evaporation. The cooling effect induced by closure is found for most
values of surface heat flux (e.g., Qb3 W/m2) where the heat flux is
kept constant during closure. However, by increasing Q and
constricting the gateways simultaneously, the cooling effect of closure
is suppressed. Cooling is enhancedwhenQ is decreased. Moreover, we
studied the case of one-way flow in the eastern gateways. Opening
(closing) a gateway with one-way flow induces a greater warming
(cooling) than two-way flow case.

Generally, semi-enclosed seas with a limited connection to the
open ocean exhibit increased sensitivity to climate change and vice
versa. When the basins exchange less water with the open ocean, the
atmospheric forcing (net evaporation and heat flux) becomes more
dominant. The opposite is true when basins exchange large amounts
of water with the open ocean. Furthermore, in a basin with more than
one gateway, changes in one gateway can alter the water properties of
the basin significantly if the two gateways accommodate approxi-
mately the same amount of exchange flow. If the gateway subject to
change is much smaller (e.g., ten times shallower) than the other, its
variation will have little impact on the water properties.
4. Results II: The impact of gateway changes on the temperature of
the Central Paratethys

Our results demonstrate that closure of the gateways connecting
Paratethys and the Mediterranean to the Indian Ocean has a great
impact on the basins' temperature as well as on their salinity. Here we
compare the model-predicted changes in temperature with those
surface flow ratios (rMs and rP
s). This case corresponds to the case of one-layer flow in the

gative for the Mediterranean Sea.



Fig. 8. Combination of data and model results for the evolution of Paratethyan
temperature during the Miocene. a) The evolution of Paratethyan temperature is divided
into four distinct periods shown as P1 to P4. The gray-shaded band, together with the
horizontal and vertical dashed line segments, indicates the associated uncertainties.
Paratethys regional stages are given below the standard (Mediterranean)Miocene stages.
b) The state of gateways to the Indian Ocean during the Miocene. c) The temperature of
Paratethys calculated as a function of gateway ratios rM and rP. This repeats the model
result shown in Fig. 2a. Letters “A” and “B” identify solutions representing open and closed
gateways, respectively. d) Variation in Paratethyan temperature between stages of open
and closed gateways as found by modeling. The gray-shaded segments in panel b and
panel c indicate theperiods inwhich thepaleogeographywasvery complexand themodel
is not applicable (see the text).
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inferred fromthegeological record tounderstand the role of gateways in
causing such changes. The focus is on the Central Paratethys because a
wealth of Early to Middle Miocene geological data is readily at hand for
this regionwhichmakes it an ideal test case. Model-predicted salinity is
not evaluated because no paleo-salinity data are currently available.We
first summarize the temperature proxy record of the Central Paratethys
to reconstruct its temperature evolution. Subsequently, the state of
gateways (open or closed gateways) to the Indian Ocean during the
Miocene is addressed and used in our model to assess the associated
impact on water temperature. The model results are then compared
against the observed temperature.

4.1. Proxy data for the Miocene temperature evolution of the Central
Paratethys Sea

Temperature estimates for the Central Paratethys mostly rely on a
comparison of the biota characteristic for a certain time interval with
their present-day relatives. We compile data from the Burdigalian to
Serravallian of the Central Paratethys and leave out the earlier stage of
the Aquitanian because of the low number of available data. In addition
to the commonglobal stages,wewill alsomake reference to the regional
stages for the Central Paratethys, such as Eggenburgian, Ottnangian,
Karpatian and Badenian (Fig. 8). A number of isotope and trace element
studies are also available for the time period considered. However, a
direct interpretation of these records in terms of paleo-temperature
without a consistent control based on the faunal record is risky (Latal
et al., 2006). The reason is that small marginal seas such as Paratethys
can be strongly influenced by regional differences in seawater isotope
compositions (Latal et al., 2006;Harzhauser et al., 2007b).We have thus
chosen to rely almost exclusively on faunal assemblage records for
seawater temperature reconstruction. The proxy data used for temper-
ature reconstruction relate to different parts of the prior sea and
may refer to different depth levels. We will nevertheless combine the
available observations to obtain an estimate (minimum and maximum
values) of the temperature representative of the whole basin for a
specific stage. This approachmatches the fact that ourmodel solves for a
single basin-averaged temperature. It is supported by the inference,
based on oxygen isotopes of benthic and planktonic foraminifera, that
Paratethys was well mixed prior to the late Badenian (Baldi, 2006). In
any case, we will work with the full range of inferred temperatures and
be emphasizing trends in change, rather than absolute values. Often,
proxy-derived temperature estimates are given only in qualitative
terms (e.g., “tropical” or “temperate”) and suggested temperature
ranges for these terms are not consistent in various studies. We
combined a series of papers and attribute a numeric temperature range
to each of these qualitative terms as follows: “cool-temperate” is 10–
15 °C, “temperate” (mild-temperate) is 15–17 °C, “warm-temperate” is
17–21 °C, “sub-tropical” is 21–25 °C, and tropical is 25 °C and larger
(Hall, 1964; Burns and Nelson, 1981; Kamp et al., 1990; Pocknall, 1990;
Ogasawara, 1994).

In the early Burdigalian (middle and late Eggenburgian), a highly
diverse echinoid fauna (Kroh, 2007) and tropical mollusc assemblages
(Mandic and Steininger, 2003; Mandic et al., 2004) are indicative of
warm-temperate to tropical water (17–25 °C). Harzhauser et al.
(2007b) suggested a minimum temperature of around 15 °C for this
period based on molluscs and sedimentological and isotope data. This
gives rise to a first time–temperature estimate (P1) in the graph shown
in Fig. 8a (the upper limit is uncertain; the horizontal bar is centered
arbitrarily).

Bryozoan–corallinacean limestones, previously assigned to the late
Eggenburgian (Nebelsick, 1989) but recently attributed to the earliest
Ottnangian (Piller et al., 2007). These are interpreted to indicate warm-
temperate conditions (17–21 °C) and support a transition from warmer
to colder conditions from the Early to the Middle Burdigalian. Bachmann
(1973) suggested a maximum sea surface temperature (SST) of 15 °C for
the middle Burdigalian (early Ottnangian) based on silicoflagellate
assemblages and the frequent occurrence of diatomites. Low planktonic
δ

13
C and rather high δ18O valueswere found, suggesting high productivity

and cold SST (10–14 °C; Grunert et al., 2010) but these may underesti-
mate the real SST because they relate to paleoenvironmental setting of
upwelling.

Cool-temperate water (10–15 °C) with high amounts of siliceous
fossils (Rögl et al., 2003) was characteristic for the late Burdigalian
(early Karpatian). Water conditions were found to be similar to those
in the middle Burdigalian (Ottnangian; Harzhauser and Piller, 2007).
Moreover, Cicha et al. (2003) suggested temperate water (14–17 °C)
based on planktonic foraminifers. We conclude that the Central
Paratethyanwater was generally cold to temperate (~10–15 °C) in the
middle and late Burdigalian (P2 in Fig. 8a).

In the latest Burdigalian, the temperature of Central Paratethys
started to increase since warmer water foraminifers, such as
Globigerinoides or Globorotalia and a thermophilic mollusc fauna
(Harzhauser et al., 2003) appeared (late Karpatian). AminimumSST of
14 to 16 °C was estimated by Harzhauser (2002) for this period –
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warmer than middle to late Burdigalian – based on a comparison of
gastropods of the Korneuburg Basin with their modern stenothermic
relatives. Temperature requirements of the corresponding fish (Reich-
enbacher, 1998; Schultz, 1998, 2003) and echinoid (Kroh, 2007)
faunas also support warm-temperate and sub-tropical temperatures
(17–25 °C).

For the Langhian (early Badenian) aminimum SST of 15–17 °C was
estimated based on mollusc faunas (Harzhauser et al., 2003) and
planktonic foraminifera (Gonera et al., 2000). The occurrence of
several strombid genera (Harzhauser et al., 2003) even suggests
slightly higher SST of 16–18 °C (Latal et al., 2006). Early Langhian
(early Badenian) gastropod (Harzhauser, 2002, 2003), bivalve
(Mandic, 2003), pteropod (Bohn-Havas and Zorn, 2003), and
echinoderm faunas (Kroh, 2003) were found similar to those of the
latest Burdigalian (late Karpatian), but with strikingly higher
diversity. The increase in faunal diversity is often explained to reflect
a large immigration wave from the Mediterranean area in response to
a rise in the temperature of Paratethys (Harzhauser et al., 2003;
Mandic, 2003). There is a peak in diversity among foraminifers (Cicha
et al., 1998; Ćorić et al., 2004) as well as echinoids. The latter are
tropical in appearance and indicate a winter SST of 17 to 18 °C (Kroh,
2007). The climax in carbonate production and algal limestone
deposition (Studencka et al., 1998; Filipescu, 2001), diversity of
reefs in the southern parts of Paratethys and presence of several small
coral reefs composed of Montastrea, Tarbellastraea, Leptoseris and
Porites in the Styrian Basin (Harzhauser and Piller, 2007) all indicate
warm climate in this period. Both fauna and depositional environment
reflect a stable subtropical marine environment (Kovác et al., 2007).
Thus, the Paratethyan water was generally warm-temperate to
tropical during the Langhian (P3 in Fig. 8a). The time-temperature
estimate for this period ranges between 15 °C and tropical (N25 °C).

Marine microfaunal assemblages indicate a climatic change from
warmer water in the Langhian (early Badenian) to colder water in the
Serravallian (middle and late Badenian; see P4 in Fig. 8a) (Dumitrică
et al., 1975; Bicchi et al., 2003; Spezzaferri et al., 2004). Also changes
in the echinoid fauna (Kroh, 2007) and a distinct change in reef
structures (Harzhauser and Piller, 2007; Piller et al., 2007) indicate the
drop in temperature. More moderate-water ostracodes appeared
(Jiříček, 1983) and there was a slight increase in moderate-water
gadoids (Brzobohatý et al., 2007). Toth et al. (2010) document stable
bottom-water temperature (~15 °C) based on palaeontological and
geochemical analyses of foraminifera, ostracods, gastropods and
rodents. However, Harzhauser et al. (2007b) suggested even lower
temperature for this period (~12 °C). The drop in temperature
occurred just before evaporite deposition started throughout major
parts of the Central Paratethys at 13.8 Ma (i.e., the earliest Serravallian
following Hilgen et al., 2009; de Leeuw et al., 2010). Foraminiferal
assemblages indicate that the fall in warmwater taxa was muchmore
pronounced in the Central Paratethys than in the Mediterranean
(Bicchi et al., 2003). The time–temperature estimate for period P4 is
thus 15 °C and lower.

In summary, the record of the Paratethyan temperature suggests
that the evolution of the basin can be divided into four distinct periods
(periods 1 through 4, defined as P1 to P4 in Fig. 8a). The temperature of
Central Paratethys was warm-temperate to tropical during the early
Burdigalian, cold to temperate from the middle to the late Burdigalian,
becomingwarmagain (near tropical temperature) during the Langhian,
and cold in the early Serravallian.

4.2. Model parameters applied

As stated before, the atmospheric forcing (i.e., net evaporation and
heat flux) over Paratethys during the Early-Middle Miocene is not
known. We apply the conditions used in Section 3.1.1, i.e., zero net
evaporation and zero heat flux. In terms of net evaporation, this
choice does not affect the qualitative behavior of temperature (see
Section 3) since different assumptions regarding net evaporation yield
similar changes in temperature in response to closure. This means
that although absolute values of Paratethys temperature vary, the
difference between maximum temperature and minimum tempera-
ture is essentially the same. In terms of net surface heat flux, this
choice is reasonable as we aim to focus on the effect of gateways.

4.3. The effect of gateway configuration on Central Paratethys
temperature: model predictions

The model experiments require a specification of the gateways'
states. They are derived from paleogeographic reconstructions and are
based on the presence or absence of Indian Ocean elements in the
fauna of the Mediterranean and Paratethys. Observations of the
temperature of Paratethys compiled in Section 4.1 have not already,
by the authors who reported these data, been tied to either an open or
closed nature of the gateway to the Indian Ocean. The inferred
gateway states (open or closed) for each of the periods that
characterize the Paratethyan temperature (P1 to P4) are subsequently
used in our model. The resulting model predictions for temperature
are compared with the temperature evolution in Fig. 8a to assess the
role of gateways in controlling the Paratethyan temperature. The
short late middle Burdigalian (late Ottnangian) and early Serravallian
(middle Badenian) restriction events, gray area in the Fig. 8b, are
beyond the scope of this paper and will not be considered. As stated
before, our analysis is done mostly in regards to trends rather than
absolute values.

During the early Burdigalian (P1 in Fig. 8b) the gateways to the
Indian Ocean were open (Harzhauser et al., 2007a). Paleogeographic
reconstructions depict the Paratethys as one large sea (Rögl, 1999)
justifying the representation of the Paratethys as one box. We do not
know the exact values of the gateway ratios rM and rP. However, the
model indicates that, except for values smaller than about 0.3, the
temperature is nearly independent of the ratios and amounts to about
20 °C (the plateau labeled “A” in Fig. 8c). It seems likely that the ratios
were larger than 0.3 because the gateways to the Indian Ocean are
shown as fairly large on the paleogeographic maps (e.g., Rögl, 1999;
Meulenkamp and Sissingh, 2003). We thus find that the temperature
of Paratethys is higher than that of the Atlantic in period P1. This
matcheswell the geological evidence: the discussed proxy data for the
early Burdigalian (i.e., Eggenburgian) indeed indicate relatively warm
waters in the Paratethys (Fig. 8a).

In the middle to late Burdigalian (P2), the first closure of the
gateways to the Indian Ocean occurred (Rögl, 1999; Harzhauser et al.,
2007a; Reuter et al., 2009). The Eastern Paratethys became discon-
nected from the Central Paratethys (Rögl, 1999) and for much of P2,
our model only applies to the Central Paratethys occupying a position
equivalent to our fourth box. Our model results suggest that closure of
the gateway to the Indian Ocean – i.e., going from A to B in Fig. 8c –

resulted in cooling by about 3–4 °C (also schematically indicated in
Fig. 8d). This cooling is again consistent with proxy-data. Importantly,
no major coeval cooling is expressed in the global climatic record
(Harzhauser et al., 2007b; Zachos et al., 2008). Thus, based on our box
model analysis, we suggest that the hitherto enigmatic cooling event
in Paratethys might be a regional effect resulting predominantly from
the closure of the gateways between the Mediterranean/Paratethys
and the Indian Ocean. It follows from the above that the transition
from P1 to P2 not only involves closure of the Indian Ocean gateways
but also, effectively, a reduction in volume of the Paratethys box. It can
be shown that changes in volume do not play a role in the results of
our model.

Just before the onset of the Langhian (P3; 16–13.8 Ma), the
gateways reopened as indicated by the presence of marine sediments
in the Mesopotamian Trough and the occurrence of foraminifera of
Indo-Pacific affinity in the Paratethys (Rögl, 1999; Harzhauser et al.,
2007a). With the advent of the Langhian, the Eastern and Central
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Paratethys reconnect and the Paratethys can again be considered a
single basin in period P3. We find that reopening of gateways to the
Indian Ocean in P3 (i.e., going from B to A in Fig. 8c) should have
resulted in warming of the Paratethys by about 3–4 °C. Proxy data
indeed point at warming, but themagnitude of the increase (~ 6–8 °C)
is greater than predicted. P3 does, however, coincide with the onset of
the globally recognized Middle Miocene Climatic Optimum (MMCO;
Harzhauser and Piller, 2007), associated with warming of the Atlantic
and Indian Oceans. The Indian Ocean water entering the Paratethys
and Mediterranean thus had a higher temperature than before. We
therefore argue that the strong increase in Paratethys temperature
registered consists of both a gateway-related component and a
component induced by global climate change. Based on our model
results, we reason that the registered increase in temperature should
thus be stronger than would be expected based on global warming
only.

An alternative explanation for the excessive increase in temper-
ature apparent from proxy data relates to the mode of gateway flow.
So far we considered that, after reopening, gateways accommodated a
two-way flow. Note that reopening of the gateways with one-way
flow (i.e., shallow gateways) causes higher temperature (~5–6 °C) in
Paratethys than the two-way flow case (Section 3.3).

It is of interest to know whether both Paratethys and the
Mediterranean were reconnected to the Indian Ocean in P3. Our
model results suggest that an answer could be found comparing
paleo-temperature proxies of Paratethys with those of the Mediter-
ranean. The Mediterranean temperature is only sensitive to the
gateway connecting theMediterranean Sea to the Indian Ocean (GMI)
and, therefore, opening only GMI can cause the Mediterranean
temperature to increase (~3 °C). The Paratethyan temperature,
however, is sensitive to both gateways connecting the Indian Ocean
to the Paratethys and the Mediterranean (GPI and GMI). Opening
either GPI or GMI separately results in approximately the same
increase in temperature of Paratethys (~3 °C) while opening both
gateways causes a higher increase (~4 °C). It should be noted that we
do not have sufficient paleo-temperature data for the Mediterranean
to test this scenario.

In the Early Serravallian (13.8–13.4 Ma), a series of geodynamic
events affected the Paratethys and the eastern part became isolated
from its western counterpart which experienced a severe salinity
crisis (de Leeuw et al., 2010). Soon thereafter, however, the whole
Paratethys reunited. It is therefore expected to have had a temper-
ature and salinity in line with model predictions for P3, again at the
advent of P4.

The final closure of the Indian Ocean gateways (P4) happened
during the late Middle Miocene (Rögl, 1999; Meulenkamp and
Sissingh, 2003; Popov et al., 2004; Harzhauser et al., 2007a) but its
exact timing is not known (Hüsing et al., 2009). As before, we expect
closure to have resulted in cooling of the Paratethys (again going from
A to B in Fig. 8c and d). Proxy data also show cooling of the Paratethys
Fig. 9. The salinity and temperature of Paratethys as a function of the hydraulic constant of th
ratio (rP). Decreasing fMP means constricting the gateway between Paratethys and the Med
in P4 albeit with a different magnitude. The reason for this is that P4
coincides with the period of global climatic deterioration known as
theMiddleMiocene Climatic Transition (MMCT).We propose that the
cooling trend in Paratethys should again be more pronounced than in
the global ocean due to gateway closure and disconnection from the
warm Indian Ocean. It was also deduced (Section 4.1) that coolingwas
more pronounced in Paratethys than in the Mediterranean during the
Serravallian (Bicchi et al., 2003). Based on our model results, we
propose this to be related to the following factors: Paratethys had a
lower surface heat flux than the Mediterranean after closure (e.g.,
Fig. 6), the Mediterranean was already disconnected from the Indian
Ocean earlier than Paratethys, or both.

In contrast to the temperature response discussed so far, gateway-
induced changes in salinity dodependon the choice for net evaporation.
Upon closure, positive net evaporation leads to a significantly higher
salinity than the Atlantic value and vice versa. Were it possible to infer
past salinity of Paratethys, we could use this to estimate the value of net
evaporation.

5. Discussion

5.1. Robustness of model results

Here we discuss the extent to which the results presented in the
preceding sections depend on the values assumed for some of the
model parameters and on other choices made in setting up the model.

Up to this point, we have used a single value for the hydraulic
constant of the gateway between theMediterranean Sea and Paratethys
(GMP; fMP=0.1 Sv).We now investigate the effect of choosing different
values for fMP. Note that larger fMP corresponds to a deeper and/or wider
GMP and vice versa.We use the setup in Section 3.1.4with negative net
evaporation over Paratethys and positive net evaporation over the
Mediterranean. This experiment was chosen since it is similar to the
present-dayMediterranean–Black Sea system and in this casewe know
what to expect for the restricted GMP. We consider the solutions in
which the gateway ratios are equal i.e., rP=rM. Fig. 9 shows the salinity
and temperature of Paratethys as a functionof thehydraulic constant fMP

and the gateway ratio rP. When rP is kept constant, increasing fMP causes
the salinity and temperature of Paratethys to increase. This is due to the
increased inflow from the Mediterranean with higher salinity and
temperature. It can be seen that salinity and temperature are nearly
constant for fMPN0.1. By decreasing fMP, the salinity and temperature of
Paratethys decrease owing to reduced inflow of Mediterranean water
and a stronger effect of negative net evaporation. On the other hand, the
salinity and temperature of the Mediterranean Sea are not affected
significantly by changing fMP (on the order of 0.01 psu and 0.01 °C)
because the Mediterranean has a connection with the Atlantic Ocean
which suppresses the effect of Paratethys.

We accounted for a single gateway between the Mediterranean and
Paratethys. It is pertinent to discuss how our analysis would be affected
e gateway between theMediterranean Sea and Paratethys (fMP) and Paratethys gateway
iterranean Sea (GMP).
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ifmore than one connectionwerepresent. Addition of a secondgateway
between the same twoboxes is incompatiblewithourgeneral setup and
different assumptions are needed to determine deep and surface flows
in each of the gateways. To the extent that an additional gatewaymeans
increasing the connection, we can accommodate such a case simply by
increasing the value of hydraulic constant (as was shown in Fig. 9).
However, we cannot give details concerning the exchange flow in each
of the gatewaysusing a boxmodel. The onlywayof resolving this issue is
to apply an ocean circulation model.

Similarly, we also considered a single value of the hydraulic
constant for the connection of the Mediterranean to the Atlantic
Ocean (fMA=3 Sv). We have repeated our calculations varying this
value between 0.1 and 5 Sv and found that the results do not change
significantly.

The Indian Ocean was considered warmer and less saline than the
Atlantic Ocean, which we consider the most likely case. However, in
the later stage of closure, the seaway connecting the Mediterranean/
Paratethys to the Indian Ocean may have had higher salinity than the
Indian Ocean itself, as suggested by the occurrence of evaporite
deposits in the Mesopotamian basin (Popov et al., 2004). We took the
Indian-Ocean box to represent the water properties of this saline
seaway by assuming it to be more saline than the Atlantic Ocean and
warmer, as before. In this case, although we find an overall increase in
salinity of both Paratethys and the Mediterranean prior to closure, the
temperature does not change notably. Closure of the Indian Ocean
connection, i.e., disconnection from the saline seaway box, leaves both
Paratethys and Mediterranean colder as before, but salinity for most
cases, depending on net evaporation, will be less than the values prior
to closure. Any temperature and salinity difference between the
Indian and the Atlantic Ocean can cause salinity and temperature
changes in the Mediterranean and Paratethys after closure.

In our box model, the atmospheric forcing was implemented in the
form of prescribed, constant, fluxes of freshwater and heat which is a
logical first step. This implies that real air–sea interaction is not
accounted for and we thus neglect the possibility that changes in water
properties feed back to the atmosphere. For example, changes in sea
surface temperature could directly influence low level atmospheric
temperatures, thereby induce changes in atmospheric circulation and,
perhaps, precipitation. The latter would in its turn affect sea surface
salinity. In general, understanding the role of air–sea interaction in
maintaining the regional climate and thewater properties of a basin is a
complicated problem which would require an atmosphere–ocean
regional climate model with high resolution. There are a few modeling
studies for the Mediterranean Sea in which the air–sea interactions
were included (e.g., Somot et al., 2008; Artale et al., 2010). According to
these authors, the simulation of the Euro-Mediterranean present-day
climate does not change significantly by considering the air–sea
interactions. Murphy et al. (2009) used an atmosphere model coupled
to a slab ocean for the Messinian Mediterranean and asserted that the
ocean–atmosphere feedbacks are unlikely to have had an impact on the
Mediterranean climate.

For our analysis, we considered the specific case inwhich the surface
anddeepflowin the eastern gateways are equal. Thismayhavenot been
the case in reality. A global scale model analysis (von der Heydt and
Dijkstra, 2006) pointed to there being a net westward flow through the
Tethys seaway. This means that the ratio of surface to deep flow, which
we will refer to as h, does no longer equal unity. In our experiments we
find that the net transport decreases when the eastern gateway is
restricted. In other words, h decreases in response to a decrease in rM
because of thedecrease in the exchangeflowwith the IndianOcean. Our
calculations show that h is approximately a linear function of rM, while
deepflow is a function of rM and surfaceflow is a function of both rM and
rM
s (see Appendix A). Hence, after some calculation, we canwrite rMs as a
function of rM – as in Section 2.3 – but including a term related to the net
flow. Further analysis shows that considering a net flow (surface and
deep flows being not equal; h≠1) does not affect the results. The same
method can be applied to the Paratethys–IndianOcean gateway. Finally,
we point out that our adoption of equal surface and deep flow in
the eastern gateways may have suppressed any multiple equilibrium
solutions from appearing because it limits the possibilities for the ratio
of surface to deep flow. Karami et al. (2009) showed thatwhenmultiple
solutions exist, the qualitative behavior of each of the solutions in
response to closure is similar even though the absolute values are
different (in the order of 0.1 psu and 0.1 °C). Moreover, multiple
solutions disappeared for closed or restricted gateways to the Indian
Ocean. In the present paper, we mainly focus on the changes of salinity
and temperature in response to closure and it is not relevant to achieve
insight into multiple equilibrium solutions.

5.2. Model-derived insight pertinent to data collection

We found that closure of the gateways to the Indian ocean causes
salinity of both Paratethys and Mediterranean to increase if
evaporation exceeds precipitation and river discharge in those basins,
and vice versa. It follows, that the salinity of an isolated sea is a key
predictor to be taken into account in paleoclimatic reconstructions.
For instance, we found that upon closure, the salinity of Paratethys is
changing from 31 psu to 42 psu (prior to closure is from 32.5 to 36) as
we go from negative net evaporation to a positive one. Such changes
in Paratethys salinity, in contrast to temperature, cannot easily be
attributed to changes in the global ocean and salinity can be used to
distinguish between the effects of gateways and climate.

It was shown that the closure of the gateways to the Indian Ocean
affects Paratethys and the Mediterranean in a non-linear fashion. This
implies that in the advanced stage of the closure, when the gateways
to the Indian Ocean are small relative to the other gateways (i.e.,
rM≤1 and rP≤1), the changes in temperature and salinity are more
significant. On the other hand, the existence of a very shallow and
narrow gateway between the Mediterranean Sea and Indian Ocean
(e.g., fifty times smaller than the Strait of Gibraltar), or of a small
connection between Paratethys and the Indian Ocean (e.g., four times
smaller than the Bosporus) does not have an important influence on
the Mediterranean and Paratethys. This would make finding the exact
time of closure more complicated, as a very narrow strait to the Indian
Ocean could exist but proxies for temperature and salinity will not
show it.

5.3. Comparison to previous 3-box model and outlook

Although some of the results presented here were also found with
a 3-box model (Karami et al., 2009), e.g., the cooling effect of the
Mediterranean Sea/Paratethys, we have obtained more insight into
the effect of closure by considering Paratethys as a separate unit. We
have also presented new results regarding the changes in water
properties of Paratethys and have been able to give an improved
presentation of the exchange flows. We can now address the cases
with different net evaporation over theMediterranean and Paratethys
and examine role of each of the gateways independently. In terms of
the Mediterranean Sea, we found that adding the separate box for
Paratethys does not affect the Mediterranean Sea significantly.

Using the 4-box model, we find that prior to closure Paratethys, in
contrast to theMediterranean, is sensitive to changes in net evaporation
and heat flux. From this we expect that prior to closure, changes in
proxies of theMediterranean and theglobal oceanare of the sameorder,
but the changes would be larger for Paratethys. Upon closure, both the
Mediterranean and Paratethys are sensitive to climatic changes. These
argumentsmight be helpful to evaluate different opinions regarding the
timing of closure. For instance, Allen and Armstrong (2008) suggested
that final closure occurred in the late Oligocene. In this case we would
expect larger cooling in both the Mediterranean and Paratethys
compared with the global ocean already between the Late Oligocene
(Late Oligocene warming) and the Early Miocene. This could be
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evaluated if temperatures of the Mediterranean Sea and Paratethys
were available to be compared with that of the global ocean.

6. Conclusions

We used a 4-box model to study the factors controlling the salinity
and temperature of Paratethys and the Mediterranean Sea during the
Miocene, when open gateways to the Indian Ocean existed, and in
particular the effect of closing these gateways. Because data concerning
the atmospheric forcing (net evaporation and heat flux) and paleo-
gateways are missing for the Miocene case, we considered a range of
values. The evolution of the temperature and salinity of Paratethys and
Mediterranean depends heavily on the gateways to the open ocean.We
compared our model results to the Miocene history of closure of
Paratethys and its proxy data. We have shown that the changes
observed in temperature proxies of Paratethys may have been caused
by variations of the gateways and do not necessarily reflect climate
change. Our results contribute to the understanding of the evolution of
semi-enclosed basins. Specific conclusions are the following:

1. Paratethys is more responsive to changes in atmospheric forcing
(net evaporation and heat flux) than the Mediterranean Sea when
gateways to the Indian Ocean are present. Closure of these
gateways increases the sensitivity of Paratethys even more.

2. Under a range of net evaporation scenarios and most values of
net surface heat flux, closure results in cooling of Paratethys.
The enigmatic mid-Burdigalian cooling observed in the sedimentary
record of Paratethys can thus be explained by closure of the gateways
between Paratethys/Mediterranean and the Indian Ocean.

3. Closure of the gateways to the Indian Ocean induces a change
in salinity of Paratethys which is determined by net evaporation
(i.e., the difference between evaporation, precipitation and river
discharge) and the size of the gateway connecting Paratethys to
the Mediterranean (GMP). Salinity estimations can be used to
distinguish between the effects of gateways and climate since
changes in the Paratethyan salinity cannot easily be attributed to
changes in the salinity of global ocean.

4. Paratethys is responsive to closure of both the gateway between
Paratethys and the Indian Ocean (GPI), and the gateway between
the Mediterranean Sea and the Indian Ocean (GMI).

5. Paratethys is influenced by the water properties of theMediterranean
Sea. Constriction of the gateway between Paratethys and the
MediterraneanSea(GMP)results indivergenceof thewaterproperties
of these two basins and may cause cooling of the Paratethys.

6. The Mediterranean Sea is not responsive to closure of the gateway
between Paratethys and the Indian Ocean. The water properties of
Paratethys have very little influence on the water properties of the
Mediterranean Sea.

7. In the advanced stage of the closure,when the gateways to the Indian
Oceanwere the same size or smaller than the gateway to the Atlantic
Ocean (i.e., rM≤1 and rP≤1), the Mediterranean/Paratethyan
temperature and salinity were more responsive to the restriction of
the eastern gateways .
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Appendix A

Derivation of equations

The Miocene Paratethys–Mediterranean system was simplified to
a 4-box oceanic model. The boxes correspond to the Atlantic Ocean
(identified with subscript A), the Mediterranean Sea (M), Paratethys
(P) and the Indian Ocean (I). We apply linear laws for the temporal
variation in the salinity and temperature of Paratethys and the
Mediterranean:

VM
dSM
dt

= ∑
3

i=1
jqinMi jSi− jqoutMi jSM

� �
ð1Þ

VM
dTM
dt

= ∑
3

i=1
jqinMi jTi− jqoutMi jTM

� �
+

QM

ρc
ð2Þ

VP
dSP
dt

= ∑
2

j=1
jqinPj jSj− jqoutPj

jSP
� �

ð3Þ

VP
dTP
dt

= ∑
2

j=1
jqinPj jTj− jqoutPj

jTP
� �

+
QP

ρc
ð4Þ

whereV is the volumeof the box, S is the salinity, T is the temperature, q is
the exchange flow, Q is the total net surface heat flux, and ρ and c are the
density and the heat capacity of seawater, respectively. The subscripts i
and j refer to any of the basins neighboring the Mediterranean and
Paratethys andwith which the flow exchange occurs. The superscripts in
and out refer to inflow or outflow, respectively.

We assume that the deep advective flow is a linear function of the
density difference between the boxes. Therefore, by applying the
linearized equation of state for density, the deep flow between two
neighboring basins labeled as “k” and “j” can be written as

qkj = fkj u�
β Sk − Sj
� �

+ 0:19u�
α Tj − Tk
� �� �

ð5Þ

where f is the hydraulic constant of the gateway between the basins
and represents the gateway geometry, u�

β and u�
α are unity numbers

with dimension psu−1 and K−1, respectively, and 0.19 is approxi-
mately the ratio of the thermal expansion coefficient to the haline
contraction coefficient. Sk, Sj, Tk, Tj are salinity and temperature of the
neighboring boxes, respectively. For instance, the deep flow between
theMediterranean Sea and Paratethys will be qMP= fMP(uβ* (SM−SP)+
0.19uα* (TP−TM)). The same rule applies to the deep flow between the
AtlanticOcean and theMediterranean (qMA), between theMediterranean
and Indian Ocean (qMI), and between Paratethys and the Indian Ocean
(qPI). When qkj is a positive value, the deep flow is considered as an
outflow for the box “k”, and when it is a negative value, it would be an
inflow for the box “k”.

Surfaceflowsbetween theMediterraneanSeaand theAtlanticOcean
(qMA

s ) and between the Mediterranean Sea and the Indian Ocean (qMI
s ),

as well as surface flows between Paratethys and the Indian Ocean (qPIs )
and between Paratethys and the Mediterranean (qMP

s ), are calculated
using the conservation of mass for the Mediterranean and Paratethys
boxes. The surface flows are not equal to the corresponding deep flows
and are considered to be in the opposite direction. Therefore, for the
Mediterranean Sea and Paratethys we obtain

qMA + qMI + qMP + E−P−Rð ÞM = nMA q
s
MA + nMI q

s
MI + nMP q

s
MP ð6Þ

qPI + qMP + E−P−Rð ÞP = nPI q
s
PI + nMP q

s
MP ð7Þ

where nkj is equal to Sign(qkj) and (E-P-R) indicates the net
evaporation for the Mediterranean (with subscriptM) and Paratethys
(with subscript P).

As the objective of this study is to investigate the role of the eastern
gateways connecting to the Indian Ocean, we define the exchange flow
in the eastern gateway as a function of the exchange flow in thewestern
gateway. For this purpose, we define rM as the ratio of the hydraulic
constant of the eastern gateway of the Mediterranean, to the hydraulic
constant of its western gateway. rP is the equivalent ratio for Paratethys.



87M.P. Karami et al. / Global and Planetary Change 79 (2011) 73–88
As a result, for the deep flow between the Mediterranean Sea and the
Indian Ocean, and between Paratethys and the Indian Ocean we obtain

qMI = rMfMA u�
β SM−SIð Þ + 0:19u�

α TI−TMð Þ
� �

= rMfMAu
�
β SM−SA−δSð Þ + 0:19u�

α TA−TM + δTð Þð Þ
= rMqMA−rMfMA u�

βδS−u�
αδT

� �
ð8Þ

qPI = rPfMP u�
β Sp−SA
� �

+ 0:19u�
α TA−TPð Þ− u�

βδS−0:19u�
αδT

� �� �
: ð9Þ

In addition, we define rM
s and rP

s as the ratio of the surface flow
in the eastern gateway to surface flow in the western gateway for

the Mediterranean and Paratethys, respectively, i.e., rsM =
qsMI

qsMA
and

rsP =
qsPI
qsMP

. Thus, from Eqs. (6), (7), (8) and (9) we obtain

qsMP =
1

−nMP + rsPnPI
½−qMP + rPfMPðu�

β SP−SAð Þ + 0:19u�
α TA−TPð ÞÞ

−rPfMP u�
βδS−0:19u�

αδT
� �

+ E−P−Rð ÞP � ð10Þ

qsMA =
1

nMA + rsMnMI
½qMA + rMqMA−rMfMAðu�

βδS−0:19u�
αδTÞ

+ qMP−nMPq
s
MP + E−P−Rð ÞM �

ð11Þ

Now, we solve Eqs. (1)–(5) and Eqs. (8)–(11) for salinity and
temperature of the Mediterranean Sea and Paratethys (i.e., SM, TM, SP
and TP). In these equations, fMA, fMP, δS, δT, SA, TA, (E-P-R) and Q are the
model parameters. We prescribe the value of these parameters based
on observations if they exist and if not we try a range of values. The
control parameters of the model, which can be used to simulate
closure of the gateways to the Indian Ocean, are rM, rP, rMs and rP

s and
they are not known a priori. As stated in the paper, we try to decrease
the number of control parameters by considering two limiting cases.
In first case, we assume equal surface and deep flow in the eastern
gateways. We use Eqs. (8)–(11) and conditions qPIs =qPI and qMI

s =qMI.
This leads us to specific values of rMs and rP

s as a function of rM, rP,
respectively. Hence, to simulate closure of the surface and deep flow
we can use only two parameters (rM, rP) instead of four. In second
case, we assume a one-layer flow in the gateways to the Indian Ocean
which leads to rM=0 and rP=0.
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