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Pentru Woutsky  și  pentru Mo’

to be in dire straits or to be in desperate straits 
- to be in a position of acute difficulty

C a m b r i d g e  A c a d e m i c  C o n t e n t  D i c t i o n a r y 

“When now the heroes through the vast profound, 
Reach the dire straits with rocks encompass’d round.”
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We shall not cease from exploration

And the end of all our exploring 

Will be to arrive where we started 

And know the place for the first time.

T.  S .  E l i o t
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I.

H IC SVNT DRACONES |  Here be dragons

“Geographers […] crowd into the edges of their maps parts of the world which they do not know 
about, adding notes in the margin to the effect, that beyond this lies nothing but sandy deserts full of 
wild beasts, unapproachable bogs, Scythian ice, or a frozen sea, so, in this work of mine, in which I 
have compared the lives of the greatest men with one another, after passing through those periods which 
probable reasoning can reach to and real history find a footing in, I might very well say of those that 
are farther off, beyond this there is nothing but prodigies and fictions, the only inhabitants are the poets 
and inventors of fables; there is no credit, or certainty any farther.”

Plutarch, Parallel Lives (1st Century AD)

The expression “Here be dragons” evokes inscriptions found near the edges of old 
maps and globes; decoration and declaration of “here begins the unknown”. But is 
this really so, or is there something more to the story of “Here be dragons”?

As the first maps were drawn, authors were confronted with an unexpected and rather 
puzzling challenge. How to depict the unknown? What to say to the reader about the places 
not yet explored, not fully understood? Warnings were chosen, words of caution or symbolic 
depictions of the potential threats. At first elephants, hippos, scorpions, dog-headed beings, 
cannibals, bogs, frozen wastelands or inscriptions such as “HIC SVNT LEONES“ (here are 
lions) were employed as warnings by Greeks and Romans alike for the unexplored and unfamiliar 
regions surrounding their Mediterranean homeland. Later, in the Middle Ages, a whole bestiary 
(such as the one left) was developed to decorate maps and to warn of dangers both of the sea 
and land, proper to the spirit of that age. It is at this time (circa 1430), on the Borgia map, 
the first dragon was depicted with a warning about “large serpents”. It said “Hic etiam homines 
magna cornua habentes longitudine quatuor pedum, et sunt etiam serpentes tante magnitudinis, ut 
unum bovem comedant integrum”, which translates as “Here there are even men who have large 
four-foot horns, and there are even serpents so large that they could eat an ox whole”. But what 
about the famous inscription “hic sunt dracones”, when did it come to be and what is its story? 
You might well ask. Actually, this inscription was used only twice: first around 1503 on the 
Hunt–Lenox Globe1 around the east coast of Asia, probably related to the Komodo dragons on 
the Indonesian islands, tales of which were quite common throughout East Asia2 and secondly 
on a globe engraved on two conjoined halves of ostrich eggs, dated to 15043. At about the 
same time, “Carta marina navigatoria” (1516) features  an elephant-like creature in northern 
Europe, explained as a “morsus” in the map legend, a  walrus, whose description would have 
seemed befitting for a monstrous representation back in those times. However, in a bizarre twist, 
1  Encyclopædia Britannica, 9th edition, Volume X, 1874, Fig.2
2  Waters, Hannah (2013-10-15). "The Enchanting Sea Monsters on Medieval Maps"
3  Kim, Meeri (18 August 2013). "Oldest globe to depict the New World may have been discovered"

Picture left | Fragment from “Carta marina”.  “Carta marina et descriptio septentrionalium terrarum” (Marine 
map and a description of the lands in the North - lat.) is the first map that is depicting the Nordic countries in detail 
and with place names. It was created by Olaus Magnus (a Swedish ecclesiastic) and initially published in 1539. 
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the warning at the deadly reptiles of Komodo, came to be misunderstood as a purely fantastic 
decoration and gained popularity in the collective memory and with it all the other beasts would 
loose their meaning, their warnings and be turned into a collection of decorative human fantasy. 

Similarly, the paleogeographic maps are littered with bald patches, bereft of information, but 
lack the beasts or inscriptions to warn about the lack of information and often, much like 
in the story of “hic sunt dracones”, they preserve distorted truths - disproved or abandoned 
hypotheses that remained engraved in this representation of the shapes of the Earth of the past. 
A large part of our work will be dedicated to improving these maps and the knowledge that 
accompanies them and maybe, somewhere along the way, we will take the liberty of writing a 
warning or painting a beast.

 

I I .

COMPENDIVM  |  Summary

 

The Straits 

In 1990, writing the introduction to “The Physical Oceanography of Sea Straits” L.J. 
Pratt reflected on the importance of studying marine straits, “Suppose one were given the task of 
mapping the general circulation in an unfamiliar ocean. The ocean, like our own, is subdivided 
into basins and marginal seas interconnected by sea straits. Assuming a limited budget for this 
undertaking, one would do well to choose the straits as observational starting points… In short, 
sea straits represent choke points which are observationally and dynamically strategic and which 
contain a full range of fascinating physical processes”. 

One does not need to explore a different planet to be confronted with the challenge of 
mapping unfamiliar oceans. We have a limited budget of information about the oceans of our 
own planet’s past so the study of the paleo-straits would be key. However, our understanding of 
the paleo-straits remains limited to a few notorious examples where the focus was the closure 
and opening of these gateways on changes in the paleoenvironments. The opening of the Drake 
passage between South America and Antarctica at ~41 Ma (Scher et al., 2006), the closure of the 
Tethys Seaway between Arabia and Eurasia at ~17 Ma (Harzhauser and Piller, 2007), the isolation 
of the Mediterranean during the Messinian between 6 and 5 Ma (Flecker et al., 2015), and the 
final closure of the Panama gateway between North and South America around 3.0 Ma (Bartoli 
et al., 2005) showed that changes in marine gateway configuration have profound influence on 
water circulation and consequently on regional, or even global, climate and environment. 

Picture left | Late Miocene clays on the coastline of the Taman peninsula (Russia) and a view of the Kerch 
strait.  Some two thousand years ago this was the heart of the Kingdom of the Cimmerian Bosporus, harboring a mix 
of people among which the Greeks of the seas and the Cimmerian, Scythian, Maeotians and Sarmatian peoples of 
the steppes.  Later the name of these ancient people will provide inspiration for local stratigraphic or tectonic units.
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Recently, the MedGate project revealed that sea straits had a complex role in regulating the 
exchange between the Mediterranean sea and Atlantic during the late Miocene but it also revealed 
a critical issue regarding the study of the sea-straits of the past: the dynamic environments in the 
gateway regions limits the deposition and preservation of sediments. Paratethys constitutes an 
extraordinary exception because it has diverse, well-preserved and relatively accessible sedimentary 
archives where past research has already identified and documented several gateways.

Paratethys

Paratethys (Fig. ii.1) represents a large epicontinental sea that formed during the latest 
Eocene-early Oligocene as a result of tectonic closure of the Eocene Peri-Tethys sea in the context 
of the Eurasia-Afro/Arabia collision (e.g. Schultz et al., 2005; van der Boon et al., 2018). It 
stretched from Central Europe to inner Asia (Laskarev 1924) and was characterized by highly 
restricted environments due to poor connectivity with the global ocean. The anatomy of this 
sea was relatively simple: numerous (sub) basins, characterized by restricted connectivity and 
poorly oxygenated environments were grouped in three geographic clusters - Western, Central 
and Eastern Paratethys, surrounded by fresh to brackish water systems. 

The short-lived Western Paratethys comprised the Alpine Foreland Basins of France, 
Switzerland, South Germany and Upper Austria (Seneš 1961) and got isolated by the end of the 
Early Miocene. Central Paratethys was located in what is today Central Europe (Cicha and Seneš 
1968, Papp et al. 1968) while Eastern Paratethys was located in the Black Sea - Caspian Sea and - 
Aral Sea area from the Oligocene onwards (Popov et al. 2006). Salinity stratification and the lack 
of vertical circulation led to the formation of anoxic waters, which especially remained tethered 
in the deep depressions of the Euxinic (Black Sea) and Caspian basins. Shallower basins, with 
limited anoxia, bordered the deeper basins and recorded mixed influences from seas and rivers 
that drained a large surface of central Eurasia. Shallow seaways and straits provided restricted 
exchange with the global ocean and probably encouraged stratification of the water column. 

Approach

To investigate the role of the marine straits in the paleogeographic and environmental 
evolution of Paratethys we focus on the middle-late Miocene time when the region suffered 
significant paleogeographic reorganizations and life crises. We date and correlate these events 
and then investigate how significant and what in fact was the role the gateways played, both as 
hypotheses/scenarios based on the newly developed chronology and as simplified models.

The Miocene paleogeographic evolution of Paratethys is still poorly constrained. 
Recurrent fragmentation of Paratethys and repeated isolation of individual sub-basins led to 
the development of endemic biota. The resulting fossil assemblages led to the introduction of 
regional chronostratigraphic subdivisions, because direct biostratigraphic correlation to the 
standard Geological Time Scale (GTS) is generally not possible (Piller et al. 2007). Attempts were 
made to establish a Paratethyan chronostratigraphy by correlating the stratigraphic framework 
of Paratethys with the global transgressive-regressive cycles (Nevesskaya et al., 2005; Popov et al., 
2006; Piller et al. 2007) but the results remain controversial, as the local relative eustatic changes 
of Paratethys (e.g.. tectonic uplift or subsidence) are hard to discern from the global induced 
eustatic changes. 

Chronological frameworks for Paratethys sub-regions should preferentially be combined 
with independent magneto-bio-stratigraphic and radio-isotopic age determinations. Such 
integrated stratigraphic studies that allow direct correlations to the GTS have so far only been 
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developed for restricted intervals (a. Base Karpatian stage: Reichenbacher et al. 2013, Sant et al., 
2017; b. Base Badenian stage: Hohenegger et al. 2009; c. Base Sarmatian stage: Paulissen et al. 
2011; d: Base Pannonian stage: Vasiliev et al. 2011, ter Borgh et al. 2013).

Methods

Dating. Time control allows correlating rock successions from distant localities and 
different environments. Paratethys lacks a precise chronology for its evolution and the commonly 
used biostratigraphic correlations with the global time scale are made difficult by the endemic 
character of the Paratethyan faunas. We aim to improve the current age models by using 
paleomagnetic, radio-isotopic and cyclostratigraphic dating methods. Magnetostratigraphy is a 
standard tool in various fields of Earth sciences and refers to the dating of a rock sequence by using 
the unique reversal pattern of the Earth’s magnetic field. Magnetostratigraphy can be applied to a 
wide variety of rock types (volcanic, sedimentary) and in different kinds of environments and most 
important, without geographic limitations. Radio-isotopic dating refers to the dating of rocks 
by measuring the ratio between a naturally occurring radioactive isotope and its decay products, 
which form a constant rate of decay. The 40Ar/39Ar ratio method, applied on minerals from 
volcanic ashes (sanidine, biotite, plagioclase feldspar), is capable of providing numerical ages in 
sedimentary rocks formed under favorable environmental conditions. Cyclostratigraphic dating, 
that focuses on the counting of the astronomically forced climate cycles, has been attempted but 
so far it has not yielded satisfactory results, probably due to tangling of climate, tectonic and 
eustatic signals.

Matching. The stratigraphy of Paratethys is defined by endemics (mostly mollusks). This 
makes correlations with the Mediterranean stratigraphic units difficult if not impossible. We 
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Figure |ii| 1. The seas of the Paratethys realm at their maximum extent during the lower Oligocene (35-
30Ma)(Popov et al., 2007) and their paleoenvironments. Western Paratethys is contoured in Green while 
Central Paratethys is marked by a blue contour and finally, the red contour is circling the extent Eastern Paratethys. 
Please note that some of the main sub-basins of Central Paratethys developed in Miocene on vestiges of the Oligocene 
depressions and are not pictured on this map.
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correlated the relatively recent stratigraphic data, from 18 countries (Austria, Bosnia-Herzegovina, 
Bulgaria, Croatia, Czech Republic, Georgia, Germany, Greece, Hungary, Moldova, Poland, 
Romania, Russia, Serbia, Slovakia, Slovenia, Turkey, Ukraine) also using  historical stratigraphic 
data of the Austro-Hungarian and Russian Empire. The key-sections used for dating have served 
as tie-points with the global records.

Modeling. Connectivity scenarios and paleogeographic quantifications have been applied 
where data allowed. Faunal migrations and chemical change in the basins have been linked with 
changes in the exchange regime in the straits. Simple scenarios, that could accommodate the 
lithological and faunal observations, are developed for most of the chapter and serve as guidelines 
for more elaborate modeling exercises that focus on the water and salt transfer between the basins 
of Paratethys or between Paratethys and the global ocean. 

For the late Miocene settings, paleogeographic Digital Elevation Models (pDEM) 
have been developed. These models permit estimation of volumes and surfaces for the basins 
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Figure |ii| 2. New magneto-stratigraphic constraints on the middle-late Miocene of Eastern Paratethys. 
Age models for the stratigraphic boundaries and major events recorded in Central Eurasia.  The age model for the 
sub-stages of the Sarmatian stage are not fully developed so we opted to omit them from the figure as they are also 
not the main focus of this work. 
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Figure |ii|  3. Progress of the paleogeographic dataset throughout the thesis - from contours to paleo 
Digital Elevation Models (pDEM). (a) simple contour maps of Central Paratethys during the middle Miocene 
(Chapters 1, 3), (b) detailed contour maps of Central Paratethys during the middle Miocene (Chapters 2, 4, 5) and 
(c) paleogeographic Digital Elevation Models (pDEM) representing 3D paleogeography of late Miocene Black Sea 
region, used in the last part of the project (Chapters 6, 7).  

Russia

Kazahstan

Uzbekistan

Ukraine

Slovakia

Poland

Turkey

Greece

Bulgaria

Serbia

Macedonia

BosniaHerzegovina

Austria

Czech 

Republic

Georgia

Hungary

AzerbaidjanArmenia

Iran

Turkmenistan

Romania

Croatia

C E N T R A L  P A R A T E T H Y S

MEDITERRANEAN BASIN

E A S T E R N  P A R A T E T H Y S

?

?

?

M E D I T E R R A N E A N  
S E A

M E D I T E R R A N E A N  
S E A

M E D I T E R R A N E A N  
S E A

E U R A S I A

E U R A S I A

E U R A S I A

Black Sea basin

E u r a s i a n  p l a t f o r m  

Kuban b.

Dacian b.Pannon l.

Aegean b.
A n a t o l i a

B a l k a n s

C
a r p a t h i a n s

C a u c a s u s  

c

b

a



18 | Introduction 

of Paratethys and can be used for calculating the volume transfer (water  or salt) relative to 
simulated eustatic changes.

Thesis Outline

The first part of the thesis, Conduits of Life, focuses on the onset of marine environments 
in Paratethys. First, in Chapter1, “Changing Seas”, we introduce the main issues and challenges 
in the study of Paratethyan records through an overview paper aiming to untangle the age 
estimations for a marine flooding and paleogeographic reconfiguration in Central Paratethys. 
This region needs to be better constrained chronologically and from the perspective of its 
paleogeographic evolution as it served as a transitional basin between Eastern Paratethys and 
the Mediterranean. The main result of this chapter is the new age estimation for the Badenian 
flooding, a large marine invasion in Central Paratethys at ~15 Ma. In the Chapter 2, “The end of 
an Anoxic Giant”, we date the onset (14.85 Ma) and the duration (~100 kyr) of the Tarkhanian 
marine flooding episode in Eastern Paratethys, ~1 Myr younger than previously estimated. The 
flood can be correlated with a continental-scale transgression (same event as the one documented 
in Chapter 1) and coincides with the termination of a 20 Myr long episode of basin-scale anoxia 
in Eastern Paratethys and we provide a connectivity model to explain the role of the marine 
flooding in the termination of anoxia. Also, we document the signature of a potential tectonic-
eustatic interplay linked with a middle Miocene tectonic episode in the Eastern Carpathians and 
we dismiss the old hypotheses of a middle Miocene strait, connecting Paratethys and the Indian 

Figure |ii| 5. Depiction of a connectivity driven scenario. In this particular case, for the early Messinian, the 
newly established connection between Paratethys and the Mediterranean (detailed in Chapter 7) is suspected of 
having “choked” the connection between the Mediterranean and the global ocean with an outflow, replacing the 
estuarine flow (a.) with anti-estuarine flow (b.). This scenario is then tested by means of modeling.
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Ocean.

In the second part of the thesis, Agents of Extinction, we focus on the role of the 
restricted straits in the triggering of extinctions. Here we have the best opportunity to implement 
a “mirror approach” on the study of the straits by mirroring observations in basins symmetrically 
located on each side of a strait. In Chapter 3, “The age of the Badenian-Sarmatian Extinction 
Event (BSEE)”, we date the BSEE at 12.65 Ma and link it to changes in the connectivity regime 
of the strait between Central and Eastern Paratethys. The seas were connected throughout the 
whole investigated interval but a switch from a mostly unidirectional flow to a bidirectional, 
density driven mixing mechanism, affected them causing the largest extinction event in Central 
Paratethys. Further, in Chapter 4, “Environmental crises triggered by gateway configuration”, 
we analyze the BSEE event in “the mirror” by studying the records of Eastern Paratethys. The 
results are reciprocal with the previous observations from Central Paratethys as we date the onset 
of the full mixing between the two seas at 12.65 Ma, accompanied by a smaller-scale extinction 
(the Konkian-Volhynian boundary).  The results allow us to further refine the mixing model 
proposed in Chapter 3. In addition, we date the onset and the end of the Karaganian Stage (13.9-
13.3 Ma), a lacustrine equivalent of the hyper-saline seas of Central Europe during the Badenian 
Salinity Crisis. In Chapter 5, “Extreme middle Miocene paleoenvironments of central Europe 
tested by gateway dynamics”, we put into use the data about the connectivity between Central 
and Eastern Paratethys obtained from the previous chapters in order to model, in an idealized 
scenario, the boundary conditions in the straits, necessary for the onset of extreme events, such 
as the evaporite formation, in Paratethys.

The third part - The Birth of a Strait - tackles some of the most difficult and controversial 
aspects of the history of Paratethys: the late Miocene isolation and reconnection of Paratethys 
from/to the Mediterranean. The focus of Chapter 6 – “The end of the great drying”, is 
establishing an age model for the Maeotian transgression in Eastern Paratethys, an event that 
ended a significant regression at 7.6 Ma during a time when Paratethys was landlocked. We also 
place the age of the reconnection with the Mediterranean as 6.9 Ma, equivalent with an internal 
boundary between the lower and upper Maeotian. Finally, in Chapter 7 – “Eurasian mega-
floods in the Mediterranean during the Messinian”, we elaborate on a mechanism for the end 
of the Paratethys isolation by an outflow from Paratethys to the Mediterranean via the mega-
river Styx. The event, occurring between 6.9 and 6.7 Ma, clarifies the origin of the numerous 
sedimentary anomalies in the Paratethys, previously linked with the drying of the Mediterranean 
and also fits signatures found in the Mediterranean. With the help of quantitative estimations of 
Paratethys volume we calculate water transfer between the two basins showing that Paratethyan 
water was ever present in the Mediterranean during most the Messinian.

Stratigraphic outcomes

This thesis provides age models based on integrated bio-magneto-stratigraphy for seven 
stratigraphic boundaries (Fig. ii.2):

1. The base of Tarkhanian is placed at 14.85 Ma (Chapter 2) studied in the Belaya and 
Pshkheha sections - Russia (EP); 

2. The base of Chockrakian is placed at 14.75 Ma (Chapter 2) studied in the Belaya 
and Pshkheha sections - Russia (EP); 

3. The base of the Karaganian 13.8 Ma (Chapter 4 and Chapter 2), studied in Zelenky-
Panagia, Belaya and Pshkheha sections - Russia (EP); 

4. The base of Konkian at 13.4 Ma (Chapter 4) and 13.3Ma (Chapter 2), studied in 
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Zelenky-Panagia, Belaya and Pshkheha sections - Russia (EP);
5. The base of Sarmatian s.s. at 12.65 Ma (Chapter 3) was studied in the Tisa section 

- Romania (CP); 
6. The base of the Sarmatian s.l. (Volhynian)  is placed at 12.65 Ma (Chapter 4) 

studied in the Zelenky-Panagia section - Russia (EP);
7. The base of the Maeotian is placed at 7.6 Ma (Chapter 6) based on sections from the 

Dacian Basins (Rușavățu, Cerna and Cernișoara) - Romania (EP). 
Other three major events, are reassessed  or dated: 
8. The mid-Langhian Flooding is reassessed as occurring at ~15 Ma in the eastern 

part of Central Paratethys based on extensive literature studies 
9. The Great Drying of Eurasia in the Khersonian is dated at 8.2 Ma in the Dacian 

Basin. The age of the event is described locally and can vary throughout the region.
10. The IntraMaeotian Event, equivalent with the lower/upper Maeotian boundary 

is dated at 6.9-6.7 Ma. We postulate that this event is linked with an unprecedented Paratethys 
flooding in the Mediterranean sea.

Paleogeographic outcomes
The main paleogeographic contribution of this work is the highlighting of the role that 

the paleo-straits of Paratethys played in the evolution of the seas in general and in the moments 
of turnover in particular. Upon validating the straits and build and test possible scenarios to 
explain the environmental change:

1. Barlad Strait. We propose that a switch from a dominantly unidirectional to a 
bidirectional exchange in the Barlad strait led to the Badenian-Sarmatian Extinction Event in 
Central Paratethys (Chapter 3) and similarly the Konkian-Volhynian Extinction in Eastern 
Paratethys (Chapter 4);

2. Carasu Strait. We postulate that the Carasu Strait served as conduit for the flooding 
of Eastern Paratethys (Tarkhanian Flooding) with ocean water in the context of a global eustatic 
sea-level rise in the middle Miocene. First the strait allowed a density driven circulation that 
ended a long lasting anoxic episode in Eastern Paratethys, but as the sea-level rise slowed down, 
the tectonic uplift in the strait “choked” the connection with the global ocean (Chapter 2);

3. Galați Strait. At the end of the great drying of Eurasia during the Khersonian, during 
the Maeotian transgression (Chapter 6) this strait functioned as ecological barrier, delaying the 
influx of brackish water endemics from the Black sea. The role of ecological boundary intensified 
after the IntraMaeotian Event (IME).

4. Styx Mega-River.  We postulate that a riverine discharge accounting for ~8% of the 
volume of Eastern Paratethys flowed in to the Mediterranean sea in the late Miocene and carved 
a connection that later evolved in a sea strait much like the Turkish straits of today (Chapter 7). 
This strait would channel in and out of Paratethys significant volumes of water with potential 
devastating effects on the Mediterranean Sea.

5. The Araks Strait and the middle Miocene Iranian connection between Eastern 
Paratethys and the Indian Ocean are dismissed (Chapter 2). 

In addition, a second paleogeographic outcome of this thesis is related to the development 
of a paleogeographic digital elevation model pDEM (Chapter 7), to be used to better estimate 
the salt and water exchanges between Paratethys and the Mediterranean.
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| White hills of volcanic ash deposits rise along the valley of Slănicul de Buzău river (east Romania). 
Some fourteen million years ago this region was a warm sea with volcanic islands and small landmasses, much like the 
Aegean Sea (Greece) today. 
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Abstract

The Miocene paleogeographic evolution of the Paratethys Sea is still poorly constrained. 
Here, we use modern Mediterranean biochronology to provide an up-to-date overview of 
changing seas in Central Europe. Instead of a Paratethys sea that waxes and wanes with fluctuating 
global sea level, we show that the evolution of different seas is mainly controlled by tectonic 
phases. The Early Miocene “Ottnangian Sea” (~18 Ma) was connected to the Mediterranean via 
the Rhône valley, while the “Karpatian Sea” (~16.5 Ma) was initiated by a tectonically induced 
marine transgression through the Trans-Tethyan gateway. In most Central European basins the 
establishment of the “Badenian Sea” (< 15.2 Ma), triggered by subduction related processes in the 
Pannonian and Carpathian domain, is significantly younger (by ~1 Myr) than usually estimated. 
The updated paleogeographic reconstructions provide a better understanding of  the concepts of 
basin dynamics, land-sea distribution and paleoenvironmental change in the Miocene of Central 
Europe.

1.1. Introduction

During the Oligocene to Miocene, large parts of Europe and western Asia were covered 
by the epicontinental Paratethys Sea (Fig. 1b). This sea progressively retreated by a complex 
combination of basin infill, glacio-eustatic sea-level lowering and tectonic uplift to its present-
day remnants: Black Sea and Caspian Sea. Paratethys retreat also influenced European climate, 
ecosystems and depositional settings (e.g., Ramstein et al., 1997; Marzocchi et al., 2015), and 
generated large amounts of natural resources (oil, gas, salt) that are of economic importance for 
the region today (e.g., Dank, 1988; Sachsenhofer, 1994; Hudson et al., 2008). 

The spatial and temporal evolution of the Paratethys Sea during the Early to Middle 
Miocene (~18-14 Ma) is still poorly constrained. Paratethys chronostratigraphy is generally 

Picture left | A stone church  in the middle of the Buzău wilderness.  The lower Kliwa sandstone (of Oligocene 
age) is a reservoir rock but can also serve as an excellent building material. In this case, the vertically tilted beds in 
Buzau, Romania have allowed in-situ carving. Note that the rock face is the original bedding plane.
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considered to follow third order global sea level cycles, and the main paleoenvironmental 
changes and regional stage boundaries have been correlated to seismic sequence boundaries, 
commonly interpreted as sea level falls (Haq et al., 1988; Hardenbol et al., 1998) (Fig. 1a). 
Recently, however, this paradigm was challenged by new age constraints and comparison to 
global paleoclimatic proxy records and modelled sea level curves (Zachos et al., 2008; Van de 
Wal et al., 2011) showing that many Paratethyan events do not correspond to changes in global 
sea level but are more likely a reflection of geodynamically induced changes in basin connectivity 
(e.g. Kováč et al., 2004; ter Borgh et al., 2013; Grunert et al., 2014; Palcu et al., 2015). 

In many Paratethys basins the chronologic framework to disentangle geodynamic and 
climatic processes affecting depositional environment is still poorly constrained. This is mainly 
related to the common presence of endemic fauna in the restricted Paratethys sea (e.g. Popov et 
al., 2006), poor quality paleomagnetic signals (e.g. de Leeuw et al., 2013) and lack of absolute 
age control (e.g. Piller et al., 2007). In addition, the scarce marine micropaleontological data of 
Paratethyan successions are commonly correlated to the Atlantic-based biozones of the Geological 
Time Scale (GTS). During the Early-Middle Miocene, however, Paratethys was connected to the 
Atlantic Ocean via the Mediterranean, which has its own specific biochronology. In this paper, 
we incorporate the most recent Mediterranean biozones into our chronostratigraphic overview 
and present an up-to-date picture of the changing seas during the Early-Middle Miocene in 
Central Europe.

1.2. Revised biostratigraphic constraints

 Since long it has been clear that the standard Atlantic M-biozonation (Berggren et al., 
1995) for planktonic foraminifers, as well as the NN-biozonation (Martini, 1971) for calcareous 
nannofossils, is only of limited applicability to marginal basins like the Mediterranean and 
Paratethys (Iaccarino and Salvatorini, 1982). Mediterranean planktonic foraminifer assemblages 
are characterized by a marked provincialism and show differences from the Atlantic low latitude 
assemblages starting from the Middle Miocene (Iaccarino et al., 2011). This is partly related 
to global climate evolution and partly to the Mediterranean geodynamic evolution. Recently, 
detailed investigations on Early-Middle Miocene sedimentary successions have generated an 
improved regional calcareous plankton biochronologic framework for the Mediterranean region 
(Fig. 2; Di Stefano et al., 2008; Foresi et al., 2011; Iaccarino et al., 2011; Turco et al., 2016). 
Remarkably, the revised Mediterranean biochronology has not yet been used to its full extent to 
re-date the Paratethyan successions.

Especially relevant in this context are the first occurrences (FO) of the planktonic 
foraminifers Praeorbulina glomerosa glomerosa [15.2 Ma in the Mediterranean (Iaccarino et al., 
2011; Turco et al., 2016) vs 16.4 Ma in the GTS (Wade et al., 2011)] and Orbulina suturalis 
[14.6 Ma in the Mediterranean (Di Stefano et al., 2008) vs 15.1 Ma in the GTS]. The last 
occurrence (LO) of the calcareous nannofossil Helicosphaera ampliaperta (~14.9 Ma in the GTS), 
defining the top of the NN4 Zone, is another widely used event, which cannot be properly 
recognized in the Mediterranean (Di Stefano et al., 2008), indicating that applying the NN4/
NN5 boundary in Paratethys chronostratigraphy is inaccurate. In the Mediterranean, the last 
common occurrence (LCO) of H. ampliaperta is better defined, dated at 16.1 Ma, after which 
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this species is still sporadically present (Iaccarino et al., 2011). The FCO of Helicosphaera waltrans 
(~15.5 Ma) and the FO of P. glomerosa circularis (~14.9 Ma) are additional events that can be 
used for biostratigraphic dating in Paratethys (Abdul Aziz et al., 2008; Iaccarino et al., 2011). 
In this paper we focus on the above mentioned species that play a major role in the Paratethys 
correlation problems.

1.3. Changing Seas in Central Europe 

The Early-Middle Miocene transition is one of the most enigmatic intervals where both 
sea level change and tectonic activity are suggested to have contributed to the paleogeographic and 
paleoenvironmental evolution of the Paratethys sea (Piller et al., 2007; Kováč et al., 2007). For 
this study, we have re-analysed the chronologic and biostratigraphic (global calcareous plankton 
and regional benthic foraminifera and mollusc bioevents) data of ten individual Paratethyan 
subbasins (Fig. 1c) and revised the correlation of the corresponding sedimentary successions to 
the GTS (Fig. 3). This provides an alternative view on the paleogeographic evolution of the land-
sea distribution in Central Europe.
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Figure |1| 1. a) Global Polarity Times Scale (GPTS; Hilgen et al., 2012), international and regional time scale 
plotted against two different 3rd-order sequence stratigraphic curves, and a global sea level curve based 
on benthic foraminifers δ18O by Van de Wal et al. (2011). MCO = Miocene Climatic Optimum. b) Impression 
of the configuration of the seas in Central Europe during the early Middle Miocene (~13 Ma) slightly modified after 
Rögl (1999). The study area is marked with a grey box. c) Schematic block diagram of the studied Paratethys sub-
basins and the most important connections. See caption to Figure 3 and Supplementary Material 1 for references.
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1.3.1. The Ottnangian Sea

Plotting all sites with marine Ottnangian records on a map reveals the paleo-configuration 
of the “Ottnangian Sea”, stretching from the Carpathian basin in the east via the North Alpine 
Foreland Basin (NAFB) in S-Germany towards Switzerland and SE-France in the west (Fig. 4a). 
The most recent GTS places the Ottnangian between 18.2 and 17.25 Ma (Piller et al., 2007; 
Hilgen et al., 2012; Fig. 1a).

The Ottnangian Sea was probably not connected to the Black Sea region, which was 
an isolated lake at that time (Rögl, 1999; Popov et al., 2004), and stratigraphic studies in the 
Southern Pannonian Basin do not show evidence for a hypothetical connection to the Adriatic 
region (Mandic et al., 2012). The Ottnangian Sea was open to the west and connected to the 
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Figure |1| 2. Biozones and dated bioevents used in the oceanic (Atlantic) and Mediterranean domains. 
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see Di Stefano et al. (2008) and Iaccarino et al. (2011).
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Mediterranean via the NAFB and the Rhône Valley (Berger et al., 2005). In the NAFB, the 
Ottnangian Sea is marked by deposition of Upper Marine Molasse sediments. The retreat of 
the sea is dated ~17.6 Ma in the SW-German Molasse basins (bio-magnetostratigraphy by 
Reichenbacher et al., 2013; Sant et al., 2017) (Fig. 3). Termination of the marine gateway resulted 
in temporal isolation of the Paratethys, turning it gradually into a system of brackish water lakes 
showing explosive radiation of endemic Rzehakia fauna (Harzhauser and Piller, 2007; Harzhauser 
and Mandic, 2008). The termination of brackish water depositional setting is dated ~17.2 Ma 
in the NE-Austrian Molasse basin (40Ar/39Ar chronology, bio-magnetostratigraphy by Roetzel et 
al., 2014). In the central NAFB, in contrast, full freshwater environments installed progressively 
westward between ~16.7 Ma and ~16.0 Ma (Kälin and Kempf, 2009; Reichenbacher et al., 
2013). Consequently, the desintegration of the Ottnangian Sea is strongly controlled by long-
term tectonics in the Alpine domain, whereas short events could be influenced by global sea level 
fluctuations (e.g., Kempf et al., 1999). Continental and lacustrine sedimentation continued up 
to the Late Miocene in the central NAFB (Kirscher et al., 2016).

1.3.2. The Karpatian sea

The onset of marine Karpatian deposits indicates a completely different geodynamic 
setting in Central Europe (Fig. 4b). The latest Karpatian successions generally contain the 
planktonic foraminifera species Globigerinoides bisphericus and the calcareous nannofossil species 
Helicosphaera ampliaperta (Brzobohatý et al., 2003). The most recent GTS scale places the 
Karpatian between 17.25 Ma and 15.96 Ma (Piller et al., 2007; Hilgen et al., 2012), although its 
upper boundary with the Badenian is still debated (e.g. Hohenegger et al., 2014).

Marine Karpatian successions are known from the eastern Alpine-Carpathian Foredeep 
in the west to the Nograd/South Slovakian basin in the east (Fig. 3). In all shallow marine 
settings of the Central Paratethys, the marine Karpatian overlies the Ottnangian with an 
erosional unconformity (Brzobohatý et al., 2003 and references therein). Astronomical tuning 
of the gamma ray record from Korneuburg Basin (NE Austria) dated the Karpatian marine 
transgression at 17.0 Ma (Zuschin et al., 2014). 

The Black Sea basin does not provide any evidence for open marine conditions in Early 
Miocene times, excluding a marine gateway to the east (Popov et al., 2006). Consequently, the 
most logical connection to the Mediterranean is through the so-called Trans-Tethyan gateway 
(Kováč et al., 2007; Mandic et al., 2012) (Fig. 4). The Trans-Tethyan gateway and land-sea 
distribution of the Karpatian sea remarkably follows the contours of the Mid-Hungarian Line 
(MHL; Géczy, 1973), suggesting that tectonic shear, accompanied by differential block rotations 
between the ALCAPA and Tisza-Dacia mega-units (e.g. Márton et al., 2007), has played a major 
role by re-connecting Central Paratethys basins with the open ocean giving rise to the “Karpatian 
Sea” in the latest Early Miocene. 

1.3.3. The Badenian Sea

Originally, the base of the Badenian was tied to the base of the Langhian (Papp and 
Cicha, 1978, sensu Blow, 1969), because for both stages the so-called Praeorbulina datum - the 
FO of the planktonic foraminifera genus Praeorbulina - was the guiding criterion (Berggren et 
al., 1995; Lirer and Iaccarino, 2011). Hence, most authors consider the Karpatian-Badenian 
boundary equal to the Burdigalian-Langhian boundary (Piller et al., 2007), which has an age 
of 15.97 Ma according to the GTS. It must be noted here that the boundary criterion for the 
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Langhian is not yet officially defined. It was provisionally set to the top of paleomagnetic chron 
C5Cn.1n because of indications that the Praeorbulina datum might be discontinuous and/or 
slightly diachronous (Lourens et al., 2004; Hilgen et al., 2012). Being aware of this discussion, 
we follow the Mediterranean biochronology and date the sediments with P. glomerosa glomerosa, 
the current FO Praeorbulina marker in the Paratethys, younger than 15.2 Ma (cf. Turco et al., 
2016).

The “Badenian Sea” significantly expanded in Middle Miocene times by flooding the 
Transylvanian and Southern Pannonian basins and spreading all over the Carpathian foredeep 
(Fig. 3, 4c). In most Central European basins the base of the Badenian flooding is characterized 
by a transitional zone with clastic material (sand and/or conglomerate) and reworked fossils. The 
surface outcrops in the north (Carpathian foredeep) and west (Vienna, NE Austrian Molasse and 
Styrian basins) contain erosional features (e.g. Hohenegger et al., 2009), and in most drill cores a 
zone of reworking is observed (Ćorić and Rögl, 2004; Oszczypko and Oszczypko-Clowes, 2011; 
Selmeczi et al., 2012), complicating dating of the basal succession (Fig. 3). 

In the western (NE-Austrian Molasse, Vienna, Styrian) basins the initiation of the Badenian 
sea predates the FO of H. waltrans (Ćorić and Rögl, 2004; Hohenegger et al., 2009). Many other 
Badenian sedimentary successions contain the planktonic foraminifer Praeorbulina glomerosa 
glomerosa in their lower part (Kováč et al., 2007).  Consequently, the Badenian transgression in 
these basins is dated at <15.2 Ma (Fig. 3), significantly younger than commonly envisaged (~16 
Ma), but in good agreement with their biostratigraphic records where the lowermost Badenian 
sediments generally do not extend far below the FO of the planktonic foraminifer Orbulina 
suturalis (Rögl et al., 2002; Kováč et al., 2007; de Leeuw et al., 2013).

The most logical connection of the Badenian Sea to the Mediterranean is again through 
the Trans-Tethyan corridor in Slovenia (Fig. 4c). This corridor is considered to have persisted 
throughout the entire Badenian stage and lasted until 12.7-12.6 Ma (Bartol et al., 2014). 
Tectonic subsidence in the Middle Miocene of the Pannonian and Carpathian Foredeep region 
is intrinsically related to rifting/extension, subduction and slab roll-back processes in Central 
Europe (Horváth et al., 2006). Ongoing subsidence likely caused a progressive south-eastward 
transgression, flooding ultimately all studied Central European basins. This transgression is 
diachronous throughout the Central Paratethys domain, depending on regional tectonic setting, 
but more accurate dating of the basal marine succession is needed to better comprehend the 
underlying dynamics. 

1.4. Geodynamics Versus Climate

To distinguish geodynamic from climatic causes is one of the most challenging and 
complex issues in modern Earth sciences. Sea-level lowering and tectonic uplift will both decrease 
the water exchange in marine gateways and may thus cause similar changes in depositional 
environment. The land-locked Paratethys basins are only connected to the open ocean via narrow 
gateways and hydrological fluctuations have profound influences on environmental conditions 
like temperature, salinity and humidity (Karami et al., 2011). 

Despite being located close to tectonically active mountain regions like the Alps, Dinarides 
and Carpathians, paleoenvironmental changes in the Central Paratethys basins are commonly 
linked to third order sea level cycles and are generally correlated to the sea level curve of Haq et 
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al. (1988) and the sequence stratigraphic cycles of Hardenbol et al. (1998). In this context, the 
Ottnangian-Karpatian and Karpatian-Badenian boundaries are correlated to the Bur3 and Lan1/
Bur5 lowstand, respectively. In addition, the basal marine Badenian transgression is commonly 
correlated to the global sea level cycle TB2.3. 
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Figure |1| 3. Compilation of environmental and age data (radioisotopic ages, magnetostratigraphy, 
biochronology) for 10 subbasins in Central Europe. Biochronology follows the Mediterranean scheme as shown 
in Figure 2. Timescale (GPTS) after Hilgen et al. (2012). Note that the FO of Praeorbulina in the Central Paratethys 
refers to the FO of P. gl. glomerosa, occurring always together with P. gl. curva (Rögl et al., 2002). When no boundary 
data were available, the top of the Karpatian Sea was provisionally set to the top of the Burdigalian; the base of the 
Karpatian Sea for the Vienna and Styrian basins was equalized to the base of the Austrian Molasse basin. OMM = 
Upper Marine Molasse, OBM = Upper Brackish Molasse, OSM = Upper Freshwater Molasse. The main literature 
used for the compilation of the basins: Swiss Molasse - (Schlunegger et al., 1996; Kälin and Kempf, 2009); S-German 
Molasse - (Abdul Aziz et al., 2010; Reichenbacher et al., 2013; Sant et al., 2017); Austrian Molasse (Rögl et al., 2003; 
Ćorić et al., 2004; Ćorić and Rögl, 2004); Vienna - (Andreyeva-Grigorovich et al., 2001; Rögl et al., 2002; Kováč et 
al., 2004); Styrian - (Kollmann, 1965; Auer, 1996; Rögl et al., 2002; Hohenegger et al., 2009; Spezzaferri et al., 2009); 
Nograd/South Slovakian – (Vass, 2002; Palfy et al., 2007; Mandic et al., 2012) (also: Borsod basin: Selmeczi et al., 
2012); Southern Pannonian - (Ćorić et al., 2009; Mandic et al., 2012; de Leeuw et al., 2010, 2011, 2012; Pezelj et al., 
2013); Polish-Ukranian foredeep - (Andreyeva-Grigorovich et al., 1997; Oszczypko and Oszczypko-Clowes, 2011); 
Transylvanian Basin – (Beldean et al., 2010; de Leeuw et al., 2013; Székely et al., 2016); East Carpathian foredeep – 
(Popescu, 1975; Marunteanu, 1999). Details about the main data sources can be found in the supplementary data.
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Figure |1| 4. Present day distribution of early-middle Miocene sediments (18, 16.5, 14.5 Ma old) highlighting 
the paleogeographic changes in the European sub-basins of the Paratethys realm. Simplified paleogeographic 
sketches based upon previous reconstructions (Rögl, 1999; Popov et al., 2004) and updated based on the literature 
review presented in Fig. 3.
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Our data compilation demonstrates that marine sedimentation across the studied 
boundaries is mostly discontinuous, age data are scarce, and reliable biostratigraphic markers 
are limited, especially in the Early Miocene successions (Fig. 3). The disintegration of the 
Ottnangian Sea is marked by significant tectonic activity in the Alpine region and the re-flooding 
by the Karpatian Sea is strongly related to a shear-zone along the Mid Hungarian Line. In most 
areas, the Badenian transgression (< 15.2 Ma) is significantly younger than previously estimated 
(~16 Ma) and is strongly influenced by subduction related processes in the Pannonian and 
Carpathian domain. We conclude that tectonic reorganization of the Central European basins is 
the dominant factor in the Early to early Middle Miocene time interval and that global sea level 
fluctuations are of subordinate relevance for its paleogeographic evolution.
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Abstract

Paratethys, the lost sea of central Eurasia, was truly an anoxic giant during Oligocene 
– early Miocene (Maikop Series) times. With a size matching the modern-day Mediterranean 
Sea and a history of anoxia that lasted for over 20 Myrs, the eastern part of this realm (Black 
Sea-Caspian Sea domain) holds key records for understanding the build-up, maintenance and 
collapse of anoxia in marginal seas. The collapse of anoxic Maikop conditions was caused by 
middle Miocene paleogeographic changes in the Paratethys gateway configuration, when a mid-
Langhian (Badenian-Tarkhanian) transgression flooded and oxygenated the Eastern Paratethys. 
Here, we present an integrated magneto-biostratigraphic framework for the early Middle 
Miocene (Tarkhanian-Chokrakian-Karaganian regional stages) of the Eastern Paratethys and 
date the lithological transition from anoxic black shales of the Maikop Series to fossiliferous 
marine marls and limestones of the regional Tarkhanian stage. For this purpose, we selected two 
long and time-equivalent sedimentary successions, exposed along the Belaya and the Pshekha 
rivers, in the Maikop type area in Ciscaucasia (southern Russia). We show that a significant 
but short marine incursion took place during the Tarkhanian, ending the long-lasting Maikop 
anoxia of the basin. Our magnetostratigraphic results reveal coherent polarity patterns, which 
allow a straightforward correlation to the time interval 15-12 Ma of the Geomagnetic Polarity 
Time Scale. The Tarkhanian flooding occurred during a relatively short normal polarity interval 
that correlates to C5Bn, resulting in an age of 14.85 Ma. The regional Tarkhanian/Chokrakian 
stage boundary is located within C5ADn at an age of 14.75 Ma and the Chokrakian/
Karaganian boundary is tentatively correlated to C5ACn and an age of 13.9-13.8 Ma. Our new 

Picture left | Middle Miocene bioherms (brown), clays and marls exposed in the riverbed of Belaya 
(Adygea, Russia).  Some fourteen million years ago, this region was a large sea with reefs and sandy lagoons washing 
the shore of a large Caucasus Mountains island.
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Tarkhanian flooding age reveals a paleogeographic scenario that is different from many previous 
reconstructions. Instead of envisaging marine connections to the Indian Ocean, we show that 
major changes in connectivity between the Eastern and Central Paratethys seas have caused the 
influx of marine waters during the Tarkhanian. An increase in marine connectivity with the 
Mediterranean during a short episode of rapid sea-level rise triggered mixing and ended the 
widespread anoxia in Eastern Paratethys. The mixing episode was short-lived (~100 kyr) as the 
sea-level rise slowed down and connectivity degraded because of tectonic uplift in the gateway 
area.

Keywords: Anoxia, Paratethys, Maikop, middle Miocene, biostratigraphy, magnetostratigraphy, 
marine flooding, paleogeography, Tarkhanian, Chokrakian, Karaganian, marine gateways, tectonic-
eustatic interplay.

2.1.1. Introduction

The Eocene Peri-Tethys sea gradually transformed into the Paratethys (Laskarev, 1924) 
during the latest Eocene-early Oligocene as a result of tectonic processes in the Eurasia-Afro/
Arabia collision zone (e.g. Schultz et al., 2005; van der Boon et al., 2018). The open marine 
Peri-Tethys mainly governed widespread deposition of whitish marls and limestones in central 
Eurasia, but the highly restricted Paratethys domain predominantly shows dark, organic-rich 
shales. The anatomy of the Paratethys realm is relatively simple: it consists of numerous (sub) 
basins, characterized by restricted connectivity and poorly oxygenated environments, that are 
surrounded by fresh to brackish water lake systems (Fig. 1,2). Salinity stratification and the lack 
of vertical circulation led to the formation of anoxic waters, which especially remained tethered 
in the deep depressions of the Euxinic (Black Sea) and Caspian basins. Shallower basins, with 
limited anoxia, bordered the deeper basins and recorded mixed influences from seas and rivers 
that drained a large surface of central Eurasia. Shallow seaways and straits provided restricted 
exchange with the global ocean and probably encouraged stratification of the water column. 

The organic-rich anoxic shales of the Maikop Sea (with TOC values up to 14%: Robinson 
et al. (1996); Katz et al. (2000) were deposited during Oligo-Miocene times in the Eastern 
Paratethys domain. This domain was gigantic in size, with a surface of ~1.8 x106 km2 (75% the 
size of the present-day Mediterranean) and volume of ~16x106 km3, containing 80% of the 
total Paratethys waters (estimation based on the paleogeographic data of Popov et al., 2006). 
This anoxic giant provides the main hydrocarbon source rocks for the Black Sea and South 
Caspian basins, where the Maikop Series reaches a maximum thickness of ~1000 and ~2000m, 
respectively. The total organic sedimentary carbon stored in the Maikop Series and its equivalents 
was estimated at 60×1012 T, which may have significantly contributed to suppressed atmospheric 
CO2 levels throughout the Oligocene (Allen and Haywood, 2008). 

The onset of anoxia in the Eastern Paratethys is apparently diachronous, dated as late 
Eocene (~37.7 Ma) in the Talysh area of Azerbaijan (van der Boon et al., 2017), at the Eocene-
Oligocene boundary (~33.9 Ma) in the Maikop type area (Sachsenhofer et al., 2017) and as 
earliest Oligocene (~33.7 Ma) in the north-eastern Caucasus (Gavrilov et al., 2017). The end 
of anoxia in the Eastern Paratethys is generally considered a synchronous event, triggered by a 
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marine transgression that took place at the base of the Tarkhanian regional stage. Two different 
age models prevail for the Tarkhanian stage (Fig. 3): 1) its base is correlated to the base of the 
Langhian/Badenian at ~16 Ma (Piller et al., 2007; Hilgen et al., 2012) and 2) it is correlated 
to the nannoplankton zone NN5 at an age of ~15 Ma (Krasheninnikov et al., 2003; Golovina, 
2012; Andreyeva-Grigorovich and Savytskaya, 2000). 

Fragmentation and isolation of Eastern Paratethys sections / sediments hampered 
straightforward correlations to the Geological Time Scale and led to the establishment of regional 
stages (Kozakhurian, Tarkhanian, Chokrakian and Karaganian; Fig. 3). A reliable time frame for 
the deep basinal Paratethyan successions is critical to understand the relationship between the 
geodynamic, eustatic and climatic forcing factors. It will also help to identify paleoenvironmental 
changes and clarify the water exchange mechanisms and gateway dynamics. During the last 
decade, significant progress has been made to date the Eastern Paratethys successions by radio-
isotope dating and magneto-bio-stratigraphy (e.g. Vangengeim et al., 2006; Vangengeim and 
Tesakov, 2008a,b; Krijgsman et al., 2010; Vasiliev et al., 2011; Radionova, Golovina, 2012; 
Paleontology, 2016; Palcu et al., 2017; van der Boon et al., 2017) allowing correlations to the 
open ocean zonation, climate and sea level records. The current stratigraphic framework for 
the Early-Middle Miocene of the Eastern Paratethys is mostly relying on correlations with 
transgressive-regressive cycles and characteristic faunal assemblages reflecting changes in the 
hydrological regime of this semi-enclosed basin (Nevesskaya et al., 2005a; Popov et al., 2006). 
Radio-isotope and magnetostratigraphic age constraints for this time interval are progressively 
being developed (Palcu et al., 2017).
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In this paper we construct a new chronological framework for the sedimentary successions 
of the Eastern Paratethys by applying integrated magneto-biostratigraphic and radio-isotopic 
dating techniques to the uppermost Maikopian-Tarkhanian-Chokrakian successions exposed 
along the Belaya and Pshekha rivers (Fig. 4). Our new age model will allow to date the end of 
anoxic conditions in the Eastern Paratethys, to correlate the stratigraphy of the Eastern Paratethys 
with the Central Paratethys successions and to clarify the relationship between the two realms 
in various eustatic settings. The results will be discussed from the perspective of eustatic and 
tectonic forcing in the gateways and will provide a new scenario for the connectivity history 
between the two Paratethys domains and the open ocean.
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Fig 2. Paleogeographic setting during the early Miocene, before the Badenian/Tarkhanian flooding with focus on 
the main gateways zones.
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Figure |2| 2. Paleogeographic setting during the early Miocene, before the Badenian/Tarkhanian flooding 
with focus on the main gateways zones.



The shutdown of an anoxic giant | 41 

2.1. Geological and stratigraphic background

Throughout the Oligocene, the tectonic built-up of the Alpine-Balkan-Pontides-Alborz-
Kopet Dag orogenic belt has progressively isolated the intercontinental Paratethys Sea from the 
Mediterranean basin (e.g. Rogl, 1999; Popov et al., 2004). At its peak development (Fig.1), 
Paratethys stretched on longitude from Switzerland to Turkmenistan and on latitude from the 
south Urals to Anatolia. Paratethys was generally connected to the global ocean via shallow and 
narrow gateways; the Rhone Strait, Rhine Graben, Polish-Danish Strait and potentially the Araks 
Strait through Iran (Fig. 2c). It encompassed deep anoxic basins like the Carpathian foredeep, 
Indol-Kuban basin, Terek-Mangyshlak, Fore- Kopet Dag, Black Sea and the South Caspian 
Basin, shallower seas with occasional anoxia on the Scythian and Turan shelfs, and seas that are 
relatively well connected to the global ocean as the Alpine Molasse basin, the Hungarian basin, 
Thracian basin, Magura Sea, Szolnok Trough and the Slovenian basin.  

During the Early Miocene (Fig. 2a), Paratethys covered the area from the Vienna Basin in 
Austria to the western Kopet Dag in Turkmenistan (Popov et al. 2006). At this time, Paratethys 
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was fragmented in smaller sub-basins that were grouped in two systems: the Central European 
(Central Paratethys) and the Euxinian-Caspian (Eastern Paratethys). The Central Paratethys 
consisted in a western branch, the Karpatian Sea, that was connected to the Mediterranean 
realm (Brzobohathy et al., 2003; Kovac et al., 2007; Sant et al., 2017) and an eastern branch, to 
which we refer as the Grey Sea (Palcu et al., 2017), characterized by low salinity and restricted 
connectivity both to the west and east (Fig. 2a). The Eastern Paratethys extended from Bulgaria 
and Romania to the Kopet Dag in Turkmenistan, Central Asia (Fig. 2a). As a result, regional 
stratigraphic stages have been defined for both the Central and the Eastern Paratethys (e.g. 
Nevesskaya et al., 2005b; Piller et al., 2007; Hilgen et al., 2012).

Barbot de Marny (1869) and Andrusov (1917) initiated the construction of a regional 
stratigraphic scale for the Eastern Paratethys, which has later been transformed into officially 
defined regional stages (Proc. 6th Congress RCMNS, Vol. 2, 1976). The proposed stratotypes 
were located in shallow basins, rich in mollusk assemblages (the main stratigraphic group in 
Andrusov’s time) but commonly dealt with incomplete successions. These stratotypes have been 
excellent for describing the faunas corresponding to each of the regional stages but they were 
not suitable for the integration of new dating methods that are required to better understand 
the paleoenvironmental and paleoecological changes in the region. Complete successions 
comprising Early-Middle Miocene stages of Eastern Paratethys (Kozakhurian, Tarkhanian, 
Chokrakian, Karaganian, Konkian and the Volhynian sub-stage (corresponding to the lower 
part of the Sarmatian s.l.) are mainly found in deep water settings that are poor in macro-
fossils but do contain richer assemblages of planktonic and benthic foraminifera and calcareous 
nannoplankton (Popov et al., 2016). 

The uppermost stage of the Maikop Series is called Kozakhurian, also referred to as 
Kotsakhurian (Davitashvili, 1933). It is characterized by brackish-water fauna although very 
rare euryhaline marine species have also been described. The Kozakhurian strata do not contain 
any age diagnostic fauna elements. The low faunal diversity suggests a very restricted or even 
partly isolated position from the open ocean. Based on the presence of common endemic species 
and genera, faunal exchange between the Kozakhurian basin and the brackish-water upper 
Ottnangian (Burdigalian) domain of the Central Paratethys have been envisaged, probably 
through an intermittently open gateway (Popov and Voronina, 1983; Popov et al., 1993).    

The Tarkhanian (Andrusov, 1918) contains deposits with marine mollusk associations 
in shallow facies and marine foraminiferal assemblages, including planktonic forms, in deeper 
facies.  The precise age of the Tarkhanian is still problematic due to the lack of zonal species in 
the planktonic foraminiferal assemblages. The early Tarkhanian was marked by the onset of a 
prolonged faunal exchange between the Eastern Paratethys, Central Paratethys and the open 
ocean. Connections to the Indian Ocean (Fig. 2c) have been suggested via the Middle Araks and/
or Aleppo-Urfin straits, and the Central Iranian basin – (Goncharova and Shcherba, 1997; Rögl, 
1998; Goncharova et al., 2001). Alternatively, two gateways to the Central Paratethys (Fig. 2b) 
have been proposed: one via the Dniester strait and the other through the Carasu strait (Chiriac, 
1969, Goncharova, 1991, Goncharova et al., 2001).

The Chokrakian, also referred to as Tschokrakian, (Andrusov, 1884) contains deposits 
with impoverished marine fauna that are more endemic than the Tarkhanian ones. Planktonic 
biota was dominated by pteropods (Limacina) and nektonic organisms, represented by diverse 
fishes. Salinity in the Chokrakian basin was estimated at ~18-25‰, based on bivalve and 
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gastropod assemblages (Goncharova, 1989; Guzhov, 2017). The Chokrakian basin was most likely 
connected to the Carpathian foredeep region in the west through the small and shallow “Carasu 
Strait” in the southern Dobrogea region of Romania (Palcu et al., 2017). Sediment distribution 
patterns indicate a transgression during Chokrakian times (Nevesskaya et al., 2003) when the 
basin expanded especially northward and eastward (Goncharova et al., 2001). Significant parts of 
the Chokrakian basin comprised shallow shoal zones, favoring an increase in benthic organisms 
(mollusks, bryozoans, foraminifera, ostracods) and algal-bryozoan bioherms (Nevesskaya et al., 
2003). The loss of connectivity is best expressed in the upper Chokrakian, where the diversity of 
mollusks has sharply decreased, gastropods are often represented by embryonic specimens only 

Figure |2| 4. The location of the Belaya and Pshekha river sections. The color overlays mark the 
distribution of the stratigraphic units and the respective boundaries between them.
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Figure |2| 5. Bio-litho-stratigraphic overview of the Belaya river section
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(Goncharova, 1989) and benthic foraminifera are generally represented by dwarfed or aberrant 
specimens (Nevesskaya et al., 2003). 

The base of the Karaganian (Andrusov, 1917) corresponds to a significant change in Eastern 
Paratethyan mollusk, foraminifera, and nannoplankton faunas, all indicating a trend towards 
semi-marine conditions with unstable salinity (e.g. Palcu et al., 2017). Paleogeographically, the 
Chokrakian-Karaganian transition is interpreted as a change from a semi-closed Chokrakian sea 
towards an even more restricted (fresher water) sea-lake during the Karaganian (Peryt et al., 2004), 
indicating that Eastern Paratethys became progressively isolated again from the open ocean. The 
isolation event is suggested to be caused by the global sea level drop Mi-3b, which indicates that 
the Karaganian is roughly coeval with the Badenian Salinity Crisis of the Central Paratethys (Peryt 
et al., 2004; De Leeuw et al., 2010; Palcu et al., 2017).

2.2. Sections and sampling (litho- and biostratigraphy) 

Recently, the Karaganian, Konkian and the Volhynian sub-stage (corresponding to 
the lower part of Sarmatian s.l.) were dated magneto-bio-stratigraphically in the deep basinal 
successions of the Taman Peninsula of the NE Black Sea coast (Palcu et al., 2017). In this paper, we 
focus on determining the ages for the Kozakhurian, Tarkhanian and Chokrakian stages based on 
sections in Ciscaucasia (north-western Caucasus; southern Russia). The key-sections are located 
on the southern margin of the Indol-Kuban basin, in the present-day Krasnodar district (Fig. 
4), outcropping along the Belaya and Pshekha rivers. The Belaya and Pshekha sections preserve 
rather complete successions of deep clayey facies with algal bioherms (Fig. 5, 6), and compose 
an almost continuous succession from the middle Eocene to the late Miocene (Beluzhenko et 
al., 2007; Akhmetiev et al., 1995; Sachsenhofer et al., 2017). The sediments are slightly tilted to 
the north and are accessible in the valley cuts of the rivers (Belaya, Pshekha, and many others). 
Here, we focus on the sections that display the transition from a monotonous sequence of anoxic 
clays of the Kozakhurian stage of the Maikop Series to the post-anoxic calcareous clays of the 
Tarkhanian and the algal bioherms of the Chokrakian. 

The sections were logged in detail and sampled for biostratigraphic, paleomagnetic and 
geochemical purposes. Biostratigraphically we focus on mollusks, and calcareous nannoplankton 
assemblages that can be used to identify and locate the stage boundaries and to provide 
supplementary information on the environmental changes in the basin. Macrofossils are fully 
absent in the upper Maikopian part of the sections, but they are common and well preserved 
from the beginning of the Tarkhanian onwards, especially in the relatively shallow Belaya section. 
Nannoplankton was studied in the Tarkhanian part of the Pshekha section, for a section along 
the river Belaya used the results of previous studies (Krasheninnikov et al., 2003; Golovina et 
al., 2009; Golovina, 2012). To identify nannofossils, smear slides were prepared using standard 
procedures (e.g. Golovina et al., 2004), which were examined under a Jena|Zeiss light microscope 
(cross and parallel nicols) at x1200 magnification.

2.2.1. The Belaya section

The Maikopian- Volhynian succession is exposed along the Belaya river and its small 
tributaries (Fig. 4), roughly between Podgornyy (44˚26’39.36”N/ 40˚12’42.92”E) and 
Semikollenaya Ravine (44°32’58.95”N/ 40°08’24.91”E). The base of the studied section 
(Fig. 5) belongs to the top of the anoxic Maikop facies sediments (only 7.5m is exposed). The 
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uppermost Maikopian (Ritsa Fm) consists here of finely laminated, dark-brown, non-calcareous 
clays, devoid of macrofossils. The transition to the Tarkhanian is gradual: first, carbonate/marl 
fragments appear in the sediments and then, in the uppermost two meters, the colour slowly 
fades towards greyer tones, similar to the basal Tarkhanian clays. 

The Tarkhanian sediments are very thin (~3m) and consist of light grey, calcareous and 
non-calcareous clays with a very characteristic, 0.15 m thick, limestone layer (known in literature 
as the “Tarkhanian marlstone” (Goncharova, 1989) in the middle part (Fig. 5). The Tarkhanian 
contains a rich marine fauna assemblage with Lentipecten denudatus (Reuss), Nucula nucleus L., 
Nuculana fragilis (Chemn.), and Aporrhais pespelicani (L.). The Tarkhanian nannofossil record 
from Belaya has been studied recently ( Krasheninnikov et al., 2003; Golovina et al., 2012) and 
is characterized by the appearance of abundant Braarudosphaera bigelowii, Coccolithus pelagicus, 
Cyclicargolusus floridanus, Helicosphaera carteri,  H. waltrans, H. mediterranea,  Rhabdosphaera 
sp., Reticulofenestra pseudoumbilica and  Sphenolithus heteromorphus. Based on joint presence of 
Sphenolithus heteromorphus and Helicosphaera waltrans, the assemblage can be correlated with 
the Sphenolithus heteromorphus Zone NN5 (Krasheninnikov et al., 2003; Golovina, 2012).  The 
boundary with the overlying Chokrakian is sharp and somewhat irregular, which may be related 
to a gap in sedimentation, a disruption of sedimentation, or to the weight of the overlying 
Chokrakian bioherms.  

The Chokrakian sediments (0-190m) are significantly thicker and consist of stromatolitic 
bioherms alternating with clays and sands (Fig. 5). The lower part (0-60 m) comprises bryozoan 
dominated bioherms and light-colored clays; the upper part contains serpulid-dominated 
bioherms alternating with darker clays. Sands are only present in the middle and upper part of 
the succession.  The Chokrakian mollusks differ from the Tarkhanian assemblage by the presence 
of more euryhaline and endemic faunas. In the clay facies they reveal a poor association with 
Varicorbula gibba (Olivi), Nuculana fragilis, Mactra bajarunasi Kolesn., Abra parabilis (Zhizh.) 
and Limacina andrusovi tschokrakensis (Zhizh.). The bioherm facies is richer in mollusks and 
contains species like Mytilaster volhynicus (Eichw.), Musculus conditus (M. Hoern.), Gregariella 
tarchanensis (Gatuev), Irus irus (L.), Ervilia praepodolica (Andr.), Gomphomarcia taurica (Bajar.), 
Chama toulai David., Nuculana fragilis (Chemn.), Arcopsis lactea (L.), Limaria (Limaria) sp., 
Parvicardium liverovskajae (Merkl.). The sandy facies contain the most divers associations with 
Anadara bosphorana (David.), Perna tschokrakensis (Zhizh.), Gomphomarcia taurica (Bajar.), 
Parvivenus marginata jusmaci (Schwetz), Macoma sokolovi (Bajar.), Pitar laskarevi (Schwetz), 
Europicardium pseudomulticostatum (Zhizh.), Parvicardium kubanicum (Zhizh.), Cerastoderma 
bogachevi (Koles.), Donax tarchanensis (Bajar.), Lutetia (Davidaschvilia) intermedia (Bajar.), Ervilia 
praepodolica (Andr.) (according to Goncharova determination) and abundant gastropods. Most 
of the lower Chokrakian mollusks are not found in the upper Chokrakian (120-180m), except 
for a couple of persisting endemics such as small Lutetia intermedia and Ervilia praepodolica. The 
topmost Chokrakian shows a shift to continental facies with plant and tree remains, coal beds 
and fragments of the terrestrial gastropods Helix, indicating a relative sea level fall/regression took 
place at the Chokrakian\Karaganian boundary.

The lithology of the relatively thick Karaganian deposits (190-375m) is composed of clays 
and silts (Fig. 5). The clays of the middle part (250-300 m) are containing levels with stromatolitic 
limestones (20-150cm thick) while the upper part is sandier with limestone concretions. Fossils of 
Davidaschvilia (Zhgentiana) gentilis (Eichw.) dominate the lower Karaganian (190-310m) mollusk 
associations, while Savanella andrusovi (Toula) rare Barnea and the gastropods Mohrensternia, are 
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characteristic for the upper Karaganian (310-375m). The Karaganian succession is conformably 
overlain by Konkian deposits. 

The Konkian succession (375-525m) consists of monotonous, poorly cemented, grey 
silts and grey-yellowish sands, occasionally interrupted by clay levels and sandstones (Fig. 5). The 
uppermost part of the Konkian comprises well-cemented carbonatic sandstones that are poorly 
exposed along the Belaya River but are properly outcropping in the valleys of the east side tributaries. 
From the faunal point of view, the lowermost Konkian is distinguished by the appearance of the 
genus Ervilia and Barnea sharp domination. Higher up in the succession also Ervilia trigonula, 
Davidaschvilia (Zh.) gentilis (Eichw.), Savanella andrusovi, Barnea pseudoujratamica (Ossip.), 
and Cerastoderma praeplicatum (Hilb.) are present. The Konkian (Sartaganian and Veselyankian 
parts) contains more divers marine mollusk faunas: genus Limacina and Chlamys sp., Mactra 
basteroti konkensis (Sok.), Parvivenus konkensis (Sok.), Nassarius reticulatus, Acanthocardia 
andrusovi (Sok.), Varicorbula gibba, and Anomia ephippium. Previous studies concerning the 
Konkian/Lower Sarmatian   foraminifera  and  calcareous nannofossils from the  Fars river and 
Belaya river  have been performed by Vernyhorova Yu. and Golovina L.(Golovina et al., 2009). 
The rich foraminifer complex  containing a large number of normal-marine foraminifera species 
typical of Konkian sediments: Discorbis kartvelicus, Angulogerina angulosa, Globulina gibba, 
Virgulina schreibersiana. The nannoplankton  assemblages is represented by Coccolithus pelagicus, 
Cyclicargolithus floridanus, Braarudosphaera bigelowi, Rhabdosphaera sicca, Rhabdosphaera poculi, 
Reticulofenestra pseudoumbilicus, Helicosphaera carteri,  Holodiscolithus macroporus, Pontosphaera 
multipora, Thoracosphaera sp. According to the taxonomic composition, the complexes of 
nannoplankton, obtained from sections of the Fars river and Belaya river, are almost identical to 
the nannofossils complexes  from the Sartagan beds in the Zelensky section (Taman Peninsula), 
and along the Pshekha section (Golovina et al., 2009).

The Volhynian deposits conformably overlie the Konkian sediments. The very base of the 
Volhynian is marked by silts and sands, but these are sharply followed by a thick monotonous 
series of grey clays that extends throughout the rest of the Volhynian succession. Faunistically, 
abundant Abra in and Mactra fossils are present in the Volhynian.

2.2.2. The Pshekha section

A deeper water analogue of the Maikopian-Volhynian succession of Belaya is exposed in 
the valley cut of the Pshekha river (Fig. 4), between Shirvanskaya Vodokachka (44°21’50.87”N/ 
39°47’38.10”E) and Tsurevskiy (44°24’49.27”N/ 39°47’27.08”E). The exposed Maikopian part 
of the Pshekha section is 40m thick and comprises a more diverse succession of finely laminated, 
dark-brown, non-calcareous clays, with manganese-dolomitic concretions and secondary 
sulphate-rich levels (Fig. 6). Like in Belaya these deposits are devoid of macrofossils. 

The Tarkhanian deposits (0-47m) that follow conformably in the sedimentary succession 
consist of light-grey to dark-grey carbonatic clays. A large part of the succession (~35m), however, 
is represented by a massive slump, composed of large fragments of Maikopian clay and deformed 
Tarkhanian clays. The bedding orientation is highly irregular (Fig. 6), expressing an aberrant 
depositional phase. The uppermost levels of the Tarkhanian are not deformed, indicating that the 
transition to the Chokrakian is conformable, and that the main slumping event took place in the 
middle-upper Tarkhanian. Macrofaunistically, the Tarkhanian is characterized by the presence of 
Lentipecten denudatus. New nannoplankton studies have been performed on 12 samples from the 
Tarkhanian and lower Chokrakian part of the section. 
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 The first nannofossils appear in the lower Tarkhanian and consist of Reticulofenestra sp., 
Reticulofenestra pseudoumbilicus and Reticulofenestra cf. minuta. Overall, the nannofossil 
assemblage of the Tarkhanian is characterized by the absence of Helicosphaera ampliaperta and 
the presence of Sphenolithus heteromorphus and Helicosphaera waltrans - which gives grounds to 
correlate the nannofossil assemblage with the NN5 Zone.  In addition, Helicosphaera carteri is 
relatively abundant, H. euphratis (very rare), Rabdosphaera pannonica, Cyclicargolithus floridanus 
and the genera Umbilicosphaera and Calcidiscus are present, and the genera Discoaster is absent. 

The Chokrakian (47-270m) is estimated to be ~220m thick and consists of clays 
with sandy and dolomitic sub-layers, rhythmically interrupted by marly intercalations, and 
stromatolitic calcareous crusts. A notable feature in the lower part of succession is the presence 
of an incised channel, filled with sands (Fig. 6). Similar to Belaya, there is strong change in color 
from light grey-greenish clays in the lower to the dark grey clays in the upper Chokrakian. 

The lower Chokrakian is characterized by few in situ nannofossils and abundant 
redeposited species of Paleogene age. Helicosphaera waltrans and Sphenolithus heteromorphus are 
absent here. Higher in the section, the assemblage is characterized by the common presence of 
Sphenolithus heteromorphus, but Helicosphaera waltrans is absent.

The Chokrakian/Karaganian boundary is hard to determine in the Pshekha section due 
to the lack of faunal markers. We place it at ~270m, after the dolomitic/limestone layers that are 
tentatively correlated with the Chokrakian bioherms and limestones in Belaya. The Karaganian 
(~270-360m) is dominated by dark calcareous clays without macrofossils, except for a single 
finding of Davidaschvilia (Zh.) gentilis. 

Further up in the section, the Konkian (~150m thick) and Volhynian (of which only 
~10m have been investigated) are characterized by grey clayey facies with limited lithological 
and faunal markers. The base of the Konkian is placed at a change in lithology – from dark 
clays to rhythmic alternations of grey clays and dolomitic sub-layers. The top of the Konkian 
shows the sedimentation of the coccolithic laminated nannoplankton-rich marl represented by 
monospecific Reticulofenestra pseudoumbilicus almost identical to one from the top of Konkian 
in the Zelensky section (Taman Peninsula – Golovina et al., 2004; Palcu et al., 2017). The 
Volhynian is recognizable by the presence abundant Abra reflexa level.

2.3. Magnetostratigraphy and radio-isotope dating

Magnetostratigraphy can provide ages to rock successions if the established polarity 
pattern of the studied sections can be correlated to reversal pattern of the Geomagnetic Polarity 
Time Scale (e.g. Langereis et al., 2010). Previous applications of this approach have been proven 
successful on Paratethyan sediments, if adequate demagnetization techniques are applied to deal 
with the generally high concentration of iron sulphides in anoxic sediments, and in particular 
with the magnetic mineral greigite (Vasiliev et al., 2008; 2010; Paulissen et al., 2011; De Leeuw 
et al., 2013; Ter Borgh et al., 2013; Palcu et al., 2015, 2017; Van Baak et al., 2016; Liu et al., 
2017). The Belaya and Pshekha sections were sampled at a resolution that varies from centimeters 
to meters-scale with a hand-held electric drill using water as a coolant. Paleomagnetic cores were 
collected from a total of 264 levels (154 from Belaya and 110 from Pshekha). The orientation of 
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Figure |2| 6. Bio-litho-stratigraphic overview of the Pshekha river section
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the paleomagnetic cores and the corresponding bedding planes were obtained using a magnetic 
compass, previously corrected for the local magnetic declination. 

2.3.1. Rock magnetism 

In the laboratory of Fort Hoofddijk, rock-magnetic tests were conducted to understand 
the nature of the magnetic carriers. These tests include measurements of hysteresis loops, first-

Figure |2| 7. Rock magnetic properties of type 1 (a, c, e) and type 2 (b, d, f) samples. Hysteresis loops 
(measured up to ±1T ) are zoomed in to show the central portion in a and b. The red lines and green lines indicate 
results before and after paramagnetic correction, respectively. Hysteresis parameters obtained from the hystereisis 
loops (after paramagnetic correction), IRM acquisition and direct-current field demagnetization curves are shown 
alongside. C and d are FORC diagrams generated with a smoothing factor of 5. E and f are J-T curves measured 
on the Curie Balance. The thin line represents multiple heating and cooling runs before reaching the highest 
temperature (700 ºC), while the thin line represents the last cooling from 700 ºC to room temperature. 



The shutdown of an anoxic giant | 51 

order-reversal-curve (FORC) diagrams, and thermomagnetic runs in air. Hysteresis loops 
(sample mass 60–90mg) were measured with a Princeton Measurements Corporation MicroMag 
2900 alternating gradient magnetometer (AGM, noise level 2×10-9 Am2) between -1T and 1T 
with field increments of 10 mT. The saturation magnetization (Ms), the saturation remanent 
magnetization (Mrs), coercivity (Bc) were acquired after correction for the paramagnetic slope (at 
70% of the maximum field). Back field demagnetization of SIRM was performed after saturating 
the sample in a field of 1T to determine the remanence coercivity (Bcr). For first-order reversal 
curves (FORCs), 150 reversal curves were obtained for each sample with a field increment of 
1.5 mT. FORC diagrams were calculated using the FORCinel Program Version 1.19 (Harrison 
and Feinberg, 2008). All the measurements on AGM were performed with an averaging time of 
200ms. High-temperature thermomagnetic measurements of the induced magnetization (J-T 
curves) were performed in air with a modified horizontal translation-type Curie balance with a 
sensitivity of ~5×10-9Am2 (Mullender et al., 1993). About 70mg of powdered sediments were 
held in place by quartz wool in a quartz glass holder. The applied field was cycled between 100mT 
and 300mT. Multiple heating and cooling runs were performed between room temperature, 150, 
250 350, 450, 525, 700°C. The heating rate was 6°/minute and the cooling rate was 10°/minute. 

In terms of rock magnetic properties, we divide the samples into two types: samples of 
type 1 have high magnetic coercivities (>30 mT, Fig. 7a), high ratios of Mrs/Ms and Bcr/Bc. 
Their FORC diagrams (Fig. 7c) have classic SD-like contours centered on Bc ~50mT, which 
is similar to those previously reported for SD diagenetic greigite (Roberts et al., 2011; Roberts 
et al., 2006). The central peak is not symmetrical with respect to the Bu axis but shifted to the 
negative area below Bu=0. For the J-T curves (Fig. 7e), all the high magnetic samples show an 
irreversible decrease in magnetization between 200°C and 350°C, which is typical of greigite (e.g. 
Dekkers et al., 2000). Pyrite also exists in these samples, indicated by the magnetization increase 
after 400°C (due to its oxidation via magnetite ultimately to hematite) (Passier et al., 2001).

Samples of type 2 are dominated by paramagnetic minerals, as suggested by the essentially 
linear magnetization curve before paramagnetic correction. After correction, the samples show a 
low coercivity ~10mT (Fig. 7b). Due to the low intensity (two orders of magnitude lower than 
the type 1 samples), only a weak FORC distribution is observable (Fig. 7d). The J-T curves of 
these low magnetic samples are reversible during thermal runs below 400°C. The increases after 
400°C indicate large amounts of pyrite in these samples, which oxidize to magnetite causing the 
peak at 450–500°C in J-T curves (Fig. 7f ). Abundant pyrite in these samples is also consistent 
with the low intensity and subtle hysteresis since pyrite is paramagnetic. The distributions of 
the type 1 and type 2 carriers throughout the section do not match a lithological pattern or the 
polarity changes which suggests primary directions are preserved by both carriers.  

2.3.2. Demagnetization and magnetic polarity patterns

Afterwards, customized thermal and alternating field demagnetization techniques were 
applied to isolate the characteristic remanent magnetization (ChRM). The Natural Remanent 
Magnetization (NRM) was thermally demagnetized and measured using a 2G Enterprises DC 
Squid cryogenic magnetometer (noise level of 3*10-12Am2). The heating was performed in a 
laboratory-built, magnetically shielded furnace, with a residual field less than 10nT. The thermal 
steps are customized based on the observations on the behavior during the thermomagnetic 
runs, with relatively small temperature increments of 10-30˚C applied in the 100-360˚C 
range because of the rapid thermal decay and the occurrence of additional secondary magnetic 
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Figure |2| 8. Schematic lithological column, magnetic intensity and polarity zones, stereo plots and 
Zijderveld diagrams for the Belaya and Pshekha sections. Seven reversed polarity intervals (R1-R7) and seven 
normal ones (N1-N7) have been identified in both in the Belaya (A, B) and Pshekha (G, H) section. The positions 
of the stage boundaries are marked with black lines. Representative examples of Zijderveld demagnetization 
diagrams after tilt correction (Belaya - D, E, F; Pshekha - J, K, L), please note the disturbed levels corresponding 
to slumps and mass transport (F, L). Sample code and stratigraphic level are specified in the upper corner. Filled 
(unfilled) circles represent the projection on the horizontal (vertical) plane. The red-outlined temperature values 
represent interval used for calculating the ChRM component which is marked by the blue line. The stereographic 
plots (C, I) show the antipodal distribution of the ChRM directions.
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carriers after 400˚C. In addition, alternating 
field demagnetization was performed, with 
small field increments, up to a maximum 
of 100mT with an in-house built robotized 
sample handler, attached to a horizontal 
2G Enterprises DC SQUID cryogenic 
magnetometer (Mullender et al., 2016).

The NRM intensity ranges between 
16*10-6A/m and 20*10-1A/m for the Belaya 
section and between 28 *10-6A/m and 
29*10-1A/m for the Pshekha section (Fig. 
8). We identified the ChRM by analyzing 
the decay-curves and vector end-point 
diagrams (Zijderveld, 1967). During both the 
progressive thermal demagnetization and the 
progressive alternating fields demagnetization, 
two magnetic components can be recognized. 
A very weak, low-temperature, viscous 
overprint is generally removed at 120˚C and 
15mT (Fig. 8). A second, higher-temperature, 
component is demagnetized at temperatures 
between 120˚C and 300˚C, and alternating 
fields of 15-50mT. This component is of 
dual polarity and is interpreted as the ChRM. The ChRM directions were defined by at least 
four consecutive temperature steps and calculated with the use of principal component analysis 
(Kirschvink, 1980).

We use the maximum angular deviation (MAD) of the calculated directions to separate 
the results into three qualitative groups. The 1st quality (MAD = 0-5) and 2nd quality groups 
(MAD = 5-10) have been used for determining the polarity patterns (Fig. 8). The 3rd quality 
results (with exotic declinations and inclinations because of disturbed/slumped sediments) do not 
represent primary directions (Fig. 8). The ChRM directions, magnetic intensity and magnetic 
susceptibility have all been plotted against stratigraphic levels (Fig. 8).  The polarity pattern of 
the Belaya section comprises fourteen different polarity intervals, seven of reverse (bR1-7) and 
seven of normal (N1-7) polarity. The polarity pattern of the Pshekha section comprises fourteen 
different polarity intervals, seven of reverse (pR1-7) and seven of normal (pN1-7) polarity.

Anomalies have been encountered in each section. Paleomagnetic anomalies, (bN2a, Fig. 
8b) were encountered in the base of the Belaya section. A level with sedimentary anomalies, 
consisting in slumps mass transport (pX, Fig. 8h), occurs in Pshekha. Paleomagnetically, it is 
relatively easy to spot because of anomalous inclination values (Fig. 8l). In the field, this interval 
contains blocks of Maikopian clays. It has been discarded from the polarity pattern of the section. 
A smaller level, with similar anomalies (Fig. 8f ) is encountered in Belaya, probably linked with 
the phase of instability that caused the slumps in Pshekha.

2.3.3. Radio-isotope dating

In the Belaya section an volcanic ash level occurs at 120m (BY55) in the Chokrakian stage. 
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We separated biotite (125-250 µm) from this level by washing and sieving, followed by standard 
heavy liquid (ρ>3.0 g/cm3) and magnetic separation procedures. A final fraction of this sample 
was hand-picked under an optical microscope. The sample was wrapped in Al-foil and irradiated 
together with Fish Canyon sanidine standard for 7 hours in the Oregon State University CLICIT 
facility, USA. After irradiation samples and standards were loaded in 185 hole tray and placed in 
a vacuum chamber connected to a preparation line equipped with 3 NP10 getters and an Argus 
VI+ noble gas mass spectrometer. Multiple crystal aliquots (~3-10 grains) were fused using a 
CO2 laser and analysed with the following collector settings: H2 Faraday cup with 10E12 Ohm 
amplifier for m/e 40, H1, L1, and L2 Faraday cups with with 10E13 ohm amplifiers for m/e 
39, 38 and 37 and a compact discrete dynode (L2) for m/e 36. Similar to Phillips and Matchan 
(2013) we did not apply bias corrections, but analysed samples and standards alternating with 
air pipettes of different intensities in the same range as the samples and standards. Line blanks 
were measured every 2-3 unknowns and were subtracted from succeeding sample data. Data 
reduction is done in ArArCalc (Koppers, 2002). Ages are calculated with Min et al. (2000) decay 
constants and 28.201 ± 0.022 Ma for FCs (Kuiper et al., 2008). The atmospheric air value of 
298.56 from Lee et al. (2006) is used. The correction factors for neutron interference reactions 
are (2.64 ± 0.02) x10-4  for (36Ar/37Ar)Ca, (6.73 ± 0.04) x10-4 for (39Ar/37Ar)Ca, (1.21 ± 0.003) 
x10-2 for (38Ar/39Ar)K and (8.6 ± 0.7) x10-4 for (40Ar/39Ar)K. All errors are quoted at the 1σ level 
and include all analytical errors. 
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In the field we found evidence for potential reworking of the biotite and therefore we tried 
to analyze the lowest amounts of grains possible in a single fusion step. We performed 10 analyses 
of 3 grains per fusion. We added another 25 analyses with ~10 grains per fusion. Figure 9 shows 
the heterogeneous age distribution with a spread in ages between 4 and 36 Ma and a median 
peak around ~14.8Ma. The radiogenic amount of 40Ar ranges from almost 0 to 82% and only 10 
analyses yield >50% 40Ar* (Fig. 9). Low radiogenic argon contents might suggest alteration and 
open system behavior and argon loss. This will result in younger ages than its original eruption 
age. On the other hand potential reworking during transport and/or xenocrystic contamination 
can yield heterogeneous age populations with a bias to ages older than eruption age. The age of 
this ash is ~14.3-14.4Ma according to our magnetostratigraphic age model, and although the 
40Ar/30Ar data are complex as discussed above, they do not contradict our age model.

2.4. Magnetostratigraphic age model for the Tarkhanian-Chokrakian stages of 
Eastern Paratethys

We aim to obtain a time frame for the Maikopian-Tarkhanian-Chokrakian-Karaganian 
deposits of Eastern Paratethys by correlating the observed polarity pattern of the Belaya and 
Pshekha sections to the astronomically dated polarity time scale of the most recent GPTS 
(Hilgen et al., 2012) (Fig. 10). The polarity patterns of the Belaya and Pshekha sections are in 
good agreement. 

The Maikopian-Tarkhanian part in the Pshekha section (excluding the slumped interval) 
is marked by two small reversed intervals (pR1 and pR2) alternating with two small normal 
intervals (pN1 and pN2), with the entire Tarkhanian in pN2. In Belaya, the Tarkhanian also 
corresponds to a small normal interval (bN1) that is followed by one small reversed interval 
(bR2), indicating that bN1 corresponds to pN2. In both sections the Chokrakian is marked by 
a small reversed interval at the base (bR2/pR3) followed by two much larger normal intervals 
(bN2-3 and pN3-4) that are separated by a very short reversed interval (bR3/pR4). The 
Chokrakian-Karaganian boundary is in both sections located in the second large normal interval 
(bN3/pN4), with the notification that in Pshekha this boundary is not very well constrained. The 
Karaganian-Konkian interval comprises in both sections three additional normal intervals (bN4-
6 and pN5-7) after which the base of the Volhynian is located in a reversed interval (bR7/pR8).

Regarding previous age estimates and correlations to geological time scales, the studied 
succession most probably corresponds to the age interval between 17 and 12 Ma (e.g. Nevesskaya 
et al., 2005a; Piller et al., 2007; Hilgen et al., 2012). A conspicuous feature of this interval is 
the presence of the very long reversed chron C5Br between 16 and 15.2 Ma (Fig. 9), which is 
clearly lacking in the magnetostratigraphic pattern of our two sections. The most logical solution 
explaining the absence of C5Br is a correlation to the younger part of the time scale, e.g. between 
15 and 12.5 Ma. 

The polarity patterns of Belaya and Pshekha are both marked by the presence of four 
relatively large normal polarity intervals separated by smaller reversed polarity intervals (bN2-
bN5/bR3-bR6 and pN3-pN6/pR4-pR6) that correlate very well with chrons C5ADn-C5AAn. 
The two normal polarity zones of the Karaganian stage (bN3-4/pN4-5) then correlate to C5ACn 
and C5ABn respectively, which is in excellent agreement with the previous magnetostratigraphic 
results of Taman (Palcu et al., 2017). Correlating downwards, bN2/pN3 corresponds to C5ADn; 
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bN1/pN2 to C5Bn.1n and finally pN1 correlates to C5Bn.2n. The Maikopian/Tarkhanian 
boundary (bN1/ pN2) is located in the middle part of chron C5Bn.1n (14.775-14.87 Ma) and 
has a corresponding age of ~14.85 Ma.

 The Tarkhanian/Chokrakian boundary, located just above the polarity reversal bN1/bR2 
and pN2/pR3, is determined just above the C5Bn.1n/C5ADr polarity reversal (14.775Ma) and 
has an age of ~14.75 Ma. The Chokrakian/Karaganian boundary is best constrained in Belaya 
and is located in the lower part of C5ACn at an age of 13.9-13.8 Ma. The Karaganian/Konkian 
boundary in Belaya correlates to C5AAr and an age of 13.3 Ma, which is slightly younger than 
in Taman (Palcu et al., 2017). The Konkian/Lower Sarmatian(Volhynian) boundary is located 
in a reversed interval that we correlate to C5An.2r, assuming it is synchronous with the Taman 
succession and that it corresponds to the Badenian-Sarmatian extinction event (Palcu et al., 
2015; 2017). This latter correlation implies that the very short polarity intervals C5Ar.1n and 
C5Ar.2n are not fully recovered in our magnetostratigraphic sampling. 

We do not see a logical alternative correlation between the Tarkhanian-Karaganian 
magnetostratigraphic patterns of Belaya and Pshekha and the GPTS unless one assumes dramatic 
changes in the sedimentation rate and/or significant hiatuses. Regarding the alternative age 
estimate of ~16 Ma for the base of the Tarkhanian (Hilgen et al., 2012), this would only be 
possible if there is a ~1 Myr hiatus in both sections, for which we do not see any evidence. 

2.5. The shutdown of an anoxic giant

Marine gateways play a critical role in the exchange of water, heat, salt and nutrients 
between oceans and seas and hence impact regional and global climate. Altering the regime of 
gateways radically changes the temperature, salinity and circulation of the marginal basin and 
hence transforms its entire depositional environment (e.g. Bethoux and Pierre, 1999; Karami et 
al., 2011; Flecker et al., 2015). Larger connections provide more influence from the global ocean 
whilst less connectivity leads to progressive isolation, endemism and the switch to “lake-sea” 
basins (from the Italian word “lago-mare”).

From the Paratethys basin evolution point of view, variations in gateway configuration 
ended the long-lasting phase of anoxia in the early middle Miocene. In the east of the realm, a 
marine transgression shut down the anoxia in Eastern Paratethys (Fig 11b) and the Tarkhanian-
Chokrakian open marine sea developed (Fig 11c). Subsequently, a decrease in connectivity has 
led to more and more isolation and salinity fluctuations during the late Chokrakian Eastern 
Paratethys (Fig. 11d). 

2.5.1. The Tarkhanian flood

The magnetostratigraphic records of Belaya and Pshekha provide a straightforward 
correlation of the Tarkhanian to chron C5Bn.1n. The base of the Tarkhanian is consequently 
dated at 14.85 Ma, which is in agreement with previous correlations that place the Tarkhanian 
flood within the NN5 zone (Konenkova & Bogdanovich, 1994) or at the base of the NN5 zone 
(Ivanova, 2000, Barg and Ivanova, 2001). A key element from the nannoplankton point of view 
is the presence of H. waltrans in Tarkhanian successions, which has its FO at 15.5 Ma in the 
Mediterranean Sea. According to Sant et al. (2017) and Kovac et al. (2007, 2017), H. waltrans 
first appears in the Central Paratethys together with P. glomerosa at an age <15.2 Ma, during the 
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Badenian flooding of the Carpathian foredeep. The large resemblance of Tarkhanian faunas with 
early Badenian faunas of the Central Paratethys (e.g. Popkhadze, 2016) suggests an eastward 
marine transgression that flooded Central Eurasia reaching as far as the Eastern Paratethys (Fig. 
11). This paleogeographic setting makes the Eastern Paratethys the most peripheral basin and the 
first to lose its marine character when connectivity becomes restricted. 

Various earlier attempts to correlate the Tarkhanian flooding of the Eastern Paratethys 
with global events have assumed a much older age for the base of the Tarkhanian. Many authors 
agree that a middle Miocene transgression occurred at the base of the Langhian reconnecting 

Figure |2| 11. A scenario of mixing in Eastern Paratethys controlled by sea-level change and gateway 
dynamics; A. Global eustatic level curve (Kominz et al., 200) and environmental changes in Paratethys; Eastern 
Paratethys basin diagrams in the Kozakhurian (B), Tarkhanian (C) and Chokrakian (D) stages. 
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Fig 12. The race between tectonic uplift, sea-level change and erosion shapes paleoenvironments.  
The Paratethys example: a. The initial state during the Kozakhurian; b. The Tarkhanian regional stage (14.85-14.75Ma) 
corresponds to the peak of the middle Langhian sea-level rise that flooded Central Paratethys that overcomes uplift; c. The 
following Chokrakian stage (14.75-13.9Ma) represents a phase of lesser connectivity in the context of slow sea-level rise 
that can be explained by uplift in the gateways area.
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Figure |2| 12. The race between tectonic uplift, sea-level change and erosion shapes paleoenvironments.  
The Paratethys example: a. The initial state during the Kozakhurian; b. The Tarkhanian regional stage (14.85-
14.75Ma) corresponds to the peak of the middle Langhian sea-level rise that flooded Central Paratethys that 
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context of slow sea-level rise that can be explained by uplift in the gateways area.
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the Mediterranean with the Central and Eastern Paratethys (Nevesskaya et al., 1984b, 1987; 
Iljina 1995; Jones and Simmons, 1996; Cicha, 1998). Steininger and Rögl (1984) and Rögl 
(1999) link it to a sea-level rise at the base of the Langhian that reconnects the Paratethys with 
the Indo-Pacific Ocean. The Tarkhanian stage has also been also correlated with the upper part 
of the Lower Miocene because the underlying Maikopian (Kozakhurian) deposits have common 
endemic mollusks with the upper Ottnangian stage of Central Paratethys (Popov and Voronina, 
1986). The range of the age estimates for this event (16.8-16.0 Ma) reflects the changes in the 
definition of the base Langhian age. It is in this respect very important to notice that although 
many authors suggest a transgression at the base of the Langhian in most sub-basins of the 
Central Paratethys, except for Austria and south-western Hungary, the marine Badenian flooding 
occurred in the middle Langhian, estimated at ~14.7 Ma (Kovac et al., 2007) or between 15.1-
14.9 Ma (Sant et al., 2016) instead ~16.0Ma. Consequently, a marine flooding of the Eastern 
Paratethys at ~16 Ma requires the presence of an alternative marine gateway, e.g. to the Indian 
Ocean, which has indeed been proposed for Tarkhanian times (e.g. Rögl, 1999). 

The new magnetostratigraphic data from the Belaya and Pshekha sections indicates that 
the hypothesis of a ~16 Ma old Tarkhanian transgression requires a very large gap of ~1.4 Myr 
in both successions. Traditionally, seismo-stratigraphic data in Eastern Paratethys observe a 
regional scale unconformity at the Maikopian/Tarkhanian transition (Bobylev and Pishvanova, 
1979). This unconformity, known as the “upper Maikopian disconformity”, can be observed on 
many seismic profiles both in deep-water facies and in shallow/peripheral zones of the Eastern 
Paratethys. However, continuous sedimentary transitions have also been reported from sections 
in Malyi Kamislak and Crimea (Andreyeva-Grigorovich and Savytskaya, 2000). Recently, 
Ruban et al. (2010) describe a short-lived unconformity in the Tarkhanian, but they note that it 
corresponds to a disturbance in sedimentation and not to an erosional boundary. In both Belaya 
and Pshekha sections we interpret the succession as relatively continuous, with no erosional 
features that could be interpreted as significant gaps in the record. Coarse sediments such as 
gravels or conglomerates are lacking. No elements of sub-aerial deposition, no erosional features 
such as canyons and no sharp angular unconformities are present. Both records have disturbed 
bedding, however, in the levels that correspond to the upper Tarkhanian. Slumps synchronous 
with sedimentation in the deeper depositional setting and relatively reduced thickness in the 
more marginal section suggest a short-lived disturbance in the sedimentation, due to an episode 
of instability in the basin for reasons that are yet to be explained. 

We conclude from our new magnetostratigraphic data that the previously envisaged 
scenario with an “old” Tarkhanian flooding, beginning at ~16.2-16.0 Ma and fueled by the 
Indian Ocean, is very unlikely, although not completely impossible. In that case, major question 
marks concerning the connectivity with the global ocean, the nature of the process that caused 
the hypothetical gap in sedimentation, and the presence of nannofossils of NN5 (especially the 
presence of H. waltrans in the lower Tarkhanian) will remain.

2.5.2. Paleogeography of the Tarkhanian-Chokrakian gateway(s) 

Several gateway configurations have been proposed for the faunal exchanges that occurred 
in the Tarkhanian and to a certain extent in the Chokrakian. These gateways configurations are 
difficult to test, for the Tarkhanian stage alone, as it is very short. Therefore, we take into account 
the gateways systems that functioned throughout the Tarkhanian and Chokrakian. 
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A marine connection to the Indian Ocean, via Iran, has been proposed by various authors 
(Rögl and Müller, 1976; Steininger et al., 1978) in the attempt to justify the presence of so-
called Indo-Pacific faunal elements in the Tarkhanian. However, other studies question the direct 
relationship between the middle-late Miocene Paratethyan fauna and the Indo-Pacific fauna and 
consider the similarities as due to relict Tethyan characteristics preserved from Oligocene-Early 
Miocene (e.g. Kokay, 1985; Harzhauser et al., 2002). From the paleoenvironmental point of 
view, magnetostratigraphic and radio-isotope dating of the sediments of the Iranian Plateau, 
in NW Iran, (Ballato et al., 2011) show that already from 16 Ma onwards this basin had a 
continental character (playa lakes and braided rivers). Similarly, the Qom basin, in central Iran, 
retains continental characteristics (the upper red formation) from upper Burdigalian (>16 Ma) 
onwards (Reuter et al., 2007). A gateway via the Sivas Basin, in Eastern Turkey can also be 
discarded as recent studies show that middle Miocene deposits in the region only represent 
continental environments (Poison et al., 2016). A northward extension of the Tethys Gateway 
in Easternmost Turkey is also excluded as the last marine deposits stretching from the Tethyan 
Gateway towards North (north of the the Bitlis–Poturge Massif ) are of Oligocene age (Husing 
et al., 2009).

The presence of Central Paratethyan elements in Eastern Paratethys, however, is 
unequivocal (Popkhadze, 2016) and two possible gateways have been proposed: the Dniepr and 
Carasu Straits. We consider a connection via the Dniepr Strait as highly unlikely as the faunas 
of the age-equivalent (Early Badenian, Chokrakian) deposits from the two sides of the proposed 
gateway show no similarities in faunal elements (Goncharova and Il’ina, 1995). The Carasu 
Strait, located in the SE of present day Romania, shows a West-East gradient of Badenian to 
Chokrakian fauna (Chiriac et al., 1969) and is the most likely transit pathway between Central 
and Eastern Paratethys. The deposits are very limited in thickness (~2m), which could justify the 
fact that the Tarkhanian has not yet been properly described. We consider this gateway as the 
only viable candidate for the Tarkhanian flood and, though we cannot exclude the existence of 
other gateways, the Carasu Strait must certainly have played a role in the faunal transfer between 
from Central to Eastern Paratethys.

2.5.3. Mechanisms affecting gateway functioning at the end of anoxia

Tectonics, sea-level change and gateway dynamics all may contribute to the observed 
paleoenvironmental changes in the Paratethys realm. Unraveling this complex interaction is 
challenging because only the eustatic sea level record has been accurately dated while time scales 
for tectonics in the gateway regions lack the adequate resolution for a straightforward correlation. 

The new chronological framework for the end of the Maikop anoxia and the Tarkhanian 
flooding provides an opportunity to correlate the middle Miocene paleoenvironmental changes 
of Eastern Paratethys to the global sea level curve. For this purpose we use the sea level curve 
from the North Atlantic (Kominz et al., 2008), which shows significant variations for this time 
interval (Fig. 11a). The Tarkhanian flooding is located in the middle of a period of continuous 
sea level rise (+40m between 15.2 and 14.2Ma). We assume that a Black Sea type of connectivity 
persisted throughout the Maikop creating the stratification of the water column, necessary 
for the maintenance of long lasting brackish anoxic environments in the Eastern Paratethys 
(Fig. 11b, 12b). After a rise of ~25m, the threshold of water mixing is breached and open 
marine environments are installed at 14.85Ma in Eastern Paratethys. In this episode of peak 
connectivity, a massive inflow of normal marine water increases salinity, forces mixing and leads 
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to the oxygenation of the water column (Fig. 11b, 12c). This is probably the key mechanism for 
shutting down the long lasting Maikop anoxia in Eastern Paratethys. 

The sea level continues to rise throughout the Chokrakian, in agreement with the 
transgressive nature of this stage. In the Chokrakian, however, open marine environments are 
replaced by more restricted ones, characterized by stratification and low salinity. We assume 
that the previous bi-directional flow gets “suffocated” by tectonic uplift in the gateways, which 
reduces connectivity (Fig. 11d, 12d). As the average sea level rise slows down from the initial 
10m/kyr to 1m/kyr (Kominz et al., 2008) tectonic uplift in the gateway regions (Tărăpoancă et 
al., 2003, Mațenco et al., 2010) probably takes over and severs the connection finally leading to 
isolation of the Eastern Paratethys during the Karaganian stage (Palcu et al., 2017). 

We conclude that the Tarkhanian and Chokrakian stages are actually two distinct 
phases of a single flooding event, differentiated by changes in the functioning of the connecting 
gateway(s). Tectonic forcing generates transitional phases that are reflected in relatively slow 
connectivity changes. On the other hand, the eustatic forcing is expressed in the form of events: 
relatively large fluctuations that can overcome tectonics.

2.6. Conclusions

We provide integrated magneto-biostratigraphic results for two continuous, ~600m long, 
sedimentary successions, situated on the southern slope of the Indol-Kuban Depression in a 
relatively deep (Pshekha River) and a shallower setting (Belaya River) north of the Caucasus 
Mountains. The succession comprises the uppermost Maikopian (Kozakhurian) - Tarkhanian - 
Chokrakian - Karaganian - Konkian - Volhynian (lower Sarmatian s.l.) interval of the Eastern 
Paratethys. The magnetostratigraphic record from the Belaya section consists of fifteen different 
polarity intervals, seven of reverse and eight of normal polarity. The polarity pattern of the 
Pshekha section comprises sixteen different polarity intervals, eight of reverse and eight of normal 
polarity. The two sections have a common pattern that can be correlated to the GPTS. Our 
correlation shows that the entire succession covers the time interval from ~15 to ~12.3 Ma. We 
date and describe the major paleoenvironmental phases, which can all be related to changes in 
the configuration of the paleo-straits that connected the Eastern Paratethys with the Central 
Paratethys and the Mediterranean due to a tectonic-eustatic interplay.

We show that the shutdown of the anoxic giant of Paratethys was caused by an eastward 
continental scale transgression, that can be traced for more than 3000 km from Central Europe 
to Central Asia. This Tarkhanian flooding event we correlate with chron C5Bn.1n at an age of 
14.85 Ma. This marine episode was short-lived (100 kyr) in spite of the transgressive background 
continuing during the following Chokrakian stage. This was probably caused by tectonic uplift 
of the gateway area that had overcome the sea level rise. 
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Abstract

The Badenian-Sarmatian boundary interval is marked by a major extinction event of 
marine species in the Central Paratethys. The exact age of the boundary is debated because 
many successions in marginal basins show erosional features and fauna reworking at the 
boundary level. Here, we selected the Tisa section in the Carpathian foredeep basin of Romania, 
which is continuous across this Badenian-Sarmatian Extinction Event (BSEE). Quantitative 
biostratigraphic records of planktic and benthic foraminifera and calcareous nannofossils allow 
to accurately locate the Badenian-Sarmatian boundary and indicate a major paleoenvironmental 
change from open marine to brackish water conditions. Magnetostratigraphic results reveal 
a polarity pattern that uniquely correlates to the time interval between 12.8 and 12.2 Ma. 
Interpolation of constant sedimentation rates determines the age of the BSEE in the Carpathian 
foredeep at 12.65 ± 0.01 Ma, in good agreement with several earlier estimates. We conclude that 
the extinction event took place in less than 10 kyr, and that it was most likely synchronous across 
the Central Paratethys. It corresponds to a major paleogeographic change in basin connectivity 
with the Eastern Paratethys, during which the nature of the Barlad gateway switched from a 
passive to a full connection.

Keywords: Paratethys, biostratigraphy, magnetostratigraphy, extinction, paleogeography, 

Picture left | Fossil levels with Mactra spp. of marking the onset of biological crisis at he boundary between 
the Bessarabian and Khersonian regional stage. Over more than one hundred years, mollusks (often endemic 
species) have been the main group of organisms used to describe the regional stratigraphic stages of Paratethys.
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gateways

3.1. Introduction

Paratethys represents the large epicontinental sea that extended from Central Europe 
to inner Asia since the Oligocene (Laskarev 1924). This realm was characterized by progressive 
fragmentation and isolation from the global ocean, as a direct consequence of the continental 
collision that shaped the Alpine - Himalayan orogenic belt  (Rögl 1998). The region was segregated 
into smaller basins that were clustered in three paleogeographic units: Western, Central and 
Eastern Paratethys. The short-lived Western Paratethys comprised the Alpine Foreland Basins of 
France, Switzerland, South Germany and Upper Austria (Seneš 1961) and disappeared by the 
end of the Early Miocene. Central Paratethys was located in what is today Central Europe (Fig.1) 
from Middle Miocene to Pliocene (Cicha and Seneš 1968, Papp et al. 1968) while Eastern 
Paratethys was located in the Black Sea - Caspian Sea and - Aral Sea area (Fig.1a) from the 
Oligocene onwards (Popov et al. 2006). 

Recurrent fragmentation of the Paratethys and repeated isolation of individual sub basins 
led to the development of endemic biota. The resulting fossil assemblages led to the introduction 
of regional chronostratigraphic subdivisions, because direct biostratigraphic correlation to the 
standard Geological Time Scale (GTS) is generally not possible (Piller et al. 2007). Chronological 
frameworks for Paratethys sub-regions should preferentially be combined with independent 
magnetostratigraphic and radio-isotopic age determinations. Such integrated stratigraphic 
studies that allow direct correlations to the GTS have so far only been developed for restricted 
intervals (Vasiliev et al. 2004, Vasiliev et al. 2005, Hohenegger et al. 2009, Krijgsman et al. 2010, 
Vasiliev et al. 2010, Paulissen et al. 2011, Vasiliev et al. 2011, Reichenbacher et al. 2013, ter 
Borgh et al. 2013, Van Baak et al. 2013, Hohenegger et al. 2009, Krijgsman et al. 2010, Paulissen 
et al. 2011).

Here, we focus on the extinction event that can be observed at the boundary of the 
Badenian and Sarmatian ages of the Central Paratethys. The Badenian-Sarmatian Extinction 
Event (BSEE) (Harzhauser and Piller 2007) is a catastrophic event that marks a turning point in 
the history of Paratethys  (Harzhauser and Piller 2004). The BSEE is the largest faunal turnover 
event in the Paratethys realm with a 94% extinction of Badenian species including a full loss of 
coral, radiolarian and echinoid life forms from Central Paratethys (Harzhauser and Piller 2007). 
It is recognized throughout the entire Central Paratethys and is correlated with the Konkian-
Volhynian boundary of Eastern Paratethys (Fig. 2); (Popov et al. 2013). 

Existing age estimates for the BSEE do not fully agree with each-other (Table1, Fig.2). 
They range from an age of 12.7 Ma based on correlations to global sea level low stands (Harzhauser 
and Piller 2004) to an astronomically dated age of 13.32 Ma (Lirer et al. 2009). Most of these 
age models rely on geological data from the shallow, marginal sub-basins from the westernmost 
part of Central Paratethys (Fig.1b) where the BSEE level is marked by a widespread discordance 
in the sedimentary record.

In this paper, we present a chronological framework for the Badenian to Sarmatian 
succession from the deeper facies sedimentary record of the Romanian Carpathian Foredeep 
basin, based on the integration of biostratigraphy and magnetostratigraphy. The results will 
provide another step forward in the discrimination of global climate (eustatic sea level lowering) 
versus regional tectonics (orogenic uplift or basin reconfiguration) causing the BSEE. 
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3.2. Paleogeographic and geologic background

We have focused our research on the area in front of the SE Carpathian Bend where a 
very deep basin (Focsani Depression) developed in Miocene to recent times (Tarapoanca et al. 
2003). This basin had a pivotal location from biogeographic point of view. It was situated in the 
easternmost part of Central Paratethys for most of the middle Miocene (Fig.1) and became part 
of Eastern Paratethys, during the Sarmatian. This paleogeographic change is related to collisional 
tectonics in the Carpathian region, in conjunction with the subduction of the Eastern European 
Platform underneath the Tisza–Dacia plate (Matenco et al. 2010). 

We selected one continuous sedimentary succession with a good biostratigraphic record 
and good quality paleomagnetic signal. This section is on the Tisa Valley (45° 17.565’N, 
26° 29.567’E), a tributary of Bălăneasa River in the Buzau River Catchment. Lithologically, 
siliciclastic rocks, evaporites and tuffites characterize the Tisa Valley sediments. The succession 
begins with middle Badenian evaporites (halite) and salt breccia and is followed by upper 
Badenian clays rich in organic matter (Radiolarian shales) and marls with sand intercalations 
(Spirialis marls). The lower Sarmatian record is almost entirely composed of marls, occasionally 
containing well-cemented sandy laminae and some sandy levels. Five thin, tuffitic levels have 
also been recognized. Sampling has focused on the upper part of the Badenian (above the levels 
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identified as Radiolarian shales) and the Sarmatian in the small Tisa stream bed, where the 
succession was almost continuously exposed.

3.3. Integrated bio - magnetostratigraphy

The section was logged (with on average sampling interval of 2m) and the resulting 
lithological column shows a sequence of sediments characterized by coarse silts, fining upwards 
to marls with several intercalations of sands and volcanic ashes (Fig. 3). In the middle part 
of the section (66-71m), numerous sapropelic intercalations and a thin horizon with volcanic 
ash stand out. Further above (150m), levels with Ervilia sp. molluscs indicate a Sarmatian age 
and place the BSEE lower than 150m. Consequently the biostratigraphic sampling has focused 
on the lower part of the section (0-160m) where the extinction event was located while the 
magnetostratigraphic sampling range covered the entire section (0-222m) to provide a longer 
paleomagnetic polarity pattern that would allow a better correlation to the GPTS. 

3.3.1. Foraminifera

A total number of 63 samples from the homogeneous marls of the Tisa Valley section 
have been analyzed for planktic and benthic foraminifera to document the biostratigraphy and 
paleoenvironmental changes across the Badenian-Sarmatian boundary interval. The samples were 

Figure |3| 2. The age estimates developed for the BSEE and the Eastern Paratethys stratigraphy 
(Popov et al. 2013) 
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dried at room temperature, disintegrated in water and washed over a 125µm sieve. The washed 
residues were split using an Otto Microsplitter to obtain aliquots containing 200-300 benthic 
foraminifera. Planktic foraminifera are preferentially used for biostratigraphy, but in regional 
studies, benthic foraminifera have proven to be useful when planktic foraminifera are absent 
(Popescu 1995, Crihan 1999). In addition, variations in the benthic foraminifera assemblage 
represent paleoenvironmental conditions of the Tisa section. A stratigraphic distribution chart 
expresses the evolution of the foraminiferal assemblage (Fig. 3). 

3.1.1. Planktic foraminifera

The preservation of the foraminifera is generally good with the exception of some short 
intervals where microfauna is scarce or samples are sterile. At the levels where microfauna is 
absent, the detrital component consists of pyrite, quartz, gypsum, and silts with glauconite, 
biotite and muscovite, revealing short anoxic episodes. Planktonic foraminifera are abundant 
in the Badenian, where in some levels they reach up to almost 100 % of the total number of 
foraminifera (e.g. TS24, TS25). This part also contains some reworked planktic foraminifera 
from the Cretaceous (Globotruncana sp. - TS1 and TS8) and the lower Serravallian (Badenian) 
such as Candorbulina sp., Velapertina (syn. Praeorbulina sp.; TS1). The Badenian planktonic 
assemblage consists mainly of species of the Globigerina bulloides group, in which we include 
both Globigerina praebulloides and Globigerina bulloides taxa. The presence of Praeorbulina sp. 
(syn. Velapertina; TS1) together with a high number of Globigerina concinna (Reuss, 1850) and 
Globigerina tarchanensis (Subbotina and Chutzieva, 1950) indicate that this part of the section 
correlates to the upper Badenian (Dumitrica et al. 1975, Popescu 1999, Popescu 2011). At 
approximately 68.4 m (between TS25 and TS26), the planktic foraminifera completely disappear 
and only benthic fauna remains (red line in Fig. 3). This event takes place within a 120 cm 
interval, indicating a sudden dramatic environmental change in the basin.

3.1.2. Benthic foraminifera

The preservation of benthic foraminifera is generally good except for a short interval 
(69.8-79.8m) characterized by crushed benthonic foraminifera or small shells. In the upper part 
of the section (from 80m upwards) the preservation improves again. The benthic foraminifera 
assemblage of the lowermost 59.4 m is dominated by two species: Martinottiella communis and 
Valvulineria complanata (Fig.3). A more diverse fauna, including Quinqueloculina regularis, 
Sigmoilinita tenuis, Sphaeroidina variabilis, Bolivina dilatata and Bulimina (syn. Baggatella) 
subulata characterizes the interval between 61.2 and 67.8 m. Above the 69 m level all the 
previously mentioned species disappear and are replaced by Cycloforina stomata (Łuczkowska 
1974; Crihan 1995 unpublished, Crihan 2002) and Lobatula (syn. Anomalinoides) dividens. 
Upwards in the section other species progressively appear and increase the diversity: Varidentella 
(syn. Miliolina) reussi (82 m), Bulimina elongata (99 m), Cycloforina predcarpatica (128 m) and 
Articulina sp. (160 m). The Badenian species Quinqueloculina regularis as well as the Sarmatian 
markers Cycloforina stomata and Varidentella reussi are indicative of relatively deep basinal settings 
(Łuczkowska 1974). Several barren samples have been found at the levels 2.9-11m, 16m, 25.3m, 
31.1-33.8m, 55.6m, 105.3m, 114.8-117.9m, 124-126m, 151-167m. These barren levels are 
characterized by the presence of fish bones, otholits, pyrite and biotite and some pyritised micro-
gastropod fossils, seem to suggest lowered levels of oxygen.

3.1.3. The Badenian Sarmatian boundary interval
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Figure |3| 4. Quantitative distribution of relevant calcareous nannoplankton taxa against the stratigraphy 
of the Tisa section. Please note differences in scaling. BSEE line indicates the stratigraphic level of the Badenian-
Sarmatian Extinction Event.   
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The benthonic foraminiferal assemblages of the lower part of the section are well known 
from Paratethys literature and are attributed to the upper Badenian (Popescu 1979) The 
assemblages of the upper part of the section clearly correspond to the Lobatula dividens zone, 
which is the lowermost biostratigraphic zone of the Sarmatian (Popescu 1999). Consequently, 
this allows us to place the Badenian-Sarmatian boundary between samples TS25 and TS26, 
corresponding to the interval 67.8-69.0 m in the Tisa section. This interval marks the sudden 
disappearance of Badenian taxa, including planktic species and the gradual onset of the Sarmatian 
fauna, which is dominated by miliolids. Whereas the Badenian assemblages contain taxa confined 
to normal marine salinity, the Sarmatian assemblages are characteristic by brackish conditions, 
indicating that water chemistry changed at the extinction level of the Badenian taxa (Popescu 
1979).

3.3.2. Calcareous nannoplankton

For nannofossil assemblage analyses we prepared standard microscope slides from marl 
samples and quantitatively analyzed them under a light microscope by counting all specimens 
until the total of more than 300. Species with documented last occurrences before the Middle 
Miocene were counted separately. This method underestimates the proportion of reworked 
specimens - as reworked specimens of species with long stratigraphical ranges extending into 
the studied time interval cannot be distinguished from autochthonous specimens. Still this 
method provides a good estimate of the extent of reworking in the nannofossil assemblages. The 
Paratethys shared its nannoplankton flora with the world ocean, through ephemeral connections 
to the Mediterranean. This potentially enables determining the age of Paratethyan sediments 
with cosmopolitan nannofossil biomarkers until the end of the Miocene (e.g., Marunteanu and 
Papaianopol 1998, Mărunţeanu 1999).

Nannofossil assemblages in the studied samples are moderately to well preserved and typical 
of the Miocene. Most abundant taxa are Coccolithus pelagicus and various Reticulofenestra species, 
Helicosphaera spp. are relatively common as well (Fig. 4). Reworked Mesozoic and Paleogene 
species are present throughout the studied sequence. Their proportion of the assemblage varies 
but shows a gradual increasing trend from 5 to 25% towards the top of the succession The LCO 
of Cyclicargolithus floridanus can be observed at 28.7 m, its LO could not be precisely determined 
as it is obscured by reworking. Sphenolithus heteromorphus, the last occurrence of which marks 
the NN5/NN6 boundary, is not present in the assemblages. The first occurrence of very rare 
isolated specimens of Calcidiscus pataecus (that occurs slightly below the Badenian-Sarmatian 
boundary) was noted in sample TS23 at 63.8 m, while in sample TS27 at 72.6 m the abundance 
of the species ephemerally increases to reach about 10 % of the entire assemblage. Along with the 
absence of Discoaster kugleri, the marker species of NN7, this suggests that the entire sequence 
can be assigned to biozone NN6 (Martini 1971). In the Mediterranean biostratigraphic scheme 
(Fornaciari et al. 1996) the first common occurrence of R. pseudoumbilicus occurs in the lower 
part of the standard biozone NN6. A distinct rise in abundance of R. pseudoumbilicus has been 
observed in sample TS23 at 63.8 m in the Tisa section and above, suggesting a correlation to 
the MNN6a-MNN6b transition. Di Stefano et al. (2008) dated this event in the Mediterranean 
at 13.1 Ma, yet the timing of this paleoecologically controlled event in the entire Paratethys 
realm is not necessarily the same (Bartol 2015). The major paleoenvironmental changes in this 
time interval imply that regional depositional conditions may limit such detailed Paratethys-
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Mediterranean correlations.   

3.2.1. The Badenian Sarmatian boundary interval

A prominent shift of dominance in nannofossil assemblages occurs at the interval 
identified as the Badenian-Sarmatian boundary. The relative abundance of Coccolithus pelagicus, 
the dominant species in the lower part of the section, decreases significantly at the boundary 
level, while the relative abundance of Reticulofenestra spp. increases in the upper part of the 
section. The Reticulofenestra genus is commonly associated with opportunistic behavior (e. g., 
Krammer et al. 2006), it is able to tolerate a wide range of different nutrient, temperature and 
salinity levels (e.g., Bartol et al. 2008). In the Tisa section, the rise of Reticulofenestra spp. to 
dominance occurs exactly at the BSEE, coinciding with extinctions of planktonic foraminifera 
and planktotrophic gastropods (Harzhauser and Piller 2007) reflecting a severe crisis affecting 
the plankton. The shifts of dominance between Reticulofenestra and Coccolithus groups have also 
been observed in the aftermath of the Miocene Climatic Optimum in the North Atlantic (e.g., 
Bartol and Henderiks 2015), confirming that Reticulofenestra can thrive during times of large-
scale climatic deterioration. Our observations confirm that during times of environmental stress 
Reticulofenestra is more successful than C. pelagicus. This shifts the focus from climate change 
to stress, which can be brought on by climate cooling (Bartol & Henderiks, 2015), water mass 
movements (Beaufort & Aubry, 1992) or salinity changes (this manuscript) etc.

The genus Helicosphaera has a widespread distribution, but is usually recorded in low 
abundances in oceanic sediment assemblages and living communities (Baumann 2005). It can 
be very abundant in Central Paratethys assemblages, where it can occasionally even dominate 
nannofossil assemblages (Bartol 2009). The genus is associated with warm surface waters with 
a medium to high content of nutrients; it is more common in coastal and shelf than pelagic 
environments (Negri 2000, Baumann 2005). Helicosphaera never dominates the Tisa assemblages. 
A very distinct drop (~10% to ~2%; Fig.4) in relative abundance was observed at the Badenian-
Sarmatian boundary. A possible explanation for this change in abundance would be a sudden 
decrease in salinity related to environment deterioration.

3.3.3. Magnetostratigraphy

We have collected paleomagnetic cores from 95 levels using a hand-held electric drill. 
The orientation of the paleomagnetic cores and the corresponding bedding planes have been 
obtained using a magnetic compass, previously corrected for the local magnetic declination. 
In the laboratory rock-magnetic experiments were conducted to understand the nature of the 
magnetic carrier and afterwards thermal demagnetisation technique was applied to isolate the 
characteristic remanent magnetization (ChRM).

3.3.1. Rock magnetism

Rock-magnetic experiments were carried out on bulk samples in order to identify 
which are the carriers of the magnetization (Magnetic susceptibility, Isothermal Remanent 
Magnetisation (IRM) acquisition, Thermomagnetic runs in air).  

First, the initial magnetic susceptibility was measured for all samples on a Kappabridge 
KLY-1. The susceptibility ranges from 2.57E-08 for TS02 to 6.79E-07 for TS87. Plotting the 
results against the stratigraphic column reveals some particularities (Fig.6). We can isolate three 
regions with characteristic magnetic susceptibility behavior: the lower part of the section (0-
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80m) is characterized by weak magnetic 
susceptibility and low variability, the 
middle part (80-200m) has stronger 
magnetic susceptibility and high 
variability and the upper part (above 
200 m) contains the samples with the 
strongest magnetic susceptibility and the 
highest variation. High and low magnetic 
susceptibility samples from these three 
regions were selected for Curie Balance 
analyses.

Thermomagnetic runs were 
measured in air on a modified horizontal 
translation type Curie balance with a 
sensitivity of approximately ~10−9Am2 
(Mullender et al. 1993). Approximately 
40–60 mg of powdered sample was put 
into a quartz glass sample holder and 
held in place by quartz wool; heating 
and cooling rates were 10°C/min. 
The thermomagnetic runs show in all 
cases the alteration of an iron sulphide, 
transforming above ~400 °C to a more 
magnetic phase (magnetite) and finally 
above 580–600 °C, to hematite (Fig.5). 

The samples have variable 
behavior: most samples show reversible 
decrease in magnetization up to ~410 
°C (Fig.5 - TS51, TS85), which is 
characteristic for magnetite with some 
samples characterized by an irreversible 
decrease in magnetization with increasing 

temperature up to ~410°C which is typical of greigite (Fig.5, TS81). There are also samples that 
have mixed characteristics and contain a major reversible component with magnetite properties 
and a secondary irreversible component with greigite behavior (Fig.5 - TS09).

3.3.2. Demagnetisation results

The Natural Remanent Magnetisation (NRM) was thermally demagnetized and measured 
using a 2G Enterprises DC Squid cryogenic magnetometer (noise level of 3*10-12Am2). 
Heating was applied in a laboratory-built, magnetically shielded furnace, with a residual field 
less than 10nT. The heating steps were customized for the samples and ranged between 10-40˚C. 
NRM intensity ranges between 20*10-6 A/m and 71.000*10-4 A/m. Plotting the results against 
stratigraphic level reveals three intervals:

- The LZ shows low intensities (28.8 - 362*10-4 A/m) between the base of the section 
and the ~70m level;

Figure |3| 5. Rock magnetic experiments. Thermo-
magnetic runs for selected samples. Heating (orange 
lines) and cooling (dark blue lines) were performed 
with rates of 10 °C/min. Individual data points have been 
omitted for clarity. Cycling field varied between 100 and 300 
mT for samples TS09 and TS 85 and 200-300 mT for sample 
TS81. Samples TS09 and TS85 show important alteration after 
heating above 415 °C probably due to the pyrite oxidation to 
magnetite. Sample codes are indicated in the right upper corner.
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- The MZ has higher intensities (271*10-4 A/m - 71.169*10-6 A/m) and low frequency 
of intensity variations between the stratigraphic levels ~70m and ~200m;

- The UZ has the highest intensity (41*10-6 A/m - 57.312*10-6 A/m) and high frequency 
of intensity variations above the stratigraphic level of ~200m.

These three NRM intensity intervals suggest a succession of three different geochemical 
settings in the basin.

Several characteristic thermal demagnetization diagrams, of mostly marls and clays, 
are depicted in Fig.7. We identified the ChRM by analyzing the vector end-point diagrams 
(Zijderveld 1967). During progressive stepwise thermal demagnetization two components have 
been identified. A relatively weak low-temperature, randomly oriented, viscous overprint is 
generally removed at 120˚C (Fig.7). A second high-temperature component is demagnetized 
at temperatures between 120-180˚C and 300˚C. This component is of dual polarity and 
is interpreted as the ChRM. The ChRM directions were defined by at least four consecutive 
temperature steps and calculated with the use of principal component analysis (Kirschvink 1980). 

Figure |3| 6. Schematic lithological columns, polarity zones, magnetic intensity and magnetic susceptibility 
for the Tisa section. Both the magnetic intensity and susceptibility are represented in logarithmic scale due to large 
variations of their values (104 for the m. intensity and 102 for the m. susceptibility. Three reversed polarity intervals 
(R1, R2, R3) and two normal ones (N1, N2) have been identified. The position of the BSEE is marked with a red line. 
Note the change in the magnetic intensity and susceptibility, both measured at 20°C, that occurs after the boundary. 
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Figure |3| 7. Representative examples of Zijderfeld demagnetization diagrams and Equal Area 
projections after tilt correction. Sample code and stratigraphic level is specified in the upper left corner. Solid 
(open) circles represent the projection on the horizontal (vertical) plane. The numbers represent the subsequent 
demagnetization steps in degrees Celsius. The red dots (numbers) represent the levels (demagnetisation interval 
ends) used for calculating the ChRM component which is marked by the red lines. 
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The maximum angular deviation (MAD) 
of the calculated directions has been used to 
separate the results in four qualitative groups. The 
1st quality (MAD = 0-5) and 2nd quality results 
(MAD = 5-10) have been used for plotting the 
polarity pattern (Fig. 5, 7). The 3rd quality results 
(MAD = 10-15) and 4th quality results (MAD 
> 15) have been plotted as additional points 
without being taken into account for establishing 
the polarity pattern (Fig. 5). 

The polarity pattern of the Tisa section 
comprises five different polarity intervals, three 
of reverse (R1-3) and two of normal (N1-2) 
polarity. The section starts with reversed polarity 
interval R1 in which there is a short uncertain 
interval with two 3rd quality samples of normal 
polarity. The reversed polarity interval R1 is 
followed by a short normal interval N1, a longer 
reversed interval R2, a long normal interval N2 
and a reversed interval R3 at the top, where the 
section ends.

The ChRM directions of the first two 
groups pass the reversal test of McFadden and 
McElhinny (1990) at 95% confidence - class B. 
The normal ChRM directions differ significantly 
from the present-day field direction (Fig.8). Our 
results indicate the Tisa section experienced a 
clockwise vertical axis rotation of about 14.5 
degrees (Fig.8), probably related to Miocene 
tectonic movements during the formation of 
the Carpathians (Dupont-Nivet et al. 2005, De 
Leeuw et al. 2013). 

 

3.4. Chronologic Framework for the BSEE

With the help of integrated stratigraphy 
we can provide an age for the BSEE. 
Foraminiferal and nannoplankton data are used 
to identify and locate the extinction event in 
the Tisa section and to provide supplementary 
information on the environmental changes in the 
basin. Magnetostratigraphy will give the age by 
correlation to the Geologic Polarity Time Scale 
(Hilgen et al. 2012). This approach has earlier 

Figure |3| 8. Stereographic plot of the 
ChRM directions for the Tisa Section ChRM, 
tilt correction applied. Normal (Reversed) 
measurements are plotted with closed (open) symbols. 
The red line indicates the average declination and the 
gray area the corresponding uncertainty (dDx).
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been proven successful in Central Paratethys sediments if sections are well-tuned to the nature of 
the magnetic carriers (Vasiliev et al. 2007, Paulissen et al. 2011, De Leeuw et al. 2013, ter Borgh 
et al. 2013).

We plotted the ChRM directions, magnetic intensity and magnetic susceptibility against 
stratigraphic level (Fig.6) to compare our paleomagnetic polarity pattern with the biostratigraphic 
results. By matching the observed polarity pattern of the Tisa section with the Geomagnetic 
Polarity Time Scale (GPTS 2012; Hilgen et al. 2012) we can place the section and the BSEE 
event in a robust time frame (Fig. 9). This allows us to calculate the age of the BSEE. 

The best-fit correlation of the Tisa polarity pattern is with the chron succession C5Ar.2r-
C5An.1r (Fig.10). In fact, this is the only interval in the NN6 range (13.53-11.90 Ma) where the 
pattern: short normal / long reversed / long normal is observed. This indicates the Tisa section 
comprises the time interval between 12.8 and 12.2 Ma, roughly corresponding to the middle 
Serravallian (Fig. 10). 

Our biostratigraphic data shows that the BSEE is located between the sampling points 
TS25 and TS26 (Fig.4 and Fig.6), corresponding to an average stratigraphic level of 68.4 m 
(between 67.8 and 69 m). This level also corresponds with the LZ-MZ boundary in the magnetic 
proxy records, which suggests that the BSEE had a component of environmental change that 
significantly affected the magnetic properties of the sediments in the basin. Correlated with the 
paleomagnetic polarity patterns the BSEE is located in the lower half of the reversed interval R2 
and corresponds to Chron C5Ar.1r (12.735 to 12.474 Ma) (Fig.9). Based on the hypothesis of 
a constant sedimentation rate (0.27 m/kyr) throughout the C5Ar.1r Chron, this provides an age 
of 12.66 Ma for the BSEE. 

To evaluate this age value we also test the hypothesis of a variable sedimentation rates 
throughout the section, based on the grain size of the sediments. The interval that corresponds 
to C5Ar.1r predominantly consists of marls, except the top part where 20 m thick sand layers 
are present. These sand layers most likely correspond to higher sedimentation rates, but the exact 
rates cannot be calculated. Assuming similar high sedimentation rates of 0.72 m/kyr as in the 
sand-rich base of the section, we obtain an age of 12.64 Ma for the BSEE event. By averaging 
this age model with the previous one we date the BSEE at 12.65 ±0.01 Ma. 

3.5. Discussion

3.5.1. Paleoenvironmental changes at the BSEE

The Badenian sediments in the section (level 0-68.4m) reveal a highly restricted 
environment with deteriorated, poorly oxygenated bottom conditions in the basin, including 
several short intervals of anoxia (Fig.3). Coccolithus pelagicus is the dominant nannofossil species 
and the foraminifera assemblages contain taxa that are confined to normal marine salinity. Just 
prior to the BSEE (57.7-68.4m), environmental conditions tend to improve and the diversity of 
the benthic foraminifera increases from 2 to 9 species (Fig. 3). 

In the Sarmatian part of the section (68.4-132m) the planktic foraminifera have fully 
disappeared while a new benthic fauna progressively develops, fragmented again by barren 
intervals related to anoxic episodes. Episodes of anoxia persist throughout the entire section and 
show no direct relation with the extinction event. The Sarmatian benthic foraminifera species are 
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characteristic for brackish conditions indicating that water chemistry changes play a significant 
role at the extinction of the Badenian taxa. The nannoplankton species distribution also changed 
across the BSEE, with relative abundance of Reticulofenestra spp. and that of Coccolithus pelagicus 
decreasing. This shift is interpreted to relate to increasing environmental stress in the basin, 
probably also related to a sudden decrease in salinity. 

The upper Badenian-lower Sarmatian lithological succession of the Carpathian foredeep 
sections generally shows fining-up features. There is no evidence for sea level change at or close 
to the BSEE. The coarser sand-rich upper Badenian sediments from the base of the Tisa section, 
~70m below the boundary, could be indicative for a low-stand but they could also be result of 
local tectonic events. The Badenian species Quinqueloculina regularis as well as the Sarmatian 
markers Cycloforina stomata and Varidentella reussi are all indicative of deep basinal settings   
(Łuczkowska 1974) suggesting that sea level change is not a dominant factor at the BSEE.

The most striking feature of the BSEE in the Tisa section is the sudden, sharp disappearance 
of Badenian fauna. The extinction of Badenian taxa occurs in a 1.2 m thick interval, equivalent to 
less than 10 kyr (value calculated using the average sedimentation (Fig.9). We conclude that the 
extinction of the open marine Badenian taxa is directly linked with an extremely rapid change of 
salinity within the basin. 

3.5.2. The BSEE in the Central Paratethys

Our results show that a major and rapid paleoenvironmental change took place at 
12.65 ± 0.01 Ma correlative to the BSEE in the Romanian Carpathian foredeep. Regarding the 
paleogeographic context of Central Paratethys, being characterized by mostly fragmented basins, 
it is important to understand if the BSEE event occurred diachronously in different basins or 
synchronously throughout the entire Paratethys domain. Consequently, we compare our results 
to previous magnetostratigraphic dating attempts in the other sub-basins of Central Paratethys: 
e.g. the Vienna Basin, Pannonian Basin and Transylvanian Basin (Fig. 1).

In the most recent time scales for the Central Paratethys the Badenian-Sarmatian boundary 
is placed at 12.7 Ma (Piller et al. 2007, Hilgen et al. 2012), in good agreement with our new age 
determination. This boundary is inferred to correspond to a Paratethys-wide turnover in faunal 
elements, triggered by strong restriction of the connections to the open ocean. In several basins 
the boundary interval corresponds to an erosive discordance, which restricts more accurate age 
determinations (Harzhauser and Piller 2004).

In the Vienna Basin, the Badenian-Sarmatian boundary has been penetrated in several 
wells, but microfaunal contamination generally hampers a precise determination of the 
stratigraphic horizon (Harzhauser and Piller 2004). Paulissen et al. (2011) attempted to date the 
B-S boundary in the Spannberg-21 well using an integrated paleomagnetic and biostratigraphic 
approach. Here, the Badenian-Sarmatian boundary interval is slightly disturbed by an erosional 
surface and influenced by reworking of microfossils. The paleomagnetic record of the Badenian 
part of the well is especially difficult to interpret because of weak magnetic signals (Paulissen et 
al. 2011). Despite these uncertainties, a correlation could be established to the C5Ar.1r chron, 
in agreement with our results from the Carpathian foredeep. Hohenegger et al. (2014) recently 
suggested placing the boundary at the top of polarity chron C5Ar.2r at an age of 12.829 Ma, but 
this correlation was not based on any paleomagnetic data. 
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 In the Pannonian basin, Selmeczi et al. (2012) carried out magnetostratigraphic and 
paleontological studies on the Badenian-Sarmatian succession in the borehole Nagylózs-1 
in Hungary. They correlated the B-S boundary to chron C5AAn and a corresponding age of 
13.15 Ma, but the polarity pattern of this borehole is not straightforward and correlations to 
younger intervals cannot be excluded. A magnetostratigraphic study on Badenian-Sarmatian 
drill cores from the North Carpathian foredeep basin in Poland was hampered by a pervasive 
paleomagnetic overprint related to late diagenetic growth of greigite (Sant et al. 2015). De Leeuw 
et al. (2013) combined magnetostratigraphic, biostratigraphic and Ar/Ar data from multiple 
sections and outcrops in the Transylvanian basin, and interpolated the age of the Badenian-
Sarmatian boundary, based on the assumption of constant sedimentation rate, between 12.7 and 
12.83 Ma. The high uncertainty is mainly related to the presence of large gaps in the composite 
magnetostratigraphic record. We conclude that these results are not necessarily in disagreement 
with our new age model. 

Figure |3| 10. Correlation of the polarity sequence of Tisa section with the GPTS, the global oxygene 
and carbon isotope records and the sea-level fluctuations. The grey bands coreltate the polarity pattern of 
the section with the global polarity pattern. Note that this is the only possible correlation due to the short normal 
interval in the base of the Tisa Section. The green dashed lines are the estimated range of the Tisa section. The red 
line represents the BSEE and it does not correlate with any major C and O events in the isotope records. The BSEE 
matches a small sea-level rise at 12.64 Ma. 
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Our new age of 12.65 ± 0.01 Ma is in relatively good agreement with many other records 
from different Paratethys basins, which suggests that the BSEE is likely a synchronous event over 
the entire Central Paratethys. We see no sufficiently strong argument in the present data sets to 
infer a diachrony in paleoenvironmental change affecting the various sub-basins.

3.5.3. Correlations to the Eastern Paratethys

In the Eastern Paratethys, the uppermost Badenian is generally correlated to the Konkian 
stage (Rögl 1998, Studencka et al. 1998). The Konkian is followed by the Sarmatian and the 
Konkian-Sarmatian boundary is considered equivalent of the Badenian-Sarmatian boundary 
(Studencka and Jasionowski 2011). The exact nature of the Konkian-Volhynian boundary is 
controversial and there is no direct evidence for a major extinction event, at this time, in Eastern 
Paratethys. The Konkian mollusks are identified as ancestors of the Volhynian taxa (Studencka et 

Figure |3| 11. The evolution of gateways and the change in salinity at the end of the Middle Miocene in 
the basins of Central and Eastern Paratethys (modified after Popov et al. 2004, Kojumdgieva, 1983 and 
Pevzner, 1993). A. Paleogeographical setting during Latest Badenian (Serravallian ~12.65 Ma). At this time the 
connection between Eastern and Central Paratethys through Barlad Strait was restricted with limited exchange (a), 
resembling present day Bosphorus Strait. B. Paleogeographical setting during Early Sarmatian-Volhynian substage 
(Late Serravallian - Early Tortonian, after 12.65 Ma). The Barlad Strait widens and deepens, becoming a full marine 
connection and allowing a stratified water exchange (b). Abbreviations for the relevant Paratethys sub-basins: BSB 
- Black Sea Basin, CF - Carpathian Foredeep, PB - Pannonian Basin, SCS - Scythian Shelf, TB - Transylvanian Basin, 
VB - Vienna Basin.
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al. 1998) which suggests that a less dramatic faunal change in the occurred in Eastern Paratethys 
in the form of a development of the already endemic brackish Konkian mollusks faunas. No 
reliable age determinations exist to date the Konkian-Volhynian boundary (e.g. Popov et al. 
2006), which makes any high-resolution correlations difficult.

3.5.4. The BSEE and global change

The Badenian-Sarmatian boundary has previously been correlated to sequence 
stratigraphic frameworks (Fig. 10), where it corresponds to the Ser3 sequence of Hardenbol et 
al. (Hardenbol et al. 1998). This sequence is in turn correlated to the glacio-eustatic lowstand 
TB 2.6 (Haq, Hardenbol et al. 1988) and MSi-3 (Abreu and Haddad 1998). In contrast, the 
recently established sea-level curve (Van De Wal et al. 2011) does not reveal any significant sea 
level lowstands in the 13-12 Ma time interval. Instead, the BSEE event seems to correlate with 
a ~10 m sea level rise, which is dated at 12.64 Ma. In addition, the stable oxygen and carbon 
isotope curves (Holbourn et al. 2005; Cheng et al., 2007) also do not show any significant 
event at the age of 12.65, suggesting that global climate change did not play a major role in the 
paleoenvironmental changes triggering the BSEE.

3.5.5. Paleogeographic changes at the BSEE

During the middle Badenian, the only marine connection of the Central Paratethys was 
with the Mediterranean through the Slovenian strait or Trans-Tethyan Corridor (Fig. 11). The 
exact age of the Slovenian gateway closure remains uncertain but recent studies indicate that it 
may well have been open, although very restrictive, during the late Badenian-early Sarmatian 
(Bartol et al. 2014). The marine Central Paratethys became connected with the brackish 
Eastern Paratethys realm in late Badenian/Konkian times through opening of the Barlad Strait  
(Fig.11a; Popov et al. 2004). The existence of this connection is evidenced by one-way faunal 
migrations in the late Badenian from Central towards Eastern Paratethys (Studencka et al. 
1998), probably due to different salinity regimes in the two domains. Towards the end of the 
Badenian the gateway became ineffective leading to the loss of all euryhaline taxa in the Eastern 
Paratethys (Vernigorova, 2009). The Barlad gateway developed into a wide, open sea corridor 
at the beginning of the Sarmatian (Volhynian) (Pevzner 1993) (Fig.11b). The two-Paratethyan 
realms were joined to form a single united Paratethys Sea (Fig.11b). This Volhynian sea had a 
strikingly uniform, endemic “Sarmatian” fauna (Studencka et al. 1998), indicating an effective 
water exchange between the basins. The BSEE thus corresponds with a major transformation in 
the nature of the Barlad gateway, switching from a passive to a full connection between Central 
and Eastern Paratethys. 

The widening and deepening of the Barlad gateway was most likely triggered by 
tectonics. The area is part of the Eastern European plate that was subsiding under the Tisza-
Dacia plate during the Badenian and Sarmatian times (Matenco et al. 2010). Seismic data from 
the Carpathian Foredeep basin show a depocenter change at the BSEE level, which can also be 
related to the tectonic reorganisations in the region (Tarapoanca et al. 2003). 

In addition, the global sea level rise, taking place at 12.64 Ma (Van De Wal et al. 
2011), would clearly help to increase the water exchange between the two Paratethys domains. 
Arguments for such a transgressive event are found in many Paratethyan basins (Kováč et al. 
2004, Kováč et al. 2007, Filipescu and De Leeuw 2011) where the earliest Sarmatian deposits are 
extended on a larger surface than the latest Badenian sediments. The significantly smaller Central 



84 | Chapter 3 

Paratethys clearly experienced a far more drastic change in water chemistry than the large Eastern 
Paratethys basin. Our results indicate that this change in chemistry is exemplified by a change 
from marine to brackish conditions in the Central Paratethys and that it took place at 12.65 ± 
0.01 Ma in a very short time interval of less than 10 kyr. The Slovenian gateway probably still 
allowed restrictive Paratethys-Mediterranean exchange during the early Sarmatian, generating 
more saline influxes in especially the westernmost part of Paratethys (Piller and Harzhauser 
2005).

3.6. Conclusions

We provide integrated magneto-biostratigraphic results for a continuous, 220 m 
long, sedimentary succession in the Carpathian foredeep basin of Romania that straddles the 
Badenian-Sarmatian boundary interval. All marine Badenian species suddenly disappear in a 
very short stratigraphic interval between 67.8 and 69.0 m, correlative to the BSEE. Quantitative 
micropaleontological analyses of foraminifera and calcareous nannofossils reveal that the BSEE 
in the Tisa section corresponds to a rapid change in basin chemistry, with open marine conditions 
changing to brackish water environments. The magnetostratigraphic record from the section can 
be straightforwardly correlated to the GPTS, and shows that it covers the time interval from 12.8 
to 12.2 Ma. The Badenian-Sarmatian boundary is located in the lower half of chron C5Ar.1r 
corresponding to an age of 12.65 ± 0.01 Ma, in good agreement with earlier results (Piller et al. 
2007, Paulissen et al. 2011, De Leeuw et al. 2013). We furthermore conclude that the BSEE 
happened very fast, in a time span of less than 10 kyr.

We found no evidence for a sea-level drop at the BSEE level or for a major change in global 
climate. Paleogeographic reconstructions show that the BSEE does correspond to a change in the 
configuration of the Central-Eastern Paratethys gateway; the so-called Barlad Strait (Popov et al. 
2004) and a minor rise in global sea level (Van De Wal et al. 2011). It suggests that the marine 
Central Paratethys became fully connected with the predominantly brackish Eastern Paratethys, 
resulting in a unified Paratethys sea at the beginning of the Sarmatian, causing a dramatic change 
towards less saline conditions in the Central Paratethyan basins. A small, restricted marine 
connection with the Mediterranean probably persisted during the early Sarmatian, allowing for 
more saline conditions in the westernmost part of Paratethys (Piller and Harzhauser 2005). 

Acknowledgements

Special thanks go to Charon Duermeijer, Savi and Kyro for discovering the Tisa section 
with us. Georghe Popescu, Monica Crihan and Marius Stoica are thanked for their guidance 
with the biostratigraphic analyses. Karin Sant, Andrei Strachinaru, Ioana Novac, Daniel Stefan, 
Florian Bolbocean, Catalin Dumitrache, Sergiu Badianu, Cola Draghici and Izabela Maris are 
thanked for helping with the sampling the section. Special thanks to Constantin Dobre, the 
local forestry manager for gracefully granting us full support to access the section. Marius Stoica 
and Sergey Popov are acknowledged for detailed and constructive discussions. This work was 
financially supported by the Netherlands Geosciences Foundation (ALW) with support from 
the Netherlands Organization for Scientific Research (NWO) through the VICI grant of WK.



The Badenian-Sarmatian Extinction Event  | 85 

Table 1. The age estimates developed for the BSEE and with their dating methods and limitations. Please 
note that most of these models are based on records with hiatuses at or arround the BSEE.

The BSEE Age Models

Nr. Age Author Method Limitations
1.

12.829 
Ma

Hohenegger, 
2014

Correlations between third sea-level 
cycle (TB 2.5 after Haq et al. 1988) and 
magnetostratigraphy to the top of polarity 
Chron C5Ar.2n (Ogg 2012)

Hiatus in the record at the 
BSEE level

2.
12.80 Ma De Leeuw et 

al., 2013
Bio-Magneto-Stratigraphy in the 
Transylvanian Basin

Hiatus in the data at 
the BSEE level - low 
resolution 

3.
13.15 Ma Selmeczi et al., 

2011 Bio-Magneto-Stratigraphy on drill cores hiatus in the record at the 
BSEE level

4.
12.735 - 
 12.474 

Ma

Paulissen et 
al., 2011 Correlations of the BSEE with the C5Ar.1r 

Hiatuses and difficulties 
in correlations at the 
BSEE levels 

5.

13.32 Ma Liver et al., 
2009

Astronomical dating by correlation 
between an orbital tuned Middle and 
early Late Miocene record of the Central 
Paratethys and an astronomically calibrated 
Mediterranean deep marine composite 
record

Not excluded that the 
well-data was obscured 
by a hiatus at that crucial 
level

6.
<13.13 

Ma
Śliwiński, 
2009

Radiometric dating of ash levels older than 
the BSEE

Insufficient constraints to 
provide an age

7.
12.73 Ma Hohenegger, 

2008
Correlation with the recalculated Third-order 
sequence TB2.6 of Haq et al (1988)

Hiatus in the record at the 
BSEE level

8.
12.72 Ma Piller et al., 

2007

Correlations with sea level low stands such 
as the glacio-eustatic isotope event MSi-3 
(Abreu & Haddad 1998)

Hiatus in the record at the 
BSEE level

9.

13.00 Ma Westerhold et 
al., 2005

Correlations with the benthic foraminiferal 
δ18O to the Mi4 event - one of the short 
periods of glaciation in the Miocene (Mi-
events) described by Miller et al. (1991)

Hiatus in the record at the 
BSEE level
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Abstract

Marine gateways prove to be important factors for changes in the ecology and 
biochemistry of marginal seas. Changes in gateway configuration played a dominant role in the 
Middle Miocene paleogeographic evolution of the Paratethys sea that covered Central Eurasia. 
Here, we focus on the connection between the Central (CP) and Eastern Paratethys (EP) to 
understand the paleoenvironmental changes caused by the evolution of this marine gateway. 
We first construct an integrated magneto-biostratigraphic framework for the late Langhian-
Serravallian (Chokrakian-Karaganian-Konkian-Volhynian) sedimentary record of the eastern 
domain, which allows a correlation to the well-dated successions west of the gateway. The 
magneto-biostratigraphic results from the Zelensky-Panagia section on the Black Sea coast of 
Russia show that the Chokrakian/Karaganian boundary has an age of 13.8 Ma, the Karaganian/
Konkian boundary is dated at 13.4 Ma, and the Konkian/Volhynian boundary at 12.65 Ma. We 
identify three major phases on gateway functioning that are reflected in specific environmental 
changes. During the Karaganian, the EP turned into a lake-sea that supplied a unidirectial flow 
of low-salinity waters to the west, where the CP sea experienced its Badenian Salinity Crisis. 
This configuration is remarkably similar to the Mediterranean during its Messinian Salinity 
Crisis. The second phase is marked by a marine transgression from the west, reinstalling open-
marine conditions in the CP and causing marine incursions in the EP during the Konkian. The 
Volhynian is characterized by a new gateway configuration that allows exchange between CP 
and EP, creating unified conditions all over the Paratethys. We hypothesize that a density driven 
pumping mechanism is triggered by the increase in connectivity at the Konkian/Volhynian 
boundary, which simultaneously caused major paleoenvironmental changes at both sides of the 
gateway and led to the Badenian-Sarmatian extinction event in the CP. 

Keywords: Paratethys, middle Miocene, biostratigraphy, magnetostratigraphy, extinction, 
paleogeography, Chokrakian, Karaganian, Konkian, Sarmatian, marine gateways, straits, Black Sea

Picture left | Drone reconnaissance and mapping along the coast of the Black Sea.  
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4.1. Introduction

Marine gateways play a critical role in the exchange of water, heat, salt and nutrients 
between oceans and seas and hence impact regional and global climate. Where marine gateways 
link to marginal basins, the impact of hydrological exchange on the depositional environment 
can be profound. Even subtle changes to the hydrologic budget can alter the temperature, salinity 
and circulation of the marginal basin and hence transform its entire depositional environment 
(e.g. Bethoux and Pierre, 1999; Cramp and O’Sullivan, 1999; Flecker et al., 2015). 

The Paratethys is an excellent example of marginal basins that experienced extreme 
environmental crises in response to gateway evolution. During the Middle Miocene the Eastern 
Paratethys (Black Sea-Caspian Sea region) was connected to the open ocean via two shallow 
restricted gateways; the Barlad Strait to the Central Paratethys and the Trans-Tethyan gateway to 
the Mediterranean Sea (Popov et al. (2006), Bartol et al. (2014)) (Fig. 1a). In addition, findings 
of polyhaline fauna in Transcaucasia and Northern Iran hint at a possible marine corridor from 
the South Caspian region to the Eastern Mediterranean (Popov, Golovina, 2015). Variations 
in gateway configuration caused dramatic paleoceanographic events in the Central Paratethys 
such as huge fluctuations in salinity during the Badenian Salinity Crisis (BSC; e.g. Peryt, 2006), 
a major biodiversity decrease related to the Badenian Sarmatian Extinction Event (BSEE; 
Harzhauser et al. (2007) and a basin-wide change to brackish water conditions at the base of the 
regional Sarmatian and Pannonian stages, respectively (e.g. Harzhauser et al. (2004); Magyar et 
al. (1999). 

A reliable time frame for the basinal Paratethyan successions is essential to unravel the 
geodynamic and climatic forcing factors of gateway restriction and to understand the mechanism 
of paleoenvironmental change. During the last decade, significant progress has been made to date 
the Central Paratethys successions by radiometric dating and magnetostratigraphy (e.g. Handler 
et al. (2006); Hohenegger et al. (2009); Vasiliev et al. (2010); De Leeuw et al. (2010), De Leeuw 
et al. (2013); Bukowski et al. (2010); Paulissen et al. (2011); Selmeczi et al. (2012); Śliwiński 
et al. (2012); Mandic et al. (2011); Ter Borgh et al. (2013); Palcu et al., (2015)), allowing 
correlations to the open ocean climate and sea level records. Radiometric dating indicated that 
the onset of the BSC in the Paratethys took place at 13.8 Ma and was primarily controlled 
by climatic changes and in particular by the Mi3 global cooling event which terminates the 
Middle Miocene Climatic Optimum (De Leeuw et al. 2010). Magnetostratigraphic dating of the 
BSEE indicated an age of 12.65 Ma which, in contrast, suggested a tectonic forcing affecting in 
particular the Barlad gateway to the Eastern Paratethys and increasing interbasinal connectivity 
(Palcu et al., 2015). Magneto-biostratigraphy in combination with radiometric dating showed 
that the transition to brackish-water conditions of the Pannonian stage was triggered by tectonic 
uplift of the Carpathians (Ter Borgh et al., 2013). Although these Central Paratethyan events 
have been the subject of intense study, many key questions concerning the mechanisms of their 
onset, progression and termination remain unanswered especially because the temporal evolution 
of the Eastern Paratethys region is poorly constrained (e.g. Popov et al. 2006).

The Middle Miocene stratigraphic framework of the Eastern Paratethys is largely based 
on transgressive-regressive cycles and characteristic faunal assemblages reflecting changes in the 
hydrological regime of this semi-enclosed basin (Nevesskaya et al., 2005a; Popov et al. 2006). 
Radiometric and magnetostratigraphic age constraints for this region are notoriously lacking. 
The fragmentation and subsequent isolation of the Eastern Paratethys led to the development 
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of biota that are characterized by recurrent endemism. These endemic faunal assemblages 
hamper straightforward correlations to the Geological Time Scale and led to the establishment 
of numerous regional stages (Tarkhanian, Chokrakian, Karaganian, Konkian and Volhynian), all 
with very limited age constraints (Fig. 2).

In this paper we establish a new chronological framework for the sedimentary successions 
of the Eastern Paratethys by applying integrated magneto-biostratigraphic dating techniques 
to the uppermost Chokrakian-Volhynian successions of the Zelensky-Panagia section (Fig. 
1c). Zelensky-Panagia is located in the Taman Peninsula in Southern Russia and it represents 
a continuous outshelfal depositional facies in the northern part of the Euxinic Basin and can 
therefore be considered an archetype for Eastern Paratethys environmental change. Our new 
time frame allows a direct correlation of the Eastern Paratethys stratigraphy to the Central 
Paratethys successions and a better understanding of the mechanisms of paleoenvironmental 
change in both restricted basins. The results will be discussed in the context of gateway evolution 
and hydrological changes affecting the connectivity between the two Paratethys domains.
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4.2. Geological and stratigraphic background

The epicontinental Paratethys Sea became progressively separated from the Mediterranean 
basin by tectonic uplift of the Alpine-Balkan-Pontides-Alburs-Kopetdagh orogenic belt since the 
early Oligocene (e.g. Rogl, 1999). During the Middle Miocene, Paratethys covered the area 
from the Vienna Basin in Austria to the Kopetdagh region in Turkmenistan (Popov et al. 2006). 
Paratethys was fragmented in smaller sub-basins that were grouped in two systems: the Central 
European (Central Paratethys) and the Euxinian-Caspian (Eastern Paratethys). The latter basin 
system extended from northeast Bulgaria and the eastern slopes of the Dobrogea Mountains 
of Romania to the Ustjurt and Kopetdagh in Central Asia (Fig.1a). Shallow environments 
dominated the Scythian and Turanian shelfs; deep ones are preserved in the relict Western and 
Eastern Black Sea and South Caspian depressions and in the Indol-Kubanian and Terek-Caspian 
foredeeps (Fig. 1a). Episodes of relative isolation or poor connectivity of these basins with the 
global ocean impedes straightforward correlations with the global stratigraphy  and therefore, 
regional stratigraphic stages have been defined for both Central and Eastern Paratethys (Hilgen 
et al., 2012).

The Neogene stratigraphic scale of the Eastern Paratethys Middle Miocene was created 
100 – 150 years ago by Barbot de Marny (1866) and Andrussov (1917). Stratigraphic horizons 
in this scale have later been upgraded to the rank of regional stages at the VI Congress RCMNS 
in 1975, (Proc. 6th Congress RCMNS, Vol. 2, 1976, p. 65, 66) at the same time as the Central 
Paratethys stratigraphic units (Fig.2). The stratotypes of the regional stages were proposed in 
relatively shallow basins where the stratigraphic successions are generally incomplete, but where 
the mollusk assemblages (the main stratigraphic group in Andrussov’s time) were best developed. 
Although these stratotypes have been excellent for describing the assemblages corresponding to 
each of the regional stages, continuous sections and integration of new methods are required to 
better understand and date the paleoenvironmental and paleoecological changes in the region. 
Complete successions of Karaganian, Konkian and Volhynian sediments are, however, mainly 
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found from deep settings. These provide less abundant mollusk assemblages, but do contain 
richer assemblages of planktonic and benthic foraminifers and calcareous nannoplankton. In 
this paper, we focus on determining the age constraints for the Middle Miocene Karaganian, 
Konkian and Volhynian stages of the Eastern Paratethys.

The Karaganian (Andrussov, 1917) is characterized by low faunal diversity, suggesting a 
more restricted connectivity regime than in the previous Chokrakian stage. Traditionally, it is 
correlated with the lower Serravalian and the middle part of Badenian Stage of the neighboring 
Central Paratethys (Fig. 2), due to its position between the planktonic zones NN5 (in the 
mid-Tarkhanian) and NN6 (in the mid-Konkian) (Nevesskaya et al., 2005a). The Karaganian 
stratotype section is located in Uyratam, in the Mangyshlak Peninsula of Kazakhstan (Andrussov, 
1917; Goncharova, 1975). Another key-section is present along the Belaya River in Ciscaucasia 
(Russia), where a rather complete succession of shallow facies is preserved (Nevesskaya et al., 
2005b; ; Popov et al., 2016). The Zelensky-Panagia coastal section on the Taman Peninsula 
represents a deep water faciostratotype, significantly deeper than that of the stratotype Uyratam 
and Belaya River sections. 

The Konkian (Michaylovskiy, 1909, sensu Andrussov, 1911) contains deposits with marine 
mollusk associations in its shallow facies and characteristic foraminiferal assemblages, including 
planktonic forms in deeper facies. From the nannoplankton perspective it corresponds to the 
NN6-NN7 Zone (Nevesskaya et al., 2005a), corresponding to the Middle Serravallian and to the 
upper Badenian (Kosovian) stage in Central Paratethys (Fig. 2). The Konkian stratotype section is 
located along the Konka River near Veselyanka Village, in Ukraine and was originally described 
as «beds with Venus konkensis» (Sokolov, 1899). The section only comprises the upper Konkian 
“Veselyanka Beds”, as the lower Konkian units are missing. The lack of a complete succession 
in the stratoype locality has led to various, often conflicting, views and interpretations on the 
volume and stratigraphic subdivision of the Konkian stage and especially on its lower boundary 
(see Vernigorova, 2009 for a review). In our work we follow the Konkian view (sensu Merklin, 
1953), which comprises in stratigraphic order the Kartvelian (beds with abundant Barnea in 
shallow facies), the Sartaganian (beds with most diverse marine fauna) and the Veselyankian 
(beds with marine euryhaline fauna). In the relatively deep-water sections, beds with abundant 
Barnea sp. are absent, but the layers below the Sartaganian deposits comprise marine Konkian 
foraminifers (Vernigorova et al., 2006). Their species diversity makes it possible to define the 
initial development stage of the Konkian basin (Vernyhorova, 2015) or the Kartvelian substage 
(sensu Merklin, 1953). Complete sections, comprising all subunits of the Konkian regiostage, are 
situated on the Black Sea coast of Taman Peninsula (Vernigorova et al., 2006; Popov et al., 2016). 

The Volhynian is the lowermost substage of the Sarmatian (sensu lato), which was 
proposed by N. Barbot de Marny, published by E. Suess, 1866 with reference to Barbot de 
Marny authorship. The (lecto) stratotype is the Ingulec River section near Dnepropetrovsk in 
Ukraine (Paramonova et al.,1972). Other sections with good, continuous exposure are found on 
the Black Sea coast of the Taman Peninsula. 

The Sarmatian s.l. is subdivided into three regional substages: Volhynian, Bessarabian 
and Khersonian, mostly on the basis of mollusk and foraminifer assemblages. The Volhynian 
corresponds to the upper Serravalian, the Bessarabian and the Khersonian are correlated with the 
Tortonian (Nevesskaya et al., 2005a; Radionova et al., 2012). The Volhynian and lower part of the 
Bessarabian are correlated with the Sarmatian s.str. (sensu  Suess, 1866) of the Central Paratethys. 
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We refrain in our work to apply the term Sarmatian s.l. and we will use the substages Volhynian, 
Bessarabian and Khersonian for the Eastern Paratethys to avoid confusion in nomenclature. 

The Black Sea coast outcrops of the Taman Peninsula (Fig. 3) compose an almost 
continuous succession from the upper Chokrakian to the Kimmerian, ranging from the Middle 
Miocene to Pliocene. They are exposed in a system of synclinal and anticlinal folds. The Late 
Miocene-Pliocene part of the succession was recently studied in high-resolution (Krijgsman et 
al., 2010; Vasiliev et al., 2011; Radionova et al., 2012; Rybkina et al., 2015; Stoica et al., 2016, 
Popov et al., 2016). Here, we focus our study on the core of the Zelensky-Panagia anticline, 
containing clays and marls of late Chokrakian – Karaganian – Konkian – Volhynian Age. These 
deposits consist of a monotonous sequence of clays, rhythmically interrupted by whitish marly 
intercalations (Fig. 3). The section was logged in detail, with the characteristic white concretion 
levels numbered upward in successive order (Fig. 4), and sampled for biostratigraphic and 
paleomagnetic purposes on the western flank of the anticline at geographical coordinates 45° 
8’7.61”N / 36°39’8.37”E.

4.3. Biostratigraphy

Utilizing of integrated stratigraphy we aim to provide age constraints on the Karaganian–
Konkian–Volhynian stages of the Eastern Paratethys. Biostratigraphically we focus on the 
mollusk, foraminifers, and calcareous nannoplankton assemblages that can be used to identify 
and locate the stage boundaries and to provide supplementary information on the environmental 
changes in the basin. Macrofossils are scarce but the foraminifers and nannofossils are generally 
well preserved. The selection and determination of foraminifera was made from 250 grams of 
rock sample that had previously washed through a 76 micron sieve (e.g. Vernigorova et al., 2006). 
To identify nannofossils, smear slides were prepared using standard procedures (e.g. Golovina 
et al., 2004) and examined under a Jena/Zeiss light microscope (cross and parallel nicols) at 
x1200 magnification. Additionally key foraminifers and nannofossils were examined under SEM 
(scanning electron microscope) (Popov et al., 2016).

4.3.1. Mollusks. 

The relatively deep-water facieses of the Middle Miocene deposits of the Taman Peninsula 
are not very favorable to provide abundant and rich associations of mollusks. Nevertheless, the 
few observed species are informative and show that all regional substages of the Middle Miocene 
are present in the sampled succession. The lowermost part of the section (units A and B1) contains 
specimens of Lutetia (Davidaschvilia) intermedia (Fig. 4), which imply an upper Chokrakian age 
(Goncharova in Golovina et al., 2004). The lower half of B2 is characterized by small and poorly 
preserved, difficult to determine, forms of Lutetia (Davidaschvilia) intermedia or Zhgentiana 
gentilis (Eichw.). Though poorly preserved, the fauna can be interpreted as corresponding to 
the Karaganian stage. In the upper part of B2, the presence of Zhgentiana gentilis (Eichw.) and 
Zhgentia cf. grandis (Andrus.) indicates a Karaganian age. Unit C does not contain any mollusks 
but the clays of unit D are marked in the lower part by occurrences of Ervilia and Abra and in the 
upper part by Mytilaster volhynicus (Eichw.), Ervilia pusila trigonula Sok., Modiolus sp., ?Barnea 
sp., ?Abra sp., Timoclea konkensis and Alveinus nitidus, the latter ones being characteristic for the 
Konkian stage. In unit G, approximately 4 m above marker bed E, Abra alba scythica (Sok.), rare 
Musculus sp. and Mactra sp. are found, which correspond to the Volhynian.
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4.3.2. Foraminifers. 

The foraminifers from units A, B1 and B2 have previously been investigated (T. Pinchuk 
in Popov et al., 2009). Units A and B1 (Fig. 4) comprise members of the genera Hyperammina, 
Saccammina, species of the genera Quinqueloculina, Sigmoilina, Spiroloculina and Discorbis 
tschokrakensis Bogd, an association that corresponds to beds with Florilus parvus of the late 
Chokrakian (Bogdanovich, 1965). In unit B2, a poor association of Saccammina, Nonion, 
Quinqueloculina and Discorbis was found. It includes D. urupensis Krasch. and D. kartvelicus 
Krash., which are characteristic for the Karaganian (Pinchuk, 2006). 

More diverse foraminiferal associations are present in the interval between units C and 
G (see also Vernigorova et al., 2006, Popov et al., 2016). Planktonic foraminifers are observed 
in almost all samples, but shells are generally rare and very small-sized. Benthic foraminiferal 
assemblages are more abundant and can be used to define the boundaries of the Konkian 
substages. 

Unit C (Fig. 4) contains (albeit rare) Quinqueloculina ex gr. consobrina d’Orb., Varidentella 
reussi sartaganica Krash., Nodobaculariella konkensis Bogd., Articulina vermicularis Bogd., Nonion 
tauricus Krash., Bolivina sp., Reussella spinulisa (Reuss), Cassidulina bulbiformis Krash., Discorbis 
kartvelicus Krash., D. supinus Krash, an assemblage characteristic for the Konkian stage. Shells 
are generally small-sized and well preserved. The domination of Cassidulina and Discorbis, 
combined with the small number of the Konkian foraminifers, indicates correlations to the 
early development stage of the Konkian (Vernyhorova, 2015), the Kartvel beds (according to 
Krasheninnikov, 1959, Bogdanovich, 1965). 

Unit D shows an assemblage marked by increased numbers of Quinqueloculina angustissima 
Bogd., Q. guriana O.Djan., Q.  ex gr. consobrina d’Orb, Varidentella reussi sartaganica Krash., 
Articulina cubanica Bogd., Nodobaculariella didkowskii Bogd.,  Bolivina ex gr. crenulata Cush., 
Discorbis kartvelicus Krash., Cassidulina bulbiformis Krash., Florilus boueanus Orb., Porosononion 
martkobi (Bogd.), P. subgranosus (Egger) (Fig. 5). Species of Quinqueloculina, Bolivina, Bulimina 
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Figure |4| 3. Overview on the middle and lower part of the Zelensky-Panagia Section and an explanatory 
sketch with marker beds to highlight the cyclic aspect of the section
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A. Dark grey marly clays, 
laminated with thin intercalations 
of grey marls (1-6 sm) visible 
thickness.

B1. Rhythmic alternation of dark 
grey marly clays (0.5-2.0 m) with 
frequent intercalations of 
yellowish marls and dolomitic 
marls (0.1-0.3 m). In lower part 
tubes of calcareous worms, 
constituted by shells of Upper 
Chokrakian Lutetia 
(Davidaschvilia) intermedia 
(Bajar.) (Golovina et al., 2004) 
and foraminifers with Discorbis 
tschokrakensis (T. Pinchuk data) 
had been found 

B2. Continuation of rhythmic 
alternation of clays with dolomitic 
marls. Zhgentiana gentilis 
(Eichw.) and Zhgentia cf. grandis, 
characteristic for the Karaganian, 
are present on planes of marl 
intercalations. 

C. With a gradual transition - 
dark grey thin bedded marly clays 
with thinner and rarer marl 
intercalations (0.10-0.15 m). 
Diverse association of 
foraminifers, nannoplankton 
(Vernigorova et al., 2006), 
dinocysts (Zaporozhets, 1998) 
give evidences on restoration of 
marine environments and the 
Konkian age (details see in 
biostratigraphic part). 

D. Dark grey laminated marly 
clays with rare thin marl 
intercalations (1-3 cm). In middle 
part it had been found 
nannoplankton, diverse 
planktonic and benthic 
foraminifers, mollusks with 
Timoclea (Parvivenus) konkensis 
(Sok.), Alveinus nitidus (Reuss). 

E. Marker layer of thin 
alternation of white calcareous 
sublayers, build by nannofossils 
of Reticulofenestra umbilica, with 
thinner dark grey clays. 

F. Dark grey marly clays. Last thin 
sublayer of laminated nannomarl 
(0.5 cm) is found in roof of this 
layer. 

G. Black calcareous and 
noncalcareous clays, sometimes 
with jarosite. Numerous Abra 
alba scythica (Sok.), rare 
Musculus sp., Mactra sp., and 
foraminifer association with 
miliolids, typical for the base of 

25

20

35

30

45

40

15

10

5

0

55

60

50

-5

G

F
E

D

C

Vo
lh

yn
ian

Ko
nk

ian
Ka

ra
ga

ni
an

Ch
ok

ra
kia

n
up

pe
r

Ka
rtv

eli
an

Sa
rt.

Concretions
levels

DescriptionRegional 
stratigraphy

Lithology

low
er

Ve
se

l.

B2

A
B1

C-01
C-02

C-03

C-04
C-05
C-06
C-07

C-09

C-10

C-08

C-11

D-01
D-02
D-03
D-04

D -05

E-01

G-02

F-01

B2-01

B1-06
B1-05
B1-04
B1-03
B1-02
B1-01

B2-02
B2-03
B2-04

B2-05
B2-06
B2-07

B2-08

B2-09

B2-10

B2-11
B2-12
B2-13

B2-14

B2-15

B2-16

B2-17

B2-18
B2-19

B2-20

B2-21

B2-23
B2-22

A. Dark grey marly clays, 
laminated with thin intercalations 
of grey marls (1-6 sm) visible 
thickness.

B1. Rhythmic alternation of dark 
grey marly clays (0.5-2.0 m) with 
frequent intercalations of 
yellowish marls and dolomitic 
marls (0.1-0.3 m). In lower part 
tubes of calcareous worms, 
constituted by shells of Upper 
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and foraminifers with Discorbis 
tschokrakensis (T. Pinchuk data) 
had been found 
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alternation of clays with dolomitic 
marls. Zhgentiana gentilis 
(Eichw.) and Zhgentia cf. grandis, 
characteristic for the Karaganian, 
are present on planes of marl 
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C. With a gradual transition - 
dark grey thin bedded marly clays 
with thinner and rarer marl 
intercalations (0.10-0.15 m). 
Diverse association of 
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(Vernigorova et al., 2006), 
dinocysts (Zaporozhets, 1998) 
give evidences on restoration of 
marine environments and the 
Konkian age (details see in 
biostratigraphic part). 

D. Dark grey laminated marly 
clays with rare thin marl 
intercalations (1-3 cm). In middle 
part it had been found 
nannoplankton, diverse 
planktonic and benthic 
foraminifers, mollusks with 
Timoclea (Parvivenus) konkensis 
(Sok.), Alveinus nitidus (Reuss). 

E. Marker layer of thin 
alternation of white calcareous 
sublayers, build by nannofossils 
of Reticulofenestra umbilica, with 
thinner dark grey clays. 

F. Dark grey marly clays. Last thin 
sublayer of laminated nannomarl 
(0.5 cm) is found in roof of this 
layer. 

G. Black calcareous and 
noncalcareous clays, sometimes 
with jarosite. Numerous Abra 
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Musculus sp., Mactra sp., and 
foraminifer association with 
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marls. Zhgentiana gentilis 
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characteristic for the Karaganian, 
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Diverse association of 
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(Vernigorova et al., 2006), 
dinocysts (Zaporozhets, 1998) 
give evidences on restoration of 
marine environments and the 
Konkian age (details see in 
biostratigraphic part). 

D. Dark grey laminated marly 
clays with rare thin marl 
intercalations (1-3 cm). In middle 
part it had been found 
nannoplankton, diverse 
planktonic and benthic 
foraminifers, mollusks with 
Timoclea (Parvivenus) konkensis 
(Sok.), Alveinus nitidus (Reuss). 

E. Marker layer of thin 
alternation of white calcareous 
sublayers, build by nannofossils 
of Reticulofenestra umbilica, with 
thinner dark grey clays. 

F. Dark grey marly clays. Last thin 
sublayer of laminated nannomarl 
(0.5 cm) is found in roof of this 
layer. 

G. Black calcareous and 
noncalcareous clays, sometimes 
with jarosite. Numerous Abra 
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thickness.

B1. Rhythmic alternation of dark 
grey marly clays (0.5-2.0 m) with 
frequent intercalations of 
yellowish marls and dolomitic 
marls (0.1-0.3 m). In lower part 
tubes of calcareous worms, 
constituted by shells of Upper 
Chokrakian Lutetia 
(Davidaschvilia) intermedia 
(Bajar.) (Golovina et al., 2004) 
and foraminifers with Discorbis 
tschokrakensis (T. Pinchuk data) 
had been found 

B2. Continuation of rhythmic 
alternation of clays with dolomitic 
marls. Zhgentiana gentilis 
(Eichw.) and Zhgentia cf. grandis, 
characteristic for the Karaganian, 
are present on planes of marl 
intercalations. 

C. With a gradual transition - 
dark grey thin bedded marly clays 
with thinner and rarer marl 
intercalations (0.10-0.15 m). 
Diverse association of 
foraminifers, nannoplankton 
(Vernigorova et al., 2006), 
dinocysts (Zaporozhets, 1998) 
give evidences on restoration of 
marine environments and the 
Konkian age (details see in 
biostratigraphic part). 

D. Dark grey laminated marly 
clays with rare thin marl 
intercalations (1-3 cm). In middle 
part it had been found 
nannoplankton, diverse 
planktonic and benthic 
foraminifers, mollusks with 
Timoclea (Parvivenus) konkensis 
(Sok.), Alveinus nitidus (Reuss). 

E. Marker layer of thin 
alternation of white calcareous 
sublayers, build by nannofossils 
of Reticulofenestra umbilica, with 
thinner dark grey clays. 

F. Dark grey marly clays. Last thin 
sublayer of laminated nannomarl 
(0.5 cm) is found in roof of this 
layer. 

G. Black calcareous and 
noncalcareous clays, sometimes 
with jarosite. Numerous Abra 
alba scythica (Sok.), rare 
Musculus sp., Mactra sp., and 
foraminifer association with 
miliolids, typical for the base of 

clays marls nannoplankton blooms

Figure |4| 4.  
Bio-litho-stratigraphic 
schematic description 
of the Zelensky-
Panagia Section.
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genera are dominant but shells have small size, modified walls (thin, corroded) and are often 
poorly preserved. An abrupt change in species diversity is observed in the upper part of unit 
D, which comprises 55 species, belonging to 28 genera. The foraminiferal assemblages of 
unit D correlate to the Sartagan beds (according to Krasheninnikov, 1959, Vernigorova et al., 
2006) or the Sartaganian substage (according to Dzhanelidze, 1970). The faunal assemblage of 
the Kartvelian and Sartaganian indicates marine environments and connectivity to the open 
ocean, because the species of the normal-marine genera: Nodobaculariella, Articulina, Reussella, 
Cassidulina, Discorbis (according to: Krasheninnikov, 1959, Bogdanovich, 1965; Vernigorova et 
al., 2006, Popov et al., 2016), dominate the assemblage. 

In the terminal part of unit D and in units E, F a considerable reduction of species 
diversity is observed (Fig. 4, 5). Foraminiferal shells are generally rare and have small sizes. The 
presence of typical Konkian species Quinqueloculinа guriana, Varidentella reussi sartaganica, 
Discorbis supinus together with the euryhaline species, Elphidium horridum, Nonion bogdanowichi, 
Ammonia ex gr. beccarii (also common in the Volhynian) are indicative for the final phase of the 
Konkian (by Bogdanovich, 1965, Vernyhorova, 2015), or to the Veselyanka beds (according to 
Krasheninnikov, 1959, Vernigorova et al., 2006) or the Veselyankian substage (by Dzanelidze, 
1970).

The lower half of Unit G (Fig. 5) has only a few poorly preserved foraminifers shells of 
Porosononion genus. However, the upper half of this Unit (not presented here) is characterized by 
relatively rich benthic foraminifers (25 species, according to Pinchuk in Popov et al., 2011), and 
Miliolinella, Quinqueloculina, Articulina, Porosononion, Nonion, Elphidium are constantly present 
(according to Pinchuk and Verhyhorova in Popov et al., 2016). Species of Quinqueloculina 
are prevailing in the clays, while species of Elphidium dominate the marls. The presence of 
Quinqueloculina reussi reussi, Articulina sarmatica, Elphidium josephina (d’Orb), indicates a 
correlation to the Volhynian (sensu Bogdanovich, 1965).

4.3.3. Calcareous nannoplankton 

Units A, B1 and B2 do not contain nannofossils (Fig. 4, 5). The first manifestation 
of nannoplankton is noted at the base of unit C, where assemblages mainly consist of 
Braarudosphaera bigelowii (Gran & Braarud 1935) Deflandre, 1947, Calcidiscus leptoporus 
(Murray & Blackman 1898) Loeblich & Tappan, 1978, Coccolithus pelagicus (Wallich 1877) 
Schiller, 1930, Cyclicargolithus floridanus (Roth & Hay, in Hay et al., 1967) Bukry, 1971, 
Pontosphaera multipora (Kamptner, 1948 ex Deflandre, 1954) Roth, 1970, Reticulofenestra 
pseudoumbilicus (Gartner, 1967) Gartner, 1969, Reticulofenestra sp., Thoracosphaera sp. (Fig. 5). 
Unit D is marked by an increase in biodiversity. Its typical association is composed of Cricolithus 
jonesi Cohen, 1965, Helicosphaera carteri (Wallich 1877) Kamptner, 1954, Helicosphaera 
sp., Rhabdosphaera pannonica Baldi-Beke (1960), Rhabdosphaera sicca (Stradner, 1963), 
Rhabdosphaera poculii (Bona and Kernene, 1974) Muller, 1974, Rhabdosphaera sp., Sphenolithus 
moriformis (Bronnimann and Stradner, 1960) Bramlette and Wilcoxon, 1967. The white marly 
intercalations in this unit are characterized by monospecific Reticulofenestra pseudoumbilicus and 
abundant Braarudosphaera bigelowii, very rare Rhabdosphaera poculii, Rhabdosphaera sp. and a 
single specimen of Discoaster aff. kugleri. The assemblages of units C and D do not contain zonal 
markers but may correspond to the undivided interval of NN6 Discoaster exilis – NN 7 Discoaster 
kugleri (Martini, 1971). An increase of the bloom of Reticulofenestra pseudoumbilicus marks the 
upper part of unit D. 
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Unit E is characterized by the sedimentation of coccolithic laminated limestone, 
represented by monospecific Reticulofenestra pseudoumbilicus, while rare Braarudosphaera 
bigelowii, a single Rhabdosphaera poculii and very small Syracosphaera sp. are also present (Fig.4). 
These coccolithic limestones reflect specific paleoenvironmental conditions, and probably 
relate to periods of stratification and high nutrient input. The latest bloom of Reticulofenestra 
pseudoumbilicus is observed at the top of unit F in a very thin (0.5 cm) sublayer of calcareous 
clays. It is worth mentioning that although not included in Fig. 5 because of their scarcity, 
most deposits of the unit F, contain very rare Coccolithus pelagicus (Wallich 1877) Schiller, 
1930, Cyclicargolithus floridanus Roth & Hay, in Hay et al., 1967) Bukry, 1971 and Sphenolithus 
moriformis (Bronnimann and Stradner, 1960) Bramlette and Wilcoxon, 1967 (Popov et al., 
2016). Also, rare Lacunolithus menneri Luljewa, 1989 is identified at the base of unit G but havs 
not been pictured in Fig. 5 due to its scarcity.

4.3.4. Regional biostratigraphic framework 

The mollusk and foraminiferal assemblages of the Zelensky-Panagia section both indicate 
that the Chokrakian-Karaganian boundary is located at the transition between Units B1 and B2 
at level -2m (Fig. 4). The Karaganian fossil assemblages indicate a decrease in salinity and are 
indicative of more restricted connectivity, probably implying isolation of the Eastern Paratethys 
basin from the open ocean. The first occurrence of calcareous nannofossils and planktonic and 
benthic foraminifers typical for the Konkian stage is found at the base of Unit C. This level 
determines the Karaganian-Konkian boundary (at 27.9m), which reflects a transition to marine 
environments and re-connectivity to the open ocean. 

The Konkian deposits comprise a continuous succession and can be subdivided in 
three substages according to the foraminifers and calcareous nannoplankton assemblages. The 
Kartvelian substage is characterized by the first appearance of nannoplankton, the presence of the 
planktonic foraminifer Globigerina genus and the marine benthic foraminifer genera: Discorbis, 
Cassidulina, Articulina and scarce Nodobaculariella, Reussella. In the Kartvelian part of the section 
no mollusks are found. 

The Sartaganian substage contains more diverse nannoplankton and foraminiferal 
assemblages. Both planktonic and benthic groups show quantitative and qualitative variations in 
composition, most likely reflecting pulsating marine influxes (fluctuations of salinity, temperature 
and nutrient input), indicative for an unstable marine environment. The main environmental 
changes took place during the upper part of the Sartaganian, where levels of monospecific 
coccoliths reflect a transformation towards non-marine conditions in the surface waters of the 
basin. At the same time, the benthic microfauna shows changes towards increasing marine 
assemblages, indicating more stable marine environments at the deeper settings. Various other 
fossils have been found in the Sartaganian part of the section (bones of fish and seals, imprints of 
insects, fragments of bryozoans, ostracods, plant seeds, etc.). The ostracod assemblage comprises 
Hemicytheria ex gr. cancellata (Lienenklaus), Cytherura fragilis (Stancheva), Aurila cf. notata 
(Reuss), Loxoconcha biblicata Schneider, Cytherura lamellosa Scher. et Tschab., Leptocythere distenta 
Schneider, Xestoleberis (Xestoleberis) lutrae Schneider, Cyprideis torosa Jones (V.A. Kovalenko 
in Vernigorova et al., 2006). The Veselyankian substage comprises poor benthic foraminiferal 
assemblages and shows various blooms of Reticulofenestra pseudoumbilicus, reflected by the 
deposition of coccolithic limestones. It should be noted that a small offset in the location of the 
boundary (see Fig. 5) between the main and the final phases (the Sartaganian and Veselyankian) 
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exists between the interpretations of the foraminifer and nannoplankton data (Vernyhorova et 
al., 2006). The Konkian-Volhynian boundary is determined by the onset of the typical Volhynian 
assemblages at the unit G, after the final bloom of Reticulofenestra pseudoumbilicus at top of unit 
F (at level 50.35m)

4.4. Magnetostratigraphy

 Magnetostratigraphy can provide ages to rock successions if the established polarity 
pattern of the studied sections can be correlated to reversal pattern of the Geomagnetic Polarity 
Time Scale (e.g. Langereis et al., 2010). Magnetostratigraphy has earlier been proven to be very 
useful, especially in Central Paratethys sediments for a variety of magnetic carriers (Vasiliev et al. 
2010; Paulissen et al., 2011; De Leeuw et al.,2013; Ter Borgh et al. 2013). 

 The Zelensky-Panagia section was sampled at meter-scale resolution with a hand-held 
electric drill using water as a coolant. Paleomagnetic cores were collected from a total of 57 levels. 
The orientation of the paleomagnetic cores and the corresponding bedding planes were obtained 
using a magnetic compass, previously corrected for the local magnetic declination. 

In the field, the magnetic susceptibility was measured with a SM30 magnetic susceptibility 
meter. The SM30 has a 8 kHz LC oscillator with a large size pick-up coil as a sensor that ensures 
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Figure |4| 5. Stratigraphic distribution of nannoplankton and foraminifera species in Zelensky-
Panagia Section. Note the two interpretations on the Sartaganian-Vesselensian boundary, following 
the information on the nannoplankton and foraminifera distribution. The large occurrences of R. 
pseudoumbilicus are repetitive blooms.
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a good penetration depth: 90% of its signal penetrates the first 20 mm of the measured level. The 
magnetic susceptibility was measured on 216 levels, corresponding to a resolution of 25-30cm. 
The susceptibility record may indicate changes in the nature of the carriers and could highlight 
changes in the basin chemistry. We especially use this method to verify if there is a similar change 
in the magnetic properties of the Eastern Paratethys, as observed across the Badenian-Volhynian 
boundary in the Tisa section of the Central Paratethys (Palcu et al. 2015). 

In the paleomagnetic laboratory of Fort Hoofddijk, rock-magnetic measurements were 
conducted to understand the nature of the magnetic carriers and to validate the magnetic 
susceptibility measurements from the field. These tests include measurements of magnetic 
susceptibility and thermomagnetic runs in air. The magnetic susceptibility in the lab was measured 
at room temperature for all cores, cut to a standardized length of 1inch, on a Kappabridge KLY-
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Figure |4| 6. Schematic lithological column, polarity zones, magnetic intensity and magnetic 
susceptibility for the Zelensky-Panagia section. Four reversed polarity intervals (R1, R2, R3, R4) and five 
normal ones (N1, N2, N3, N4, N5) have been identified. The positions of the stage boundaries are marked with 
red lines. The different trends of the magnetic susceptibility (blue): slow rise and fall in the SA zone - Karaganian, 
fluctuating in the SB zone - Konkian and abruptly increasing in the SC zone - Volhynian.
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1. Thermomagnetic runs were measured in air on a modified horizontal translation type Curie 
balance with a sensitivity of approximately 5Å~10−9Am2 (Mullender et al. 1993). Approximately 
60 mg of powdered sample (put into a quartz glass sample holder and held in place by quartz 
wool) were heated and cooled at rates of 10°C/min.

Afterwards, thermal and alternating field demagnetisation techniques were applied to 
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Figure |4| 7. (A) Thermo-magnetic runs for selected samples. Heating and cooling was performed with rates 
of 10 °C/min. Cycling field varied between 100 and 300 mT. Samples ZZ34, characteristic for the Karaganian 
samples, has a decay curve characteristic for a mix of greigite and magnetite while missing completely pyrite. 
Sample ZZ25, characteristic for the Konkian and Volhynian samples,  has a decay curve that corresponds to the 
magnetite signature and shows the intense oxidation of pyrite in magnetite above 415 °C. (B) Representative 
examples of Zijderveld demagnetization diagrams after tilt correction. Sample code and stratigraphic level are 
specified in the upper left corner. Black (red) circles represent the projection on the horizontal (vertical) plane. The 
numbers represent the subsequent temperatures demagnetization steps in degrees Celsius. The bold temperature 
values represent interval used for calculating the ChRM component which is marked by the green line.
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isolate the characteristic remanent magnetization (ChRM). The Natural Remanent Magnetisation 
(NRM) was thermally demagnetized and measured using a 2G Enterprises DC Squid cryogenic 
magnetometer (noise level of 3*10-12Am2). The heating was obtained with the help of a 
laboratory-built, magnetically shielded furnace, with a residual field less than 10nT. The thermal 
steps are based on the observations on the behavior during the thermomagnetic runs. For the 
samples from Zelensky-Panagia, relatively small temperature steps of 10-30˚C were applied 
in the 100-360˚C range because of the rapid thermal decay and the occurrence of additional 
secondary magnetic carriers after 400˚C. Alternating field demagnetisation was performed, 
with small field increments, up to a maximum of 100mT. An in-house built automated sample 
handler, attached to a horizontal 2G Enterprises DC SQUID cryogenic magnetometer was used 
for these measurements.

4.4.1. Rock magnetism

The magnetic susceptibility fluctuates significantly over the Zelensky-Panagia section, 
by more than two orders of magnitude (between 0.0029 and 0.438). Three zones (Fig. 6) can 
be distinguished based on the susceptibility trends. In the Karaganian part of the section (SA), 
the susceptibility first slowly increases up to 0.221E-05 m3/kg at the 16m and then decreases 
back towards initial levels at 24.75m. The Konkian part of the section (SB) is characterized by 
remarkably steady values of around 0.068E-05 m3/kg. The Volhynian part of the section (SC) 
shows a significant increase in the average magnetic susceptibility (0.187E-05 m3/kg equal to an 
increase of 275% compared to the average value of the Konkian) with the maximum peaks of 
0.438E-05 m3/kg. The magnetic susceptibility measured in the lab on the magnetostratigraphic 
samples, ranges between 6.79 E-08 m3/kg and 1.5 E-07 m3/kg throughout the section and is 
fairly constant. No big fluctuations are visible in the lower and middle part of the section but a 
significant increase is observed in the Volhynian part of the section, in the interval above 50.35m.

The thermomagnetic runs show significant variations that correlate with the stratigraphy. 
Samples corresponding to the Konkian and Volhynian stages show the alteration of an iron 
sulphide (pyrite) that above ~400 °C turns to a magnetic phase (magnetite) and finally above 
580–600 °C, to hematite (Fig. 7a). This alteration appears not to be present in the samples 
corresponding to the Karaganian stage (Fig. 7a).

The majority of the Konkian and Volhynian samples show a reversible decrease (Fig. 7a), 
characteristic for magnetite. The Karaganian samples show a different behavior with increasing 
temperature up to ~410°C: the decrease in magnetisation is irreversible (Fig. 7b highlight), 
characteristic for greigite.

4.4.2.  Magnetic polarity pattern

The NRM intensity ranges between 20*10-6 A/m and 71.000*10-4 A/m (Fig. 6). Several 
characteristic thermal demagnetization diagrams, of mostly marls and clays, are depicted in 
Fig. 7b We identified the ChRM by analyzing the decay-curves and vector end-point diagrams 
(Zijderveld, 1967). During both the progressive thermal demagnetization and the progressive 
alternating fields demagnetization, two magnetic components can be recognised. A very weak, 
low-temperature, viscous overprint is generally removed at 120˚C (Fig.7b). A second, higher-
temperature, component is demagnetized at temperatures between 120˚C and 300˚C. This 
component is of dual polarity and is interpreted as the ChRM. The ChRM directions were 
defined by at least four consecutive temperature steps and calculated with the use of principal 
component analysis (Kirschvink, 1980).
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We use the maximum angular deviation (MAD) of the calculated directions to separate 
the results into three qualitative groups. The 1st quality (MAD = 0-5) and 2nd quality results 
(MAD = 5-10) have been used for plotting the polarity pattern (Fig. 6). The 3rd quality results 
(MAD >15) have been discarded from the polarity pattern (Fig. 6). 

The ChRM directions, magnetic intensity and magnetic susceptibility have been plotted 
against stratigraphic levels (Fig.6). The polarity pattern of the Zelensky-Panagia section comprises 
nine different polarity intervals, four of reverse (R1-4) and five of normal (N1-5) polarity.

4.5. A magnetostratigraphic time frame for the Eastern Paratethys

 We aim to obtain a robust time frame for the Karaganian, Konkian and Volhynian 
deposits of the Eastern Paratethys by correlating the observed polarity pattern of the Zelensky-
Panagia section to the astronomically dated polarity column of the most recent geomagnetic 
polarity time scale (GPTS) (Hilgen et al., 2012) (Figs. 8, 9). Biostratigraphic constraints restrict 
the Karaganian and Konkian part of the succession to the Serravallian and (upper) Badenian (Fig. 
2), while the base of the Volhynian was recently dated at 12.65 Ma in the Carpathian foredeep 
of Romania (Palcu et al., 2015). This indicates that the age of the section is roughly limited to 
the time interval between 14 and 12 Ma, an interval with multiple magnetic reversals and a 
characteristic polarity pattern (Fig. 8). 
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Figure |4| 8. Age model scenarios for the Zelensky-Panagia section: (A) 13.9-12.4Ma has a sedimentation 
rate that follows the magnetic susceptibility trend except for the uppermost part of the section, after the Ko/Vh 
boundary where the change in magnetic susceptibility is explained by a change in environment; (B) 13.4-12.4Ma, 
shows large variations of sedimentation rates between the normal and reverse polarities intervals and does not 
correlate with the magnetic susceptibility trends.
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Starting our correlation from the base of the section (marked by a red dotted square in 
Fig. 8), we notice that the Karaganian part is marked by a relatively short (6 m) reversed polarity 
interval R1, followed by a much longer (16m) normal polarity interval N2 (Fig. 6). The 14-12 
Ma time interval of the GPTS only shows two R-N chron pairs that have a normal chron that is 
longer than the preceding reversed chron: C5ACr/C5ACn and C5ABr/C5ABn.

The Konkian polarity pattern consists of two successive normal intervals (N3 and N4), 
of approximately similar length as reversed intervals (R2 and R3). Correlating R2/N3 (6m/5m) 
with C5AAr/C5AAn (180kyr/151kyr) seems straightforward, and fits much better than the 
correlation to C5ABr/C5ABn (245kyr/131kyr), suggesting that the younger correlation, N2 to 
C5ABn, is sounder. The polarity pattern straddling R3, N4, R4 remains problematic and cannot 
be directly correlated to the GPTS. However, we can use the top part of the polarity pattern (N5, 
R4, N4 – marked with a blue dotted square in Fig. 8) as another time constraint. The relatively 
long N5, followed by a long reverse R4 and a short normal N4 match, the pattern of chrons 
C5.An.2n, C5.Ar.1r and C5.Ar.1n. The Konkian/Volhynian boundary is located in the lower 
part of reversed interval R4 that would correspond to chron C5.Ar.1r. Both the chron and the 
position in the lower part of the chron are in good agreement with the magnetostratigraphic 
results from the Tisa section in Romania where the basal Volhynian is also correlated to the 
lower part of reversed chron C5Ar.1r (Palcu et al., 2015). The normal polarity interval N5 in the 
Volhynian then correlates to C5An.2n, which dates the top of our section at 12.3 Ma (Fig. 8). If 
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Figure |4| 9. Correlation of the polarity sequence of the Zelensky-Panagia section with the GPTS, the 
global oxygen & carbon isotope records and the sea-level fluctuations. The green bands correlate the 
polarity pattern of the section with the GPTS in the relevant time interval. The Karaganian corresponds to the 
Middle Badenian Salinity crisis in Central Paratethys and Ko/Vh boundary corresponds with the BSEE



Middle Miocene paleoenvironmental crises in Central Eurasia | 105 PB | Chapter 4 

we follow these constraints it is clear that our Konkian pattern with two normal intervals (N3, 
N4) does not match the three remaining normal chrons in the GPTS. 

We have not seen any evidence for an unconformity in the succession, and all previous 
biostratigraphic studies indicate that the Zelensky-Panagia section is continuous (Golovina 
et al., 2004; Popov et al., 2009). Consequently, we conclude that it is more likely that our 
magnetostratigraphic pattern is incomplete for that interval. The most logical fit to the GPTS can 
be made if we assume that we have missed either subchron C5Ar.2r or C5Ar.1n in the interval 
straddling N4 (Fig. 8A). C5Ar.2r has a duration of 59 kyr in the GPTS, C5Ar.1n only 30 kyr, 
while our sampling resolution (57 samples/1.6 Myr) corresponds to an average of 1 sample/30 
kyr. Hence, both subchrons should have been intercepted by one or two samples only, and it is 
thus not unlikely that one of them has been missed. If we correlate R3/N4/R4 (3m/3m/6m) to 
the interval C5Ar.3r/C5Ar2n-C5Ar1n/C5Ar.1r (145kyr/152kyr/261kyr) we obtain a very good 
fit. The sediment accumulation rates resulting from this correlation indicate gradual changes that 
seem to be in agreement with the lithological variations in the section. The Karaganian stage 
has significantly higher sedimentation rates than the Konkian, which positively correlates to 
the higher magnetic susceptibility in that interval (Fig. 8A). Variations in susceptibility may be 
related to changes in terrestrial influx, which are commonly related to environmental change (e.g. 
Oldfield, 2012, Thompson and Oldfield, 1986).  

An alternative correlation can be made by starting from the top of the section, using the 
same constraints as before and correlating N5 and R4 to C5An.2n and C5Ar.1r, respectively. 
Downward correlation presents a reasonable fit by correlating N4, N3 and N2 to C5Ar.1n, 
C5Ar.2n and C5AAn (Fig. 8B). An irrational result of this correlation is that the accumulation 
rate in all normal intervals would be more than double the rate in the reversed intervals, a 
scenario that we consider highly unlikely. 

In conclusion, we favor option A (Fig. 8A) as the best fit correlation of the Zelensky-
Panagia polarity pattern to the GPTS. The subsequent magnetostratigraphic age constraints 
are the first for the Euxinic basin, and allow the construction of a revised time frame for the 
Middle Miocene stages of the Eastern Paratethys. Our preferred correlation indicates that the 
Chokrakian/Karaganian boundary is located in the upper part of C5ACn at an age of ~13.8 
Ma (extrapolating ~7m downwards from and following the sedimentation rate trend), closely 
corresponding to the Langhian/Serravallian boundary. The Karaganian/Konkian boundary is 
determined in the upper part of C5ABn at an age of 13.4 Ma and the Konkian/Volhynian 
boundary is dated in the lower part of C5Ar.1r at an age of 12.65 Ma (Fig. 9).

4.6. The influence of Paratethys gateway evolution on paleoenvironmental change

Our new results provide a more comprehensive picture of the paleogeographic changes 
that occurred in the middle Miocene of Central Europe, and shows that the operability of 
the Paratethys gateway is a key to understand the paleoenvironmental changes in the region. 
The latest Langhian interval is marked by restricted marine environments (Chokrakian) in the 
Eastern Paratethys and by open marine conditions (Lower Badenian) in the Central Paratethys. 
The presence of marine fauna in the Eastern Paratethys indicates that connectivity with the open 
ocean must have persisted in Chokrakian times, but that the marine gateway with the Central 
Paratethys must have been limited in size, depth and width to prevent a full exchange between the 
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two Paratethyan seas. During the early Serravallian, this gateway stopped functioning as a marine 
water source for Eastern Paratethys, which turned into a sea-lake during the Karaganian. The 
marine gateway that connected the Central Paratethys to the Mediterranean became restricted 
as well, culminating in hypersaline conditions and evaporite deposition in Central Paratethys 
during the Badenian Salinity Crisis. The BSC was ended by a marine incursion through the 
gateway(s) to Mediterranean that re-established open marine conditions in the Central Paratethys 
(Upper Badenian), which episodically influenced the Eastern Paratethys during the Konkian. 
The gateway between the Eastern Paratethys and Central Paratethys must have been limited 
in size again during the Konkian, and reached a new equilibrium phase in the early Sarmatian 
(Volhynian) when it became big enough to cause exchange between the Eastern and Central 
Paratethys seas, establishing rather uniform environments on both sides of the sill.

4.6.1. The Karaganian – expression and trigger of the Badenian Salinity Crisis?

The Chokrakian/Karaganian boundary corresponds to a significant change in Eastern 
Paratethyan mollusk, foraminifer, and nannoplankton faunas, all demonstrating that the marine 
species of the Chokrakian are replaced by species indicative of specific, semi-marine, conditions 
with unstable salinity of the Karaganian. Paleogeographically, the transition is interpreted as 
a change from a semi-closed Chokrakian sea towards a more restricted and fresher water sea-
lake during the Karaganian (Peryt et al., 2004), indicating that Eastern Paratethys became 
isolated from the open ocean. In the Zelensky-Panagia section, the C/K boundary is marked 
by a lithological transition from dark grey marly clays of the Chokrakian towards rhythmic 
alternations of brown clays and white marly concretions of the Karaganian. The boundary 
level is placed at -2m and corresponds, by extrapolation, to the upper part of chron C5ACn. 
Interpolation of sedimentation rates dates the boundary at an age of 13.8 Ma. 

Correlation to the global climate and sea level curves indicates that the onset of the 
Karaganian closely correlates to the Mi3b cooling shift (Holbourn et al., 2013), suggesting a 
causal relationship (Fig. 9). This cooling step corresponds to the Langhian/Serravallian boundary 
(Hilgen et al. 2009) and is dated at 13.82 ± 0.03 Ma in the Mediterranean (Abels et al. 2005). It 
terminated the relatively warm climatic conditions of the Middle Miocene, as expressed in many 
isotope records worldwide (e.g., Holbourn et al., 2005; 2013). In Chokrakian times, the Eastern 
Paratethys was most likely connected to the Carpathian foredeep region in the west through the 
small and shallow “Carasu Strait” in the southern Dobrogea region of Romania (Fig. 10). The 
strait was identified in the area of the Carasu stream and contains shallow marine deposits with 
mostly Chokrakian fauna in the eastern (Chiriac, 1970) and (time-equivalent) Badenian fauna in 
the western part (Gradinaru, 2015). In the central part of the Carasu strait, the Badenian fauna 
reaches a maximum of ~35% of the total fauna but lacks its stenohaline elements such as corals, 
echinoderms and brachiopods (Chiriac, 1970). The Mi3b event is estimated to have caused a 
40-50m drop in global ocean level (John et al., 2011), which could have easily closed the Carasu 
Strait and isolated Eastern Paratethys from the global ocean. 

The Mi3b sea level drop is also inferred to have affected the environmental conditions 
in the Central Paratethys. Oxygen isotope values of foraminifera show a major cooling trend 
in the lower Badenian just before the BSC evaporites (Bicchi et al., 2003). Moreover, warm-
water planktonic foraminiferal assemblages are shown to be replaced by cool-water populations 
(Gonera et al., 2000), while a decline in thermophilous mollusk taxa is also observed (Harzhauser 
et al., 2007).  40Ar/39Ar dating of volcanic tuffs from directly below the Badenian salts shows that 
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the onset of the BSC is dated at 13.81 ± 0.08 Ma, suggesting a causal relationship with the Mi3b 
cooling event as well (De Leeuw et al. 2010). The corresponding sea-level drop is considered to 
have restricted the water exchange through the marine gateways connecting Central Europe with 
the Mediterranean, resulting in hypersaline conditions in several Central Paratethys basins.

Our results indicate that the paleogeographic and hydrological configuration of the 
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Figure |4| 10. (A) Paleogeographic configuration during the Badenian Salinity Crisis (BSC); (B) The 
Evaporite basin seems to be located at the interference between low-salinity water flowing out from the Eastern 
Paratehys and marine flows from the western part of Central Paratethys, in a context of restricted gateways. This 
setting is striking similar with the flow configuration during the Messinian Salinity Crisys (C) 5,97-5.33Ma
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Central Paratethys during the BSC is slightly more complicated than previously envisaged (e.g. 
Rögl, 1998; De Leeuw et al., 2010, Báldi et al. 2015, Szuromi-Korecz and Selmeczi 2015, Báldi 
et al. 2017). The peripheral basins of Central Europe that experienced hypersaline conditions 
and salt deposition are not only influenced by changes in the Mediterranean gateway, but also 
may have experienced different hydrological fluxes from the Eastern Paratethys. The Karaganian 
successions are commonly found transgressive on the marginal regions of the Black Sea basin 
(Popov et al. 2006), indicating that the hydrological budget of the Eastern Paratethys was 
positive during this time interval. The Carasu Strait has thus persisted during Karaganian times, 
connecting Eastern Pratethys (in a process of freshening) with the hypersaline Central Paratethys. 
The lack of hypersaline influences in Eastern Paratethys points to a unidirectional flow of low-
salinity water into the basins of the Central Paratethys from East to West. 

 BSC salt and gypsum formation is following the same East-West trend:  evaporites are 
more developed close to the gateway region - Carpathian foredeep and Transylvanian Basin, less 
developed in the middle part of Central Paratethys – Slovak and Pannonian basin and absent in 
the areas furthest apart from the gateway – Vienna and Styrian basins. This distribution points 
towards a causal link between the inflow of low-salinity water from Eastern Paratethys and the 
evaporite formation during the BSC.

At first sight it seems rather counterintuitive that inflow of low-salinity water could play 
a role in the formation of evaporites in silled basins. However, also in case of the Messinian 
Salinity Crisis of the Mediterranean it has become clear that a positive brackish water influx from 
Paratethys may have played a significant role in the formation of gypsum and salt (Krijgsman 
et al., 2010; Roveri et al. , 2014). Traditionally, gypsum formation is considered to result from 
enhanced (seasonal) drought during precession maxima (Krijgsman et al., 2001), but recently 
it has been shown from gypsum hydration water and the salinity of fluid inclusions that influx 
of freshwater was a major component during gypsum formation (Dela Pierre et al., 2015; 
Natalicchio et al., 2014; Evans et al., 2015). The paleogeographic configuration of the BSC 
and MSC are very similar, with the evaporite basins in intermediate position between the open 
ocean and the restricted brackish water domain of the Eastern Paratethys (Fig. 10B). Global 
climate models showed that the hydrological budget of the Eastern Paratethys was also positive 
during the MSC, providing continuous low-salinity water flow to the Mediterranean (De la 
Vara et al., 2016; Marzocchi et al., 2016). Low-salinity water inflow from the Eastern Paratethys 
may have contributed to increased stratification in the evaporite basin, by creating a brackish 
water surface unit on top of hypersaline waters, thereby effectively preventing deep water mixing 
and increasing brine formation by blocking deep overflow towards the open marine basin (e.g. 
Marzocchi et al., 2016). 

4.6.2. The Konkian: episodic connections between Eastern and Central Paratethys 
- the opening of a new strait

The Karaganian/Konkian transition (beginning of Kartvelian) is marked by the first 
marine influxes, which ended the semi-isolated position of the Karaganian sea-lake in the Eastern 
Paratethys. The Konkian comprises several faunal elements (nannoplankton, foraminifers, 
mollusks) that are assumed to come from the Central Paratethys (Kosovian), indicating that 
two-way connectivity must have been re-established through the Paratethys gateway (Fig. 
10). Marine faunal assemblages of the Zelensky-Panagia section are much more diverse in the 
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middle (Sartaganian) part of the Konkian showing that the marine gateway functioned most 
effectively during that time period (Fig. 4). The Karaganian/Konkian boundary, located at 44 m, 
is positioned at the upper part of C5ABn and is dated at ~13.4 Ma. 

Correlation to the global climate and sea level curves shows that the boundary does not 
correspond to any major change in climate or global sea level (Fig. 8). Consequently, we infer that 
geodynamic changes in the gateway regions were responsible for the marine ingression. The lack 
of evidence for Konkian fauna in the Carasu Strait hints at the development of a new gateway 
between Central and Eastern Paratethys. Fossil distribution patterns in the upper Badenian and 
Konkian point towards the initiation of the Barlad Strait, north of Dobrogea through present-
day Ukraine and Moldova (Studencka et al., 1998, Popov et al., 2006). During the Konkian, 
the Barlad Strait was probably still in an early opening stage, characterized by intermittent and 
poor east-west exchange of fauna (Fig. 10). Tectonically driven expansion of the Carpathian 
foreland basin towards the Eastern European platform may have generated or widened a 
connection towards the Central Paratethys (e.g. Kováč et al., 2007). East-west connectivity 
became more intense at mid-Konkian times. All middle Konkian (Sartaganian) mollusk species 
from the Eastern Paratethys (> 150 according to Studencka et al. (1998) and Iljina (2003)) are 
common with the Upper Badenian (Kosovian) assemblages of the Central Paratethys. However, 
a connection to the Eastern Mediterranean, through the Lesser Caucasus and/or Mesopotamia, 
is also proposed to explain the diverse faunal associations in the southeastern parts (Mangyshlak, 
Usturt, Transcaucasian, North Iran) of the Eastern Paratethys basin  (Iljina, 2003; Popov et al., 
2006; Popov et al., 2015).

Recent 40Ar/39Ar dating of volcanic ash layers on top of the Badenian evaporites reveals 
that the BSC in the Central Paratethys had ended by 13.32 ± 0.07 Ma (De Leeuw et al., 2013, 
De Leeuw et al. under review). In the Carpathian foredeep of Romania, the marine Badenian 
(Kosovian) succession, corresponding to the late Badenian transgression (Kovac et al. 2007), 
is overlying the BSC gypsum comprises faunal assemblages similar to the Serravallian of the 
Mediterranean (Kókay, J., 1985, Bartol et al. 2014). 

This suggests that also the marine connection between the Central Paratethys and the 
Mediterranean was better functioning again during the Konkian/Kosovian time interval. The 
gateway between the Mediterranean and the Central Paratethys is thought to have been located 
in present-day Slovenia (Bartol et al. 2014), although some alternative hypotheses exist (Kováč 
et al. 2007).

In the Eastern Paratethys, the calcareous nannofossil assemblages of the upper part of 
the Konkian (Veselyankian) are marked by a sudden decrease in biodiversity and the rapid 
development of monospecific Reticulofenestra pseudoumbilicus with rare presence of Rhabdosphaera 
poculi (Golovina et al., 2004; Bratishko et al., 2015). In addition, euryhaline endemic mollusk 
(sub)species like Acanthocardia andrussovi, Mactra basteroti konkensis, Parvivenus konkensis 
and Ervilia pusilla trigonula become dominant. The bloom of R. pseudoumbilicus is very well 
documented in the Zelensky-Panagia section, but is also known from sections in the North 
Caucasus and the Transcaspian (Fig. 5). These nannofossil blooms, together with influxes of 
marine foraminifers, signal occasional exchanges between the Central and Eastern Paratethys 
seas. The inflow of relatively heavy marine waters from the Central Paratethys probably disturb 
(locally) the stratification of the Eastern Paratethys basin, creating nutrient rich upwelling 
currents that lead to nannoplankton blooms (Fig. 11B1). 
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The mixing mechanism that caused the Badenian-Sarmatian Extinction Event (BSEE)
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Figure |4| 11. (A) Paleogeographic configuration and circulation model responsible for the Badenian/
Sarmatian Extinction Event (BSEE) and the Konkian/Volhynian Extinction. (B) Scenario of the 
extinction events at the end of the Konkian/Badenian stages; note the gradual opening of the Barlad 
gateway that allows a bidirectional mixing to be initiated.
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4.6.3. The Volhynian: onset of a Paratethys pump - towards unified conditions 

The Konkian/Volhynian boundary is placed at 50m in the Zelensky-Panagia section at 
the level where the common marine nannofossil and foraminifer assemblages disappear from the 
record. The boundary is determined in the lower part of C5Ar.1r and is dated at an age of 12.65 
Ma by extrapolation of constant sediment accumulation rates (Fig. 9). The Konkian/Volhynian 
boundary in the Eastern Paratethys has a similar age as the Badenian/Volhynian boundary in the 
Central Paratethys (Palcu et al., 2015). This suggests that connectivity changes between Eastern 
and Central Paratethys are simultaneously causing major paleoenvironmental changes at both 
sides of the gateway.

In Central Paratethys, the base of the Volhynian (lower substage of the Sarmatian) 
corresponds to the Badenian-Sarmatian Extinction Event (BSEE), the largest faunal turnover 
event in the Paratethys realm, including a full loss of coral, radiolarian and echinoid life forms 
from Central Paratethys (Harzhauser, 2007). It is recognized throughout the entire Central 
Paratethys and is considered a synchronous event (Palcu et al., 2015). 

At the age of 12.65 Ma, the oxygen isotope curves (Zachos et al., 2001; Holbourn et al., 
2005) shows only a small fluctuations and the sea-level curve experiences only a small rise (Van 
de Wal et al., 2011) suggesting that global climate and sea level change were coupled with other 
events to trigger the BSEE. We conclude that tectonic widening and deepening of the Barlad 
Strait, coupled with a small sea-level increase, is the most likely cause for the event that triggers 
the Konkian/Volhynian boundary. The Paratethyan system experiences a change of roles of its 
two main gateways, the Trans-Tethyan Strait persists but has a limited capacity of exchange while 
the Brarlad Strait expands to become later, at the end of the Volhynian Stage, a proper seaway. 
The persistence of this connection during the Volhynian is evidenced by faunal assemblages that 
show similar characteristics east and west of the gateway (Studencka et al. 1998), indicating an 
effective water exchange between the two domains. Remarkably, the unification of Eastern and 
Central Paratethys at 12.65 Ma results in a highly controversial and poorly understood period 
with marine, brackish, and even fresh water fluxes, that make paleoenvironmental conditions 
highly variable (e.g. Piller et al., 2005). Once the shifting chemistry had slowly stabilized, the 
sea became populated with the remarkably uniform “Sarmatian” endemic fauna. Nevertheless 
shallow associations of Volhynian mollusks show some marked differences throughout the 
different Paratethys domains. Only in the Central Paratethys euryhaline marine species from 
genera like Loripes, Gari, Crassostrea, Gastrana and gastropods - Lunatia, Ocenebrina, Mitrella, 
Clavatula (hemistenohaline species, according to Kojumgieva, 1969) are observed.

The Kosovian and Konkian deposits contain significantly different faunal assemblages that 
reflect two distinct marine basins, each with its own salinity and water chemistry. These two basins 
had limited interactions through an ineffective strait. An increase of connectivity set a complex 
water exchange process in motion with devastating consequences for fauna in both Eastern and 
Central Paratethys. The water exchange mechanism characterized by stratified, density-driven, flow 
has previously been proposed as an explanation for the environmental changes at the Badenian/
Volhynian boundary (Palcu et al., 2015). The Zelensky-Panagia record confirms this pumping 
mechanism and allows reconstructing a timeline of events that marks the opening of a new gateway. 
The Konkian/Volhynian boundary can be considered equivalent to the initiation phase of exchange 
between the two basins with different salinity (Fig. 11.B2). This exchange mechanism is triggered 
by a density contrast whereby the heavier marine water from the Central Paratethys sinks into 
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the deeper parts of Eastern Paratethys, effectively pushing the lighter (brackish) water from the 
Black Sea to flow out westwards over the gateway. There, it will probably remain on top of the 
marine waters, creating stratified conditions in the Central Paratethys. Similar to the configuration 
at present-day Gibraltar and Bosphorus, the density contrast between the two basins and the size of 
the connecting strait will accelerate the exchange (e.g. Marzocchi et al., 2016). A second exchange 
phase (early Volhynian) occurs once the oxygenated light brackish water layer is spread in the whole 
system and thinned, giving place for the deeper anoxic water to upwell and cross the gateway into 
Central Paratethys (Fig. 11.B3). This heavier brackish-anoxic water, still lighter than the Central 
Paratethys water, is rich in nutrients and will fuel nutrient rich plumes that will cross the Barlad 
Strait, causing water stratification and unstable environmental conditions in the Central Paratethys. 
The observations of calcareous nannofossil blooms and mass development of diversified diatom 
floras in the Volhynian successions of the Polish Carpathian Foredeep are logically explained by 
such marine overflow waters from the Eastern Paratethys (Gazdzicka, 2015).

4.7. Conclusions

We provide integrated magneto-biostratigraphic results from a continuous, 64m long, 
sedimentary succession at the Taman peninsula on the northeastern coast of the Black Sea that 
straddles the uppermost Chokrakian - Karaganian - Konkian - early Volhynian interval of the 
Eastern Paratethys (Popov et al., 2016). The magnetostratigraphic record from the Zelensky-
Panagia section consists of 5 normal and 4 reversed polarity intervals and its characteristic 
polarity pattern can be correlated to the C5ACn-C5An.2n interval of the GPTS. Our preferred 
correlation shows that the entire succession covers the time interval from 14.0 to 12.3 Ma. We 
date and describe three major paleoenvironmental changes, which can all be related to variations 
in the configuration of the paleo-straits that connected the Eastern Paratethys with the Central 
Paratethys and the Mediterranean. 

The Chokrakian/Karaganian boundary (13.8 Ma) is marked by the replacement of 
endemic marine Chokrakian fauna to low salinity and fresh water Karaganian taxa. A major 
sea level drop related to the global Mi3b cooling event isolated the Eastern Paratethys from the 
influences of the global ocean. The Karaganian successions are transgressive on the marginal 
regions of the Black Sea basin, indicating that the hydrological budget of the Eastern Paratethys 
was positive during this time interval. This created an unidirectional flow of brackish water into 
the easternmost basins of the Central Paratethys, which may have contributed to the formation 
of salt and gypsum during the BSC.

The Karaganian/Konkian transition (13.4 Ma) is marked by renewed marine influxes, 
which ended the isolated position of the Karaganian sea-lake of the Eastern Paratethys. 
Geodynamic changes in the gateway region resulted in the opening of a new gateway: the Barlad 
Strait north of Dobrogea. Faunal exchange with the Central Paratethys indicates a restricted 
two-way connectivity in the early Konkian, while east-west connectivity becomes more intense 
at mid-Konkian times. 

The Konkian/Volhynian boundary (12.65 Ma) is marked by a sudden decrease in 
biodiversity and the disappearance of marine nannofossil and foraminifer assemblages. This 
indicates that connectivity changes between Eastern and Central Paratethys are simultaneously 
causing major paleoenvironmental changes at both sides of the Barlad Strait. We conclude that 
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tectonic widening and deepening of the Barlad Strait generated an effective water exchange 
between the two domains. This increase of connectivity set a complex mixing process in motion 
whereby the heavier marine water from the Central Paratethys sank into the deeper parts of 
Eastern Paratethys, effectively pumping the lighter (brackish) water from the Black Sea to flow 
out westwards over the gateway. A second mixing phase (early Volhynian) occurred once the 
oxygenated light brackish water layer spread, giving place for the deeper anoxic water to upwell 
and cross the gateway into Central Paratethys.  
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Abstract

During the middle Miocene (15-12 Ma), the paleoenvironmental conditions in the 
Paratethys Sea of Central Europe changed from normal marine to hypersaline and to brackish-
marine conditions. These paleoenvironmental changes were previously linked to glacio-eustatic 
sea-level cycles, but recent studies revealed no consistent correlation to global climate curves. 
Water circulation in Paratethys strongly depends on two shallow and narrow gateways that are 
located in tectonically active regions. In this study we combine the conservation of water and salt 
mass with strait-exchange theory in order to quantitatively link freshwater surface forcing and 
gateway dimensions to the observed environments. We confirm that the proposed sea-level drop 
of 50–70 m at 13.8 Ma could restrict the western gateway to the Mediterranean to such an extent 
that halite forms in the Central Paratethys. Subsequently, the progressive opening of the eastern 
gateway to the Black Sea led to a decrease in lake-level, exposure of the shallow margins, and a 
reduced surface area of the Eastern Paratethys; then less evaporation could occur despite constant 
freshwater influx from rivers, resulting in a positive fresh water budget and reduced salinities 
in the Central Paratethys. This provides a novel physics-based explanation for the change from 
evaporitic to marine to brackish water conditions in a marginal basin.

Picture left | Ephemeral crystal of halite from the walls of a salt cave. Rock salt (halite) precipitates in 
spectacular crystals from the drops of brine in the humid atmosphere of the salt caves.
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5.1. Introduction

Interpreting the effects of opening or closure of marine gateways on paleoenvironmental 
change has a long history. Famous examples are the opening of the Drake passage between South 
America and Antarctica at ~41 Ma (Scher et al., 2006), the closure of the Tethys Seaway between 
Arabia and Eurasia at ~17 Ma (Harzhauser and Piller, 2007), the isolation of the Mediterranean 
during the Messinian between 8–5 Ma (Flecker et al., 2015), and the establishment of the Panama 
Isthmus between North and South America around 3.0 Ma (Bartoli et al., 2005). Such changes 
in marine gateway configuration have profound influence on water circulation and consequently 
on regional, or even global, climate and environment. 

Marginal marine basins linked to the open ocean by narrow, shallow gateways are the 
most sensitive domains to experience extreme environmental change. The ancient Paratethys 
Sea, covering large parts of Europe and Asia during the Oligo-Miocene, is exceptionally 
suited to study such changes as it was only connected via relatively small straits to the proto-
Mediterranean and thus to the global ocean (Fig. 1). Recent paleogeographic reconstructions 
showed that two gateways where of crucial importance for interbasinal connectivity (Fig. 1); the 
Trans-Tethyan Strait through Slovenia (Bartol et al., 2014) connecting the Central Paratethys 
with the Mediterranean and the Bârlad Strait in east Romania connecting the Central and 
Eastern Paratethys (Palcu et al., 2017). During the middle Miocene, the Central Paratethys 
experienced a period of hypersaline conditions (with halite deposition) during the so-called 
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Figure |5| 1. Regional setting of the Paratethys during the middle Miocene. Indicated are the two relevant 
gateways, the Trans-Tethyan Strait (T) and the Bârlad Strait (B), and some of the sub-basin that illustrate the large 
shallow marginal areas (VB, Vienna basin; PB, Pannonian basin; TB, Transylvanian basin; DB, Dacian basin).
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Badenian Salinity Crisis (BSC, 13.8-13.4 Ma, de Leeuw et al., 2010), open marine conditions 
during the late Badenian (13.4-12.6 Ma, Kovac et al., 2007) and brackish-marine conditions 
during the Sarmatian (12.6-11.6 Ma, Piller and Harzhauser, 2005). These paleoenvironmental 
changes were previously all correlated to seismic sequence boundaries, commonly interpreted as 
sea level low stands (Haq et al., 1988; Piller et al., 2007), but recently it became clear that they 
were mainly controlled by tectonic phases (Palcu et al., 2015; Sant et al., 2017).

Consequently, it was proposed that the opening, restriction and closure of the Paratethys 
gateways could have been a key factor controlling the recorded paleoenvironmental changes in 
these basins, although the exact mechanisms are still poorly understood (Palcu et al., 2015).

Given that the various interpreted environments are associated with different water 
salinities, it would help to have insight from physics as to which salinity is most likely at any 
one point in time. Here, for the first time, we apply theoretical insights to the middle Miocene 
Paratethys in order to quantify if and how changes in the marine gateways and the regional 
freshwater forcing can indeed explain the extreme paleoenvironmental changes in the Paratethys 
domain. Moreover, the outlined mechanism offers new perspectives on other geological events 
(e.g., Messinian Salinity Crisis, Roveri et al., 2014).

5.2. Method

 In modern seaways that connect an enclosed sea to a large ocean, a two-way exchange is 
observed (e.g., Strait of Gibraltar, Bryden and Kinder, 1991; Bosphorus, Lane-Serff et al., 1997). 
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Figure |5| 2. Left: Results of theoretical analysis, showing how the basin salinity changes for various fresh-
water budgets and gateway depths. Letters A-D link middle Miocene Paratethyan environments (i.e., salinity), 
shown in Figure 4 to the central freshwater budget and the depth of the Trans-Tethyan Strait. Right: Simple cartoons 
of enclosed seas. The top cartoon shows a river-dominated basin. It is low in salinity (brackish environment) and is 
therefore low in density, which drives an estuarine exchange with the connected ocean. The bottom cartoon shows an 
evaporation-dominated basin. It is enhanced in salinity (evaporitic) and is therefore greater in density, which drives 
an anti-estuarine exchange with the connected ocean.
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It is driven by the density difference of the two water bodies, which is established due to the 
surface forcing of the enclosed sea. For example, whereas the large evaporation rate at the surface 
of the Mediterranean Sea forces its salinity (i.e., density) to be greater than that of the Atlantic 
Ocean (e.g., Bryden and Kinder, 1991; Fig. 2F), the runoff-dominated Black Sea sustains lower 
salinities than the Mediterranean (e.g., Lane-Serff et al., 1997; Fig. 2E). Although the record of 
the salinity changes through time is well established for the middle Miocene Central Paratethys, 
neither the gateway sizes nor the climatic forcing are well constrained. Therefore, in this study, 
we consider a generalized box-model of a semi-enclosed sea (Fig. 2E and 2F). Together, the 
conservation of water and salt yields, 

Qout = Qin + CBasin = Qin*SOcean/SBasin,      (1)

which can be combined with hydraulic control theory for the behaviour of the gateway 
(see Supplemental Material), 

Qin
2 + Qout

2 = k * h3 * (SBasin - SOcean),     (2)

to factor out the influx (Qin) and outflux (Qout) at the gateway:

 (SOcean
2 + SBasin

2) * |SBasin – SOcean|
-3 = k * h3 * CBasin

-2   (3)
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This allows us to link the freshwater budget (CBasin) of an enclosed sea and the gateway 
depth (h) to the corresponding basin salinity (SBasin); plotted in Fig. 2. The constant k (in equations 
2 and 3) is dependent on other gateway related parameters, such as width or inflow/outflow 
interface position; please see the Supplemental Material for details. In our double gateway setting 
the conservation of water of the Central Paratethys has:

QCM = QMC + CC + QCE – QEC = QMC + CC + CE.   (4)

QXY refers the water flux from basin X to Y; CC and CE are the freshwater budgets of 
the central and eastern basin, respectively. Eq. 4 shows that the exchange at the Trans-Tethyan 
Strait is independent of the rate of the exchange at the Bârlad Strait. It only depends on the 
net exchange at the Bârlad Strait, which is equal to the freshwater forcing across the eastern 
Paratethys (CE). Likewise, the salinity of the Central Paratethys (SC) can be expressed in terms of 
only the Trans-Tethyan influx (QMC), outflux (QCM) and the Mediterranean Salinity (SM):

SC= SM*QMC/QCM.       (5)

This is crucial, because it justifies applying our theoretical insights of Fig. 2 to the Central 
Paratethys. In this case, it is important that the freshwater budgets of two basins are combined 
(CC + CE), because that will determine the relative importance of Trans-Tethyan influx and 
outflux and therefore the salinity of the Central Paratethys.

The geometry of the Trans-Tethyan Strait was probably more complex than a simple, 
hydraulic-controlled sill (which is used to calculate the depth in Fig. 2; see Supplemental Material 
for further details). Fig. 2 may still be applicable to the Trans-Tethyan Strait if we assume that 
somewhere along the strait a constriction existed controlling the water exchange.

5.3. Results and analysis

5.3.1. Regional climate control on basin salinity

For any constant gateway size (e.g., vertical dotted line, Fig. 2) basin salinity can change 
drastically with regional climate. If the freshwater budget of the basin is neutral (i.e., evaporation 
is in balance with precipitation and river input), the salt concentration is close to open marine 
conditions and the inflow is comparable to the outflow (Fig. 2C). If the freshwater budget is 
positive (i.e., precipitation and river input dominate over evaporation, top half of Fig. 2), the 
environment is brackish; this setting is sustained by an estuarine exchange regime. The weaker the 
marine influx is relative to the basin outflux, the fresher are the water conditions. For a negative 
freshwater budget (i.e., evaporation dominates over precipitation and river input, bottom half of 
Fig. 2), the environment is hypersaline; here an anti-estuarine exchange is active. The stronger 
the marine influx is relative to the basin outflux, the saltier are the water conditions; if exchange 
is heavily reduced, evaporites may deposit (e.g., halite at ~ 350 g/l; Warren, 2016).

5.3.2. Gateway control on basin salinity

The relative importance of influx and outflux depends on the gateway dimensions (e.g., 
Simon and Meijer, 2015). A constant negative freshwater budget (horizontal dotted line at -0.1 
Sv, Fig. 2) in combination with a deep gateway sustains environments close to open marine 
conditions. For shallower gateways the outflux decreases relative to the influx, which leads to a 
greater basin salinity. Similarly, a constant positive freshwater budget (Fig. 2, horizontal dotted 
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line at 0.1 Sv, Fig. 2) sustains open marine conditions for a deep gateway and brackish conditions 
for a shallow one. However, it is important to realise that a transition from evaporitic to brackish 
environments or vice versa cannot purely be explained by a different gateway size; the regional 
climate has to switch sign in order to make such an extreme change.

5.4. Discussion

We can infer that in order to have the central basin change from marine conditions to 
halite saturation during the BSC (~13.8 Ma), the overall Parathethys freshwater budget must 
have been negative, even though with our current knowledge of the region we cannot say just 
how negative. If this negative budget was approximately constant during this transition, the 
Trans-Tethyan Strait must have become restricted, for example, by a global sea-level drop (e.g., 
de Leeuw, 2010; 50-70 m, Fig. 2 A to B). The evolution from evaporitic via marine to brackish 
conditions in the central basin (~13.4-11.6 Ma), suggests that the overall freshwater budget 
controlling the Trans-Tethyan exchange switched from negative to positive (Fig. 2).

What mechanism would switch the environment from evaporitic to brackish?

Precipitation over land will be partly absorbed by the soil of the catchment area and 
partly fed into rivers that flow downstream into oceans or lakes. For a constant river run-off (R) 
the relative strength of precipitation (P) and evaporation (E) occurring across the sea surface will 
determine the sign of the freshwater budget:

CBasin = R + areasurface*(P – E)per surface area.    (6)

On the one hand – for a basin in which E is stronger than P across its surface – if the 
surface area increases, CBasin will decrease (more negative freshwater budget). On the other hand, 
if surface area decreases, the CBasin will increase (more positive freshwater budget). This concept 
has been applied to late Miocene basin desiccations in the Mediterranean or Black Sea (e.g., 
Meijer and Krijgsman, 2005; de la Vara et al., 2016).

There are no direct constraints on the magnitude of the middle Miocene freshwater 
budget of the wider Paratethys region. Therefore, we use the present-day Black Sea as an example 
to show how a change in surface area of a marginal basin relates to the balance between freshwater 
input (for example from rivers) and evaporative loss. Today the run-off into the Black Sea is ~ 
0.354*1012 m3/yr and the difference between precipitation and evaporation per surface area is 
~ 0.94 m/yr (de la Vara et al., 2016). For the present-day Black Sea surface area this equates 
to an overall positive freshwater budget of ~ 0.006 Sv (Esin et al., 2010). If the surface area 
were approximately doubled, the budget of the Black Sea would become more negative and the 
environment would change from the present (brackish) setting to an evaporitic one. If the surface 
area were reduced, the freshwater budget would increase (Fig. 3A), which would reverse the effect 
and demonstrates what might have occurred during the middle Miocene in the Paratethys.

Considering the bathymetry (Fig. 1) and the hypsometry (Fig. 3B) of the Eastern 
Paratethys during the middle Miocene, it becomes evident that shallow marginal areas took up a 
large amount of the surface area (following Fig. 1 in Popov et al., 2010). If the sea level dropped 
substantially, the margins of the basin would be subaerially exposed (Fig. 4B-D). This would 
drastically reduce the surface area of the Eastern Paratethys; e.g., a drop of ~70 m would reduce 
the surface area to ~75% (Fig. 3B). This would upset the balance between sea-surface evaporation 
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and runoff and therefore trigger an extreme change to more positive hydrological budgets. Such 
a drastic sea-level drop in the Eastern Paratethys might have been triggered by the opening of the 
Bârlad Strait (Fig. 1), which is further elaborated below.

5.4.1. A physics-justified scenario for the Paratethys throughout the middle Miocene

Based on our model analysis, we can explain how gateway dynamics could have changed 
the regional freshwater budget, leading to extreme paleoenvironmental changes (illustrated in 
Fig. 4).

The combination of a relatively deep Trans-Tethyan gateway (more than 70 m) and 
strong evaporation across the central basin made it possible for normal marine conditions to be 
recorded in the Central Paratethys lower Badenian (e.g. Kovac et al., 2007). At the same time, 
the shallow Bârlad Strait plus a wet climate caused brackish conditions in the Eastern Paratethys 
(regional Chokrakian stage; Popov et al., 2010).

At 13.8 Ma the global climate cooled, triggering a glaciation, which led to a global 
sea-level fall of approximately 50-70 m (John et al., 2004; Fig. 4A - 4B). This drastically re-
duced the Trans-Tethyan Strait to a very shallow depth (Fig. 2A - 2B) and disconnected the two 
Paratethyan basins. The Bârlad Strait may now be considered as “closed” from the eastern basin 
point of view, which turned into a lake that overspilled into the central basin(regional Karagan-
ian stage; Peryt et al., 2004). In the Central Paratethys, the persistent negative budget together 
with the now strongly restricted Trans-Tethyan Strait was capable to create evaporite deposition 
during the BSC. It is important to notice that a 50-70 m sea-level drop also lowered the central 
surface area, which decreased its evaporative loss; however, it still must have remained on the 
negative side in order to trigger evaporite deposition.

After the BSC, global isotope records indicate stable high d18O values (Zachos et al., 
2001), which hints to an ongoing icehouse state and persistent low eustatic sea-level. At 13.36 
Ma, however, the evaporite stage ends and a new wave of marine fauna invades Central Para-
tethys (Figure 4C). TheCentral Paratethys returned to open marine conditions and the eastern 
basin became more brackish. This was followed (at 12.65 Ma, Fig. 4D) by a sudden change to 
brackish-marine conditions in the Central Paratethys that triggered the Badenian-Sarmatian Ex-
tinction Event (BSEE, Harzhauser and Piller, 2007; Palcu et al., 2015). The paleoenvironmental 
expression of the BSC termination and the BSEE may be explained by a progressive opening 
of the Bârlad Strait, which lowered the sea-level of the Eastern Paratethys, reduced its surface 
area (Fig. 3B) and increased the importance of rivers relative to evaporative loss. This excess in 
freshwater fed into the central basin and turned the entire Paratethys freshwater budget from 
a negative (Fig. 2B, 4B), via a neutral (Fig. 2C, 4C) to a positive budget (Fig. 2D, 4D). This 
progressive opening of the Bârlad Strait was likely due to a combination of a long-term tectonic 
subsidence and an oscillating global sea-level (Palcu et al., 2015 and references therein). These 
oscillations may explain the short marine influxes recorded in the eastern basin, because they 
temporarily contributed to an increase in the eastward flow of Central Paratethys water across 
the Bârlad Strait.

During the Sarmatian the fragmentation of the Paratethys continued by uplift of the 
Carpathians and closure of the marine connection to the Mediterranean (Ter Borgh et al., 2013). 
The Central European cluster of Transylvanian and Pannonian basins are dominated by low sa-
linity deposits of Lake Pannon (Magyar et al., 1999); a setting that can be thought of as a precipi-
tation catchment area similar to the present-day Caspian Sea. This effect was further enhanced by 
tectono-sedimentary shrinking of the surface area of the central basin, which reduced the impact 
of evaporation on the overall central freshwater budget, following also the outlined mechanism.
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5. Conclusions

We quantitatively show that the BSC evaporites of the Central Paratethys could have 
been triggered by a global sea-level drop. During the Serravallian, the overall Paratethys freshwa-
ter budget had to switch from negative to positive to cause the Central Paratethys environment 
to change via marine to brackish conditions. We suggest that this switch was caused by the 
opening of the Bârlad Strait (~13.4–11.6 Ma), which lowered the Eastern Paratethys lake-level, 
reduced its surface area, and led to less water loss by evaporation. From a general point of view, 
this novel mechanism could be a plausible explanation for other paleo-events. For example, the 
Mediterranean halite deposition during the Messinian Salinity Crisis (e.g., Roveri et al., 2014) 
could have been terminated by an increased freshwater flux from the Paratethys Sea, that became 
significantly shrunken by the MSC sea-level lowering, thereby increasing its hydrological budget 
(e.g., Marzocchi et al., 2016). Moreover it marks a mechanism that has the potential to play a 
dominant role, not solitarily in past events, but more importantly when considering the fear of 
fast rising sea levels in the near future.
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| The “planted stones” (Pobiti Kamani) from eastern Bulgaria. Bearing the looks of ancient ruined temples, these 
rocks were actually formed by natural processes some fifty million years ago. The rocks formed around methane seeps 
where oxidation processes and microbial activity cemented the sandy sea-bottom around the seeps. Later erosion of the 
unconsolidated sand revealing these natural pipes. The pipes follow alignments that match the main fault lines.
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Abstract

Central Eurasia underwent significant paleoclimatic and paleogeographic transformations 
during the middle to late Miocene. The open marine ecosystems of the Langhian and Serravallian 
seas progressively collapsed and were replaced in the Tortonian by large endorheic lakes. 
These lakes experienced major fluctuations in water level, directly reflecting the paleoclimatic 
conditions of the region. An extreme lowstand of the Eastern Paratethys lake (-300 m) during 
the regional Khersonian stage reveals a period of intensely dry conditions in Central Eurasia 
causing a fragmentation of the Paratethys region. This period of “Great Drying” ended by a 
climate change towards more humid conditions at the base of the Maeotian stage, resulting 
in a large transgressive event that reconnected most of the Paratethyan basins. The absence of 
a robust time frame for the Khersonian-Maeotian interval hampers a direct correlation to the 
global records and complicates a thorough understanding of the underlying mechanisms. Here 
we present a new chronostratigraphic framework for the Khersonian and Maeotian deposits of 
the Dacian Basin of Romania, based on integrated magneto-biostratigraphic studies on long and 
continuous sedimentary successions. We show that the dry climate conditions at the beginning 
of the Khersonian start at 8.6-8.4 Ma. The Khersonian/Maeotian transition is dated at 7.6-
7.5 Ma, several million years younger than previous estimates. The Maeotian transgression 
occurs later (7.5-7.4 Ma) in more marginal and shallower basins, in agreement with the time 
transgressive character of the flooding. In addition, we date a sudden water level drop of the 
Eastern Paratethys lake, the Intra Maeotian Event (IME), at 6.9 Ma, and hypothesize that this 
corresponds to a reconnection phase with the Aegean basin of the Mediterranean. Finally, we 
discuss the potential mechanisms explaining the particularities of the Maeotian transgression 
and conclude that the low salinity and the seemingly “marine influxes” most likely correspond to 
episodes of intrabasinal mixing in a gradual and pulsating transgressive setting.

 Keywords: Paratethys, Messinian, Tortonian, late Miocene, Khersonian, Maeotian, 
biostratigraphy, magnetostratigraphy, marine flooding, paleogeography, climate change, gateway

Picture left | Erosional episodes in the limestones from Tyulenovo, north-eastern Bulgarian coast of the 
Black Sea.  Repeated episodes of drying occurred during late Tortonian in Central Eurasia leaving behind erosional 
features in the sediment succession. 
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6.1. Introduction

A major part of the Earth’s continental surface is represented by endorheic (landlocked) 
and arheic (no apparent drainage) areas (Hostetler, 1995). The formation and evolution of 
endorheic basins is associated with interplays between tectonics and climate. These basins are 
generally found in intracontinental settings and commonly relate to arid environments; they 
are presently collecting only about 2% of global river runoff (Garcia-Castellanos et al., 2003). 
Endorheic basins and their lakes can be highly sensitive to variations in climate and adverse 
anthropogenic activities, such as overexploitation of water resources that affect the water inflow/
outflow balance (e.g., Yapiyev et. al., 2017). A positive water balance will expand the lakes until 
equilibrium is found, while a negative balance will reduce and potentially fragment the lakes. 

Half of the endorheic surface on the planet and most of the world’s terminal lakes are 
presently located in Central Eurasia, where they prove to be excellent recorders of hydrological 
changes (e.g., Yapiyev et. al., 2017). The Caspian Sea, world’s largest endorheic lake, has 
exhibited sea-level variations of ~4m in the last 100 years, while the Aral Lake has lost 90% of 
its size in the last 50 years (Kroonenberg et al., 1997, 2000; Firoofzar et al., 2012). These basins 
are remnants of an ancient epicontinental sea called Paratethys (Laskerev, 1924). During the 
Oligocene to middle Miocene, the Paratethys Sea was connected to the global ocean via a series 
of interconnected basins with shallow sills (Harzhauser et al., 2002; Palcu et al., 2017). Tectonic 
uplift of the Alpine-Carpathian mountain system was largely responsible for the progressive 
restriction and complete isolation of the Paratethys domain during the middle-late Miocene 
(Kovacs et al., 2007; 2017; ter Borgh et al., 2013). In the Tortonian, Paratethys fragmented into 
two large endoreic lakes, Lake Pannon in central Europe (Magyar et al., 1999; 2013) and the 
Eastern Paratethys lake system that extended from Romania in the west to Turkmenistan in the 
east (Popov et al., 2004; 2006). The Eastern Paratethys Lake experienced major fluctuations in 
water level, reflecting the paleoclimatic changes that occurred in Eurasia. 

In the late Miocene, open steppe landscapes developed in Central Europe, which gradually 
migrated eastwards (Schchekina et al., 1979; Ivanov et al., 2011). During the regional Khersonian 
substage (~9-8 Myr ago), these landscapes became increasingly xerophitic suggesting a declining 
precipitation trend in the Paratethyan realm (Ivanov et al., 2011; Ivanov and Koleva-Rekalova, 
1999; Stuchlik et al., 1999; Ivanov et al., 2002; Böhme et al., 2008; Böhme et al., 2011). A 
dry climatic belt was established north-northeast of the Carpathians, gradually spreading to the 
south, towards the Euxinic Basin, and later occupying the southern parts of the Dacian Basin 
and the Pannonian Basin (Ivanov et al., 2011). Paratethys suffered from this dry period, which 
caused a major regression that split the basin into several smaller subbasins (Kojumdgieva, 1983; 
Popov et al., 2010). Some of these subbasins became freshwater systems (Dacian Basin, Kuban 
Basin), while others became aberrantly brackish (Black Sea region) containing specific halite 
impoverished brine sediments produced by chemical precipitation of aragonite muds in warm, 
shallow-water conditions (Koleva-Rekalova, 1994; Ivanov and Koleva-Rekalova, 1999; Ivanov et 
al., 2002, 2007c).

The Maeotian transgression, possibly originating from the Mediterranean, reconnected 
the Paratethys basins again (Rögl, 1999), putting an end to the late Miocene dry and endorheic 
phase in Central Eurasia. The age of the Meotian transgression is seriously disputed with ~4 Myr 
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age discrepancies between the different models (11.6 Ma - Moghadam et al., 2013; 10.5Ma - 
Rogl et al., 1998; Matenco et al., 2003; 9.8Ma - Semenenko et al., 2009; Gozhyk et al, 2015; 
9.5Ma - Nevesskaya et al., 2002; 8.85Ma – Andreescu, 2009; 8.6 Ma - Vasiliev et al., 2011; 
7.6 Ma - Trubikhin, 1989; Radionova et. al., 2012) and the underlying tectonic or climatic 
triggering mechanisms are therefore still unexplained.

In this paper, we present a revised chronological framework for the upper Khersonian and 
Maeotian stages of Eastern Paratethys by applying integrated magneto-biostratigraphic dating 
to sections from the Dacian Basin of Romania. The magnetostratigraphic patterns from other 
independently dated sections in the Dacian and Black Sea basins are tentatively recalibrated to 
the new time frame. The resulting new age model allows us to date the main events in the late 
Miocene paleogeographic evolution of Eastern Paratethys, which are discussed from a eustatic 
and basin connectivity evolution point of view.
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6.2. Geological background

At the beginning of the Oligocene, the northern branch of the Tethys Ocean lost its 
full connection with the global ocean and specific endemic fauna as well as water stratification 
and anoxia developed (e.g., Schultz et al., 2005; Van der Boon et al., 2018). Laskarev (1924) 
introduced the name Paratethys for the Neogene records of this realm, which was later extended 
in time to cover the Oligocene as well (Baldi, 1980, Rusu, 1988). Paratethys was a heterogeneous 
system of epicontinental seas and lake-seas that at its peak development, during the early 
Oligocene, stretched from the region north of the Alps, over Central Europe to Central Asia. 
Progressively, these basins became fragmented, isolated and filled with sediments as a result of the 
continental collision between Africa-Arabia and Eurasia (Rögl 1998). Periods of expansion to a 
large brackish sea (e.g. Rögl, 1998; Popov et al., 2006) and periods of fragmentation into smaller 
sub-basins (Kojumdgieva, 1983), accompanied by significant eustatic fluctuations (up to ~300m 
according to Popov et al., 2010) characterized Paratethys during the late Miocene. 

Endemic ecosystems developed in both Central (Pannonian-Transylvanian) and 
Eastern Paratethys (Black Sea-Caspian Sea domain) that had little resemblance to the global 
ocean records. Consequently, regional stratigraphic scales were developed for both the Central 
and Eastern Paratethys domains, including regional stages that are defined on the basis of 
characteristic endemic (mainly mollusks and ostracods) faunal assemblages (e.g. Steininger et al., 
1996; Nevesskaya et al., 2002). Stratigraphic correlations to the standard Geological Time Scale 
(GTS) are generally problematic (Piller et al. 2007). In the absence of reliable biostratigraphic 
correlations, independent magnetostratigraphic and radio-isotopic age determinations became 
crucial for direct correlations of the Paratethyan records to the GTS (Vasiliev et al. 2004, Vasiliev 
et al. 2005, Hohenegger et al. 2009, Krijgsman et al. 2010, Vasiliev et al. 2010, Paulissen et al. 
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Figure |6| 2. Late Miocene stratigraphy of the Mediterranean, Central Paratethys (Hilgen et al., 2012, 
Palcu et al., 2015, Palcu et al., 2017) The colours corresponding to the Eastern Paratethys stratigraphy represent 
environments: orange - continental and the tints of blue are representing the marine and semi-marine (brackish) 
environments.
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2011, Vasiliev et al. 2011, Reichenbacher et al. 2013, ter Borgh et al. 2013, Van Baak et al. 2013, 
Palcu et al. 2015, Sant et al. 2017, Palcu et al. 2017). 

6.2.1. Paratethys stratigraphy

The Tortonian and Messinian stages of the Mediterranean correspond to the Sarmatian 
s.l., Maeotian and Pontian stages (Fig. 2) of the Eastern Paratethys. The Sarmatian (Fig. 2) 
regional stage was introduced by Suess (1866), based on his observations of highly endemic 
faunas in the Vienna basin sediments and the correlations to the faunas from the area north of 
the Black Sea. The Sarmatian deposits of the Vienna basin are relatively short-lived as the region 
became isolated at the beginning of the Tortonian forming Lake Pannon (11.6 Ma; Paulissen 
et al., 2011; ter Borgh et al., 2013). In Eastern Paratethys, Sarmatian-type of depositional 
environments continued much longer in time resulting in two awkwardly different definitions 
for the Sarmatian:  a Sarmatian sensu-strictum (s.s.) and a Sarmatian sensu-lato (s.l.). The Sarmatian 
s.l., applicable only to the Eastern Paratethys, was again divided into lower, middle and upper 
Sarmatian substages by Andrusov (1899). These substages were later renamed Volhynian, 
Bessarabian and Khersonian by Simionescu (1903). Due to the inherent correlation issues, it was 
strongly advised to abandon the use of the term “Sarmatian” in Eastern Paratethys stratigraphy 
and follow the substage terminology there (Lukender et al, 2011; Harzhauser and Piller 2004a, 
b). In this study, we will employ the terms Bessarabian and Khersonian, the Sarmatian-Maeotian 
boundary being thus referred to as the Khersonian/Maeotian boundary.

The Bessarabian (originally referred to as Basarabian by Simionescu, 1903) represents 
the peak development of the Sarmatian endemic faunas, characteristic for low salinity (Ionesi 
et al., 2005), in the context of a significant expansion of Paratethys (Popov et al., 2004). The 
Khersonian substage (originally referred to as Hersonian by Simionescu, 1903; and also referred 
to as Kersonian or Chersonian by other authors) covers a predominantly regressive phase 
marked by the expansion of continental deposits and a fragmentation of the Paratethys basin 
(Kojumdgieva, 1983). Impoverished faunal assemblages (Ionesi et al., 2005) and diverse, fresh 
water to hypersaline environments characterize this substage. The end of the Khersonian is 
marked by a major lake regression: the Eastern Paratethys water level dropped 200-300m (Popov 
et al, 2006; Tugolesov et al., 1985; Robinson, 1997) exposing large swathes of the shelf that 
consequently became eroded. The northern Black Sea shelf became exposed and incised by rivers 
in large systems of canyons, such as the > 150km long Burukshun canyon in southern Russia 
(Popov et. al., 2010).

The Maeotian stage, also referred to as Meotian, was created by Andrussov (1890) 
to describe the transitional layers between the Sarmatian s.l. and the Pontian, which contain 
both brackish and marine faunal elements. The Maeotian begins with a strong transgression, 
estimated at ~300m by Popov et al. (2010), that reached its maximum flooding level in the 
late early Maeotian (Stevanovich & Ilyina 1982, Nevesskaya et al. 1986). The upper Maeotian 
deposits are less widespread and contain evidence of faunal exchange with the Mediterranean. 
The connection to the Mediterranean was probably via the Aegean region (North Greece, Serres, 
Dafni Formation), where mollusk associations are very similar to the lower Maeotian mollusks 
(Stevanovich & Ilyina 1982, Popov & Nevesskaya 2000). These Mediterranean faunal elements 
are also found in the Maeotian successions of the Dacian Basin of Romania (Pană et al, 1969). 
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6.2.2. The Dacian Basin

The Dacian Basin, located in between the Southern Carpatians, the Pre-Balkan area 
and the Dobrogea High, evolved as a paleogeographic entity after the isolation of the Central 
Paratethys (Pannonian and Transylvanian basins) from the Eastern Paratethys at 11.6-11.3 Ma 
by tectonic uplift of the Carpathian Mountains (Saulea et al., 1969; Vasiliev et al., 2010; Ter 
Borgh et al., 2013a). The Carpathian Mountains were also the main source area of the thick 
middle Miocene deltaic units that onlap the northern margin of the basin (Marinescu, 1978; Jipa 
et al., 2011; Ter Borgh et al., 2013b). During the middle Miocene considerable tectonic activity 
took place in the area; thrusting was occurring in the Carpathian Mountains, and a strike-slip 
fault with significant amounts of normal displacement was active near the basin margin. Tectonic 
activity largely ceased in the western part of the basin (Getic Depression) at the end of the middle 
Miocene, and other factors that affect relative sea and lake levels, such as climate and basin 
connectivity, gain importance. The late Miocene sedimentary successions are unconformably 
overlying the tectonically tilted middle Miocene (Badenian-Sarmatian) conglomerates (Jipa and 
Olariu, 2013; Ter Borgh et al., 2014). The late Miocene time interval in the western part of the 
Dacian Basin is thus represented in the post-conglomeratic sequences that comprise parts of the 
Maeotian stage and the complete Pontian stage (Stoica et al., 2013). In the eastern part of the 
Dacian basin, the Focşani Depression comprises the thickest Neogene sedimentary cover of the 
Dacian Basin, approaching ~13 km (Tarapoanca et al., 2003). Excellent exposures are on the 
western flank of the basin along the almost continuously outcropping river sections (Andreescu 
and Papaianopol, 1970; Andreescu, 1973, 1975; Andreescu and Ticleanu, 1976; Vasiliev et al., 
2004). These sections consist of upper Bessarabian–Maeotian alternating shallow sandstones and 
shales (Saulea et al., 1969) and in the upper part (Pontian to Romanian) of shales, siltstones, 
sandstones and coals (Pana, 1966; Grasu et al., 1999; Panaiotu et al., 2007). Previous seismic 
interpretations and magnetostratigraphic studies indicate that the late Miocene to Pliocene 
sedimentary successions are rather continuous without major hiatuses and unconformities 
(Tărapoancă et al., 2003; Vasiliev et al., 2004; Van Baak et al., 2016). 

6.3. Sections; lithology and paleontology

Here we focus on determining the age of the Khersonian/Maeotian and lower/
upper Maeotian boundaries in two composite key sections located in the Dacian basin: the 
Rușavățu-Ursoaia section in the Focşani Depression and the Cerna and Cernișoara sections in 
the Getic Depression, more to the west (Fig. 1). These sections contain long and continuous 
sedimentary successions comprising Khersonian, Maeotian and Pontian deposits that permit 
extensive correlations with other sections inside the Dacian Basin and outside, in the Black 
Sea and Indol-Kuban (Azov) basins. Both the Rușavățu-Ursoaia and the Cerna-Cernișoara 
sections were logged in detail and sampled for biostratigraphic, paleomagnetic and geochemical 
purposes. Biostratigraphically we focus on mollusk and ostracod assemblages that can be used 
to identify and locate the stage boundaries and to provide supplementary information on the 
environmental changes in the basin. In Cerna-Cernișoara, our biostratigraphic study is strictly 
directed on locating the basal Maeotian levels while in Rușavățu the focus is on developing a 
detailed distribution chart of foraminifera and ostracods. Macrofossils are well preserved in the 
relatively shallow Rușavățu-Ursoaia sections from the beginning of the Maeotian upwards. These 
fossils are extensively described in the studies of Pană et al., (1969) and were used as reference 
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Figure |6| 3. Bio-litho-stratigraphic overview of the Rușavățu river section
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for logging the Rușavățu section. Macrofossils are fully absent in the Cerna-Cernișoara section, 
probably because the depositional environment is too deep and partly anoxic.

6.3.1. The Rușavățu-Ursoaia section

The Rușavățu syncline sections preserve a very rare, rather complete lithological succession 
of middle-upper Miocene age, outcropping along the valleys of the Rușavățu and Ursoaia 
streams (Fig. 3). The syncline functioned as a piggyback basin starved of sediments for most of 
its middle Miocene evolution. The key section is located on the Rușavățu river (45°15’57.81”N/ 
26°25’31.91”E), downstream from the Grădina Corbilor (Ravens Garden) hill. The sedimentary 
succession consists of sands and silts of Bessarabian age, continental deposits covering most of 
the Khersonian, lacustrine-semi-marine deposits of Maeotian age and marine–semi-marine clays 
of lower Pontian age. The upper Maeotian is not completely accessible, thus a secondary section 
located on the neighboring Ursoaia valley (45°15’28.01”N - 26°26’57.69”E) has been sampled 
to increase the sampling resolution and to complete the magnetic polarity pattern. 

The Bessarabian deposits are well exposed in the Rușavățu valley and are characterized 
by clays and marls, rich in genus Ceritium and Cardium, with ripple marks in the base, thick 
monotonous grey marls in the middle, and sands intercalated with silts rich in fossils of the genus 
Mactra, Cardium and Tapes at the top. Small angular unconformities are present in the upper 
part.

The Khersonian deposits are more diverse. They begin with sandstones and marls with 
wave ripples. This coarser facies contains alternating sands and sandstones as well as two levels 
with small channel cuts (Fig. 3a), separated by grey marls and filled with conglomerates. The 
conglomeratic levels, 1m and 3m thick, consist in fragments of sedimentary rocks of Paleogene –
Early Miocene age.  Most of the Khersonian is represented by a succession of continental deposits 
dominated by paleosoils with colors that vary from green to yellow and dark reddish-brown (Fig. 
3c). The paleosoils are occasionally interrupted by whitish silts in the lower part, purple-green 
sands and microconglomerates in the middle part, and whitish-brown sands in the upper part.

The Maeotian starts with dark-grey clays that follow directly on top of the paleosoils. The 
base of the Maeotian is marked by the so-called “Congeria clays” (1441-1446m, Fig. 3b), starting 
with a 0.2m thick clay bed that contains only uncarenated Congeria shells (ex. gr. modioliforms). 
Upwards these are replaced by Unio, Viviparus (freshwater taxa) and then followed by Littorina 
banatica Jek., L. poliţioanei, Pseudamnicola sp., Hydrobia vitrella Ştef.. In this latter unit, the bryozoa 
Membranipora sp. and the benthic foraminifer Ammonia beccarii Linne., have also been described. 
The next package (1446-1480m) begins with coarse sands with Hydrobia sp. at the base, followed by 
a middle unit of anoxic marls that are followed, in turn, by a package of silty marls. The following 
unit (1480-1510)m, Fig. 3d) is made of fine, brown-grey sandy marls, sands and sandstones. At the 
base (1483m), a marker level characterized by carinated Congerias (Fig. 3e) stands out. This marker 
level can be followed throughout the region. The rest of the unit is characterized by silts, sands and 
poorly cemented sandstones with Unio sp. and Theodoxus sp.. The upper part of the lower Maeotian 
(1510-1539m) consists of alternations of anoxic clays, sandy marls and sands rich in fauna. Four 
faunal reference levels are observed: a) Ervilia minuta and Dosinia maeotica sandstones; b) Pirenella 
sandy marls; c) Dosinia maeotica coquina (Fig. 3f ) and d). S. tellinoides in coarse dark sands rich in 
Hydrobia (Pană et al., 1969). 

This fauna trend indicates that salinity values, although fluctuating, increase (to >15‰) 
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towards the end of the lower Maeotian. The top of the lower Maeotian (1539m) shows an abrupt 
ending of the higher salinity fauna. 

The sediments of the upper Maeotian are characterized by low salinity faunistic elements 
that begin at 1539m. Coarse-grained sediments characterize the first 20m of the upper Maeotian 
succession (1539-1559m), often with soft deformation patterns in the finer levels (Fig. 3g). These 
levels consist of thick sand packages, occurring in alternations with poorly cemented sandy levels, 
sandstones, dark coarse silts or loose sands with well-rounded concretions. Faunistically, this interval 
is characterized by the presence of intact freshwater mollusk shells (eg. Unio sp., Fig. 3i) and shell 
fragments from brackish taxa (eg. Dosinia maeotica, Paphia sp.) 

The coarse levels at the base of the upper Maeotian correspond to an important 
paleoecological change in the basin, defined as the IntraMaeotian Event (IME), placed at the 
sharp transition from brackish to low salinity-freshwater environments (Pană et al., 1969).

The upper Maeotian (1559-1668m) succession consists of a monotonous package 
of marls and sands, occasionally interrupted by subordinate oolitic sands and a red-brownish 
microconglomerate rich in andesitic clasts (Fig. 3j). The top of the Maeotian succession is located 
below by two coquina levels with fragments and shells of Congeria novorossica (1668 m). The 
conformably overlying Pontian sediments show a shift towards finer-grain size, consisting in silty 
clays with abundant C. novorossica shells. These are poorly exposed in the Rușavățu section but 
can also be found upstream of Ursoaia village, in the valley of the Ursoaia stream.  

6.3.2. The Cerna-Cernișoara section

The Cerna and Cernișoara sections (Fig. 4) preserve relatively deep-facies deposits of 
middle-late Miocene age, cropping out along the valleys of the Cerna and Cernișoara (also 
referred to as Mădulari by Vasiliev et al, 2005) rivers. The sediments consist of massive and 
laminated clays of Khersonian and early Maeotian age and sands of late Maeotian age. The 
Cerna section has been sampled between the villages of Stroești (45°5’32.23”N/ 23°53’52.48”E) 
and Cireșu (45°3’28.65”N/ 23°54’54.34”E) while the parallel Cernișoara section has been 
sampled between the villages of Obârșia (45° 4’21.47”N/ 23°58’47.29”E) and Cernișoara (45° 
3’43.07”N/ 23°59’5.13”E). Both sections display similar lithology and can be correlated based 
on lithological characteristics.

The Bessarabian-Khersonian deposits are hard to differentiate, as macrofossil content is 
scarce in both sections. Lithological changes and sedimentary events (slumps) deliver a basic 
reference frame supported by microfossil assemblages. We follow here the lithological description 
of Fongngern et al. (2017) and aim to improve it with additional micropaleontological 
information. The undifferentiated upper Bessarabian and Khersonian deposits consist of massive 
dark clays and laminated, diatom rich, clays both occasionally interrupted by centimeter thick 
carbonate concretions. The succession is quite monotonous except for an instability level (5m 
thick landslide of slumped sediments) and a 20-30 cm thick ash layer that occurs in the lower 
part of the sampled interval of the Cerna section (~160 m). The ash layer was recently dated by 
the U-Pb technique at ~8 Ma (Fongngern et al., 2017). Sulphide and jarosite coatings in the dark 
clays of the uppermost Khersonian suggest widespread anoxia at the end of this substage.  

A significant lithological shift, from dark anoxic clays to light grey clays with levels rich 
in microclasts (190 m), is correlated to the base of the Maeotian (180-190 m). Upwards in the 
successions, the microclasts levels merge into small mass transport packages that alternate with in 
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situ deposition. Changes in lithology, from dark to light-fine laminated clays continue to occur 
throughout the succession, and bedding orientation remains constant until the marked mass 
transport level (~440 m) that marks the Intra Maeotian Event (IME) at the end of the lower 
Maeotian. The upper part of the sections contains sediments of upper Maeotian age, mostly 
massive sands that overlie the slumps. A sedimentation gap separates the upper Maeotian from 
the younger Pontian deposits.

6.3.3. Ostracod biostratigraphy 

The ostracod fauna from the Khersonian-Maeotian deposits of the Rușavățu section 
display a temporal distribution influenced by frequent environmental changes, mainly in 
salinity and water depth. (Fig. 5). The Khersonian part of the section shows a very poor ostracod 
assemblage indicative of a predominantly terrestrial environment. Some lacustrine–brackish 
water intercalations in the uppermost Khersonian provided an ostracod association dominated 
by the euryhaline species Cyprideis torosa. 

An important event took place at the Khersonian/Maeotian transition (1440-1450 m), 
revealing an increase in brackish-marine ostracod species such as Loxoxoncha mulleri, L. aff. 
mulleri, Maeotocythere aff. maeotica, Hemicytheria aff. magna, Hemicytheria maoetica together with 
Cyprideis torosa (Fig. 5,6,7). Benthic calcareous foraminifera like Ammonia beccarii, Porosononion 
sp. are also frequent at the same stratigraphic level. These ostracods and foraminifera suggest an 
influx of saline waters took place at the base of the Maeotian, changing the depositional conditions 
to shallow brackish water with salinities of approximately 10-12 g/l. The hemicytherids, as well 
as some loxoconchid ostracods identified at Rușavățu are also known to have existed in large 
numbers in the endemic Pannon Lake during the Pannonian regional stage (<11.6 Ma) (REF). 
The presence of these species at this particular interval confirm that a connection between the 
Pannon Basin and the Dacian Basin was established during the lower Maeotian transgression 
event (e.g., ter Borgh et al., 2014).

The Maeotian flooding event is followed by a more restrictive period when brackish 
environments are replaced by a more proximal or terrestrial setting where ostracods are absent 
(1450-1475). A new rejuvenation of ostracod fauna took place in the middle part of the lower 
Maeotian (1475-1500), possibly related to a second salinity increase. Besides the species mentioned 
above, other brackish water ostracods occurred for the first time in the section: Loxoconcha aff. 
kochi, Euxinocythere praebosqueti, Amnicythere cymbula, Xestoleberis maeotica, Cyprinotus sp.. This 
second level rich in brackish ostracods contains also calcareous benthic foraminifera, Ammonia 
and Porosononion species, as well some planktonic globigeriniid species.

The upper Maeotian (1540-1670 m) is dominated by fresh water environments with 
some brackish intercalations. The fresh water intervals contain ostracod associations dominated 
by candonids, juveniles or fragments of Candona sp., Pseudocandona, Candona aff. ricca, 
Fabaeformiscandona sp., together with rare Ilyocypris sp., Darwinula stevensoni, Zonocypris 
membranae, Limnocythere sp.  Brackish intercalations contain species of Loxoconcha, mainly L.aff. 
mulleri, L. aff kochi, L. aff. rugosa, Euxinocythere praebacuana, Amnicythere sp., A. crebra as well as 
Mediocytherideis apatoica and M. sp. This typical upper Maeotian ostracod assemblage is replaced 
by Pontian ostracod fauna, mainly of Pannonian type, after the Pontian flooding event of the 
Eastern Paratethys at 6.1 Ma (e.g., Krijgsman et al., 2010; Floroiu et al., 2011; Stoica et al., 2013; 
Van Baak et al., 2016; 2017).
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Figure |6| 4. Bio-litho-stratigraphic overview of the Cerna and Cernișoara river sections
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Figure |6| 5. The micropaleontological fauna from Rușavățu, correlations with the mollusk records (Pană, 
1969). CS-continental, BS-Black Sea basin influnece, MED-Mediterranean influence.
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Figure |6| 6. Representative ostracods  from Maeotian -Rusavat Section.( (LV-left valve, RV-right valve, C – 
carapace): 1-6. Cyprideis torosa ( Jones), smooth specimens; 1. LV, external view; 2. RV, external view; 3. C, view from 
RV, male; 4. RV, view from RV, female; 5. C, dorsal view; 6. C, ventral view. 7-10. Hemicytheria aff. magna Olteanu; 
7. LV, external view; 8. RV, external view; 9. C, dorsal view; 10. C, ventral view. 11-14. Hemicytheria aff. maeotica 
Olteanu; 11. RV, external view; 12. RV, external view; 13. C, dorsal view; 14. C, ventral view. 15, 16. Loxoconcha  
mulleri (Méhes); 15. C, view from RV; 16. C, view form LV. 17, 18. Loxoconcha  aff. mulleri (Méhes); 17. LV, external 
view, female; 18. LV, external view, male. 19-22. Loxoconcha  aff. kochi  Méhes; 19. C, view from RV; 20. C, view from 
LV; 21. C, dorsal view; 22.C, ventral view. 23-26. Maetocythere aff maeotica Livental. 23. LV, external view; 24. RV, 
external view; 25. C, dorsal view; 26. C, ventral view. 27-29. Amnicythere cymbula (Livental); 27. LV, external view; 
28. RV, external view; 28. C, dorsal view; 29. C, ventral view.
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Figure |6| 7. Representative ostracods  from Maeotian -Rusavat Section.((LV-left valve, RV-right valve, C – 
carapace): 1, 2. Euxinocythere aff. praebosqueti  Suzin. LV, external view , male.; 2. RV, external view. 3, 4. Amnicythere 
sp.; LV, external view; 4. RV, external view; 5-8. Euxinocythere aff. praebacuana (Livental); 5. LV, external view; 6. RV, 
external view; 7. C, dorsal view; 8. C, ventral view. 9-11. Mediocytherideis apatoica (Schweyer); 9. LV, external view; 
10. RV, external view. 11. C, ventral view. 12-14. Mediocytherideis sp.; 12. LV, external view; 13. RV, external view; 14. 
C, dorsal view. 15-17. Xestoleberis meotica Suzin; 15. C, view from LV; 16. C, view from RV; 17. C, ventral view. 18-20. 
Cyprinotus sp.. 18. C, view from LV; 19. C, view from RV; 20. C, dorsal view. 21-24. Candona sp., different juvenile stages. 
25, 26. Candona aff. ricca Stancheva; 25. LV, external view; 26. RV, external view. 25. Ilyocypris sp., RV, external view. 26. 
Darwinula stevensoni (Brady & Robertson), LV, external view. 27-30. Ammonia beccarii.
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6.4.     Magnetostratigraphy 

6.4.1. Methods

The Rușavățu-Ursoaia and Cerna-Cernișoara sections were sampled at a resolution that 
varies from centimeters to meters-scale with a hand-held electric drill and a petrol drill using water 
as a coolant. For the purpose of this study, rock cores were collected from a total of 554 levels (209 
from Rușavățu-Ursoaia, 234 from Cerna and 111 from Cernișoara). The cores were oriented by 
measurements of drill dip and drill direction, performed with a magnetic compass, corrected for 
the local magnetic declination of the sites (5°). Thermomagnetic runs in air were performed in 
the Fort Hoofddijk paleomagnetic laboratory to understand the nature of the magnetic carriers. 
The thermomagnetic measurements were conducted with a modified horizontal translation-type 
Curie balance with a sensitivity of ~5×10-9Am2 (Mullender et al., 1993). A field, cycled between 
100mT and 300mT, was applied on powdered sediments (~70mg). Multiple heating runs (6°/
min) and cooling runs (10°/min) were performed between room temperature and steps of 150°, 
250°, 350°, 450°, 525° and 700°C.

Thermal and alternating field demagnetisation techniques were applied to isolate the 
characteristic remanent magnetization (ChRM). The Natural Remanent Magnetisation (NRM) 
was measured using a 2G Enterprises DC Squid cryogenic magnetometer (noise level of 3*10-
12Am2). Heating was performed in a laboratory-built, magnetically shielded furnace, with a 
residual field less than 10nT. The thermal steps are customized based on the behavior of the 
magnetic carriers during the thermomagnetic runs. The temperature increments are relatively 
small (10-30˚C) in the interval between 100˚ and 390˚C. Above 400˚C, the oxidation of pyrite 
leads to the formation of additional secondary magnetic minerals (magnetite). Alternating 
field demagnetisation was also performed, either in association with thermal demagnetisation, 
to further demagnetize thermally treated samples, or as a stand-alone method on pristine 
samples. Small field increments, up to a maximum of 100mT, were applied with an in-house 
built robotized sample handler, attached to a horizontal 2G Enterprises DC SQUID cryogenic 
magnetometer (Mullender et al., 2017).

6.4.2.  Results

The thermomagnetic runs in air show three types of magnetic behavior. Samples of type 
1 mostly show a stable decay of magnetization up to a temperature of 580˚C (Fig. 8.b,d,f ), 
indicating the presence of magnetite (and additionally minor amounts of greigite). These samples 
are found in the interval straddling the lower-upper Maeotian boundary and in the continental 
deposits of the Khersonian at the Rușavățu section (Fig. 8). Samples of type 2 show typical 
irreversible decrease in magnetization after exposure to temperatures between 200-400°C and a 
major increase in magnetization between 400-500°C (Fig. 8.a,e,g). This is characteristic for the 
presence of greigite and the non-magnetic mineral pyrite, which oxidizes via magnetite ultimately 
to hematite. The levels with type-2 carriers are predominantly found in the upper Maeotian and 
lower Maeotian of the deeper depositional settings of Cerna-Cernișoara. A third group, samples 
of type 3 (Fig. 8.h), shows a stable decay up to 400°C plus an increase in magnetization between 
400-500°C. They are interpreted as a combination of magnetite and pyrite and are mostly found 
in the relatively deep anoxic sediments of the Cerna-Cernișoara sections. 

The NRM intensity ranges 1.5*10-5A/m to 4.6*10-2A/m for the Rușavățu samples, 
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4.9*10-5A/m to 5.6*10-2A/m for 
the Cerna and Cernișoara samples. 
Several characteristic thermal 
demagnetization diagrams of mostly 
marls and clays are depicted in 
Figures 9,10 and 11. We identified 
the ChRM by analyzing the 
decay-curves and vector end-point 
diagrams (Zijderveld, 1967). In both 
the thermal demagnetization and the 
alternating field demagnetization 
diagrams, two magnetic components 
can be recognized. A very weak, 
low-temperature, viscous overprint 
is generally removed at 150˚C and 
15mT (Fig. 9 C,D,E; 10.C,D,E 
and 11.C,D,E). The second, 
higher-temperature, component 
is demagnetized at temperatures 
between 120˚C and 400˚C. This 
component is of dual polarity and 
is interpreted as the ChRM. The 
ChRM directions are all determined 
by four or more consecutive 
temperature steps and calculated 
with the use of principal component 
analysis (Kirschvink, 1980).

We use the maximum 
angular deviation (MAD) of the 
calculated directions to separate the 
results into three qualitative groups. 
The 1st quality (MAD = 0-5) and 2nd 
quality groups (MAD = 5-10) have 

all been plotted against stratigraphic levels to determine the polarity pattern of the sections (Fig. 
9,10,11). The 3rd quality results (MAD > 10) have not been taken into account when interpreting 
the magnetostratigraphic pattern

The polarity pattern of the Rușavățu section comprises thirteen polarity intervals, six 
of reversed (RR1-6) and seven of normal (RN1-7) polarity. The polarity pattern of the Cerna 
section comprises seventeen polarity intervals, eight of reversed (CR1-8) and nine of normal 
(CN1-9) polarity. The polarity pattern of the Cernișoara section shows thirteen different polarity 
intervals, six of reverse (XR1-6) and seven of normal (XN1-7) polarity.

Figure |6| 8. Rock-magnetic results from Rusavatua and 
Cerna-Madulari samples 
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6.5. A magnetostratigraphic age model for the Maeotian stage

We aim to obtain a robust time frame for the Khersonian-Maeotian deposits of the Dacian 
Basin relying on the paleomagnetic polarity patterns of the Rușavățu section (Fig. 12.D), located 
in a marginal piggyback basin that is characterized by relative quiet sedimentation settings (Pană 
et al., 1969), and the polarity pattern of the Cerna and Cernișoara sections (Fig. 12.C), indicative 
for the relatively deep parts of the basin (Fongngern et al., 2015, 2017). Two volcanic ash layers 
from Cerna and Cernișoara, from levels situated above and below the Khersonian/Maeotian 
boundary have previously been dated with the U-Pb method and constrain the Khersonian/
Maeotian boundary to the 7.5-8 Ma age interval (Fongngern et al., 2017). An alternative age 
model, however, was proposed by Andreescu (2009) based on paleomagnetic results by Snel et 
al. (2006), with ages of 8.85 Ma for the base Maeotian (top of chron C4An) and 8.1 Ma for the 
IME (base of C4n.2n).
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The polarity pattern of the Rușavățu section can be correlated straightforwardly to the 
GPTS. Starting from the Maeotian-Pontian boundary in RN7, that is basin-wide located in 
chron C3An.1n (Vasiliev et al., 2004; 2011; Krijgsman et al., 2010; Stoica et al., 2013; Chang et 
al., 2014), all polarity intervals can unambiguously be correlated downward in the GPTS, with 
the lowermost normal polarity interval RN1 to C4n.2n (Fig. 12). This correlation indicates an 
age of 7.5 Ma for the Khersonian/Maeotian boundary (1st Maeotian transgression), 7.25 Ma 
for the 2nd Maeotian transgression, and 6.9 for the lower/upper Maeotian transition and the 
corresponding IME (Fig. 12). 

The polarity pattern of the Khersonian and lower Maeotian in the Cernișoara section 
can also be unambiguously correlated to the GPTS with XN1 to C4n.2n and XN 5 to C3Bn 
(Fig. 12). The upper Maeotian only comprises normal polarities, which probably correlate 
to C3An, but the presence of slumped intervals and sandy lithologies suggest that no robust 
magnetostratigraphic correlation can be made here. The polarity pattern of the Cerna section is 
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in good agreement with Cernișoara for the interval CN4-CN7, and only the Khersonian normal 
interval CN3 is significantly shorter. The correlation of the Cerna-Cernișoara composite section 
to the GPTS provides an age of 7.65 for the Khersonian/Maeotian transition (here marked 
by a change in lithology) and of 6.7 Ma for the IME (Fig. 12). The lowermost part of the 
upper Maeotian, however, contains numerous examples of slumping and mass-transport, and it 
is possible that some time is missing in both sections at the IME interval.  

6.6. Towards a revised late Miocene age model for the Eastern Paratethys

A significant effort has previously been put in obtaining paleomagnetic data from 
late Miocene sedimentary successions from the Eastern Paratethys (Fig. 12.F) (Pevzner and 
Chikovani, 1978; Filippova and Trubikhin, 2009; Trubikhin and Pilipenko, 2011; Vasiliev et 
al., 2004; 2005; 2011; Pilipenko and Trubikhin, 2014). The lithological successions of these 
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sections, however, are in many cases incomplete, fragmented by several unconformities, which 
makes the correlations with the GPTS less straightforward (Fig. 12). 

6.6.1. Dacian Basin

The age of (7.65-)7.5 Ma obtained for the Khersonian/Maeotian transition in the 
Rușavățu section can be used to clarify the magnetostratigraphic correlation problems of the 
previously studied Putna and Râmnicu Sărat sections in the Focsani Depression of the East 
Carpathians foredeep (Vasiliev et al., 2004). Because of uncertainties in correlation of the 
acquired magnetostratigraphic record, Vasiliev et al. (2004) did not want to appraise an age 
for the Khersonian/Maeotian boundary. Their correlation figure suggests three options for this 
boundary, which is not based on biostratigraphic constraints but directly taken from the detailed 
geological maps of the region. The magnetostratigraphic correlation of the polarity pattern of 
the Râmnicu Sărat section resulted in an age of ~7.5 Ma, although the polarity pattern of the 
lowermost Maeotian is not very well documented. This correlation is in very good agreement with 
our Rușavățu data. The magnetostratigraphic correlation of the Putna section, however, provided 
an old ~9 Ma option and a young ~8 Ma option, both significantly older than the Rușavățu 
results. The Putna section comprises relatively proximal alluvial sediments from the Balta delta 
system (Jipa et al 2009, Matoshko et al., 2016), which are very poor in fossil assemblages. The 
1:20000 geologic maps of the area located the Khersonian/Maeotian boundary at the last level 
with Khersonian mollusks (the Mactra bulgarica fauna), just below a thick interval of reddish 
to purple-green continental beds (Dumitrescu, 1952) of normal polarity completely lacking 
age diagnostic fossils. The first Maeotian fossils, however, appear much higher in the section, 
above the long normal polarity interval. If we accept this normal polarity interval to correspond 
to C4n.2n (option 1 of Vasiliev et al. (2004)), the position of the lowermost Maeotian fossils 
would not be in disagreement with the Rușavățu results. The Putna section also suffers from a 
non-exposed interval straddling the 7.7-7.3 Ma interval, which is represented by a change in 
bedding orientation (Vasiliev et al., 2004). Above this stratigraphic gap, the correlation of the 
upper Maeotian polarity pattern to the GPTS is robust. The upper two normal chrons of the 
section, corresponding to the upper Maeotian, are correlated to chrons C3An.1n and C3An.2n, 
in excellent agreement with our Rușavățu correlation (Fig. 12). 

The Bădislava section (Fig. 12.A), located in the South Carpathians region, consists of 
Maeotian and Pontian deposits (Vasiliev et al., 2005; 2007; Stoica et al., 2007; Floroiu et al., 
2011). The Maeotian sediments are found transgressively overlying Burdigalian sediments and 
are in turn overlain by upper Pontian (Bosphorian substage) deposits, indicating that at least the 
lower and middle Pontian are missing (Floroiu et al., 2011). The Maeotian part of the section 
is difficult to interpret biostratigraphically as it contains no marker fossils (Stoica et al., 2007). 
Magnetostratigraphically, the two normal polarity intervals correlate best to chrons C3Bn and 
C3Br.1n (Fig. 12) indicating that this part of the section corresponds to the lower Maeotian 
(e.g., Stoica et al. 2007). This interpretation implies that the Maeotian sediments of Bădislava 
corresponds to the maximum Maeotian transgression between ~7.4 and 6.9Ma. 

6.6.2. Euxinic Basin

The Popov Kamen and Zheleznyi Rog sections on the Taman Peninsula of the northern 
Black Sea basin both comprise Khersonian, Maeotian and Pontian sediments. They have have been 
subject of multiple detailed magneto-bio-stratigraphic and radiometric dating studies (Pevzner 
et. Al., 1987, Pevzner and Vangengeim, 1993, Trubihin, 1989; Trubihin and Pilipenko, 2011; 
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Krijgsman et al., 2010; Vasiliev et al., 2011; Stoica et al., 2016) but the age of the Khersonian/
Maeotian boundary and the chronology of events during the Maeotian remains controversial. 
The base of the lower Maeotian is marked in both sections by a short reversed polarity interval, 
followed by a short normal polarity interval (P3r/P2n and Z1r/Z1n) and a long reversed interval 
(P4r/Z2r). The upper reversed interval in Popov Kamen contains an additional short normal 
polarity interval that is apparently missing in Zheleznyi Rog (Fig. 12). 

A significant unconformity is observed between the lower and upper Maeotian (equivalent 
to the Intra Maeotian Event), represented by clay breccia units (Popov et al., 2015). Remarkably, 
the upper Maeotian pattern of both Popov Kamen and Zheleznyi Rog is very similar to those of 
Cerna and Cernișoara, being dominated almost entirely by a long normal polarity interval (P5n 
and Z2n in Fig. 12). The lower/upper Maeotian transition closely corresponds in both sections 
to a reversed to normal polarity transition interpreted as the base of C3An (6.7 Ma; Trubihin,; 
Rostovsheva and Rybkina, 2016), Correlating downwards results in two different age options for 
the Khersonian/Maeotian boundary: the polarity pattern of Zheleznyi Rog suggests a location in 
C3Br.1r at an age of 7.25 Ma; the pattern in Popov Kamen best fits to C3Br.3r at an age of 7.5 
Ma (assuming that the short subchron C3Br.1n has been missed in the section; Filippova and 
Trubikhin, 2009). A cyclostratigraphic study, based on magnetic susceptibility patterns in the 
Popov Kamen section, revealed a 41,000-year obliquity cycle and suggested an age of ~7.6 Ma 
for the Khersonian/Maeotian boundary (Rybkina et al., 2015). 

In conclusion, we see no argument to place the Khersonian/Maeotian boundary below 
C4n.2n (> 8 Ma) as proposed by Semenenko et al. (2009) and Vasiliev et al., (2011) who favor an 
age of 9.8 Ma and 8,2 Ma, respectively. Vasiliev et al. (2011) based their age on radiometric dating 
of a volcanic ash layer in the uppermost part of the Khersonian in Zheleznyi Rog, although they 
admit that their paleomagnetic pattern is difficult to correlate. According to Popov et al. (2015), 
however, the Khersonian/Maeotian boundary in Zheleznyi Rog represents a hiatus. We revisited 
the boundary interval in Zheleznyi Rog again to critically evaluate the previous interpretations, 
and conclude that there are indeed signs of tectonic disturbance by potentially major faults in 
that part of the section. The radiometric age of 8.69±0.18 by Vasiliev et al. (2011) can thus not 
be interpolated to the Khersonian/Maeotian boundary, which makes the age of 8.2 Ma obsolete. 

Unfortunately, not much age information is available from the late Miocene sediments 
of the deep Black Sea basin. This is mostly related to limited exposures and limited access to 
industrial drill core data. The DSDP Site 380 is one of the most important sources of information 
but initially the presence of greigite (Fe3S4) severely complicated establishing a robust polarity 
zonation (Giovanoli, 1979). Only recently it became clear that greigite could be a reliable carrier 
of magnetization (Vasiliev et al., 2007; 2008) and a greigite-based magnetostratigraphic time 
frame was established for these old DSDP cores (Van Baak et al., 2016). Among the three studied 
drill cores, the magnetic polarity pattern of Hole 380B covers the Khersonian-Maeotian time 
interval best (Fig. 12.F). In this core, unit IVb has been correlated with the Pontian, while 
units IVc and IVd, containing a normal-reversed-normal polarity triad, are correlated with chron 
C3A (Van Baak et al., 2016). Unit IVe, containing dominantly reversed polarities and only 
two short normal polarity intervals, has been correlated to the C3Ar-C3Br.2r interval while 
unit V is too poorly constrained for a clear correlation. This pattern fits very well with the 
results from the other sections and suggests that the base of unit IVd, the characteristic “pebbly 
breccia” unit, has an age of ~6.7 Ma. Unit IVd was first initially considered an expression of Black 
Sea desiccation during the Messinian Salinity crisis (Hsü and Giovanoli, 1979). Later studies, 
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however, revealed it belonged to an older erosional event (Grothe et al., 2014) that according to 
our correlations closely corresponds to the IME. The Khersonian/Maeotian boundary interval in 
the DSDP record does not show any indications for long normal polarity intervals and can thus 
be interpreted as younger than 7.6 Ma (Fig. 12).

6.6.3. Continental records

Several magnetostratigraphic studies have been conducted on late Miocene mammalian 
localities surrounding the Paratethys realm. The ages attributed to the Khersonian/Maeotian 
boundary in these terrestrial records strongly depended on previous (widely varying) age estimates 
of the overlying Pontian deposits and consequently arrive at a broad range of ~9Ma, Pevzner 
and Vangenheim (1993); 9.4Ma, Vangengeim et al. (2006) and a radio-isotopic age of 9.3Ma; 
9.6Ma, Vangengeim and Tesakov (2008); 6.4Ma, Tesakov et al. (2013); 7.8/8.2Ma, Tesakov 
et al. (2017). The magnetic polarity patterns of the continental sections do, however, contain 
some recurrent patterns: the Khersonian is commonly dominated by a long normal polarity 
interval (sections Poksheshty, El’Dari, Starya Kubanka, Yurievka, Tiaginka, Krivoj Rog, Tiaginka 
and Kajnary in Pevzner and Vangengeim (1993); El’Dari section, in Vangengeim et al. (2006)). 
This long normal polarity interval was originally correlated to C5n and an age between 11 and 
10 Ma (Vangengeim et al. 2006). In light of a much younger age for the base of the Pontian 
(6.1 Ma instead of 7.5 Ma) we here re-evaluate this normal polarity pattern of the Khersonian 
and correlate it with chron C4n. This would bring it in agreement with the recent correlation 
of the Khersonian/Maeotian boundary in the north Caucasus region (Tuapse highway bridge, 
Gaverdovsky and Volchaya Balka in the Blinov and Gaverdovsky formations near the city of 
Maikop) to the base-C3Br/top-C4n interval at an age of ~7.5Ma (Tesakov et al., 2017). 

6.7. Discussion

6.7.1. The end of the Great Drying of Eurasia; the Maeotian transgression

The Late Miocene Tortonian stage (11.6-7.24 Ma; Hilgen et al., 2005) is characterized by 
significant climatic changes (Herbert et al., 2016) and a major paleogeographic reorganization of 
the Mediterranean region (e.g., Jolivet et al., 2006) including its Atlantic gateways (e.g., Flecker 
et al., 2015). In this period Paratethys was a long-lived lake without any significant connection 
to the global ocean (Popov et al., 2010). Paratethys’ water level thus contracted and expanded 
only in response to regional climate. Paratethys stretches especially in the latitude that straddles 
the present-day boundary between a negative and positive hydrological balance. Small shifts in 
climatic conditions can thus have major impact on regional paleoenvironments, explaining drastic 
shifts from moderately dry to moderately humid conditions, because relatively homogenous 
climatic gradients will plunge the region into a dry or a moist trend. In dry periods, lake-level 
drop leads to the reduction or loss of intra-basinal connectivity (Fig 1A) and the formation of 
seas with obstructive environmental conditions. In the relatively wet phases, when lake level rise 
enhanced communication and mixing between basins (Fig. 1B), uniform environments such as 
Caspian-type brackish lake-seas will thrive. 

The Khersonian stage of the Eastern Paratethys is generally considered as the time period 
of driest conditions in Central Eurasia (Shchekina, 1979; Syabryaj et al., 2007). Paleoclimatic 
data indicate that the Khersonian was relatively cool (particularly in winter) and significantly 
drier than the Bessarabian (Ivanov et al., 2011). This aridization trend is reflected in the partial 



The end of the Great Drying of Eurasia | 151 

replacement of forest vegetation by herbaceous communities (Ivanov et al., 2011). The Black Sea 
water level experienced its major lowstand of -300m during the Khersonian, and the marginal 
regions, including the Dacian basin, largely desiccated (Tugolesov et al., 1985; Robinson, 1997). 
The previous saline waters of the marginal Bessarabian basins migrated towards the central 
Black Sea Basin, which consequently became significantly enriched in salt. The concentration of 
carbonate (and magnesium) in the Black Sea basin became so high that during the Khersonian 
lowstand chemical precipitation of aragonitic muds took place at high temperatures and shallow-
water conditions (Kojumdgieva, 1983; Koleva-Rekalova, 1994; Ivanov and Koleva-Rekalova, 
1999; Ivanov et al., 2002, 2007c). Unconformities between the brackish or hypersaline 
Khersonian and the semi-marine lower Maeotian deposits are very common, suggesting drying 
up of large marginal areas (Popov et al., 2006). In the Dacian basin, the Khersonian is generally 
marked by continental conditions, represented by reddish soils in the Rușavățu, Putna and 

Fig 12. Correlations and age calculations (simplified)
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Milcov sections (Ioniță, 1963; Korotckevich, 1970; Vasiliev et al., 2004) and seriously reduced 
sediment accumulation rates. According to the isopach map of Saulea et al. (1969), the maximum 
thickness of the Bessarabian and Khersonian sediments in the Dacian basin is 400 m in two key 
distribution areas: the Focşani Depression in the Carpathian bend zone and the Getic Depression 
in the west. The thickness of Khersonian sediments decreases to zero toward the southern and 
eastern limit of the basin (Saulea et al., 1969). Regarding the long duration (~4 Myr) for the 
combined Bessarabian-Khersonian interval, the maximum sedimentation rates of 10 cm/kyr are 
much lower than for the Maeotian (60 cm/kyr) and Pontian (155 cm/kyr) (Vasiliev et al., 2004). 

Our new magneto-biostratigraphic results indicate that the dry Khersonian environments 
mainly correspond to the normal polarity intervals of chron C4n, and that they are thus formed 
in the time interval between 8.6 and 7.5 Ma (Fig. 12). This allows a new and better calibration 
of all available paleoenvironmental proxy data for this time period, resulting in recalibrated ages 
that can be up to 1-3 Ma year younger than previously estimated, depending on which time scale 
was used. The end of the dry Khersonian conditions are linked to the first Maeotian transgression 
which took place at an age of ~7.5 Ma, possibly slightly diachronous over the Eastern Paratethys 
basins.  The maximum of the transgression took place in the second part of the early Maeotian 
(Stevanovich and Ilyina, 1982; Nevesskaya et al., 1986; Popov et al., 2004).
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The magnetostratigraphic records of Rușavățu -and Cerna-Cernișoara indicate that the 
Maeotian transgression may also be slightly diachronous within the Dacian basin, as the main 
lithological transition in Cerna is ~200 kyr older that the first saline ingression in Rușavățu. 
The Maeotian transgression occurs in a time of relative low subsidence, and is therefore most 
likely climatically induced. Our biostratigraphic records (Fig. 5) show a loss in salinity as the 
transgression progresses, in agreement with results from the Black Sea region (Popov et al., 
2016). This is opposite to the expected effect of a marine transgression by Mediterranean waters 
through the establishment of a reconnection with the Mediterranean. We therefore consider it 
more likely that the Maeotian transgression is caused by intra-Paratethyan hydrological changes, 
progressively raising the level of the Black Sea. The Maeotian transgression is accompanied by a 
small change in salinity, testifying that the Khersonian Black Sea was filled with relatively saltier 
water, as previously suggested by Kojumdgieva (1983). The stepwise flooding of the Paratethys 
basins can potentially be traced from the deeper basins to the marginal regions according to their 
bathymetry and paleogeographic position (Fig. 12.A). The marginal lake relicts of Paratethys 
that was fragmented during the Khersonian then progressively all reconnected in the Maeotian 
highstand. 

The biostratigraphic record of Rușavățu shows several waves of “marine influxes” that 
consist in levels foraminifera. These influxes are resulting from highstand episodes when water 
and fauna from the saltier Black Sea basin cross the sills and spill into the marginal basins. In the 
case of the Dacian Basin (Fig. 12.A) the initial freshwater systems of the Khersonian lakes (1B) 
will be flooded by- or will mix with- saltier water from the Black Sea (1). The water mixing then 
decreases salinity (3) and as the next basins will be flooded salinity will continue to drop (4). In 
the case of the Rușavățu basin, that shows a transition from continental and freshwater systems 
(1), (2), the salinity spike will be delayed with respect to Cerna-Cernisoara (3) and will also be 
followed by a drop in salinity (4). 

We conclude that the end of the dry Khersonian phase in the Eastern Paratethys 
corresponds to a change in climate that transformed the hydrological balance of the region 
towards positive, causing a progressive increase in water level that subsequently flooded the 
marginal basins during the lowermost Maeotian. More high-resolution magneto-biostratigraphic 
results are necessary to better quantify the rate of water level increase, which could be a direct 
proxy for climatic conditions in the late Miocene of Central Eurasia. 

6.7.2. The Intra Maeotian Event (IME): reconnecting the Mediterranean?

The end of the transgressive trend in the Maeotian corresponds to a major phase of slope 
instability that characterizes the lower-upper Maeotian boundary. This Intra Maeotian Event 
(IME), also referred as the Intra Maeotian unconformity, can be observed both in the seismics 
(Tărăpoancă et al., 2004) and in outcrops throughout Paratethys. The most visible expressions 
of the IME are slumps and mass transports near the high slope margins of the basin (e.g., Cerna 
and Cernișoara; DSDP) or major unconformities in marginal successions (e.g., Zheleznyi Rog). 
The Intra Maeotian Event corresponds to the upper part of chron C3Ar and is dated between 6.9 
and 6.7 Ma (Fig. 12H). A logical explanation for the IME is a significant sea-level drop, which 
can explain a basin-wide destabilization of sediments in the high slope parts of the basin. 

The presence of Aegean species in the upper Maeotian suggests that the IME corresponds 
to the creation of a connection to the Mediterranean in the proto-Bosporus area. If the Paratethys 
water level had been higher than the global sea level, this would have caused a massive flow 
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of waters to the Mediterranean and a sudden lowering of the Paratethys level. After the IME, 
the marginal Dacian Basin reveals oligo-haline to fresh water conditions, probably indicating 
restrictions in mixing, while the Black Sea remains brackish with some freshwater episodes. Later 
in the upper Maeotian, more elements of the Mediterranean fauna appear in the Black Sea as the 
prelude of the Pontian flooding at 6.1Ma (Radionova and Golovina, 2011). 

6.8. Conclusions

We provide integrated magneto-biostratigraphic results for three continuous, 250-600m 
long, sedimentary successions, situated in the Dacian basin Depression in a relatively deep 
(Cerna and Cernișoara Rivers) and a shallower setting (Rușavățu River), in present day Romania. 
The successions comprise the uppermost Khersonian (upper Sarmatian s.l.) – Maeotian – lower 
Pontian interval of the Eastern Paratethys. The magnetostratigraphic record from the Cerna 
section consists of seventeen polarity intervals, eight of reversed and nine of normal polarity. 
The polarity pattern of the Cernișoara section comprises thirteen different polarity intervals, six 
of reverse and seven of normal polarity. The polarity pattern of the Rușavățu section comprises 
thirteen polarity intervals, six of reversed and seven of normal polarity. The three sections 
have a common pattern that can be correlated to the GPTS. Our correlation shows that the 
entire succession covers the time interval from ~8 to ~6 Ma. We date and describe the major 
paleoenvironmental phases, which can all be related to changes in the climate and connectivity 
regime of Eastern Paratethys with the Mediterranean.

We show that the great drying episode of the late Khersonian ended because of a shift 
in the water budget in the region of Paratethys at 7.65 Ma leading to a major transgression 
(flooding) that went on for 250kyrs with ups and downs, probably due to climate change. As 
the stepwise flood progressed, between 7.65 and 7.4 Ma, the marginal basins were flooded and 
increased connectivity with the rest of the lake. We date the IntraMaeotian Event at 6.9Ma, 
corresponding to sedimentary anomalies such as the mass transport units in the west Dacian 
Basin and the Pebbly breccia in the Black Sea due to a sudden lake level fall. This event correlates 
to the boundary between the lower and upper Maeotian that we suggest it would mark the 
reconnection between Paratethys and the Mediterranean. 
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Abstract

During the late Miocene, the Paratethys Sea of Central Eurasia became isolated from 
the global ocean and transformed into an endorheic mega-lake that evolved independently 
for ~4 million years. Under a positive hydrological budget, the water level of this lake could 
rise significantly above global sea level. The moments of reconnection with the Mediterranean 
may then lead to severe canyon cutting and spectacular flooding events. Here, we show that 
Paratethys has triggered at least two mega-floods into the Mediterranean during Messinian times. 
The first one is related to the Intra Maeotian Event (IME) at 6.9 Ma when Paratethys was 
~50 m above global sea level when it breached through the proto-Bosphorus sill. This created a 
huge river system, which we call Styx, that rapidly flooded the Mediterranean with an estimated 
volume of 104,000 km3 of Paratethyan waters. It may have caused the enigmatic lowering of 
Mediterranean Sea Surface Temperature at 6.9 Ma and contributed to enhanced stratification 
favouring sapropel formation. The Styx mega-river was reactivated again when the Mediterranean 
experienced its peak lowstand during the Messinian Salinity Crisis at ~5.55 Ma, leading to an 
even greater flooding of the Mediterranean, with an estimated discharge of more than 225,000 
km3 of Paratethyan waters. This second flood covered the hypersaline MSC brine basin with 
Mediterranean-wide brackish water lid that generated the so-called Lago-mare facies, with its 
characteristic Paratethyan faunal elements. 

Keywords: Paratethys, Messinian, Tortonian, late Miocene, Khersonian, Maeotian, biostratigraphy, 
magnetostratigraphy, marine flooding, paleogeography, climate change, gateway.

Picture left | Mud flowing out of a mud volcano in Buzau, Romania. Mud volcanoes are powered by the 
methane in the sediments and are very frequent in Central Eurasia. They are the result of the migration a mix of clay 
minerals, rock fragments, water and methane along faults and fractures towards the surface of the Earth.
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7.1. Introduction

There are numerous large marginal water bodies on Earth, partially disconnected from 
the open ocean by shallow sills, that have been isolated from the global ocean in ancient times 
(e.g., the Mediterranean Sea; the Black Sea; the Great Lakes of North America; the Baltic Ice 
Lake and the Ancylus Lake in the modern Baltic Sea region). The isolated “sea-lakes” experienced 
significant drops in water level under negative hydrological budgets and their reconnection with 
the global ocean led to spectacular flooding events. Archetypes of such marine floodings are the 
Zanclean flood of the Mediterranean (Garcia-Castellanos et al., 2009), the Black Sea Deluge – 
also known as Noah’s flood (Ryan and Pitman, 1998), and the Akchagylian Flood of the Caspian 
Basin (Zubakov, 2001). Under positive hydrological budgets, however, sea-lake levels may be 
elevated above global level until the lake spills over and starts flooding into the marine basin. 
This will create deep erosional channels and sudden dramatic lowering of the lake level. As an 
example, the Caspian Sea spilled over multiple times into the Black Sea during the Quaternary 
and created a river canyon (the Manych) in the ~30 m high sill north of the Caucasus. 

In the late Miocene, the paleogeography of Eurasia was characterized by the existence of 
the enormous Paratethys Lake (Fig. 1), with a surface the size of the Mediterranean Sea and a 
watershed larger than the surface of the Australian continent. South of Paratethys rose the Alpide-
Himalayan mountain belt, an almost uninterrupted chain of mountain ridges (e.g. Kopet Dag, 
Alborz, Caucasus Mountains, Pontic Mountains, Rhodopes, Balkans, Dinarides, Carpathians 
and Alps) which in turn were bordered by the Mediterranean Sea. In the north, a large river 
called Eridanos (Bijlsma, 1981; Gibbard, 1988) drained to the Atlantic from the vast plains that 
covered most of northern Europe (Fig. 1). The late Miocene history of Paratethys is marked by 
a succession of lake level changes, and paleogeographic estimates show that the maximum water 

Figure |7| 1. Overview of the Mediterranean-Paratethyan region during the late Miocene. The red contour 
is circling the extent of the Paratethys lake, prior to the flood, the red arrow is showing the most probable flow of the 
Styx mega-river. Pannon Lake is not marked on purpose as it remained an independent body of water although it 
had a connection with Paratethys. The Mediterranean sea is contoured in blue with red highlights in the west, on the 
gateways which restricted connection to the global ocean. The globe in the medallion shows the present day location 
of the region, marked by a black polygon, and the watershed of Paratethys, marked by a red-dotted line. 
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level (~50 m above global sea level) was reached during the early Messinian (lower Maeotian in 
regional stratigraphic terms) (Kojumdgieva, 1983; Popov et al., 2006; 2010). This was followed 
by a sudden lowering of Paratethys water level, the Intra Maeotian Event (IME), after which 
Mediterranean mollusk species entered Paratethys during the upper Maeotian (Radionova et 
al., 2012). After a major short-lived marine influx termed the Pontian Flood, Paratethys water 
level dropped again at the regional Pontian-Kimmerian transition (5.6 Ma), an event that was 
linked to the lowstand of the Mediterranean during the Messinian Salinity Crisis (Krijgsman et 
al., 2010). 

Here we investigate the cause for these two sudden drops of Paratethys water level. We 
hypothesize that they are related to the initiation of a riverine connection to the Mediterranean 
and we use a Digital Elevation Model to calculate the gigantic volume of water that would 
have flooded into the Mediterranean. In line with the northern Eridanos river, named after 
the mythological river of the ancient Greek underworld, we propose to term the southern river 
system to the Mediterranean “Styx”. 

Figure |7| 2. Sedimentary features 
associated with the Styx. 
a. Alpar canyon in the Pannon lake, marked 
with nr.1 on the map, 

b. Mass transport complex (MTC) in the 
Black Sea intercepted by the DSDP drill 
380, marked with 9 on the map, 

c. Messinian disturbances plotted on the 
Early Messinian pDEM map: 01. Alpar 
Canyon; 02. Taria, Cerna, Cernișoara, 
Otăsău; 03. West Dacian Basin; ; 04. 
Bădislava; 05. Bizidel; 06. Rușavățu; 07. 
Focșani depression; 08. Western Black Sea 
seismic lines; 09. DSDP drills 380 and 381; 
10. Taman, Zelezny Rog, Panagiy, Popov 
Kamen; 11. Northern Black Sea seismic 
lines; 12. Limankoy seismic line, Igneada 
3D seismic line, Line bks1-0020, Line 
bks1-0222, Varna Deep 3D seismic line; 13 
Karadeniz-Limankoy seismic line (detailed 
description provided in the supplementary 
materials); 

d. Simplified sketch of sedimentary 
anomalies in Eastern Paratethys at the 
onset of Styx based on their location in the 
sedimentary basins.
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7.2. The birth of Styx at the Intra Maeotian Event (IME)

In 1975, cores drilled in the deepest sea-floor (1728, 2107m deep) of the Black Sea 
basin encountered a peculiar lithological unit (20-100m thick breccia), resembling the clastic 
units from the Mediterranean MSC evaporitic successions. This resulted in the hypothesis of 
a desiccation event in the Black Sea (Hsu and Giovanoli, 1979), which was disputed as being 
related to the Messinian event (e.g., Gillet et al., 2005) or a regional event 10 million years ago 
(Kojumdgieva et al., 1983). Recently, it was established that this anomalous unit in the DSDP 
cores was older than the MSC (Grothe et al., 2015; van Baak et al., 2016; 2017) and probably 
related to the Intra-Maeotian Event of the Paratethys, having an estimated age of 6.9-6.7Ma 
(Palcu et al., 2018). The DSDP breccia unit was shown to be part of extensive mass transport 
complexes (Fig. 2b Tari et al., 2015) that can be followed for tens to hundreds of km along 
seismic lines (Sipahioglu and Bati, 2017). These complexes were interpreted to result from a 
relative sea-level drop of ~500m (Tari et al., 2016). 

To the west, in the Dacian basin of Romania, the IME has a similar age of 6.9 Ma (Palcu 
et al., 2018) and is expressed in different forms (Fig. 2): >100m thick slumps and clastic flows 
(Fongngern et al., 2017), coarse clastic deposits and mass transport sediments (Palcu et al., 2018), 

Figure |7| 4. Styx in the big picture of Paratethys Mediterranean events.  a. Chronostratigraphic of the 
latest Miocene, b. Eustatic fluctuations and main environmental changes in Paratethys, the dotted curves are 
reinterpretations of the curves of Popov et al. (2004 ) with new age constraints from van Baak et al. (2017),  c. Styx 
episodes, d. Chronology of the main environmental changes in the Mediterranean (Roveri et al., 2016), e. Geochemical 
signatures in Mediterranean sediments (Tzanova et al., 2015), f. Other environmental events in Mediterranean from 
key Messinian sections (full references in the Table2), g. Eustatic sea Level curve (Miller et al., 2011).

Salt is averaged 
out in Paratethys
as basins reuinte

B

Volume 
increases

M e d .

P a r a t e t h y s
Low salinity
Satellite basin

Significant 
lake-level drop 
in the central basin

Desalination

A“Salt Sink” in 
Central basin

M e d .

P a r a t e t h y s

7.65 Ma
The Maeotian
“Flooding”

Paratethys reunites in
a single lake

Dry Eurasia

Paratethys is 
fragmented and
disconnected 
from the global
ocean. 

6.9 Ma
Reconnection with the
Mediterranean Event
(freshwater discharge phase)

Slumps

Maximum 
flooding 
surface

Submarine
canyons

Subaerial
erosion

Slump
Breccia

Outflow erodes 
a canyon

C

M e d i t e r r a n e a n

P a r a t e t h y s

Styx breaks 
the sill and transports 
cold  brackish water to 
the Mediterranean 

Styx burst
activated by overflow 
and controlled by the
rates of incision

−50m

+40m

0

9×105 km3 10 11 12 13×105

Lake Missoula flood 
volume: 2184 km3

Paratethys volume loss for a 
40m sea level drop: 104000 km3

Paratethys volume 

G
lo

ba
l e

us
ta

tic
 lv

l.

0.5

5

10

15

0 1 2 3 4 5×106

Brackish outflow to the Mediterranean (km3)

S
al

in
ity

 (p
pt

)

Present day 
Mediterranean 
3.5×106 km3Salinity 

decrease 
trend

Outflow after
the discharge

Eustatic 
drop reduces 
evaporation
and increases
outflow 

D

M e d .

P a r a t e t h y s

Quick 
desalination
of Satellite 
basins

Slow 
desalination 
trend in the 
whole basin 

Natural desalination 
scenario

Styx reversed 
to a gateway floding

Paratethyswith marine
water from the
Mediterranean

Sea level rise 
scenario M e d .

P a r a t e t h y s

E

Paratethys volume 

G
lo

ba
l e

us
ta

tic
 lv

l.

9×105 km3 10 11 12 13×105

−90

−60

−30

0

+30

Styx burst activated 
and controlled by 

rate of sea-level 
drop

M e d .

P a r a t e t h y s

Sea level 
drop scenario

F

0

30

5 15 30Final salinity

In
iti

al
 s

al
in

ity

A 100m sea level rise impact 
on salinity in Paratethys

Final salinity 
after flooding

Salinity increase due to
Mediterranean flood

Styx discharge flood: 10400 km3

8% 
of Paratethys

18% 
of Paratethys

Paratethys volume loss for a 
100m sea level drop: 225440 km3Figure |7| 4. Proposed mechanisms for the initiation and development of Styx. a. Prelude of Styx, b. Volume 

expansion preceeding Styx, c. Styx initiation, impacts and discharge mechanism, d. The Styx flood volume estimation 
and comparrison with largest lake flood (Lake Missoula). 

The birth of Styx
Paratethyan discharge onset scenario 

a. b.

c. d.



Messinian mega-rivers flooding the Mediterranean from Central Eurasia | 161 

6 7 86 . 55 5 . 5 7 . 5A g e  ( M a )

M e s s i n i a n T o r t o n i a n

MN12MN13MN14

T u r o l i a nRuscian

M13M14

C4C3BC3AC3

KhersonianM a e o t i a n 1M a e o t i a n 2
P o n t i a n

Bosphorian OdessianPortaferrian

NN11aNN11bNN11cNN12aNN12b

1 .  M o n t e  d e i  C o r v i  ( I t a l y ) onset of sapropels

Standard 
Chronostratigraphy 

Geomagnetic 
Polarity

Planktonic
Foraminifers 

Eastern Paratethys 
Staratigraphy 

Calcareous
Nannofossils   

ELMA
MN-MP Zones

first sapropels2 .  C r e t e  ( G r e e c e ) intensification of sapropels (Metochia)

onset of sapropels3 .  T r a v e  ( I t a l y )

Closure of the Riffian Corridor8 .  R i f f  ( M o r r o c o )

Closure of the Betic Corridor7 .  B e t i c s  ( S p a i n )

KD

Oceanic
influx

–200m

IntraMaeotian 
Event (IME)

0m

-100m

-200m

+100m

MT

Events in 
Paratethys

Styx episodes 

Styx

MDPPDPPF

BF PF

PFPLGZF

iM

onset of sapropels (Abad)4 .  S o r b a s  ( S p a i n )

sapropelsonset of diatomites in the Tripoli fm.5 .  S i c i l y  ( I t a l y )

Z a n c .

Meaning of symbols:
KD - The Great Khersonian Drying
MT - Maeotian Transgression

MDP - Maeotian Desalination of Paratethys
iM - ingression of Marine microorganisms
PF - Pontian Flooding 

ZF LM UG PLG PEv PEvH

PDP - Pontian Desalination of Paratethys
PF - Portaferrian lowstand
BF - Bosphorian Flooding

Meaning of symbols:
NM - Tortonian Normal Marine
PEv  - Pre-Evaporites

PLG - Primary Lower Gypsum
H - Halite and erosive surface (MES)
UG - Upper Gypsum 

LM - Lago Mare - Paratethys invasion
ZF - Zanclean Flooding

b.

d.

c.

e.

f.

g.

a.

5
.3

3

5
.4

2

5
.5

5
5

.6

5
.9

7

5
.9

7

6
.9

6
.7

Geochemical 
signatures 

SSTs   ( b l u e )
a n d  dC37  ( r e d )  
t o t a l  v a l u e s  
d e r i v e d  f r o m  
a l k e n o n e  
a n a l y s e s  i n  
M o n t e  d e i  
C o r v i  ( I t a l y ) 20˚

25˚

29˚

0.5

1

Cooling
event

Cooling
 event

Chronology
of environments 
in the 
Mediterranean

Dry
Eurasia
(a)

Maeotian 
Flooding
(b)

Natural
Desalination

Sea 
level 
rise

First
Styx (c)

Natural 
Desalination
(d)

Sea 
level
rise (e)

Second
Styx (f)

6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0

Global 
Sea level curve

a n d  p o t e n t i a l
c o r r e l a t i o n s  
w i t h  e v e n t s  i n  
P a r a t e t h y s  a n d  
t h e  M e d i t e r r a n e a n

−50

0

50

5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4 7.6 7.8 8.0

Other events



162 | Chapter 7 

sharp coarsening up sequences (Jipa et al., 2008) and major erosional surfaces observed both in 
outcrops (Stoica et al., 2007) and in seismic profiles (Intra Maeotian Unconformity - Tărapoancă 
et al., 2004). The IME is interpreted as an overall loss of interbasinal connectivity and a phase 
of slope instability due to a relative sea-level drop (Palcu et al., 2018). Biostratigraphically, the 
event represents the transition between endemic brackish-marine fauna of the lower Maeotian 
towards low-salinity and freshwater faunas of the upper Maeotian (Jipa et al., 2008). Another 
IME equivalent is reported from deep-water successions of the northern Black Sea coast on the 
Taman Peninsula of Russia (Filippova et al., 2006). There the IME is expressed as an erosional 
gap, filled by low-salinity to freshwater deposits and later punctuated by marine ingressions from 
the Aegean Sea (Radionova et al., 2012). Further north, a similar pattern of erosional surfaces 
has been documented in seismics and wells leading to the estimation of a ~40m water-level drop 
in Paratethys at the IME (Popov et al., 2006). In the western periphery of the Paratethys realm, 
in the Pannon Lake, the Alpár Canyon (Fig. 2a: Vakarks et al., 1997; Matenco et al., 2013, Balas 
et al., 2017; van Baak et al., 2017) with valleys 5-10km long and up to 700m deep extends for 
more than 50km and has an estimated age of 6.8Ma (Juhasz et al., 2013). It is part of an extensive 
system of incised valleys, with other smaller individual canyons, 0.5-1km wide and 50-300m 
deep, caused by subaqueous erosion following a lake level drop documented throughout the 
entire basin (Tari, 1994; Vakarcs et al., 1994; Juhász et al., 2007a,b, 2008). 

In conclusion, 6.9-6.7 million years ago a transgressive phase of the brackish Paratethys 
lake was suddenly terminated by the IME. This led to a lake-level drop and a fast freshening 
of Paratethys that, paradoxically, was occasionally reversed by marine influxes from the 
Mediterranean (Radionova et al., 2012). We postulate here that the IME is caused by a breach 
of the sill between Paratethys and Mediterranean in the proto-Bosphorus region, created by the 
initiation of the Styx river. The modern Turkish (Bosphorus-Dardanelles) Strait system is about 
300 km long with two canyon-type straits 69km and 30km long. If such were the case for Styx 
as well, then the erosion and development of this waterway would have required a longer timing 
than the classical sill breaches, which were easier to erode because they were ether made of ice, 
such as lake Bonneville (Jarrett and Malde, 1987), Missoula dam (Gilbert, 1890), or because they 
were less wide such as the English Channel (Gupta et al., 2017) or the Zanclean flood (Garcia-
Castellanos et al., 2009).

 

7.3. The first mega-flooding of the Mediterranean at 6.9-6.7 Ma

To validate this hypothesis we will focus on the volume transfer between Paratethys and the 
Mediterranean, by calculating the minimal volume transfer for four episodes of flooding/mixing 
(Fig. 3c, and Fig. 5d,e,f ). The volumes are extracted from a high-resolution paleogeographic 
Digital Elevation Model (pDEM, see Methods). Prior to the initiation of Styx, Paratethys went 
through an endorheic phase, switching between lake regressions (Fig. 3a), characterized by 
natural desalination processes occurring in the marginal basins, much like the Sea of Galilee and 
the Dead Sea system today (Hurwitz et al., 2000), and by lake transgressions (Fig. 3b) when salts 
are redistributed in the basin, like in the Caspian Sea during the early Holocene (Tchepalyga, 
2003). At the peak of the lake transgression, the sill between Paratethys and the Mediterranean 
is flooded, leading to the formation of the Styx megariver (Fig. 3c). The excess volume as well 
as the observed geographic and geologic features determine the pace of the flood. Following a 
conservative estimation of a 40m lake-level drop we calculate that a total volume of 1.04*105 

km3 (8% of total volume) was discharged from Paratethys to Mediterranean. 
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The flooding with relatively cold and 
fresh Paratethys waters may have left its traces 
in the Mediterranean paleoenvironmental 
changes. This will especially have influenced 
the upper layers of the Mediterranean water 
column (as the Paratethys water will be less 
dense because of its lower salinity, but also 
colder and richer in nutrients, e.g., Vasiliev 
et al, 2015). 

One of the best late Miocene proxy 
records in the Mediterranean is the high-
resolution sea surface temperature (SST) and 
alkenones record of Monte dei Corvi (Fig. 4d, 
Tzanova et al., 2015). That section has also 
been astronomically dated and investigated 
for high-resolution biostratigraphy, 
magnetostratigraphy and cyclostratigraphy 
(Husing et al., 2010). The Corvi record 
indeed shows a marked drop in SSTs at 6.9-
6.7 Ma, which is accompanied by the onset 
of nutrient-rich sapropelic sediments of the 
Euxinic Shales unit at 6.9 Ma (Hüsing et al., 
2010). 

A more thorough search for similar 
anomalies reveals that significant changes 
occur in the Mediterranean in the 6.9-6.7Ma 
time interval in a number of studied sections 
(Sierro et al., 2003; Modestou et al., 2017; 
Kouwenhoven et al., 2006; Kouwenhoven 
et al., 2003; Kouwenhoven et al., 1999; 
Seidenkrantz et al., 2000; Drinia et al., 
2007; Lozar et al., 2010; Van Assen et al., 
2006; Santarelli et al., 1998; Blanc-Valleron 
et al., 2002; Flecker et al., 2015; Roveri et 
al., 2014; Gladstone et al., 2007) although a 
causal relationship cannot be concluded.  

 
 
 
 

Figure |7| 5. Proposed water transfer mechanism 
between Paratethys and the Mediterranean, 
following the formation Styx  d. Natural 
Desalination of Paratethys postdating the Styx flood 
and estimation of ouftlow volume, e. Reverse of Styx 
triggered by sea-level rise, f. Styx reactivation in case 
of sea-level drop leading to Lago-Mare conditions.
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7.4. Desalination of Paratethys after the reconnection with the global ocean

Following IME, during the upper Maeotian (6.7-6.14Ma) the sediments of Paratethys 
show a strong freshening trend (Radionova et al., 2012; Popov et al., 2016). The salinity loss was 
experienced both in the central Black Sea basin and in the marginal basins (e.g. Dacian Basin). 
The trend of freshening is reversed towards the end of the Maeotian stage when marine species of 
foraminifera, diatoms and nannoplankton are found again in Paratethys.

We postulate that after the main flooding event, the Styx river has functioned as an 
outflow channel for Paratethys water. An outflow-dominated circulation, powered by the positive 
water budget of Paratethys would have resulted into a natural desalination process (NDS, Fig. 
5d), much like the mechanism that keeps the salinity of the Baltic sea as low as 8‰ (Feistel et 
al., 2010). This natural desalination process involves significant amounts of water transiting 
Paratethys: they enter as riverine or precipitation freshwater and exit as a diluted brackish 
outflow. Assuming an outflow only scenario, we can calculate using mass balance (Meijer (2006) 
(see methods in supplementary materials) that 4.5*106 km3 represent the minimal volume of water 
transfer required to transform Paratethys in a freshwater body (with salinities below 0.5‰), 
more than the present day volume of the Mediterranean. This scenario points to Paratethys as an 
important water contributor to the Mediterranean during the Messinian. 

The Mediterranean basins experienced an increase in stratification manifested by rhythmic 
sedimentation of sapropels at roughly the same time interval as the upper Maeotian desalination 
of Paratethys. Present models rely on the immediate, circum-Mediterranean rivers to explain 
the water stratification (Simon et al., 2017) and the presence of sapropels (e.g. Rohling et al., 
2015), but a Paratethyan outflow would have dwarfed these rivers (e.g. presently the Black Sea 
outflow of ~385km3/yr (Kosarev et al., 2008) is larger than the whole outflow of the circum-
Mediterranean rivers 282-327 km3/yr (Bouraoui et al., 2010)). 

7.5. The second mega-flooding and the Lago-mare phase (5.6-5.3 Ma) 

During the latest Miocene, at ~5.6-5.5 Ma the Paratethys realm experienced a second 
significant water level drop. The marginal Dacian basin freshened (Vasiliev et al., 2004, 2005, 
2011; Stoica et al., 2007, 2013; Krijgsman et al., 2010), the Caspian basin became restricted 
(van Baak et al., 2016, 2017), and the Black Sea retreated from large swathes of its northern shelf 
(Popov et al., 2010). Although the estimations of this second sea level drop differ significantly 
(Fig. 4b)(van Baak et al., 2017), we follow here a conservative, minimal, estimation of ~100m 
sea level drop to investigate the impact on of this event on the water transport through the Styx 
canyon into the Mediterranean. 

During the second mega-flood, Paratethys was a dilution basin, characterized by a positive 
hydrological budget (e.g., Marzocchi et al., 2016). We affirm that a 100 m sea level drop will 
force Styx to switch to a burst river again, expelling the retreating waters plus the exceeding 
water related to the overall positive hydrological balance of the basin. Hence, the positive water 
budget will be significantly enhanced by the surface reduction, because this will result in less 
evaporation. The second sea-level drop scenario (SDS, Fig. 5f ) will be very similar with the 
initial lake burst scenario (Fig. 3c) but will be primarily controlled by the speed of the sea-level 
drop. Given the preexisting canyon, the process would not have been slowed down by erosion. 
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Using the conservative estimate of a ~100m sea-level drop, we calculate a volume of 2.25*10 5 km3 
of Paratethyan waters flooding the Mediterranean. This is more than twice the volume of the 
first mega-flood and accounts for a fifth (18%) of the Paratethys volume to be transferred into 
the Mediterranean. Adding a strengthened positive water budget because of Paratethys surface 
reduction implies that this flooding episode would lead to a gigantic flux of freshwater into 
the Mediterranean. The signature of the second mega-flood is unmistakably recognized in the 
Mediterranean in the form of the Lago-mare episode. The Lago-mare unit, occurring in the 
5.55-5.33Ma interval (Roveri et al., 2014a), was characterized by fresh-brackish environments 
throughout the Mediterranean with a significant component of the fauna originating from 
Paratethys (Stoica et al. 2016). 

The processes that led to this sharp, radical hydrological change from hypersaline 
evaporitic facies, characterized by gypsum and halite, to low-salinity facies has long puzzled 
the scientific community. The first explanation was that the Lago-mare facies developed after 
the capture of Paratethys waters by erosion and a flood into the semi-desiccated Mediterranean 
basin (Cita et al., 1978). Lacking an adapt mechanism, this hypothesis was later rejected and 
regional fresh water dilution (Orszag-Sperber, 2006) coupled with Paratethyan taxa migrating 
into the Mediterranean through the air by birds (Benson et al., 1991) were postulated. The 
hypothesis of a burst flood of vigorous Paratethyan inflow in the aftermath should be considered 
as important contributors to the freshening of the Mediterranean in the final stage of the MSC 
(e.g., Marzocchi et al., 2016). 

7.6. Conclusions

We propose a scenario of two major Messinian mega-floods from Paratethys into the 
Mediterranean Sea. Lacking episodes of salinity increase, Paratethys displays the behavior of 
a dilution basin suggesting a dominantly positive water budget throughout the Messinian. 
The first flood was caused by the surpassing and erosion of the sill between Paratethys and the 
Mediterranean Sea, it occurred in the early Messinian at 6.9-6.7 Ma. This may have contributed 
to a brief cooling of the Mediterranean SST and to the increased stratification of the sea. A 
second flood occurred at 5.55 Ma and generated the Lago-mare facies of the Messinian Salinity 
crisis. This second event occurred faster and transferred gigantic volumes of fresh-brackish water 
into the Mediterranean. 
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Supplementary material

Methods

The proposed scenario is based on a timeline of events in Paratethys (Fig. 4b) built after 
a critical assessment of the events documented at 6.9-6.7Ma. A simplified overview is presented 
in the form of a table (Fig. S1). In addition, a similar assessment has been performed the 
Mediterranean. Besides the ealry Messinian Events in, presented in Figure 4, a series of other early 
Messinian events occuring in the Mediterranean have been listed in the supplement Figure S2. 
Allthough these events are occuring at the same time with the hypotesized Styx, it still remains 
to be establish if they are linked. For the Dacian Basin a supplementary tectonic assessment has 
been done, to take into account local tectonic events. As no major tectonic activity occurred in 
the time window of the event we developed scenarios controlled by lake-eustatic variations. An 
assessment of early Messinian events (Fig. 4d,e,f ) was put together after a review of the available 
literature describing Messinian records from the Mediterranean region from the 6.9-6.7Ma 
interval. To quantify the implications of the event, we build a paleogeographic Digital Elevation 
Model pDEM (Fig. S2). The paleogeography is interpreted from existing paleogeographic maps 
for most of the basins except the Black Sea Basin. For this basin, analogies with present day 
paleogeography, corrected for subsidence/uplift trends replace the facies related estimations. 
Volumes directly extracted from the pDem in steps of 1m are used in equations of mixing 
together with paleosalinity estimations from Paratethys (Fig S3) to describe four episodes from 
the proposed model. For each episode, the calculated values of volume or salinity are correlated 
with a chronology of environmental changes in the Mediterranean (Fig. 4c,d,e) and/or with the 
Global ocean fluctuations chart (Fig. 4f ). 

Tectonic assesment of the Dacian basin

We base our hypotheses on a selection of events occurring in the 6.9-6.7MA window 
throughout Paratethys (Fig S01). In comparing the records from the tectonically active Dacian 
Basin we have checked if there have been any important events during the late Miocene, which 
could offer an alternative explanation to the sedimentary anomalies encountered. 

The Moesian Platform had a variable flexural behavior during the Miocene-Quaternary 
time span due to the heterochronous evolution of the surrounding orogenic belts. This 
heterochronology led to a bipolar flexural behavior of the platform, which had as a consequence 
an asymmetric shape of the basin, migration of the main depocenters, variable source areas and 
different sediment charging. Since the Badenian (~15Ma), the area between the rising Carpathians 
(to north), the Balkans (to south) and the Black Sea (to east) becomes isolated of the rest of the 
Paratethys (Hamor et al., 1988, Popov et al.2004) giving birth to the geographical area known 
as Dacian Basin (Andrusov, 1917), which corresponds to the post-collision events from the 
Carpathian domain. The beginning of the flexural subsidence in the Carpathian foreland with a 
maximum in the Focsani Depression (13km/<16.5 my- Tărăpoancă et al., 2003) occurs in the 
middle Miocene. The sediments distribution is controlled by tectonics and the accommodation 
space is directly related to the orogeny thrusting onto the platform during the entire Miocene-
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Quaternary period (Leever et al, 2010). The faults have a normal or strike-slip character and the 
direction is mainly N-S or NW-SE (Răbăgia&Mațenco, 1999) but by the Maeotian time tectonic 
movements are greatly reduced (). The central part of the Moesian platform is dominated by the 
Danube fault system, with W-E general trend and more important vertical. This is now the 
flexural fore-bulge of the Carpathians, which have migrated over time due to the sediment piles 
loading and exposing the central part of the platform and causing the uplifting of Dobrogea in 
the east (Tărapoancă et al, 2004). The flexure of the fore-bulge created the proper space for the 
lower Danube canalization after the filling of the Pannonian basin during the Late Miocene-
Early Pliocene (Magyar et al, 2012), after the Maeotian time. The western part is affected by 
a series of dextral strike-slip faults (the Timok-Cerna system)-(Schmid et al, 2008, Tărăpoancă 
et al, 2017) which accommodates the transpressional influence of the southern Carpathians 
over the Moesian Platform (Tărăpoancă, 2004). The eastern area is affected during the middle-
upper Sarmatian by a fault system with a SW-NE direction (Shanov, 2005), probably part of the 
Shabla fault system. As seen on the field the faults have minor displacements of only few meters. 
Although this area is still active today but without important consequences over the topography.  

A paleogeographic Digital Elevation Model (pDEM)

Based on the paleogeographic map Popov et al., (2004) corresponding to the Maeotian 
stage in Paratethys, a vector dataset with contour lines attributed based on the facies characteristics 
and present day analogues was digitized. These contour lines were further used to generate the 
digital elevation model for Paratethys. Two distinct interpolate methods were used and compared. 
One of the method is natural neighbour (Sibson 1981), an exact interpolation based on Thiessen-
Voronoi polygons, and the other is ANUDEM with drainage enforcement (Hutchinson, Xu, 
and Stein 2011), an inexact interpolation specially created for generating topographical surfaces 
sensible to shape and drainage structure. Both methods were applied using ESRI ArcGIS 
Pro, version 2.1 (ESRI 2017a). Because no significant differences were recorded between the 
interpolated digital elevation models, across the entire study area, the DEM obtained with 
ANUDEM was further used in the volume calculus. The reason for choosing ANUDEM is 
based on its ability to generate a hydrological correct surface.

Each digital elevation model for each geological period was obtained by applying simple 
map algebra additions and subtractions to Parathetys’s DEM. For each newly created DEM, the 
volume, 2D area and 3D area were estimated bellow specific thresholds. This was accomplished 
using the Surface Volume tool from ArcGIS Pro, version 2.1 (ESRI 2017b)

 Paleobathymetric estimations for the deepest basins

For most of the facieses, attribution of a range of bathymetries is relatively easy but the 
deepest facieses are difficult to be directly converted to bathymetric values as the information 
is completely missing. However these parts overlap with the deepest parts of the present day 
Black Sea Basin. One way forward is the use of current bathymetries as reference for the 
paleobathymetric estimation with a correction of subsidence. 

Starting with this point (Mio-Pliocene) other big rivers finds their way to the Black Sea 
bringing with them important sediment quantities (Prut, Dnieper, Dniester), but not only to the 
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Black Sea but in the entire Paratethys (Don, Volga, Ural, Sakarya, etc.).

All these rivers have important hydrographic networks and water budgets. In order to 
receive water and sediments in such quantities, the Black Sea needed space. We know from 
wells that the sediment thickness during the Mio-Pliocene is of few kilometers. For example 
in Histria Depression (west Black Sea basin) the Pontian sediments are > 2km in thickness 
(Tambrea, D., 2007-Phd thesis). For creating this space few hypotheses were proposed. Mostly 
accepted is the subsidence due to the high sediments rate and normal faulting associated with it. 
Accordingly to Spadini et al., 1997 and Nikishin et al, 2003 models, there is an acceleration of 
basement subsidence during the Pliocene-Quaternary (0.45-0.5 km/My and a rate of 85m/My). 
For Oligocene-Miocene the tectonic subsidence is between 0.4 and 0.6 the rate of subsidence 
is about 20-30 m/My (Nikishin et al., 2003). The end result reflects the conservative approach 
being slightly underestimated if compared with the present day bathymetries (Fig S02).

Natural desalination equations

The natural desalination process can be expressed via the differential equation for the salt content 
of the basin.  With 𝑄𝑄"#$= volume flux out of the Paratethys, 𝑉𝑉 = basin volume, 𝑆𝑆 = basin-averaged salinity, and 
𝑡𝑡 = time, the salt conservation equation reads: 

𝑉𝑉 ∗
𝑑𝑑𝑆𝑆
𝑑𝑑𝑡𝑡

= 	−𝑄𝑄"#$ ∗ 𝑆𝑆	

 
where we have used the assumption that sea level (and thus volume) is constant and consider the rivers to have 
zero salinity. The equation can be rearranged to: 
 

-
1
𝑆𝑆
𝑑𝑑𝑆𝑆 = 	−-

𝑄𝑄"#$

𝑉𝑉
𝑑𝑑𝑡𝑡 

 
Assuming that 𝑄𝑄"#$ 	is constant with time results in: 
 

[ln	(𝑆𝑆)]
𝑆𝑆56789
𝑆𝑆676$689

= 	−
𝑄𝑄"#$

𝑉𝑉
𝑡𝑡 

 

𝑡𝑡 = −
𝑉𝑉

𝑄𝑄"#$
[ln(𝑆𝑆:7;) − ln	(𝑆𝑆676$689)] 

 

𝑡𝑡 = −
𝑉𝑉

𝑄𝑄"#$
ln	 <

𝑆𝑆56789
𝑆𝑆676$689

= 

This can be rearranged to 

𝑆𝑆(𝑡𝑡) = 	 𝑆𝑆>𝑒𝑒
@ A6B:C	59#D
E8F67	G"9#H:∗$ 

 
This represents a classic exponential decay equation (https://en.wikipedia.org/wiki/Exponential_decay).  
 
If river flux, basin volume and initial salinity is inserted it is straight forward to plot the exponential 
decay. Compared to the standard exponential decay equation dN/dt= −	𝜆𝜆𝜆𝜆, which has the 
solution	𝜆𝜆(𝑡𝑡) = 𝜆𝜆>𝑒𝑒@K$ , which N is quantity that decays (salinity in our case), the exponential decay 
constant in our case is river flux/Basin volume.  
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Map
Nr.

Location Name Type  Method Age Method Authors

A01 Pannon basin Alpar Canyon
Erosional feature, 
sub-aqueous canyon

seismic 6.9Ma Sequence stratigraphy
Vakarks et al., 1997; Juhasz et al., 2013, 
Matenco et al., 2013, Balas et al., 2017; van 
Baak et al., 2017

A02
Getic depression, 
Dacian basin

Taria
Mass Transport 
deposits

IntraMaeotian 
Event

6.9-6.7Ma
Lateral correlations 
with A03, A04

Fongngern et al., 2017

A02
Getic depression, 
Dacian basin

Cerna,
Mass Transport 
deposits

IntraMaeotian 
Event

6.9-6.7Ma
Radiometric 
Dating (U-Pb); 
Magnetostratigraphy,

Fongngern et al., 2017; Palcu et al., 2018

A02
Getic depression, 
Dacian basin

Cernișoara
Mass Transport 
deposits

IntraMaeotian 
Event

6.9-6.7Ma
Radiometric 
Dating (U-Pb); 
Magnetostratigraphy,

Fongngern et al., 2017; Palcu et al., 2018

A02
Getic depression, 
Dacian basin

Otasau 
Mass Transport 
deposits

IntraMaeotian 
Event

6.9-6.7Ma
Lateral correlations 
with C4, C5

Fongngern et al., 2017

A03
Getic depression, 
Dacian basin

West Dacian 
Basin

Toplap and erosional 
unconformity

IntraMaeotian 
Event

x seismic, drill data Muntenau et al., 2012

A04 Dacian Basin Bădislava
sub-aerial 
unconformity

IntraMaeotian 
Event

6.9-6.7Ma
Magneto-
biostratigraphy,

Stoica et al, 2012; Jipa et al., 2008

A05 Dacian Basin Bizidel Sea-level drop
IntraMaeotian 
Event

x
sedimentological 
observations

Jipa et al, 2008

A06 Dacian Basin Rusavatu sea level drop
IntraMaeotian 
Event

6.9Ma
Magneto-
biostratigraphy,

Palcu et al, 2018

A07
Focșani 
depression, Dacian 
Basin 

Focșani 
depression

Toplap and erosional 
unconformity

IntraMaeotian 
Event

x seismic, drill data Tarapoanca et al, 2004

A08 West Black Sea Histria basin Unconformity x x seismic, drill data Muntenau et al., 2012

A09
South-West Black 
Sea 

DSDP
Mass Transport 
deposits

IntraMaeotian 
Event

6.9-6.7Ma
seismic, drill data, 
magnetostratigraphy

van Baak et al, 2017, Palcu et al, 2018

A10 North Black Sea Taman Unconformity
IntraMaeotian 
Event

6.9-6.7Ma
Magneto-
biostratigraphy,

Radionova et al, 2012; Rybkina et al, 2013; 
Popov et al., 2017; Rostovtseva et al., 2005

A10 North Black Sea Zelezny Rog Unconformity
IntraMaeotian 
Event

6.9-6.7Ma
Magneto-
biostratigraphy,

Radionova et al, 2012; Rybkina et al, 2013; 
Popov et al., 2017; Rostovtseva et al., 2006

A10 North Black Sea Panagiy Unconformity
IntraMaeotian 
Event

6.9-6.7Ma
Magneto-
biostratigraphy,

Radionova et al, 2012; Rybkina et al, 2013; 
Popov et al., 2017; Rostovtseva et al., 2007

A10 North Black Sea Popov Kamen Unconformity
IntraMaeotian 
Event

6.9-6.7Ma
Magneto-
biostratigraphy,

Radionova et al, 2012; Rybkina et al, 2013; 
Popov et al., 2017; Rostovtseva et al., 2008

A11 North Bkack Sea offshore Unconformity x x seismic, drill data Sheremet et al., 2016

A12
South-West Black 
Sea 

Limankoy 
seismic line

Unconformity
IntraMaeotian 
Event

6.9-6.7Ma*
seismic, correlated 
with DSDP drill data

Tari et al., 2015

A12
South-West Black 
Sea 

Igneada 
3D seismic 
survey

Unconformity
IntraMaeotian 
Event

6.9-6.7Ma*
seismic, correlated 
with DSDP drill data

Tari et al., 2016

A12
South-West Black 
Sea 

Line bks1-
0020

Unconformity
IntraMaeotian 
Event

6.9-6.7Ma*
seismic, correlated 
with DSDP drill data

Tari et al., 2017

A12
South-West Black 
Sea 

Line bks1-
0222

Unconformity
IntraMaeotian 
Event

6.9-6.7Ma*
seismic, correlated 
with DSDP drill data

Tari et al., 2018

A12
South-West Black 
Sea 

Varna Deep 
3D seismic 
survey

Unconformity
IntraMaeotian 
Event

6.9-6.7Ma*
seismic, correlated 
with DSDP drill data

Tari et al., 2019

A13 South Black Sea
Karadeniz-
LimanKoy

Unconformity x x x Menliki et al., 2009

Figure |7| S1. Anomalies in Paratethys  that could correlate to Styx 
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Location Observation(s) Author(s)

Sorbas basin, Spain

6.7 Ma: transition Lower Abad to Upper Abad marls
6.8 – 6.7 Ma: isotope shift,
6.7 Ma: start of extreme shifts in planktic/benthic ratios,
6.7 Ma: start of large shifts warm-oligotrophic/cold eutrophic 
planktic foraminifera

Sierro et al., (2003) 

Pissouri, Cyprus

6.73 Ma: shifts in abundance, mostly decrease / disappearance, 
all groups 
6.7 Ma: first ~large shift P/B ratios (more <6.4 Ma)
6.73 Ma: onset of diatomite in the marly sediments

Kouwenhoven et al., 2003

Oued Akrech, NW Morocco Restriction phase between 6.8 and 6.7 Kouwenhoven et al., 2003

Monte Gibliscemi, Sicily, S Italy Restriction phase between 6.8 and 6.7 Kouwenhoven et al., 2003

Monte del Casino, N Italy Restriction phase between 6.8 and 6.7 Kouwenhoven et al., 2003

Faneromeni, NE Crete, Greece Restriction phase between 6.8 and 6.7 Kouwenhoven et al., 2003

Metochia, Gavdos island - S 
Greece

Restriction phase between 6.8 and 6.7 Kouwenhoven et al., 2003

Faneromeni, Crete 6.7 Ma: the the Early Messinian Starvation Event (EMSE) Santarelli et al., 1997

Melilla Basin, eastern Rif Corridor, 
Morocco

6.84 Ma: onset diatomite, “boreal influence increase”, cooling 
phase 
6.72 Ma: lithology and fauna transition (BF; no details)
6.58 Ma: pure diatomite

Van Assen et al., (2006)
Saint Martin and Cornée 
(1996)

Gadvos island, south of Crete,
Greece

6.722 Ma: Base diatomite
6.7 Ma: Restriction phase, Simultaneous presence of surface-
dwellers (Globigerinoides spp.) indicative of oligotrophic, stratified 
waters and deep dwellers as Globorotalia spp. indicative of 
mixing water Abnormal faunal composition of benthic faunas.

Drinia et al. (2007

Piedmont Basin, N Italy ~6.7 Ma: slump, Above the slump impoverished flora + fauna Lozar et al., (2010)

Tripoli formation,

6.71 Ma: non-cyclic change; with indication of a warming trend, 
and a switch to dolomite enriched sediments and and heavier 
18O values,
a decrease of  diversity in the Radiolarian specias; Atlantic 
species disappear

Blanc-Valleron et al. 2002

Figure |7| S2. Early Messinian anomalies in the Mediterranean 
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Figure |7| S3. Similarities and differences beween a DEM of present day Black Sea (up) region and the 
pDEM of the late Mionce in the Black Sea Region  (down) 
a-a1. note the conservative basin geometry used in the pDEM - the pDEM is underestimated on purpose, b-b1. The 
Azov Sea is compleltely filled toda (b.)  but in late Miocene was deeper (b1), c-c1. Danube delta fills a big part of the 
NW Black Sea basin today (c) but it was non-existent in the late Miocene (c1), d,e. Higher topographies in the Blac 
Sea basins have been exagerated to preserve an underestimation for the overall volume of the basins.

a1

d

b1

e

c1

c

b

a
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Figure |7| S4. Paleosalinity estimations from Paratethys

Nr Age code
Salinty 
Value (‰)

Based on what 
Group?

REGION Location Refference

1 middle Pontian 5 Mollusk EP-W Dacian Basin Jipa et al., Dacian Basin, 2009

2 early Pontian 7 Mollusk EP-W Dacian Basin Jipa et al., Dacian Basin, 2009

2 early Pontian 30 Microfossils EP-W Dacian Basin Stoica et al, 2012

3 latest Maeotian 22 Nannoplankton EP-S Black Sea - DSDP van Baak et al., 2016

4 upper Maeotian 1 Mollusk EP-W Dacian Basin Jipa et al., Dacian Basin, 2009

5 upper Maeotian 1 Mollusk EP-N-K Kuban - TAMAN Popov et al., 2015

6 upper Maeotian 0 Ostracod EP-N-K Kuban - TAMAN Popov et al., 2015

7 upper Maeotian 1 Ostracod EP-N-K Kuban - TAMAN - Popov Kamen Popov et al., 2015

8 upper Maeotian 2 Ostracod EP-N-K Kuban - TAMAN - Taman Popov et al., 2015

9 upper Maeotian fluct. Forams EP-N-K Kuban - TAMAN Popov et al., 2015

10 upper Maeotian 5 Ostracod EP-N-K TAMAN - Popov Kamen Popov et al., 2015

11 upper Maeotian 8 Ostracod EP-N-K TAMAN - Taman Popov et al., 2015

12 lower Maeotian 25 Mollusk EP-S Rioni Bay - Georgia Popov et al, 2006

14 lower Maeotian 15 Mollusk EP-N-K Kuban - TAMAN Popov et al., 2015

15 lower Maeotian 20 Ostracod EP-N-K Kuban - TAMAN - Taman Popov et al., 2015

17 lower Maeotian 5 Ostracod EP-N-K Kuban - TAMAN - Popov Kamen Popov et al., 2015

19 lower Maeotian 15 Ostracod EP-N-K Kuban - TAMAN - Popov Kamen Popov et al., 2015

20 lower Maeotian 14 Ostracod EP-N-K Kuban - TAMAN - Taman Popov et al., 2015

21 lower Maeotian 18 Mixed EP-N-K Kuban - TAMAN Rybkina et al., 2015

22 lower Maeotian 18 Mollusk EP-W DB Jipa et al., Dacian Basin, 2009

23 lower Maeotian 10 Ostracod EP-N-K TAMAN - Popov Kamen Popov et al., 2015

24 lower Maeotian 15 Mixed EP-N-K TAMAN - Taman Popov et al., 2015

25 lower Maeotian 14 Mollusk EP-N-K TAMAN - Taman Popov et al., 2015

28 Khersonian 4 Mollusk EP-N-K TAMAN Rybkina et al., 2015

29 Khersonian 2 Ostracod EP-N-K TAMAN - Taman Popov et al., 2015

30 Khersonian 5 Mollusk EP EP Nevesskaya et al.,2002

31 Khersonian 5 Mollusk EP-W Dacian Basin Jipa et al., Dacian Basin, 2009
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Samenvat t ing

Het eerste deel van de thesis – Conduits of Life [Levenskanalen] - focust op het begin 
van de mariene milieus in Paratethys. Ten eerste, in Hoofdstuk 1, “Veranderende Zeeën”, 
introduceren we de belangrijkste problemen en uitdagingen in Paratethys-onderzoek middels 
een overzichtsverhaal, waarin we de vele bestaande ouderdomsschattingen voor een mariene 
overstroming ontwarren en de paleogeografische ontwikkeling in de Centrale Paratethys 
bespreken. De reden dat de chronologie en paleogeografie van deze regio beter begrepen moeten 
worden is dat het een schakelgebied vormde tussen de Oostelijke Paratethys en de Middellandse 
Zee. Het hoofdresultaat van dit hoofdstuk is de nieuwe ouderdomsbenadering voor de “Badenian 
flooding”, een grote mariene invasie in de Centrale Paratethys rond 15 Ma. In Hoofdstuk 2, “Een 
Anoxische Reus komt tot zijn einde”, dateren we het begin (14.85 Ma) en de duur (~100 kyr) 
van de “Tarkhanian” mariene episode in de Oostelijke Paratethys, die ~1 miljoen jaar jonger 
is dan voorheen gedacht. De overstroming kan worden gecorreleerd met een continent-brede 
transgressie (hetzelfde event als besproken in Hoofdstuk 1) en valt samen met het eind van een 
20 miljoen jaar durende, bekken-wijde anoxische periode in de Oostelijke Paratethys. Daarnaast 
presenteren we een connectiviteitsmodel dat inzicht geeft in de rol van de mariene vloed in het 
beëindigen van de anoxie. Ook documenteren we de signatuur van een potentieel samenspel van 
tektoniek en eustasie gekoppeld met een mid-Miocene tektonische episode in de Oost-Karpaten 
en ontkrachten we een oude hypothese over het bestaan van een zeestraat tussen de Paratethys en 
Indische Ocean tijdens het midden Mioceen.

In het tweede deel van de thesis – Agents of Extinction [Extinctievertegenwoordigers] -  
focussen we op de rol van ingeperkte zeestraten in het triggeren van extinctie. Hier implementeren 
we de ‘spiegelmethode’ waarbij observaties in bekkens aan weerszijden van een zeestraat worden 
gespiegeld. In Hoofdstuk 3, “De ouderdom van het Badenian-Sarmatian Extinctie Event (BSEE)”, 
dateren we de BSEE op 12.65 Ma en linken deze met veranderingen in het connectiviteitsregime 
van de zeestraat tussen de Centrale en Oostelijke Paratethys. De zeeën waren verbonden tijdens het 
gehele bestudeerde tijdsinterval, maar ze werden beïnvloed door een omslag van een grotendeels 
eenrichtingsstroming naar een dichtheidsgedreven vermengingsmechanisme, resulterend in het 
grootste extinctie event in de Centrale Paratethys. 

Vervolgens, in Hoofdstuk 4, “Milieucrises getriggerd door zeestraatarchitectuur”, 
analyseren we het BSEE event “in de spiegel” door middel van een studie van de grens in 
de Oostelijke Paratethys. De resultaten zijn wederkerig met de voorgaande observaties in de 
Centrale Paratethys; we dateren het begin van de complete vermenging van de twee zeeën op 
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12.65 Ma. Deze gebeurtenis wordt vergezeld door een relatief kleine extinctie op de regionale 
Konkian-Volhynian grens. Met deze resultaten kunnen we het mixing model uit Hoofdstuk 
3 verfijnen. Daarnaast dateren we de aanvang en het einde van de “Karaganian Stage”, een 
lacustrien equivalent van de hyperzoute zeeën van Centraal Europa tijdens de “Badenian Salinity 
Crisis” [Badeense zoutcrisis], op 13.9-13.3 Ma. In Hoofdstuk 5, “Extreme midden-Miocene 
paleomilieus in Centraal Europa getoetst door zeestraatdynamiek”, gebruiken we data uit 
voorgaande hoofdstukken over de connectiviteit tussen de Centrale en Oostelijke Paratethys voor 
het modelleren van de benodigde randvoorwaarden in zeestraten voor het creëren van extreme 
events, zoals de vorming van evaporieten.

Het derde deel – The Birth of a Strait [De Geboorte van een Zeestraat] – tackelt 
sommige van de lastigste en controversieelste aspecten van de geschiedenis van de Paratethys: 
de laat-Miocene isolatie en hereniging van de Paratethys en de Middellandse Zee. De focus van 
Hoofdstuk 6 “Het einde van de Grote Droogte”, presenteert een ouderdom voor de “Maeotian” 
transgressie in de Oostelijke Paratethys, een klimaatverandering die het einde markeerde van 
een significante periode van regressie toen de Paratethys insloten was door land op 7.6 Ma. 
We plaatsen de ouderdom van de heraansluiting met de Middellandse Zee op 6.9 Ma, gelijk 
aan de regionale lower-upper Maeotian grens. Ten slotte, in Hoofdstuk 7, “Euraziatische mega-
overstromingen in de Middellandse Zee tijdens het Messinien”, beschrijven we een mechanisme 
voor de beëindiging van de isolatie van de Paratethys middels een afvloeiing van Paratethys 
water naar de Middellandse Zee via de mega-rivier de Styx. Deze gebeurtenis, die plaatsvond 
tussen 6.9 en 6.7 Ma, verklaart de oorsprong van de veelvoud aan sedimentaire anomalieën in de 
Paratethys, die voorheen gelinkt werden aan de drooglegging van de Middellandse Zee, en sluit 
aan bij observaties in de Middellandse Zee archieven. Met behulp van kwantitatieve schattingen 
van het watervolume in de Paratethys berekenen we de uitwisseling tussen de twee bekkens en 
demonstreren dat de Middellandse Zee rijk was aan Paratethys-water tijdens het Messinien.
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