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Voorland van de Roemeense Karpaten - over de laat orogene ontwikkeling van sedi-
mentaire bekkens en de paleogeografie van Paratethys

Samenvatting
Sedimentaire bekkens bevatten een schat aan informatie over de ontwikkeling van de Aarde
en de processen die daarin een rol speelden. Voor de prozaischer lezer: ze zijn ook een
bron voor drinkwater en bevatten de olie- en gasreserves die tot de dag van vandaag onze
voornaamste energiebron zijn; geothermische energie is een veelbelovende aanvulling. De
patronen van de sedimentaire invulling geven informatie over de opheffing en daling van
het aardoppervlak zoals die door mantelprocessen gestuurd wordt, en daarnaast over soms
grote zeespiegelveranderingen. Veranderingen in leefmilieu en klimaat zijn vastgelegd door
fossielen.

Het bestuderen van sedimentaire bekkens is daarom niet alleen vanuit een door nieuws-
gierigheid gedreven wetenschappelijk perspectief gerechtvaardigd. Richtte de wetenschap
zich oorspronkelijk op het achterhalen van de geologische geschiedenis van een bepaald
gebied, in de moderne Aardwetenschappen is het doel verlegd naar het verkrijgen van een
kwantitatief begrip van de verschillende processen die de Aarde gevormd hebben, en hun
interactie. Deze benadering zal er uiteindelijk aan bijdragen in de vraag naar energie te
voorzien en brengt kennis over de veranderingen in ons fysieke leefmilieu, waarbij de ver-
anderingen in klimaat en zeeniveau enkele van de grootste uitdagingen van de 21e eeuw
zijn.

Met het bovenstaande in het achterhoofd, gaat dit proefschrift in op de mechanismen die
ten grondslag liggen aan de tektonische, sedimentaire en paleogeografische ontwikkeling
van voorlandbekkens in de het tijdsbestek gedurende en met name na afloop van de vorm-
ing van het nabijgelegen gebergte. De ontwikkeling van een gebergte is nauw verbonden
met die van zijn voorlandbekkens, een relatie waarvan is vastgesteld dat die ook na afloop
van de actieve gebergtevorming voortduurt. Opheffing en daling zijn tektonisch gekoppeld
in het berg-bekken systeem, dat eveneens een gekoppeld bron- en afzettingsgebied vormt
voor sedimenten. Bovendien vormt het omhoogkomende gebergte een topografische bar-
rière die de paleogeografische ontwikkeling van een gebied en de daarmee samenhangende
veranderingen in leefmilieu bepaalt. Het samenbrengen van gegevens uit beide delen van
het systeem is dus noodzakelijk om het geheel te begrijpen. Deze dissertatie maakt daarom
onlosmakelijk deel uit van het onderzoek dat de laatste jaren uitgevoerd is binnen het kader
van het Pannoonse Bekken - Karpaten programma van ISES (Netherlands Research Centre
for Integrated Solid Earth Science).

De voorlandbekkens van de Roemeense Karpaten zijn een natuurlijk laboratorium met
een dynamische ontwikkeling in alle bovengenoemde aspecten. Voortbouwend op een uit-
gebreide bestaande gegevensverzameling, helpen de aanvullende gegevens die in dit proef-
schrift gepresenteerd worden de mechanismen die de tektonische, sedimentaire en paleo-
geografische ontwikkeling van het studiegebied bepaalden, vast te leggen. De Karpaten zijn
een boogvormig gebergte in centraal en oost Europa, dat zich in oostwaartse richting vanaf
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de Alpen uitstrekt en een boog van 180◦ aflegt voor het zich in zuidwaartse richting bij het
Balkangebergte voegt. Gedurende de Tertiaire verkorting en rotaties in de bergketen van de
Karpaten begonnen de voorlandbekkens in Roemenie aan hun ontwikkeling op een voor-
land lithosfeer die uit een aantal in ouderdom, temperatuur en rheologie sterk van elkaar
afwijkende delen is samengesteld. In paleogeografische termen is het post-orogene voor-
landbekken van de Roemeense Karpaten bekend als het Dacisch Bekken, dat een aanhangsel
van de Oostelijke Paratethys vormde.

Binnen het kader van de laat orogene ontwikkeling van de Roemeens voorlandbekkens,
beslaat dit proefschrift twee delen, die zich op verschillende geografische regio’s en pro-
bleemstellingen richten. Het onderwerp van het eerste deel van het proefschrift is de tek-
tonische daling van het voorland van een gebergte, en het heeft tot doel (1) de invloed
van laterale overgangen in lithosferische sterkte op syn-orogene bekkenontwikkeling vast
te leggen, en (2) de kinematica van de anomale post-orogene verticale bewegingen in het
voorland van de Zuidoost Karpaten te bepalen en deze te verklaren. Veranderende paleo-
geografische relaties zijn het onderwerp van het tweede deel van het proefschrift. Deze
zijn het best te bestuderen in het westelijke deel van het Dacisch Bekken, in het voorland
van de Zuid Karpaten. Hier is het doel, (3) de uitdrukking in het Dacisch Bekken van
de grote zeespiegeldaling gedurende het Messinien (Messinian Salinity Crisis) in de Mid-
dellandse Zee te bepalen en (4) de oorzaken en gevolgen van veranderende connectiviteit
binnen Paratethys na te gaan. Hierbij ligt de nadruk op de insnijding van de Donau in zijn
kloof door de Zuid Karpaten en de gevolgen daarvan op de sedimentverdeling tussen het
Pannoonse en Dacische bekken.

De resultaten in dit proefschrift zijn grotendeels gebaseerd op de interpretatie van 2D
seismische reflectie data. Dat betreft zowel enkele nieuwe, in het kader van dit promotieon-
derzoek verkregen secties van hoge resolutie als gegevens die door de industrie beachikbaar
zijn gesteld. Numerieke modellering, in de vorm van parameteranalyses van lithosfeer flex-
uur en van de interactie tussen lithosfeer- en oppervlakteprocessen, is daarnaast toegepast in
dienst van de interpretatie van de seismiek, en om het relatieve belang van de verschillende
processen die de bekkenontwikkeling beinvloedden aan te kunnen tonen.

Het studiegebied in het eerste deel van het proefschrift, aan de voet van de Oost en
Zuidoost Karpaten, is gekenmerkt door een voorland dat is samengesteld uit sterk verschil-
lende stukken lithosfeer. Deze verschillen van elkaar in tectono-thermische ouderdom en
samenstelling, en zijn daardoor gekenmerkt door een verschillende rheologie en vertonen
bij eenzelfde belasting afwijkende patronen van doorbuiging of flexuur. Het oude Oost-
Europese Kraton (EEC) wordt in het zuiden begrensd door het Scythische Platform dat op
zijn beurt door het Noord-Dobrogea gebergte gescheiden is van het Moesian Platform (MP).
De ontwikkeling van het voorlandbekken gedurende de oostwaartse verplaatsing en aan-
groei van de flyschgordel van de Oost Karpaten is bestudeerd met een 2D elastisch flexuur-
model. Een constante topografische last werd daartoe richting een overgang in lithosferische
sterkte of stijfheid verplaatst, waarvoor de overgang in lithosfeersterkte tussen EEC en MP,
onder een schuine hoek met het naderende gebergte, model stond. De resultaten wijzen uit
dat een overgang in lithosfeersterkte in het voorland van een naderend gebergte leidt tot een
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stapsgewijze verbreding van het voorlandbekken. De snelheid waarmee de bekkenrand zich
voor het gebergte uit verplaatst kan tot 4 maal de verplaatsingssnelheid van het gebergte
bereiken, afhankelijk van de gradient van de sterkteovergang. Een sterkteovergang met een
breedte van 100 km verklaart de geometrie van het voorlandbekken gedurende het Sarma-
tian, dat veel breder is in het noorden dan in het zuiden. Daarnaast wordt een concentratie
en versterking van buigspanningen langs de sterkteovergang voorspeld. Een dergelijk, door
flexurele buiging ingegeven falen langs een de overgang tussen het Moesian en Scythische
Platform kan de rekbreuken langs het Peceneaga-Camena breuksysteem verklaren.

Het wel meest opvallende verschijnsel in het voorland van de Oost-Karpaten is het
Focşani Bekken aan de voet van de Zuidoostelijke Karpatenboog. In een gebied van zo’n
60 bij 120 km zijn tot 6 km sedimenten afgezet gedurende het Plioceen en Kwartair, de pe-
riode volgend op de botsing, opheffing en gebergtevorming in de Oost Karpaten. Grenzend
aan het gebergte zijn deze sedimenten ontsloten; steilgesteld tot verticaal aan toe en hel-
lend naar het oosten. Door interpretatie en tijd-diepteconversie van nieuw geschoten hoge
resolutie seismische lijnen kon de geometrie van de lagen op deze westelijke bekkenflank
en de overgang naar het gebergte gedetailleerd in kaart gebracht worden. Met behulp van
een kinematische reconstructie van de zo verkregen profielen konden drie verschillende ont-
wikkelingsperioden van het bekken worden onderscheiden. De eerste fase, tijdens het Laat
Mioceen, komt overeen met een periode van ’normale’ voorlandbekken-daling gedurende
en als gevolg van de gebergtevorming. De tweede fase, van het eind van het Mioceen
en gedurende het Plioceen, was gekenmerkt door daling over een groot gebied, dat het
oostelijke deel van het huidige gebergte omvatte. Deze daling werd zeer waarschijnlijk
veroorzaakt door de neerwaartse trekkracht van de ’Vrancea plaat’. In de derde en laatste
Kwartaire periode, werd het bekken geïnverteerd. In antwoord op ongeveer 5 km verkorting
kwam het gebergte omhoog, een opheffing die gedeeltelijk geaccommodeerd werd langs
steile breuken onder de flyschgordel. Ten gevolge van de opheffing van de gebergtegordel
kwamen de sedimenten op de westelijke bekkenflank mee omhoog en werden in hun sub-
verticale positie gesteld terwijl de daling verder naar het oosten doorzette en daarbij aan nog
2 km sedimenten ruimte bood. Deze inversieperiode komt overeen met de regionale inversie
van het Pannoons en Karpatengebied. De amplitude van de inversie (verticale bewegingen
van enkele km) is groot in vergelijking met de rest van het gebied, veroorzaakt door de
neerwaartse kracht van de Vrancea plaat en de overgang naar het rigide Oost-Europese Kra-
ton. De waarnemingen leidden tot de conclusie dat post-orogene tektonische bewegingen,
veroorzaakt door intraplaatspanningen en de aanwezigheid van een achtergebleven gesub-
duceerde plaat, in staat zijn om significante vervormingen te veroorzaken in een gebergte en
zijn voorlandbekkens, waarbij de bestaande patronen van dekbladstapeling overprint wor-
den.

Het tweede deel van dit proefschrift speelt zich af in het Dacische Bekken in het voorland
van de Zuid Karpaten, waar de rotatie van de Tisza-Dacia plaat langs de westelijke rand van
het Moesian Platform de opening van de Getische Depressie tot gevolg had. Da-ling leidde
hier tot de vorming van een tot 500m diep bekken dat in de loop van de tijd gevuld werd door
klastische sedimenten afkomstig uit het omringende gebergte. De sedimentaire platforms
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die zo gevormd worden bieden door hun interne structuur informatie over zeespiegelveran-
deringen. In het uiterste westen stroomt tegenwoordig de Donau het bekken in door de
IJzeren Poorten, de uitgang van het ca 90km lange dal dat de rivier dwars door de Zuid
Karpaten heen heeft uitgesleten. In dit deel van het proefschrift wordt de bekkenontwikke-
ling benaderd vanuit een paleogeografische invalshoek, waarbij speciaal aandacht wordt
besteed aan de kenmerken van de Mediterrane MSC in het Dacische Bekken. Het cen-
trale onderwerp is de uitdrukking van de verbinding tussen de watermassa’s van Paratethys
onderling, en tussen Paratethys en de Middellandse Zee, en de invloed ervan op zowel ac-
commodatieruimte voor sediment als op de aanvoer ervan. De combinatie van seismische
sequentiestratigrafie en modellering van oppervlakte transportprocessen, beide op bekken-
schaal, blijkt in aanvulling op de traditionele biostratigrafische benaderingen een potentieel
waardevolle methode om paleogeografische ontwikkeling te reconstrueren. Goede datering-
en blijven een voorwaarde.

Door middel van de sequentiestratigrafische interpretatie van een samengestelde seis-
mische lijn van meer dan 200 km lengte in het westelijk deel van het Dacisch Bekken, kon
aangetoond worden dat de grote zeespiegelveranderingen die in de Middellandse zee de
MSC kenschetsen, ook het Dacisch Bekken beinvloed hebben. De aan deze gebeurtenis
gelieerde zeespiegelveranderingen bereikten in het Dacisch Bekken een grootte van hon-
derden meters, en zijn daarmee in zowel grootte als snelheid ruim van een andere orde
grootte dan glacio-eustatische waarden. Een zeespiegeldaling van 200 meter gedurende het
Midden Pontian kon aan de MSC worden toegeschreven. Deze daling legde de top van het
siliciclastische platform bloot, waarmee het afzettingsgebied sterk verkleind werd, hetgeen
leidde tot een schijnbare toename in sedimentatiesnelheden. Een grote laagwaterwig werd
gevormd, die zich uitbouwde in het resterende ∼300m diepe bekken. Gedurende het laag-
water werd het zeeniveau constant gehouden door de hoogte van de Scythische drempel,
waarlangs het bekken in verbinding stond met de Zwarte Zee. Gedurende het Laat Pontian,
gelijktijdig met de Zanclean deluge, werd het bekken weer tot de rand toe onder water gezet.

De grote zeespiegelverandering van het Messinian zoals die op de seismische data is
waargenomen duidt op communicatie tussen Paratethys en de Middellandse Zee, en riep
vragen op over de verbindingen binnen Paratethys, specifiek tussen de Centrale en Oost-
elijke Paratethys, ofwel het Pannoonse en Dacische bekken. De oorzaken en gevolgen
van veranderende connectiviteit tussen deze twee bekkens via de Poort van de Donau in
de Zuid Karpaten zijn nader onderzocht met behulp van numerieke modellering. Behalve
zeespiegelveranderingen is het belang van een aantal andere factoren bestudeerd, die po-
tentieel invloed hebben op het ontstaan en in stand houden van een verbinding tussen twee
bekkens en de daarmee samenhangende sedimentverdeling. Dat betreft de geometrie en de
opheffingssnelheid van de barrière, en de sterkte van de lithosfeer. Het belangrijkste resul-
taat van de modellering is dat de connectiviteit tussen twee bekkens zowel op accommodatie
als op sedimentaanvoer invloed uitoefent, factoren die zodoende van elkaar afhankelijk blij-
ken.

De modellering heeft aangetoond dat een verbinding via een rivier tussen twee grote
sedimentaire bekkens, die gescheiden zijn door een topografisch hoog, slechts zal ontstaan
als het niveau van het bovenstroomse meer tot de aan de rand van de barriere kan stijgen.
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In het model heeft het bovenstroomse meer (Pannoonse Bekken) verreweg de grootste sed-
imentaanvoer, terwijl het benedenstroomse bekken (Dacisch Bekken) in open verbinding
staat met de zee. Het invangen van het meer en/of de aanpassing van de riviergradient
aan een benedenstroomse waterspiegeldaling leiden beide tot een daling van het niveau van
het bovenstroomse meer. Het invanging tegenwerkende effect van isostatische terugvering
kan door verschillen in erodeerbaarheid in de barrière, veroorzaakt door tektonische struc-
turering, verminderd worden. De rivier kan hierdoor relatief diep in zijn dal insnijden. De
sedimentverdeling tussen de bekkens, die het gevolg is van de ontstane verbinding, wordt
primair bepaald door de accommodatieruimte in het bovenstroomse bekken, die op zijn
beurt een functie is van het waterniveau en van daling. De sterkte of stijfheid van de litho-
sfeer is in dat opzicht de belangrijkste factor die de sedimentverdeling beinvloedt; zowel
het moment van de overgang van sedimentatie van het bovenstroomse naar het beneden-
stroomse bekken, als de snelheid ervan worden hierdoor bepaald. Een sterke lithosfeer leidt
tot een snelle en plotselinge toename van de sedimentatie in het benedenstroomse bekken,
terwijl voor een zwakke lithosfeer de overgang veel geleidelijker is. Het invangen van het
bovenstroomse meer leidt op zichzelf niet tot een sterke toename in sedimentatiesnelheden
in het benedenstroomse bekken, tenzij het invangen gebeurt als het meer al bijna opgevuld
is. Het invangen van het meer kan ook de uiteindelijke opvulling versnellen doordat het tot
een afname van de accommodatieruimte leidt. Het hoogteverschil tussen de twee bekkens
is hiervoor bepalend. Lokaal, bij de invoer van de rivier in het benedenstroomse bekken, zal
het invangen van het meer in elk geval leiden tot hogere sedimentatiesnelheden.

Nadat de open water communicatie door de Sarmatian opheffing van de Zuid Karpaten
verstoord was, is de fluviatiele verbinding tussen het Pannoonse en Dacische bekken waar-
schijnlijk gedurende het Meotian hersteld. Hierop wijzen de lokale toename in sedimentatie
bij de IJzeren Poort, de lage saliniteit en een waterbalans van het Pannoonse meer tijdens
de endemische Pannonian etage. De zeespiegeldaling van 200m in het Dacisch Bekken
gedurende het Messinian leidde tot diepere insnijding van de (paleo)Donau in de Karpaten,
wat de verlaging van de waterspiegel van het Pannoonse meer tot gevolg had. De verbind-
ing was vanaf dat moment permanent, en de door erosie verlaagde barrière zou zelfs een
transgressie in het Dacisch Bekken naar het Pannoonse Bekken kunnen laten doordringen.
De daling van de waterspiegel van het Pannoonse meer luidde het eind van de 2e orde ’Laat
Miocene sequentie’ in, versnelde de opvulling van het bekken en deed uiteindelijk de sedi-
mentatiesnelheden in het Dacisch Bekken toenemen. Die toename was echter slechts gelei-
delijk vanwege de lage sterkte van de lithosfeer onder het Pannoonse Bekken, waar (ook de
tektonische) daling doorzette en extra accommodatieruimte gegenereerd bleef worden voor
grote volumes fluviatiele en ondiep-lacustriene sedimenten.
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Foreland of the Romanian Carpathians - controls on late orogenic sedimentary basin
evolution and Paratethys paleogeography.

Summary
A wealth of information about the history of the Earth and the processes that shaped it is
stored in sedimentary basins. For the less poetic: they also contain fresh water reserves
and store the hydrocarbons that to date still represent our major energy source; geothermal
energy from sedimentary basins is a promising resource. The patterns of sedimentary infill
give information about the subsidence and uplift of the earth’s surface controlled by mantle-
driven processes, as well as sometimes major sea level changes. Environmental and climate
changes may be read from the fossil record.

The study of sedimentary basins is therefore justified not only from the curiosity-driven
scientific point of view, which traditionally aimed to derive the geological history of a par-
ticular region, and in modern Earth Sciences aspires to obtain a quantitative understanding
about the interacting processes shaping the Earth. It also, ultimately, helps to answer the de-
mand for energy and provides understanding about variations in our physical environment,
in which climate and sea level changes represent some of the major challenges in the 21st
century.

That said; the scope of this PhD thesis is the mechanisms controlling the tectonic, sedi-
mentary and paleogeographic evolution of foreland basins in the period during and specif-
ically post-dating the tectogenesis of the adjacent orogen. The evolution of orogen and
foreland basins is intimately linked, a relationship that was found to continue even after
the end of the major orogenic deformations or nappe stacking events. Uplift and subsi-
dence are tectonically coupled in the orogen-basin system, which also represents a coupled
source-sink system. Moreover, the rising orogen represents a barrier determining the pale-
ogeographic evolution of a region and the associated environmental changes. Integration of
data from both parts of the system is therefore vital for its comprehensive understanding,
and the results presented in this thesis should be seen in the larger framework of research
recently conducted on such coupled systems within the Netherlands Research Centre for
Integrated Solid Earth Science (ISES) Pannonian-Carpathian programme.

The foreland basins of the Romanian Carpathians are a natural laboratory that features a
dynamic late orogenic evolution in all of these aspects. Building on an extensive data set that
has become available over the years, the data presented in this thesis give good constraints
on the controlling mechanisms. The Carpathians are highly arcuate orogen in central and
eastern Europe, extending eastward from the Alps and completing an 180◦ loop before
connecting with the Balkans. During the Tertiary shortening and rotations in the Carpathian
chain, its foreland basins on Romanian territory started their evolution on an amalgamated
foreland lithosphere of laterally strongly different age and rheology. Paleogeographically,
the post-orogenic basin is known as the Dacic Basin, forming an appendix of the Eastern
Paratethys.

Within the framework of the late orogenic evolution of the Romanian foreland basins,
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this thesis consists of two parts, geographically different and with different emphasis and
aims. The subject of the first part of the thesis is tectonic foreland subsidence and the
mechanisms controlling it, aiming (1) to determine the influence of lateral variations in
lithosphere strength on syn-orogenic basin evolution and (2) constrain the kinematics and
define a mechanism for the anomalous post orogenic vertical motions in the foreland of
the East and SE Carpathians. Changing paleogeographic relations and associated sea level
changes are the subject best represented and studied in the foreland of the South Carpathi-
ans. Here, the aims are to determine (3) the signature of the major sea level fall associated
with the Mediterranean Messinian Salinity Crisis in the Dacic Basin, and (4) the causes and
effects of changing intra-Paratethys connectivity, specifically the controls on the incision of
the Danube into its gorges across the Carpathians, and the effects on sediment partitioning
between the Dacic and Pannonian Basin.

As for the applied methodology: the results presented in this thesis are largely based
on the interpretation of both newly acquired high resolution shallow seismic data and high
quality industry lines. Numerical modelling, by parameter studies of lithospheric flexure
and the interaction between lithosphere and surface processes, is used as a tool to aid the
interpretation of the seismic data and derive the relative importance of controlling mecha-
nisms.

The study area of the first part of the thesis, in front of the East and SE Carpathians,
features an amalgamated foreland composed of strongly different pieces of lithosphere.
They are of different tectono-thermal age, composition and hence rheology and flexural
behaviour. The old East European Craton (EEC) is bordered to the south by the Scythian
Platform, which in turn is separated from the Moesian Platform by the Jurassic North Do-
brogea orogen. The evolution of the foreland basin during the east-ward displacement and
accretion of the Carpathian flysch belt was studied by 2D elastic flexural modeling. The
topographic load migrated towards and across the lateral transition in lithosphere strength
from the EEC to the Moesian Platform, oblique to the Carpathian deformation front. The
parameter study pointed out that a strength transition in the foreland of an accreting orogen
will result in a step-wise widening of the evolving foreland basin. The foreland-ward migra-
tion of its shoreline (and flexural bulge) may occur at a rate of up to 4 times the migration
rate of the belt, depending on the gradient of the transition. A strength transition of ~100
km width explains the geometry of the Sarmatian foredeep, much wider in the north than
in the south. Furthermore, concentration and amplification of bending stresses is predicted
along the strength transition. Such a flexural bending-induced ’collapse’ along a zone of
lithospheric strength contrast could explain the extensional faulting along the Peceneaga-
Camena fault system.

The most striking feature of the East Carpathian foreland is the Focşani Depression
adjacent to the SE Carpathian Bend Zone. In a region of ~60 x 120 km, up to 6 km of sed-
iments accumulated in the aftermath of continental collision during Pliocene-Quaternary
times. They are presently outcropping adjacent to the belt, steeply dipping away from it.
Interpretation of newly acquired and depth converted high resolution shallow seismic lines
allowed detailed mapping of the geometry of the strata on this western basin flank adjacent
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to the orogen. From a kinematic reconstruction, three stages of foreland subsidence were
recognized. The first, Late Miocene stage, was related to ’normal’ foreland basin evolution
during orogenic loading. The second stage, which lasted from latest Miocene to Pliocene,
featured generalized subsidence over an area that comprised part of the present-day ele-
vated belt. This subsidence was most likely driven by the pull of the seismogenic ’Vrancea
slab’. In the third and final Quaternary stage, the basin was inverted. In response to ~5km
of shortening, uplift of the orogen was partly accommodated by steep reverse basement
faults. As a result of the uplift of the belt, the sediments on the western flank were tilted
into a sub-vertical position while subsidence continued further eastward, accommodating
up to 2 km of sediments. This inversion stage coincides with the regional inversion of the
Pannonian-Carpathian domain, and occurred at an exaggerated amplitude in comparison
with the inversion of the Pannonian Basin due to the slab pull and the adjacent rigid EEC.
These observations led to the conclusion that post-collisional tectonic movements in an oro-
gen and its adjacent foreland basin, related to intraplate stress and the presence of a remnant
slab, are capable to induce significant deformations overprinting the existing patterns of
nappe emplacement.

The second part of this thesis focuses on the foreland of the South Carpathians, where
the rotation of the overriding Tisza-Dacia plate along the western margin of the Moesian
Platform led to the extensional opening of the Getic Depression. Followed by Sarmatian
transpression, it resulted in an up to ~500m deep basin that was progressively filled by pro-
grading clastic shelf systems during the Late Miocene-Pliocene. These represent a sensitive
recorder of base level changes. In its extreme west, the Danube enters the basin at the
Iron Gates, after transversely crossing the South Carpathians over a distance of ~90km in
its deeply incised gateway. In this part of the thesis, basin evolution is approached from a
paleogeographic perspective, with a focus on the signature of the Mediterranean Messinian
Salinity Crisis (MSC) in the Dacic Basin. The expression of the connectivity between the
water masses of the Paratethys sub-basins and between Paratethys and the Mediterranean,
and its control on both accommodation space and sediment supply is the key issue. The
combination of basin-scale seismic sequence stratigraphic interpretation and surface mass
transport modelling was found to provide a potentially powerful tool to constrain paleo-
geography in addition to the traditional biostratigraphic methods. Good age constraints on
the deposits, either from biostratigraphy or preferably absolute, remain a prerequisite.

>From the sequence stratigraphic interpretation of a large composite seismic section
(>200km) covering the western Dacic Basin, the large Mediterranean sea level changes as-
sociated with the MSC were shown to have affected the Dacic Basin as well. The sea level
changes in the Dacic Basin related to this event amount to 100’s of meters, largely exceed-
ing glacio-eustatic values in rate and magnitude. A Middle Pontian sea level fall of 200m
could be attributed to the MSC. It exposed the entire shelf, greatly reducing the sediment
accumulation area and increasing the apparent sedimentation rates. A large lowstand wedge
developed, prograding into the remnant ~300m deep basin. During the lowstand, the sea
was kept at a constant level by the elevation of the Scythian pathway, the barrier with the
Black Sea in the east. The subsequent Late Pontian sea level rise, coeval to the Zanclean
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deluge, re-flooded the entire basin at least to its present-day margins.
The major Messinian sea level change observed on the seismic data points at communi-

cation between Paratethys and the Mediterranean, and led to questions on intra-Paratethys
connectivity. The causes and effects of changing connectivity between the Pannonian and
Dacic Basins by way of the Danube Gateway were further explored by numerical modelling.
Besides sea level changes, a number of other factors were addressed that potentially influ-
ence the connectivity and resulting sediment partitioning between the two basins: barrier
geometry and uplift rate, and lithosphere rigidity. The most important result of the mod-
elling is that the connectivity between two basins exerts control on accommodation as well
as on supply which, as such, were found to be mutually dependent.

The modelling showed that a fluvial connection between two large sedimentary basins
that are separated by an elevated barrier will only be established if the upstream lake level
is able to rise to the top of the barrier. In the model, the upstream (Pannonian) basin has
the largest sediment source area, while the downstream (Dacic) basin is in open connection
to sea level. Capture and adaptation of the river gradient across the barrier to a subsequent
downstream base level lowering will result in an upstream lowering of the lake level. The
counteracting effect of isostatic rebound is reduced by lateral differences in erodibility, con-
trolled by tectonic structuring, allowing the connecting river to incise relatively deeply in its
gateway. The resulting sediment partitioning between the basins is controlled primarily by
the accommodation space in the upstream basin, which in turn is a function of the lake level
and subsidence. The rigidity of the lithosphere is the most important parameter influencing
the sediment partitioning, controlling both the timing and the rate of the bulk sediment shift.
A strong lithosphere will lead to a fast and sudden shift while for a weak lithosphere the re-
sponse is more gradual. The capture event itself will not lead to a strong downstream change
in sedimentation rates, unless it coincides with or triggers the completion of the infill of the
upstream accommodation space, which may occur for a large elevation difference between
the basins. Locally, at the inlet in the downstream basin, an increase in sedimentation rates
due to capture is predicted.

The fluvial connection between the Pannonian and Dacic Basins, after open water com-
munication was disrupted by the Sarmatian uplift of the Carpathian barrier, was most likely
re-established during the Meotian, as suggested by the increased sedimentation in front of
the Iron Gates, and the low salinity of Lake Pannon during the endemic Pannonian stage.
Calculations of a water balance for the Pannonian drainage area also argue for an early re-
connection. The 200m Messinian sea level fall in the Dacic Basin resulted in deeper fluvial
incision into the Danube gateway, which caused the lowering of the Pannonian lake level.
The connection was permanent from then on; the lowered barrier may even have allowed
the subsequent rising sea level to penetrate into the Pannonian Basin. The lowering of the
Pannonian lake level marked the end of the 2nd order ’Late Miocene sequence’, acceller-
ated the final infilling of the basin and increased the sedimentation rates into the Dacic
Basin. The downstream increase in sedimentation rates was only gradual due to the low
lithosphere rigidity and ongoing subsidence and generation of accommodation space in the
upstream Pannonian Basin. The ongoing Pannonian subsidence additionally allowed the
accommodation of large volumes of fluvial or shallow lacustrine sediments.
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Chapter 1

Introduction

1.1 Introduction and scope of the thesis
Apart from providing humanity with energy and drinking water resources, sedimentary
basins store invaluable information on the interplay of surface and subsurface processes
which determine the evolution of the Earth’s topography and paleogeography. Foreland
basins in particular, their evolution intimately linked with the evolution of the adjacent
orogen, are a sensitive recorder of vertical motions and environmental changes related to
tectonic deformations. The Carpathian - Pannonian orogen-basin system is characterized
by a dynamic late orogenic tectonic, sedimentary and paleogeographic evolution, and is the
natural laboratory for the research documented in this PhD thesis.

The research was conducted in the framework of the ISES (Netherlands Research Cen-
tre for Integrated Solid Earth Science) Pannonian Basin - Carpathian System integrated
programme, which aims to quantify neotectonic and landscape forming processes, the de-
velopment and validation of a new generation of models for ongoing orogeny and its effect
on the evolution of continental topography (Cloetingh et al., 2003). The focus of the re-
search in this programme is on the interplay between active tectonics, topography evolution
and drainage pattern development, and the principal aim is to understand and quantify neo-
tectonic processes controlling landscape formation and natural hazards in the light of the
late-stage (late Neogene - Quaternary, i.e. the last 10 Ma) evolution of the Pannonian Basin
- Carpathian System as a whole.

This PhD research contributes by providing new seismic data and interpretations from
the foreland of the Romanian Carpathians. Addressing the key parameters influencing sed-
imentary basin evolution: tectonic subsidence, sea level changes and sediment supply, it
aims to constrain the kinematics of late orogenic vertical motions affecting the orogen and
its foreland, and define the causes and effects of changing connectivity between the circum-
Carpathian basins. Numerical modelling, by parameter studies of lithospheric flexure and
the interaction between lithosphere and surface processes, is used as a tool to aid the inter-
pretation of the seismic data and derive the relative importance of the controlling mecha-
nisms.



2 Introduction

The Carpathians are a highly curved orogen in the European Alpine belt, extending from
Slovakia and Poland into the Ukraine and Romania (Fig. 1.1) and formed as a result of Early
Cretaceous to Tertiary closure of Mesozoic oceanic basins (Săndulescu, 1988). The Inner
Carpathian units were deformed during the Cretaceous and subsequently rotated around
the Moesian indentor (“Walachischer Sporn” sensu Stille (1953); see also Schmid et al.
(1998); Fuegenschuh and Schmid (2005)). Driven further eastward into the land-locked
Carpathian flysch basin by slab roll-back, the Pannonian Basin opened as a back-arc basin
coeval with the Neogene shortening of the East Carpathian flysch belt (Royden, 1988b;
Wortel and Spakman, 2000). Late Miocene collision terminated the eastward displacement
(Săndulescu, 1988; Matenco and Bertotti, 2000) and led to the uplift of the belt (Sanders
et al., 1999).

The SE Carpathian Bend Zone in Romania and its foredeep, the Focşani Depression
(Fig. 1.1), are the most active part of the Pannonian-Carpathian system, featuring strong
Pliocene-Recent vertical motions and high seismic activity (e.g. Oncescu and Bonjer, 1997).
It has been emphasized that the Focşani Depression, the up to 13 km deep Miocene - re-
cent basin (Tărăpoancă et al., 2003) , evolved quite differently from the classical foredeep
models (Beaumont, 1981). In these models, foreland subsidence is driven by the load of
a deforming orogenic wedge onto the continental lithosphere of the downgoing plate. The
wavelength of the depression is determined by the rigidity of the lower plate lithosphere and
its subsidence stops when deformation ends. In the Focşani Depression, to the contrary, up
to 6 km of sediments accumulated in the period post-dating the Middle Miocene collision.
They are presently outcropping in a subvertical position adjacent to the orogen and with the
basin depocenter located away from the belt, indicating strong recent uplift of the adjacent
SE-Carpathians (Matenco and Bertotti, 2000; Tărăpoancă et al., 2003). These anomalous
features have been the inspiration for a generation of plate tectonic models involving mech-
anisms as diverse as lower crustal phase transitions, lithospheric delamination and mantle
upwelling, slab roll-back, steepening and break-off (e.g. Royden, 1993; Artyushkov et al.,
1996; Nemcok et al., 1998; Wenzel et al., 1999; Chalot-Prat and Girbacea, 2000; Wortel
and Spakman, 2000; Cloetingh et al., 2004; Knapp et al., 2005; Martin and Wenzel, 2006;
Matenco et al., 2007).

Paleogeographically, the post-collision foreland of the Romanian Carpathians is known
as the Dacic Basin (e.g. Jipa, 2006). Together with Lake Pannon, situated in the Pannonian
back-arc basin (e.g. Horváth, 1993), it belongs to the Paratethys (Fig. 1.1, Fig. 4.1). This
large epicontinental sea extended from the foreland of the Alps to the Aral Sea and was
separated from the disappearing Tethys Ocean during the Late Eocene (e.g. Rögl, 1999).
A long standing issue is the connectivity between the Paratethys and the Mediterranean
Sea, specifically during the Messinian Salinity Crisis (MSC). The potential effects of the
MSC on the paleogeographic and sedimentary evolution of the Paratethys, including the
communication between the Paratethys sub-basins and the relation to the ending of the
endemic Pannonian stage in the Pannonian Basin are poorly constrained so far.
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1.2 Thesis outline

Within the general scope of the late orogenic evolution of the Carpathian orogen-basin sys-
tem, this thesis consists of two parts, geographically separate and with a different emphasis.
In Part 1, the aim is to constrain the kinematics and mechanisms of the anomalous late stage
vertical motions in the SE Carpathian Bend Zone and the adjacent Focşani Depression. Part
2 aims to constrain, within the paleogeographic framework of Paratethys, the timing and
magnitude of sea level changes in the Dacic Basin and to determine the causes and effects
of changing connectivity between Paratethys and the Mediterranean region, and between
the Dacic and Pannonian Paratethys sub-basins, in particular during the Messinian Salinity
Crisis.

The topics are addressed by integrated data analysis and modelling. The infill geom-
etry and sequence stratigraphy of the Focşani Depression / Dacic Basin were defined by
interpretation of 2D seismic data (Chapter 3, 4). In addition, constraints on vertical mo-
tions in the adjacent mountains were derived from analysis of DEM and geological maps.
Numerical modelling (Chapter 2, 5) is used as a tool to quantify the relative importance
of the controlling processes. The relevant geological background is given in the respective
chapters.

Part 1: The SE Carpathian Bend Zone, its foreland and the Focşani Depression: tec-
tonics and vertical motions pre- and postdating collision

The foreland of the East Carpathians consists of lithospheric blocks of different origin, age
and composition (e.g. Pharaoh et al., 2006) (Fig. 1.1).

The heterogeneous foreland lithosphere has been recognized as a potentially important
control on differences in along-strike foredeep geometry/subsidence. The influence of such
spatial transitions in lithosphere rigidity on the temporal evolution of a foredeep during oro-
genic loading is discussed in Chapter 2. In a 2D numerical model, an elastic thin sheet was
subjected to a constant surface load migrating towards and across a transition in lithosphere
rigidity. The resulting changes in basin geometry and bending stress were systematically
investigated. The parameter study pointed out that a strength transition in the foreland of an
accreting orogen will result in a step-wise widening of the evolving foreland basin: the rate
of forelandward migration of the flexural bulge exceeds the migration rate of the belt. Fur-
thermore, concentration and amplification of bending stresses is predicted along the strength
transition. A strength contrast between the Carpathian foreland units explains the geometry
of the Sarmatian foredeep, which is much wider in the north than in the south. Flexural
bending-induced ’collapse’ along a zone of lithospheric strength contrast could moreover
explain the extensional faulting along the Peceneaga-Camena fault system.

The anomalous late stage evolution of the SE Carpathians and its foreland, the Focşani
Depression, is the subject of Chapter 3. A reliable reconstruction of its kinematic evolution
requires good constraints on the geometry of the sediments. To this end, high resolution
shallow seismic data were acquired on the western flank of the basin. The Latest Miocene -
Quaternary evolution was reconstructed from the interpretation and depth conversion of the
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Figure 1.1: Overview map of the Carpathian-Pannonian study area. Star indicates Vrancea seismo-
genic zone. Major rivers marked in black, state boundaries in white. Extent of Pannonian Basin at
9Ma from Magyar et al. (1999a); coeval (Middle-Late Sarmatian) extent of Dacic Basin after Saulea
et al. (1969). TF, Trotus Fault; PCF, Peceneaga-Camena Fault; IMF, Intra-Moesian Fault.
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newly acquired seismic data and kinematic restorations. Two different stages in the post-
orogenic evolution could be distinguished: a latest Miocene-Pliocene period of generalized
subsidence that affected part of the present-day elevated belt, and a Quaternary inversion
stage in which the belt was uplifted while subsidence continued in the basin. These ob-
servations led to the conclusion that post-collisional tectonic movements in an orogen and
its adjacent foreland basin, related to intraplate stress and the presence of a remnant slab,
are capable to induce significant deformations overprinting the existing patterns of nappe
emplacement.

Part 2: Paleogeographic evolution of Paratethys: Messinian signature in the foreland
of the SW Carpathians and causes and effects of connectivity with the Pannonian
realm

Chapter 4 targets at the expression of the MSC in the Dacic Basin and its influence on the
final stages of basin infill of this Paratethys sub-basin. Sequence stratigraphic interpretation
of a composite seismic section covering the western part of the South Carpathians foreland,
in combination with good time constraints from wells and field observations, allowed the
discrimination of the controls on the Late Miocene-Pliocene sedimentary architecture of the
western part of the Dacic Basin. The connectivity with the Mediterranean and the other
Paratethys sub-basins (Pannonian, Black Sea) during the Messinian Salinity Crisis is identi-
fied as the key factor influencing the Pontian basin fill, leading to absolute sea level changes
that exceed glacio-eustatic values and potentially strongly influencing supply rates.

These observations led to questions regarding the timing and mechanism of the incision
of the Danube into its gateway in the South Carpathians, and its potential causal relation
to the Messinian base level lowering. In Chapter 5 numerical modelling is used to address
these issues, quantifying the effect of a range of parameters such as sea level changes, uplift
rate, barrier geometry and lithosphere rigidity on the communication and resulting sediment
partitioning between two basins in restricted connection. It was found that the connectivity
between two basins exerts control on accommodation as well as on supply which, as such,
are mutually dependent. After their Sarmatian disconnection, the Pannonian and Dacic
Basins were most likely reconnected during the Meotian. Reconnection was driven by a
combination of mechanisms, including the positive water balance in the Pannonian Basin
and preferential erosion of the South Carpathian barrier along tectonic contacts. It resulted
in a lake level fall in the Pannonian Basin and locally increased sedimentation rates in the
Dacic Basin at the Iron Gates. The sea level drop of the MSC in the Dacic Basin was
transferred to the Pannonian Basin by deep incision of the Danube into its gateway. The
weak lithosphere of the Pannonian Basin resulted in a low rate of supply transfer from the
Pannonian to the Dacic Basin, by accommodating large volumes of fluvial sediments.

The results of the data analysis and the modeling in the different parts of the Carpathian
foreland and at different times in the evolution of the area are synthesized in Chapter 6.





Chapter 2

The effects of a lateral variation in lithospheric
strength on foredeep evolution: implications for
the East Carpathian foredeep

2.1 Introduction

The notion that the strength of the (continental) lithosphere is hardly uniform (Figure 2.1a),
both in time and in space, has been recognized in many previous studies on the forelands of
orogens such as the Pyrenees (Aquitaine Basin (Desegaulx et al., 1991), the Rocky Moun-
tains in Alberta, Canada (Wu, 1991), Appalachians (Stewart and Watts, 1997), West and
East Carpathians (Matenco et al., 1997b; Zoetemeijer et al., 1999) and the Caledonian Baltic
Basin (Lazauskiene et al., 2002). The non-constant flexural rigidity of the lithosphere (ex-
pressed by differences in effective elastic thickness, Te) has been widely used in flexural
modeling to explain the observed present-day basement deflection caused by (orogenic)
loading of the lithosphere (Bodine et al., 1981; Royden and Karner, 1984; Matenco et al.,
1997b; Zoetemeijer et al., 1999). This approach provides essentially a snap-shot of the role
of lithosphere strength in determining the present day geometry.

However, in a peripheral foredeep setting (pro-foredeep sensu Willett et al. (1993); John-
son and Beaumont (1995)), the foredeep is situated on the subducting plate and hence is pro-
gressively displaced towards the orogen, causing a forelandward migration of the foredeep
depozones (DeCelles and Giles, 1996). A spatial variation of lithosphere strength will thus
influence the temporal evolution of a foreland basin, as has been demonstrated by Stockmal
et al. (1986) and Waschbusch and Royden (1992).

This chapter is based on Leever, K., Bertotti, G., Zoetemeijer, R., Matenco, L. and Cloetingh, S. The effects
of a lateral variation in lithospheric strength on foredeep evolution: Implications for the East Carpathian foredeep.
Tectonophysics, 421(3-4):251-267 (2006)
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Spatial transitions in strength can be gradual or abrupt. Gradual changes are typically
associated with a pre-orogenic history of rifted margin formation, whereas juxtaposition of
different tectonic units may lead to more abrupt transitions.

The variation in lithosphere properties caused by a former rifting stage will generally
be perpendicular or at a high angle to the new convergent margin. The width of the thinned
lithosphere in a passive margin is highly variable with widths between 50 and 600 km, but it
may be as small as 10-20 km (Davison, 1997). The presence of a former passive margin in
the foreland of an evolving orogen will influence foredeep evolution in several ways. Firstly,
rifting causes thinning and therefore (initial) weakening of the continental lithosphere of the
plate that is later to be subducted. It must be noted that the time elapsed between rifting
and the contractional stage determines the thermal state of the passive margin and hence
the relative strength and buoyancy of the lithosphere (Stockmal et al., 1986). A young
margin is characterized by a hot thin lithosphere that is relatively weak and buoyant, while
the lithosphere of the old margin has cooled down and as a consequence become thicker,
stronger, and less buoyant (e.g. Bertotti et al. (1997); van Wijk (2002). Because of the large
variability in thermal lithospheric structures, the duration of these changes and, therefore,
the mechanical state of specific lithospheric segments are matters of discussion (Burov and
Diament, 1995; Bertotti et al., 1997). A second effect (Desegaulx et al., 1991) related
to rifting and contributing to the lithosphere deflection is the larger initial water depth on
the passive margin: the isostatic adjustment to rifting causes subsidence of the plate and a
corresponding larger initial accommodation space for sediments. Both effects will result in
a deeper foredeep with respect to unstretched lithosphere. Finally, the normal faults in the
passive margin may be reactivated by the flexure of the lithosphere during later orogenic
loading, potentially changing the shape of the deflection (Zoetemeijer et al., 1999).

Abrupt transitions in lithosphere strength at various angles to the convergent margin can
be expected as a result of inherited structure of the lithosphere (Stewart and Watts, 1997).
Large transform structures can juxtapose lithosphere plates with different ages and proper-
ties. An example of such an inherited structure is the Tornquist-Teysseire zone (TTZ) which
represents the southwestern margin of Baltica and the East European Craton (EEC). It is a
dextral shear zone that accommodated as much as 1000 km of displacement in Paleozoic
times (Pharaoh, 1999). As a consequence, it is a zone where the undisturbed Proterozoic
lithosphere of Baltica is juxtaposed to more recently accreted (but most likely Baltica de-
rived) terranes such as the Malopolska and Lysogory terranes in Poland (accretion between
Cambrian-Carboniferous) and the Moesian Platform in Romania. It is inferred to continue
below the East Carpathian deformation front. During their Miocene final emplacement, the
East Carpathians thus encountered a laterally strongly varying foreland lithosphere (Figure
2.1b).

In this Chapter we will quantify the effect of a spatial lithospheric strength transition
on foredeep evolution, expressed by changes in basin geometry and bending stress. We
investigate how spatial differences in lithosphere flexural strength can explain the observed
temporal changes in foredeep geometry. We used a 2D elastic finite difference code to
model the effect of different parameters, comprising the width and the contrast of the tran-
sition. The modeling results are then applied to the East Carpathian foredeep, which during
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Figure 2.1:
a. Elastic thickness map of the European lithosphere showing large strength variations, adapted from
Pérez-Gussinyé and Watts (2005). The values are obtained from Bouguer coherence method. Note
the large strength change in the East Carpathian foreland. Study area is indicated by black rectangle.
White lines indicate sutures: I, Iapetus; T, Thor; R, Rheic; S, Sorgenfrei-Tornquist and Tornquist-
Teisseyre zones. Thick white line is Alpine deformation front. EEC is East European Craton; Av,
Avalonia.
b. Foreland of the East Carpathians. EEC, East European Craton; SP, Scythian Platform; NDO, North
Dobrogean Orogen; M-ND, Moesian Platform - North Dobrogea; M-CD, Moesian Platform - Central
Dobrogea. TF, Trotus Fault; PCF, Peceneaga-Camena Fault
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its evolution experienced pronounced changes in its shape (Tărăpoancă et al., 2003). Of the
main processes influencing basin evolution (Johnson and Beaumont, 1995) we will hence
discuss only the flexural isostatic response, neglecting the effects of the rates of conver-
gence, surface transport and sedimentation, and eustasy, the significance of which has been
proven by other authors (Flemings and Jordan, 1989; Johnson and Beaumont, 1995; Garcia-
Castellanos, 2002; Clevis et al., 2004) ).

We find that across the transition, the shape of the foredeep basin does not change grad-
ually from a geometry characteristic for the weak plate to a geometry characteristic for the
strong plate, but rather in a stepwise manner or initially even in the opposite sense than
would be expected. The rates and magnitudes of the changes are greatest for the largest
transition gradient: small transition width and large strength contrast. A consistent cor-
relation between changes in basin width, volume and stress is observed. Throughout this
Chapter, “strength” is treated in terms of flexural rigidity of the plate expressed by its ef-
fective elastic thickness Te, which represents the plate stiffness rather than its resistance to
failure (Ranalli, 1995).

2.2 Modelling strategy and method

In our modeling we aim to quantify the effect of a change in plate strength, expressed in its
effective elastic thickness (Te), on the evolution of foredeep geometry and stress distribution
and magnitude as functions of the flexural response to an advancing orogen. To this end, we
quantify the influence of several parameters: the width of the strength transition, the strength
contrast between the plates, and the size of the load, the results of which are presented in
section 3.1-3 respectively.

2.2.1 Flexure and elastic rheology

Wavelengths and amplitudes

Previous studies have demonstrated (Watts et al., 1980; Ranalli, 1995) that the behaviour of
an elastic thin plate is a good first order approximation of the behaviour of the lithosphere
when subjected to vertical or horizontal loads, which cause flexure and buckling respec-
tively. For derivation of the 4th order differential equation of flexure, see chapter xxx in
Turcotte and Schubert (2002) or Bodine and Watts (1979).

Figure 2.2 shows the basin margin and bulge positions resulting from analytically solv-
ing the flexure equation for both an air filled (grey symbols) and a sediment filled (black
symbols) basin. The amplitude of the deflection, i.e. w0 and the corresponding bulge ele-
vation, are dependent on both the size of the load V0 and the flexural rigidity D.

In general, the larger Te and the smaller the density contrast between mantle and basin
infill, the wider and shallower the basin will be. In our results (section 4) we show how the
basin wavelength adapts to the encountered strength difference.
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Figure 2.2: Flexural wavelength as a function of Te for basin fill of air (0 kg/m3) and sediment (2400
kg/m3). Solid symbols: analytical solutions for position of the basin margin (w(x) = 0 at x = 0.75πα)
and top of bulge (w(x) = 0 at x = πα). Open symbols: numerical solutions (with 5% error bars).
w = w0e−x/a(cosx/α + sinx/α), where w0is the deflection at x = 0: w0 = [V0α3]/[8D] and α is the
flexural parameter: α = [4D/ρmg]1/4

Bending stresses

The 2D elastic thin plate model we apply is based on the assumptions that (1) the properties
in the third dimension (perpendicular to the section) are constant over a large distance and
(2) that the plate consists of uniform material, with a linear elastic rheology.

The bending stresses (or fiber stresses, σxx or σx ) we calculated and discuss in the
subsequent sections, are longitudinal stresses at the top of the plate, in the x-direction of the
reference frame. This is one component of the stress tensor only and can thus be represented
by a scalar number (MPa).

Due to loading, the plate deforms by bending (Figure 2.3). A surface of zero stress
(neutral surface) is located in the middle of the plate, its location defined by the uniform
properties of the plate from top to base. Above this surface, stresses are tensional for a
convex shape and compressional in the concave case. The magnitude of these stresses is a
function of the curvature of the plate: the larger the curvature, the larger the longitudinal
strains and the larger the resulting stresses; in the following relationship:

σx = Eεx = EKY = 1/2EKTe (2.1)

where σx is longitudinal stress (in x direction), E is Young’s Modulus, εxis longitudinal
strain (in x direction), K is curvature and Y is the vertical distance to the neutral surface.
For derivation see Gere (2001). In our case, Y is equal to 1/2Te, since the neutral surface
is located in the middle of the plate. As seen in the previous section, the curvature (and
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Figure 2.3: Bending stresses inside a flexed plate

thus the bending stress) is a function of flexural rigidity D and load size V 0: relatively large
bending stresses will result from a weak plate or a large load.

As pointed out by Watts et al. (1980) from results of rock mechanics studies, the mag-
nitudes of the stresses predicted by a pure elastic rheology are too large to be realistic: in
nature failure will occur before values in the order of 1 GPa are reached.

2.2.2 Modelling
Model characteristics

The code we used is COBRA (see Zoetemeijer et al. (1999), for details), which offers a
2D solution of the 4th order flexural differential equation. It allows for different load sizes,
variation in elastic thickness, incorporation of a passive margin and corresponding initial
water depth.

We adopted an elastic thin plate model because we want to focus on the effects of lateral
strength changes. By doing so, we will not take into account the effects of other processes
such as mass redistribution at the surface and eustasy (Johnson and Beaumont, 1995; Flem-
ings and Jordan, 1989). We furthermore assume the lithosphere strength to be constant with
time.

Model stability

Tests were run to prove the model stability. Model stability was proven for a finite difference
step size of 10 km: a total of 200 nodes thus results in model dimension of 2000 km, which
is sufficiently wide to avoid edge effects as the load keeps a minimum distance to the model
edge of 800 km, more than twice the distance between bulge top and load for a plate with
a Te of 40 km (Figure 2.2). 2.2 shows the basin margin and bulge top positions resulting
from analytically solving the flexure equation, both for an unfilled basin and for a sediment
filled basin. The smaller density contrast in the sediment filled basin leads to a wider basin
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Table 2.1: (a) Model setup and (b) tested parameters. Parameters for the Carpathians reference model
are shown in bold face.

a) Model setup

Model domain (km) -1000 to 1000 Densities (kg/m3)
Transition position (x) 0 Basin infill 2400

Load 2800
Load displacement (km) Crust 2800

Start (x,km) -200 Mantle 3300
Stop (x,km) 200 Young’s Modulus (GPa) 70
Displacement
increment (km)

10 Poisson’s ratio 0.25

b) Tested parameters

width (km) contrast
Te west Te east

4.1 Transition Width 0, 20, 50, 100, 200 15 40
4.2 Contrast 20 10, 15, 18, 21 40

or larger wavelength. As such, an unfilled basin on a plate with a Te of 28 km will result in
the same basin width (bulge position at 200 km) as a sediment filled basin on a plate with
a Te of 18 km. In the figure we also show some numerical test results (open symbols) with
5% error bars. They fit well to the analytical solution in the air-filled case. For a sediment
filled basin, the numerical and analytical results do not agree well, mainly on the position
of the basin margin. This is due to the fact that the analytical method assumes a constant
density contrast along the whole length of the model, while the numerical approach is able
to distinguish laterally between the sediment-filled basin and the other portions of the model
that are overlain by air. The numerical solution should be preferred over the analytical one
in this case.

Model setup

The general model setup for all runs is shown in Figure 2.4 and Table 2.1 . The location of
the strength transition zone is defined by the position of its left-hand (westward) termination.
The orogenic load is represented by a block of 50 km wide and 2 km high. We chose to
apply a constant load because we want to concentrate on the effect of the strength transition
only. Its position is defined by the position of its centre (initially at -200km). It is displaced
towards the east by steps of 10 km, small enough to capture the changes induced by the
migrating load. For the parameter values tested in the different model runs see Table 2.1.
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Figure 2.4: a. Cartoon showing lithospheric strength transition and the parameters quantified in this
Chapter; b. Model setup including tested parameters (in italics); c. variables used to quantify basin
geometry. For explanation see text and table 2.1

2.3 Modeling results

A first impression of the progressive foredeep evolution across a strength transition is given
in Figure 5a. It shows the foredeep shape across the 20 km wide strength transition at 20
load steps between the initial load position at x = -200 km and the final position at x = 200
km. The non-linear character of the changes in basin geometry across the strength transition
is qualitatively evident from this figure. The basin is rapidly shallowing and widening; the
bulge elevation oscillates. The bending stresses are derived from the plate deflection: we
calculated the maximum tensile stresses and their positions on the eastern flank of the basin.
Note that the location of maximum stress (i.e. maximum curvature) is not associated with
the forebulge, but rather occurs at a deeper level on the basin flank.

This is illustrated in Figure 2.5b for a plate of constant strength (Te=15 km). Exag-
geration of the vertical scale in Figure 2.5a changes the apparent position of maximum
curvature.

These changes are discussed in more detail in the following sections. We present our
modeling results, showing the effect of the transition width and contrast on basin geometry
and bending stress. The general pattern is similar (cf. Fig. 2.5) for all cases: the bottom-
line is that the system has to change between the equilibria on each side of the transition.
However, the rates and magnitudes are different depending on the transition gradient. To
demonstrate this, we quantify the changes in basin geometry (Fig. 2.4c) by extracting 1) the
position of the basin margin, 2) position and elevation of the top of the forebulge, and 3) the
cross sectional area (volume of the basin).

Changes in the stress pattern are monitored by calculating the location and magnitude
of the maximum bending stresses at the top of the plate. The results are mostly shown as a
function of the position of the load with respect to the strength transition (Fig. 2.6, 2.10).
Load steps at which major changes occur are indicated by numbered arrows.
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Figure 2.5:
a. Changing basin shape as an effect of progressive loading across a 20 km wide transition from Te =
15 km to Te = 40 km. See text for explanation.
b. Normalized deflection and bending stress in a plate of Te = 15 km showing the position of (max.)
bending stress with respect to the basin margin / bulge.

2.3.1 Width of the transition

We ran a series of models testing the influence of the width of a transition in effective elastic
thickness (Te) on foredeep geometry and stress distribution. The Te of the western and
eastern part of the plate is set at 15 and 40 km respectively (Figure 2.4b). These values are
based on those inferred for the Moesian Platform and East European Craton (Tărăpoancă
et al., 2004). We tested five different transition widths of 0, 20, 50, 100 and 200 km.
(Table:2.1) A constant load (2 km thick, 50 km wide) was displaced by 10 km increments
towards the east. For each load step the plate deflection and bending stress were calculated.

Basin geometry

Figure 2.6 shows how the basin geometry adapts, as the load moves eastward towards and
across the strength transition, from the equilibrium in the western plate (Te=15 km) to the
equilibrium in the eastern plate (Te=40 km). In a homogeneous plate, the migration of the
basin margin (and bulge) would occur at a constant rate equal to the load migration rate.
Across the strength transition (Fig. 2.6a) the rate increases: the basin is widening (Fig.
2.6b) due to the larger flexural wavelength characteristic for the stronger plate (150 km for
Te15, 290 km for Te40, Fig. 2.2).

Basin widening initiates when the load is at a distance of 180 km from the transition
(loadstep 1). It occurs at a constant rate of ca. 1.5 times the load migration rate for the 200
km wide transition. The other cases show a stepwise increase: two periods of widening are
separated by a period of constant or even decreasing basin width (Fig. 2.6b). The highest
rates of change are recorded by the narrow transitions: when the load is displaced by 30
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Te40 equilibrium;
d. Cross section area or volume
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km from x=-150 to x=-120, the basin margin migrates by 110 km (for 0 km wide transition,
Fig. 2.6a), resulting in a basin widening of 80 km (Fig. 2.6b). Toward x = 0 the migration
rates for the 0, 20 and 50 km wide transitions are approximately equal at ca 0.8 times the
load migration rate (load steps 3 - 4). For this period, the basin margin thus migrates slower
than the load and the basin is narrowing. The basin width is constant during these load steps
for the 100 km wide transition zone. A second increase (with rates up to 1.8, around load
step 5) follows until at x > 120 km the basin width corresponding to the Te=40 wavelength
is attained and margin migration is again equal to the load migration (load step 7).

Non-linear evolution is also shown by variations in the bulge elevation (Figure 2.6c).
Instead of a gradual transition between the values characteristic for an elastic thickness of
15 and 40 km, the bulge elevation first drops well below the Te40 value (load step 2). It
subsequently increases to a maximum value (load step 4) larger than the characteristic Te15
bulge elevation before it finally settles at the new equilibrium value. Only for the 200 km
wide transition the bulge elevation does not exceed its original equilibrium value.

In the basin cross sectional area (representing volume) a similar trend as in the margin
and bulge positions is observable (Figure 6d). When the load is between x ∼ -200 and -100
km, the basin volume hovers around the Te15 value. A rapid, stepwise, increase follows
until the Te40 equilibrium volume is attained. The maximum rate of volume increase occurs
at load step 3.

Bending stress

Bending stresses at the top of the plate are calculated at each load step and for each node
from the curvature of the deflected plate. In Figure 2.7a shows the position of maximum
stress as a function of the load position. For a plate of constant Te, and during the intial
load steps of our model, the position of the maximum stress is constant with respect to the
load (cf the position of the basin margin). With a transition in elastic thickness, during
progressive convergence the distance between the load and the position of the maximum
stress (Fig. 2.7a) is no longer constant. When the load has reached a distance of∼120 km to
the transition, the migration of the maximum stress is halted. For as long as 10 load steps or
100 km of displacement, the maximum stress is fixed at the eastern edge of the Te transition.
With progressive load displacement, the maximum stress does not gradually decrease from
the Te15 to the Te40 values (Fig. 2.7b, c). Instead, it sharply increases during the period it
is fixed along the strength transition. The maximum compressive stress increases from 300
to 355 MPa, the maximum tensile stress on the eastern flank even almost doubles from -100
to -190 MPa (load step 3). Only when the load reaches a distance of 30 km to the transition
(load step 4) the maximum stress moves away from the transition; first rapidly, then more
gradually, before reaching the Te40 equilibrium distance to the load. The corresponding
decrease to the Te40 equilibrium value, which was initially rapid, is gradual from this point
(Fig. 2.7b, c, load step 4). The highest stress value is thus recorded several load steps before
the position of the maximum stress shifts away from the transition.

For the other transition widths (Fig. 2.7c), the pattern of stress change is similar to the
20 km wide transition discussed above: all show an increase in the maximum stress value
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Figure 2.7:
a. Position of maximum bending stresses as a function of load position for 20 km wide transition.
The maximum tensile stress on the eastern basin flank remains fixed at the strength transition while
the load is displaced by 100 km.
b. Magnitude of maximum bending stresses as a function of stress position for 20 km wide transition.
c. Magnitudes of maximum tensile stress situated on the eastern basin flank as a function of stress
position for 5 different gradients. Note negative values on stress magnitude axis. (see also caption of
Figure 2.6)



2.3 Modeling results 19

21-40 km
Te contrast:

18-40 km

15-40 km

10-40 km

b
u
lg

e
 e

le
v
a
ti
o
n
 (

m
)

bulge position (km)

-100 0 100 200 300 400 500 600

0

5

10

15

20

25

30

35

a b

c d
0

5

10

15

20

25

30

35

b
u

lg
e

 e
le

v
a

ti
o

n
 (

m
)

-200 -100 0 100 200

load position (km)

-250 -200 -150 -100 -50 0 50 100 150 200 250

100

120

140

160

180

200

220

240

260

280

300

b
a
s
in

 w
id

th
  
(t

o
 m

a
rg

in
, 
k
m

)

load position (km)

40000

50000

60000

70000

80000

90000

100000

110000

b
a

s
in

 c
ro

s
s
 s

e
c
ti
o

n
a

l 
a

re
a

 (
k
m

2
)

-200 -100 0 100 200

load position (km)

2

2

2

3

3

4

4

6

2

4

Te40
Te40

Te10
Te10

4

7

1

1

1

6
7

3

6

3

1

6

5

5 5
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2.6)

before it decreases to the new Te40 equilibrium value. The largest maximum stress value is
attained for the 0 km transition width. Even the 200 km wide transition shows a small stress
increase.

2.3.2 Strength contrast

We tested several strength contrasts additional to the 15-40 km contrast in the previous
model runs by varying the Te of the western plate (Table 2.1). The transition width was kept
constant at 20 km. All other parameters such as size and displacement of the load are the
same as in the previous experiment.
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Basin geometry

Modifications in basin width are shown in Figure 2.8a. All strength contrasts show the
same basin widening trend; however, the effect is most pronounced for the large contrast
(10-40km). As for the previous model runs, the basin width is initially constant when the
load is still far from the transition. This stage is followed by rapid basin widening, starting at
a distance from the transition that is determined by the rigidity of the western plate, varying
between ∼110 km for the 10-40 km contrast and ∼200 km for the 21-40 contrast.

The influence of the transition contrast on the rate of basin widening is twofold. With
the rigidity constant at 40 km in the east, a small Te in the western part of the plate firstly
causes a large difference in equilibrium basin width. Secondly, because of more localized
deformation in this weak part, the effect of the plate transition is only felt at a very late
stage. These effects add up: a relatively large difference in wavelength has to be overcome
in a relatively small number of load steps. The extreme case we tested (transition from 10
to 40 km) illustrates this well: while the load migrates by merely 30 km (from x = -110 to x
= -80), the basin width increases by 120 km (from 110 km to 230 km).

In Figure 2.8b the basin cross sectional area is shown. The greater the strength contrast,
the greater the difference between the equilibrium volumes: the Te40 volume is twice the
Te10 volume. As for the basin width, the onset of volume increase occurs closer to the
transition for a weak western plate, and the rate of volume increase is greatest for the 10-40
contrast. At its maximum rate (load step 3, between x = -70 km to x = -40 km) it increases
by 12% per 10 km of load displacement.

As the Te transition width and position are equal for all tested contrasts, the minimum
and maximum bulge top elevations occur in the same position (at x ∼ 120 km and x ∼ 275
km respectively) for each contrast (Figure 2.8c). Note however that the load positions for
which these maximum elevations are reached are different (Figure 8d): in the 10-40 case,
the load is at x = -100 km for minimum bulge elevation while for the 21-40 contrast the load
is at -170 km. The maximum bulge elevation on the other hand occurs on a much smaller
interval of load positions: the load is at x = -20 for the 10-40 contrast and at x = -40 for the
21-40 contrast. The bulge elevation maxima are different for the different contrasts. The
bulge in the 10-40 contrast reaches a maximum elevation of almost twice the Te40 value
(32 m), and a minimum elevation of only 0.24 times the Te40 value (4 m). For the 21-40
contrast these ratios are 1.5 and 0.56 respectively

Bending stress

Stress concentration occurs at the strength transition for all Te contrasts (Fig. 2.9a). This
lasts for a period of up to 10 load steps for the 10-40km transition. The magnitude of the Te
contrast significantly affects the magnitude of the stress increase. The 21-40 contrast results
in a stress increase by a factor of 1.6 with respect to the Te21 value (from 76 to 120 MPa)
before it decreases to the Te40 value (of 44 MPa); the 10-40 contrast causes a factor 2.2
increase (from 137 to 300 MPa), see Figure 2.9b.

The stress increases and decreases during the period that its position is concentrated
around x = 0 (see the interval confined by arrows 2-4 in Figure 2.9a and b). The initiation
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Figure 2.9: a. Position and b. magnitude of maximum bending stress for different strength contrasts.
(see also caption of Figure 2.6)

of the stress increase (load step 1) occurs when the load is at x = -110 km. Maximum stress
is reached at load step x = -50 km (3) when its position is still at x = 0. The eastward jump
(step 4, load at x = -10 km) of the maximum stress position (from x = 10 to 100 km) is
accompanied by a new minor stress peak. Finally, the stress gradually decreases (5) until
the characteristic Te40 stress position and value are attained (6).

2.3.3 Summary of model results
Basin geometry

In the previous sections, the changes in basin geometry and bending stress as a result of
progressive loading across a transition in flexural rigidity were described in detail. The
magnitudes of the changes and the load position at which they occur are dependent on the
gradient of the transition. However, the general trends in the evolving basin geometry and
their correlations are the same in all experiments (Figure 2.10 and caption).

Bending stress

Our modeling showed a distinct increase of the (maximum) bending stress at the strength
transition. The amplification is an effect of stress concentration around the discontinuity
represented by the strength transition (Gere, 2001, pp 139, 376). The magnitude of the
increase is a function of the gradient of the transition (or the size of the discontinuity). The
distance at which the stress starts increasing is a function of the strength of the plate (cf
Saint-Venant’s principle discussed in Gere (2001). This is best shown in Figure 2.9b when
comparing the onset of stress increase for the 10-40 and 21-40 contrasts. Importantly, the
maximum bending stress value is attained during the period that the site of maximum stress
is fixed around the Te transition. As a result of this, the load position for which the maximum
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Figure 2.10: Normalized model results showing the correlation between changes in basin geometry
and magnitude of bending stress across a. 20 km and b. 100 km wide transition from Te15 to Te40.
Grey columns indicate selected load steps (cf. numbered arrows in Fig. 2.6, 2.9). The first response
to the strength transition is lowering of the bulge (load step 1). The lowest bulge elevation (2) corre-
sponds to the maximum rate of basin widening and minimum basin volume. Stable basin width (3)
corresponds to the maximum rate of basin volume increase. Maximum bulge elevation (4) is attained
while basin width and volume are (still) stable.The initiation of a second phase of basin widening (5)
is associated with a sub-minimum in basin volume and lowering of the bulge. After this load step, the
basin width and volume increase and the bulge elevation is gently decreasing until the new equilib-
rium values are attained (6-7). The load step at which maximum bending stress is attained depends
on transition width: after step 3 for the 20 km wide transition and between 2 and 3 for the 100 km
wide one. Correlation with Carpathian foredeep events: Black dashed columns represent the present
day situation along cross sections A and B (see Figure 2.11, 2.12). Horizontal bars in (b) indicate B,
Badenian; S, Sarmatian; and P, Pliocene to Recent load steps along cross section A.
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value is attained is relatively constant and the stress does not show a consistent correlation
with the basin geometry (Fig.2.10). Depending on the width of the transition, the number
of load steps that the position of the maximum stress is fixed along the transition, changes:
the smaller the transition width, the larger the number of load steps (see Figure 2.7c). The
position of the stress is less sensitive to the strength contrast. For all contrasts (except the10-
40 contrast) the number of load steps is equal (n=10), and thus determined by the transition
width of 20 km.

2.4 Application to the East Carpathian Foredeep
Our modeling has shown that a strength transition can cause rapid changes in the geometry
of a foredeep, even if all other parameters (rate of shortening and sedimentation; sea level;
widening of the orogenic load) are constant. In the following we propose to explain the
Late Miocene evolution of the East Carpathians foredeep / Focşani Depression by a model
involving the strength transition from Moesian Platform to East European Craton. We will
first introduce the tectonic setting and then discuss our model predictions for the area.

2.4.1 Romanian Carpathians and its foreland: tectonic setting

The Carpathians are a highly arcuate orogen that formed in response to the Alpine colli-
sion between the Apulian upper plate margin and related microplates, and the relatively
stable foreland represented by the East-European, Scythian and Moesian blocks (Royden
and Karner, 1984; Săndulescu, 1988; Csontos, 1995) and references therein). The East
Carpathians are its NW-SE striking section that crosses Poland, the Ukraine and Romania.
The Carpathian belt is subdivided in two domains, the Inner Carpathians (or Dacides) and
the Outer Carpathian flysch belt (Moldavides).

The Inner Carpathians were structured during the Cretaceous deformation event related
to the closing of the Dacidian Trough which had been formed during Late Jurassic ex-
tension. A second stage of contraction forming the Outer Carpathians occurred during the
Neogene (Late Badenian - Sarmatian, 15-9 Ma) and involved shortening of the Moldavidian
flysch basin, which had developed on (thinned) continental crust since the Early Cretaceous.
No differential rotations are recorded during this stage. Roure et al. (1993) reconstructed
from balanced cross sections a (minimum) total Neogene shortening of some 130 km in the
Romanian East Carpathians, 20 km of which occurred during Pliocene or even Pleistocene
time. It must be noted that the actual amount of basement shortening during the Neogene
is difficult to constrain, as the Outer Carpathian flysch units are almost entirely detached
from their initial pre-Cretaceous substratum (Roure et al., 1993). The end of thrusting is
dated as Sarmatian by sediments sealing the frontal thrust near Trotus valley (Săndulescu,
1988). Minor shortening is recorded in the Carpathian Bend Zone as recent as Pleistocene
(Walachian phase, see Hippolyte and Săndulescu (1996); Leever et al. (2006b)).

The foreland of the northern part of the Romanian East Carpathians is the strong, old,
cold East European Craton, part of Baltica whose lithosphere has been undisturbed since
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late Proterozoic time. It is bounded in the southwest by the Tornquist-Teysseire zone, a
dextral shear zone along which Baltica- and later Gondwana-derived terranes accreted dur-
ing Paleozoic time (Pharaoh, 1999). These comprise (from N-S, see also Figure 2.1) the
Scythian Platform, North Dobrogean Orogen and Moesian Platform.

The latter experienced a stage of rifting in the Badenian (16.5 - 13 Ma, Tărăpoancă
et al. (2004)), causing weakening of the lithosphere. The contrast in strength between the
East European Craton and the terranes in the TESZ (Pharaoh, 1999) is evident from flexural
modelling studies. Zoetemeijer et al. (1999) derived for the West Carpathian foreland elastic
thicknesses between 16 to as little as 3 km; Royden and Karner (1984) propose a Te of 30
km in the Ukrainian East Carpathian Foreland. In contrast, Lazauskiene et al. (2002) infer
a Te of >55 km (and up to 200 km) for the EEC in the Baltic region.

2.4.2 Effect of a lithospheric strength transition on the Late Miocene
evolution of the East Carpathian foredeep

The East Carpathian foredeep formed as a result of Neogene shortening. Its syntectonic
evolution will be discussed in more detail below. The part of the foredeep situated on top
of the Moesian Platform and partly overlying the Subcarpathian Nappe, is known as the
Focşani Depression. This basin is furthermore characterized by anomalously large subsi-
dence which postdates the Late Miocene ’normal’ foredeep stage and can not be related to
only topographic loading (Fig. 2.11c, Royden and Karner (1984); Tărăpoancă et al. (2004);
Cloetingh et al. (2004); Leever et al. (2006b); Matenco et al. (2007)). The post-Sarmatian
evolution of the basin is beyond the scope of this Chapter.

East Carpathian foredeep geometry

Figure 2.11 (adapted from Tărăpoancă et al. (2003)) shows the sediment thicknesses of the
East Carpathian foreland in two Late Miocene stages (Badenian and Sarmatian). These are
seen to display very distinct patterns. In the Focşani Depression, accommodation space
for the Early Badenian sediments was generated by rifting (Tărăpoancă et al., 2004). Late
Badenian sediments were deposited in the early foredeep stage, at the onset of renewed
shortening in the Carpathians (Moldavidian phase), and during this period the orogenic
front was at a distance of approximately 120-90 km from its present position. Continental
collision and blocking of the system occurred in the Sarmatian (13 - 10 Ma), during which
time the belt was displaced an additional 70 km to its final position (Roure et al., 1993).
The Badenian basin is mainly constrained to the Moesian Platform, bounded to the east by
the Peceneaga-Camena Fault (PCF). Where Badenian sediments do occur on the EEC, their
thickness is generally less than 500 m and over large areas no more than 200 m. In contrast,
Sarmatian sediments do reach considerable thicknesses, >2000 m, in the same area. The
Sarmatian basin is widest in the north, where it overlies the EEC.

For basin width see also Figure 2.13a, adapted from Saulea et al. (1969). An almost
regional unconformity forms the boundary between Badenian and Sarmatian sediments in
the southern part of the study area (Focşani Basin).
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Carpathian Foreland - Focşani Depression.
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large thickness of post orogenic sediments, beyond the scope of this Chapter. Section B (after section
A11 from Stefanescu and Working Team (1986); Matenco and Bertotti (2000)).
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Figure 2.12: Schematic tectonic map of the Romanian East Carpathians and its foreland, showing the
obliquity between the orogen and the strength transition. Cross sections A1 and 2B represent different
load steps, (see Fig. 2.10 ,2.11) discussion in text and figures. EEC = East European Craton, MP =
Moesian Platform; FB = Focşani Basin, TB = Transylvanian Basin; IMF = Intra Moesian Fault, PCF
= Peceneaga-Camena Fault; TTZ hatched area = Tornquist Teisseyre Zone

Model parameters

Figure 2.12 shows a schematic tectonic map of the Romanian East Carpathians. The ele-
ments relevant to our modelling are the orogenic belt and the foreland, of which the latter is
composed of the strong East European Craton (EEC) and the Moesian Platform, separated
by the Tornquist-Teisseyre Zone (TTZ). In the north, the N-S striking orogenic belt has
overthrust the northern continuation of the Moesian Platform and lies on top of the EEC,
while in the south, the thrust front is still at a large distance to the transition and lies on top
of the Moesian Platform. From previous flexural modelling (Tărăpoancă et al., 2004) we
adopted the Te values of 15 and 40 km in our model for the Moesian Platform (west) and
EEC (east) respectively. The width of the TTZ (i.e. the transition zone) is some 80-100 km,
with its western termination to Moesia situated at the Peceneaga-Camena Fault (PCF). The
same load and basin fill as in the previous runs was assumed (Table 2.1).

We will present and discuss our model results along two cross sections (Fig. 2.11c,
location in Fig. 2.12). For section A, the present distance between the load and the transition
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zone (PCF) is ca 100 km. At section B, the transition is covered by the belt. We assume the
present distance between the transition and the load center to be 0 km.

Model results

Bearing in mind the limitations of the 2D model, the obliquity between the orogenic belt
and the strength transition allows making a virtual step from time to space: the geometry
along a cross section in the south (A) would correspond to an earlier load step than the one
in the north (B) (see Fig. 2.11c, 2.12, 2.13a). The present day load positions along cross
sections A and B are indicated in Figure 10, both for the reference model discussed below
(100 km wide transition, Fig. 2.10b) and the 20 km wide transition (Fig. 2.10a). Assuming
maximum basement consumption, the Early Badenian load position at cross section A is
restored to a distance of approximately 220 km from the transition to the EEC. At this time,
or load step, the basin geometry is at equilibrium for the Moesian Platform strength (Te
= 15 km, Figure 13a). During Badenian, the load migrated some 50 km towards the east.
During this period, our model predicts constant basin width, volume and bending stress, and
onset of lowering of the bulge. Another 70 km of convergence occurred during Sarmatian.
The bulge elevation decreases to its minimum and the basin width increases, as well as the
bending stress. The basin volume is relatively unaffected. Some 20 km of Pliocene-Recent
displacement results in further basin widening and stress increase, while the bulge elevation
starts increasing.

Along cross section B, the Early Badenian load position restores to a distance of 120 km
from the strength transition. Major basin widening occurs during this period while the bulge
elevation is lowest and bending stresses start reaching their maximum value. In Sarmatian
the maximum basin width is attained, while bending stresses decrease and basin volume
starts increasing. The bulge elevation is restored to its original elevation and continues
rising.

2.5 Discussion

2.5.1 Model assumptions
Increase of the size (magnitude and width) of the load, which would normally be expected
in a growing orogen, was not taken into account in our models. Increasing its magnitude
would affect the amplitude of the signal but not its wavelength nor the correlation. However,
the changing width of the orogen does affect the basin width as is shown by DeCelles
and DeCelles (2001), who propose a model to derive rates of orogenic shortening from
observed rates of flexural bulge migration. They assume the rate of bulge migration to
be the sum of the rate of convergence (load migration) and widening of the orogen by
accretion (thrust front migration).Typically, for parameters compatible with the Carpathians,
the rate of bulge migration resulting from widening of the orogen is some 1.5 times the
convergence rate, comparable to our results for the 200 km wide transition (figure 6a).
Widening of the orogen should thus be taken into account when studying the evolution of
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foredeep geometry. Conversely, the significant basin widening across a strength transition
(at rates of >4 times the convergence rate following our results) would cause their model to
seriously overestimate the actual shortening rates.

We assumed the position of the basin margin to be at w(x)=0; however, eustasy and
overfilling of the basin may cause adaptation of actual deposition limit, as shown by Flem-
ings and Jordan (1989) who found that efficient sediment transport will cause a wide basin
when all other parameters are constant.

2.5.2 Application to East Carpathian Foredeep

The model (Figure 2.10b) predicts along cross section B a rapid increase of basin width,
from the initially small value associated with the weak western plate to the large width as-
sociated with the strong EEC. This result is in agreement with the data that show a rapid
invasion of the foreland by Sarmatian sediments (Figure 2.11, 2.13a, and see also seismic
sections in Tărăpoancă et al. (2003)). For the strength contrast and transition width we as-
sumed, the model predicts significant basin widening in Sarmatian time also at the location
of section A. Moreover, the location of presently active normal faulting (Figure 2.11, 2.13a)
is correctly predicted by the model, for even with an additional 20 km of Pliocene-Recent
displacement, the maximum bending stresses would still be situated along the strength tran-
sition (or PCF).

Part of the observed basin widening may be due to widening of the orogenic load. Dur-
ing the ∼6 Ma of Badenian-Sarmatian convergence, the flysch belt attained a width of ∼50
km (55 km along section A, 40 along section B), implying a propagation rate of the front
of the belt of ∼8 mm/y additional to the shortening rate of ∼20 mm/y (conventions as in
DeCelles and DeCelles, 2001). The predicted basin margin / bulge migration rate is there-
fore on average 1.4 times the load migration rate due to widening effects only, and would
imply a 170 km eastward displacement of the basin margin while the load itself moves 120
km, resulting in 50 km basin widening along the entire length of the belt. For a (constant)
plate strength of Te=15 km, the basin width would increase by a factor of 1.3 from 150 to
200 km. According to our model results, the strength transition causes, along section B, a
widening of ∼90 km during Badenian and earliest Sarmatian convergence. Basin width is
subsequently constant, the migration of the margin occurring at the load migration / short-
ening rate. The increase in migration rate due to the strength transition is much larger than
the one caused by widening of the load but occurs over a shorter time interval. Moreover,
the distinct difference in distribution of Sarmatian sediments over the EEC and Moesian
Platform (Fig. 2.13a) can only be explained by the strength transition.

An evolutionary model is proposed in Figure 2.13c (compare with Figure 2.13a), show-
ing the progressive change of the basin shape and position with time. In the Badenian, the
foredeep is constrained to the Moesian Platform and its width determined by the rigidity
of that plate. The regional erosional unconformity at the Badenian-Sarmatian boundary
(Tărăpoancă et al., 2004) can be explained by the passing of the flexural bulge across the
present day Focşani Depression. During Sarmatian convergence the widened basin starts
invading the foreland further south. Large bending stresses and associated normal faulting
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a. Map (after Saulea et al. (1969)) showing occurrence of Lower Badenian (LB), Upper Bade-
nian (UB), Lower-Middle Sarmatian (LMS) sediments and location of active normal faulting. M.F.,
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b. Model results for 100 km wide strength transition (Te 15-40 km) where load position is plotted as
dimensionless latitude.
c. Evolutionary model for East Carpathian foredeep.
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are predicted along the PCF. The Badenian basin is largely overthrusted by the advancing
belt.

The large overall subsidence (Royden and Karner, 1984) and particularly the major
Pliocene-Quaternary post-orogenic subsidence in the area (Fig. 2.11c, Tărăpoancă et al.
(2003)), is supposedly associated with a remnant slab. A number of geodynamical mod-
els have been proposed, mostly conceptual (Artyushkov et al., 1996; Mason et al., 1998;
Nemcok et al., 1998; Chalot-Prat and Girbacea, 2000; Sperner et al., 2004; Cloetingh et al.,
2004). This points to anomalous conditions in the Carpathian Bend Zone, yet our simple
flexural model assuming only topographic loading gives a reasonable first order explanation
of the observed changes in basin shape and position, and active faulting.

2.6 Conclusions
We showed that a strength transition in the foreland of an advancing orogen will influence
the shape and bending stresses in the pro-foredeep. With all other basin forming parameters
constant, a transition from weak to strong lithosphere will cause an increase the rate of
migration of the distal basin margin (i.e. the basin width), result in oscillation of the flexural
bulge, and will tend to confine and amplify the bending stresses around the transition.

We did not aim to reproduce in detail the geometry of the East Carpathian foredeep,
rather, to explore the influence of different lithospheric domains in the foreland on fore-
deep evolution. The model predictions give a reasonable first order explanation of the Late
Miocene evolution of the Romanian East Carpathian Foredeep.

In Badenian time, the load was still far removed from the transition to the strong litho-
sphere of the EEC. The basin was constrained to the Moesian platform and its width de-
termined by the rigidity of this plate; the flexural bulge being located at the present day
Focşani Depression. At some point in Sarmatian time, the load has approached the strength
transition to such a distance that the basin starts invading the EEC progressively southwards.
Normal faulting persisting along the strength transition is predicted as an effect of enhanced
bending stresses.



Chapter 3

Late orogenic vertical movements in the
Carpathian Bend Zone - seismic constraints on
the transition zone from orogen to foredeep

3.1 Introduction
The development of basins adjacent to mountain chains, referred to as foreland basins or
foredeeps, is commonly explained by the flexural isostatic response of the lithosphere to
orogenic loading by thrusting (e.g. Beaumont, 1981) and (un)loading due to surface mass
redistribution by erosion and sedimentation (e.g. Flemings and Jordan, 1989; Johnson and
Beaumont, 1995), which is partly climate-controlled (e.g. Schlunegger and Simpson, 2002).
Though ”hidden loads” have been inferred where basement deflection is larger than ex-
pected from thrust loading only (Royden and Karner, 1984), it is typically assumed that
foredeep subsidence is basically controlled by the load of the thrust sheets, and that it ends
when shortening ends. Ongoing erosion will then lead to uplift of the belt and the flanks of
its foredeeps at a wavelength controlled by the rigidity of the lithosphere.

These scenarios are attractive because of their simplicity. However, their overall validity
has recently been questioned by the discovery of significant deviations occurring in natural
examples, especially during the last stages of orogeny (e.g. Cloetingh et al., 2004). These
anomalies mainly concern magnitude and timing of vertical movements in the fold-and-
thrust belts and adjacent sedimentary basins and their temporal relation with the shortening
taking place in the orogen. In this Chapter we differentiate between the orogenic stage and
the late orogenic stage. The orogenic stage refers to active collision, associated with major
shortening (>100 km), nappe stacking and crustal thickening. In contrast, we define the

This chapter is based on Leever, K., Matenco, L., Bertotti, G., Cloetingh, S. and Drijkoningen, G. Late oro-
genic vertical movements in the Carpathian Bend Zone - seismic constraints on the transition zone from orogen to
foredeep. Basin Research, 18:521-545 (2006)
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late-orogenic stage as the subsequent period, post-dating the main stages of contraction,
that features only limited shortening and deformation.

Low temperature thermochronology and subsidence analysis have documented substan-
tial vertical movements in a late orogenic stage (e.g. Bertotti et al., 2003). In simple cases,
these movements consist of a couple of exhumation/uplift in the mountain belt and subsi-
dence in the adjacent basin, often coeval (e.g. Bertotti et al., 2006). In more complex cases,
the sign of vertical movements of specific parts of the system may change through time (e.g.
Bertotti et al., 2001). These movements cannot be reconciled with the models of foredeep
development described above.

The coexistence and importance of (late orogenic) vertical movements are clearly vis-
ible in the transition zone connecting the mountain belt with the adjacent basin. In the
classical model, foredeeps are wedge-shaped basins thickening towards the orogen where
the basement deflection is largest. Sediments are deposited in front of the actively deform-
ing zone and dip towards the orogen. Post-orogenic uplift due to erosional unloading may
result in a (slight) basinward dip (e.g. the Alps - Cederbom et al. (2004)). However, in sev-
eral cases, the sediments adjacent to the thrust front have been observed to show a steeply
basinward dipping geometry, too steep to be explained by the classical model. Pre- and syn-
tectonic sediments can arrive at such a basinward dip by tectonic wedging / the formation
of a triangle zone (sensu Jones, 1996), whereby the foredeep sediments are separated by a
detachment horizon from the underlying tectonic wedge. The best known example is the Al-
berta Syncline in the Southern Canadian Rocky Mountains (e.g. Spratt and Lawton, 1996).
Modeling has shown that the formation of a triangle zone requires a weak detachment hori-
zon and is enhanced by syn-tectonic sedimentation (Bonini, 2001). In contrast, the western
flank of the foredeep adjacent to the SE Carpathian Bend Zone (Romania) features steeply
basinward dipping sediments that largely post-date the main stages of tectonic activity in
the wedge. This requires a different mechanism; one that can cause sufficient subsidence
to accommodate the deposition of a large pile of post-orogenic sediments and subsequently
reverse the sign of the vertical motions and exhume and fold them. The tilted sediments of
the transition zone represent the geometric link relating movements in the mountains and
in the basin and, more specifically, between the uplift of the mountain chain and the basin
subsidence.

In this Chapter, we present the results of our work on the transition zone connecting
the SE segment of the Carpathian belt with its foredeep (Fig. 3.1), the Focşani Depression.
This basin has accommodated more than 10 km of Miocene - Quaternary sediments. Up to
6km of sediments have accumulated after the end of major contraction (Tărăpoancă et al.,
2003). On the neighboring orogenic side, between 2 and 5 km of erosion has taken place
in the fold-an-thrust belt during the last 10 million years (e.g. Sanders et al., 1999; Merten
et al., 2005). Quantitative understanding of vertical and horizontal movements in the basins
associated with the Carpathians is important also because this orogen is the type locality for
models addressing unusual variability in plate kinematics during the late stages of orogeny
(e.g. Royden, 1993; Chalot-Prat and Girbacea, 2000; Wortel and Spakman, 2000; Sperner
et al., 2001; Gvirtzman, 2002; Cloetingh et al., 2004; Knapp et al., 2005). Different models
obviously lead to different interpretations of the large intermediate mantle-depth Vrancea
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Figure 3.1:
a. General location map of the Focşani Basin and the adjacent thin-skinned units in the Romanian
Carpathians orogenic system (from Săndulescu (1984), slightly modified with foreland structures from
Visarion et al. (1988) and Răbăgia and Matenco (1999). BB Brasov basin; TSB - Tîrgu Secuiesc basin.
b. Simplified crustal scale structural section across the SE Carpathians. Location in (a).
Modified after Schmid et al. (2007).

seismicity (e.g. Oncescu and Bonjer, 1997).
The abundance of models is partly the consequence of the paucity of data, especially

those able to constrain the geometry of the transition between the Carpathian orogen and
the Focşani Depression. As a consequence the magnitude and timing of vertical movements
and tilting in the area are poorly defined. To bridge this gap, the Netherlands Research
Centre for Integrated Solid Earth Science (ISES) acquired in 2002 a series of high reso-
lution seismic lines (lines A, C, D, Fig. 3.2), aiming at a detailed reconstruction of the
subsurface continuation of the exposed stratigraphy. Two of these seismic lines, along the
Putna and Rîmnicu Sarat valleys, display with high accuracy the structure of the western
and inner flank of the Focşani Basin (Figs. 3.2 and 3.3). The third one targets Quaternary
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deformations taking place further eastwards and within the foreland platform units. After a
presentation of the seismic lines, we will expand our analysis across the orogen to capture
the entire wavelength of the vertical motions, going from the Transylvania Basin in the west
to the Carpathian foreland in the east. Finally we propose a model for the late orogenic
movements in the area.

3.2 Regional geology and tectonic setting:
Romanian Carpathians and foreland

The Carpathians are a highly arcuate orogen formed in response to the Alpine collision
between the upper plate(s) (Tisza-Dacia and Alcapa, senso Bala (1986)) and a relatively
stable European foreland in a lower plate position (e.g. Dumitrescu and Săndulescu (1970);
Burchfiel (1976); Săndulescu (1988); Royden (1988b); Csontos (1995); Krzywiec (2001)
and references therein) (Fig.3.1). The Alpine tectonic history of the Romanian part of
the Carpathians may be briefly summarized (Săndulescu, 1988) into a Mesozoic period
of extension associated with the formation of two oceanic basins (Transylvanides and outer
Dacidian trough) and their subsequent polyphase closure starting in the Cretaceous and cul-
minating with the Sarmatian continental collision in the external domain (10-11 Ma). This
collision reflects the stage when the non-thinned lower plate starts to underplate during con-
vergence, leading to thrusting on top of the undeformed foreland (regarding the timing see
Dumitrescu and Săndulescu (1970). From the end of the Sarmatian onwards, this collision
led to the locking and a generalized exhumation of the mountain belt (e.g. Sanders et al.,
1999). At the same time the main hinterland basin, i.e. Transylvania, was uplifted and
eroded (e.g. Ciupagea et al., 1970; Ciulavu et al., 2002).

In front of the Carpathians, a foredeep basin developed with substantial along-strike
variations in width and thickness. Maximum subsidence rates in the entire foredeep took
place in Sarmatian time (Fig. 3.4), coeval with and related to collision of the East and South
Carpathians with their forelands (Matenco et al., 2003).The largest sediment thicknesses
are observed in the Focşani Depression (Fig. 3.1, 3.2, 3.3; (e.g. Matenco et al., 2003;
Tărăpoancă et al., 2003), which has consistently been the most subsiding area throughout
the Miocene to Present (Bertotti et al., 2003). Classical geodetic levelling (e.g. Popescu
and Dragoescu, 1986) and preliminary GPS studies (e.g. van der Hoeven et al., 2005) have
shown that the Focşani Basin is still rapidly subsiding with up to 3mm/year. Meanwhile,
the neighbouring orogenic wedge experiences rapid uplift of up to 2-3mm/year.

3.2.1 The Bend Zone
The Carpathian Bend Zone is the transition between the N-S striking East Carpathian belt
and the E-W trending South Carpathian orogen (Fig. 3.1). The orogenic nappe pile in the
study area (e.g., Săndulescu (1988) is composed of a stack of basement and Mesozoic cover
nappes (Middle Dacides), tectonically overlying the thin-skinned flysch nappes deformed
during the closure of the Outer Dacidian trough. In the Bend Zone, the main detachment,
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western flank of the Focşani Basin. Lines C, D, and B represent locations of the seismic lines in Figs.
3.5, 3.6 and 3.10. Legend for geological units as in Fig. 3.2. Note the high elevation of the Pliocene
Quaternary strata and their deep burial in the frontal foredeep. Note also the location of the Focşani
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i.e. the Pericarpathian thrust front is buried below Upper Miocene - Quaternary sediments
(e.g. Dicea, 1995; Matenco and Bertotti, 2000); (Fig. 3.1).

The Bend Zone has a number of distinctive features. It is the site of the most recent tec-
tonic activity of the entire Carpathians arc. Following the early Late Miocene (Sarmatian)
collision and after a Latest Miocene - Early Pliocene period of relative thrusting quiescence,
contraction in the Bend Zone apparently re-started in Late Pliocene - Quaternary times (Wal-
lachian phase, senso Săndulescu (1988), with <10 km shortening (Matenco and Bertotti,
2000). This lead to the formation of small-scale out-of-sequence thrusts with roughly SW-
ward vergence (see also Hippolyte and Săndulescu, 1996; Morley, 1996; Zweigel et al.,
1998). This deformation is coeval with the regional Pliocene-Quaternary inversion which
affected the Pannonian (e.g. Horváth, 1993; Fodor et al., 1999; Bada et al., 1999; Fodor
et al., 2005) and Transylvania (e.g. Ciulavu et al., 2002) basins.

A second unusual feature of the Bend Zone is its Pliocene - Quaternary denudation (up
to 5 km of erosion), largely postdating other East and South Carpathians areas, where major
exhumation (>5km) took place during Middle-late Miocene (Badenian - Sarmatian) times
(Sanders et al., 1999).

The Bend Zone is still seismically active. Whereas seismicity is minor in other segments
of the Carpathians chain, the SE part of the belt releases the largest strain accumulation in
continental Europe (e.g. Wenzel et al., 1999). The high earthquake recurrencies (25 years
for Mw >7 and 50 years for Mw >7.4) are limited to a spatially restricted, 40∗80∗200km,
seismogenic volume (Oncescu and Bonjer, 1997) located at ∼100km SE of the expected
position of the plate boundary (e.g. Radulian et al., 2000).

3.2.2 The Carpathian foreland and the Focşani Depression
The undeformed foreland of the Carpathians is composed of an amalgamation of three major
units with different geometries and characteristics. They represent cratonic continental plat-
forms (senso Twiss and Moores, 1992) with Precambrian crystalline rocks and a Paleozoic-
Mesozoic sedimentary cover. These units (Fig. 3.1), comprise the East-European, Scythian
and Moesian platforms. A fourth unit is North Dobrogea, which contains remains of a Her-
cynian orogen which was subsequently subjected to Mesozoic rifting and inversion (e.g.
Seghedi, 2001).

The part of the foreland adjacent to the Carpathian Bend Zone, corresponding to the
Moesian Platform, has been the site of major subsidence since the Middle Miocene (e.g.
Stefanescu, 1988; Dicea, 1995; Răbăgia and Matenco, 1999). Foredeep sediments are al-
most entirely shallow marine and lacustrine to near-shoreline continental deposits, deposited
in an Eastern Paratethys domain (Dacic basin senso Jipa, 1997), spatially separated at vari-
ous time levels from the main Tethyan realm (e.g. Rögl, 1999; Kovac et al., 1999). Extreme
subsidence values are observed in a restricted area of the Dacic basin, ∼ 30 ∗ 50km in sur-
face, known as the Focşani Depression. Here, up to 13km of sediments were deposited
during Neogene-Quaternary times (Tărăpoancă et al., 2003).

Strong subsidence in Middle to Late Badenian times (Middle Miocene) postdates the re-
gional deposition of evaporites and accommodates the deposition of thick clastics. Normal
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faults (Tărăpoancă et al., 2003) indicate a period of limited NNE-SSW extension. Co-
eval with collision, thick clastic sediments are deposited during the Sarmatian, associated
with further normal faulting related to flexural bending of the underthrust foreland plate
(Tărăpoancă et al., 2003; Leever et al., 2006a).

During the late orogenic stage (i.e., post - Late Sarmatian), foreland subsidence contin-
ued only in the Moesian block on which the Subcarpathian Nappe had already been thrusted,
with particularly high values in the Focşani Basin. Upper Miocene (Meotian-Pontian) sed-
iments are shallow water clastics and are overlain by Pliocene prograding deltaic bodies
which filled the Dacic basin except for the Focşani area (e.g. Jipa, 1997). Here subsidence
accelerated during the Pliocene - Quaternary, while its western part was progressively up-
lifted imposing a shift of the depocenter towards SE (Matenco et al., 2003; Tărăpoancă
et al., 2003).

3.2.3 The Focşani Basin flanks

The western Focşani Basin flank, i.e. its transition to the Carpathian thrust belt, is charac-
terized by a 5-6 km thick sequence of Late Miocene-Pliocene shallow lacustrine sediments,
dipping towards the east (Fig. 3.3). The western limit of the succession is a poorly exposed
fault zone which forms the contact with the Subcarpathian nappe. Geometry and kinematics
of this fault are ambiguous: surface structural observations by the authors indicate an east
vergent thrust, while existing interpretations of the structure at depth suggest a large scale
backthrust, forming a triangle zone rooted in the buried Pericarpathian thrust (Roure et al.,
1993; Matenco and Bertotti, 2000).

The westernmost foredeep sediments are Upper Sarmatian - Meotian sandy turbidites
changing upsection to finer grained Pontian - Lower Dacian turbidites and eventually to
Upper Dacian - Romanian shallow lacustrine deposits (Marinescu et al., 1981); Fig. 3.4)
The (sub)vertical dips in the Sarmatian deposits gradually decrease to 15◦ in the upper
Pliocene strata. The Miocene to Pliocene succession is overlain by massive gravels (Cîndesti
gravels) deposited by sheet flows (senso Einsele (2000) in a shallow lacustrine to alluvial
environment and dated as Uppermost Pliocene?) - Lower Pleistocene. The gravels dip ∼5-
10◦ to the E and display an unconformable contact with the underlying Pliocene strata north
of the Putna valley (Fig. 3.2, 3.3). The Cîndesti gravels presently crop out at elevations of up
to 1km, and are unconformably covered by several levels of Middle Pleistocene - Holocene
loess and alluvial deposits, locally dipping up to 2-3◦ (Necea et al., 2005).

The eastern flank of the Focşani Depression is very different from the western one and
characterized by eastward shallowing of the basin floor overprinted by a regional system
of presently active normal faults. This system is spatially juxtaposed with the Peceneaga-
Camena fault (Fig. 3.2, Matenco et al. (2007)), a deep crustal fracture with a Moho offset of
∼5km (Rădulescu et al., 1976) separating the Moesian platform from the Neogene buried
part of the North Dobrogea orogen (Visarion et al., 1988).
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3.3 Acquisition, processing and depth conversion of the
shallow seismic lines

In this section we present the 3 high resolution shallow seismic lines that were acquired in
2002 in the framework of the ISES project CARFOR. Two of the seismic lines (location in
Figs. 3.2 and 3.3) are located on the western flank of the Focşani Depression, the third one
traverses the eastern flank of the basin and the Peceneaga-Camena fault system.

3.3.1 Acquisition and processing, quality of the sections
The sections on the western basin flank cross the Carpathian foothills along the Putna (line
C, Fig. 3.5) and Rîmnicu Sarat valleys (line D, Fig. 3.6), perpendicular to the structural
grain of the late orogenic foredeep sediments. The Putna and Rîmnicu Sarat valleys are
easily accessible and provide an almost continuous succession of outcrops necessary for
surface calibration of the structural study and for age control provided by the paleomagnetic
sampling (Vasiliev et al., 2004a). In the western part of the profiles, acquisition was stopped
where dips exceeded 40◦-50◦. The elevation difference along the sections is approximately
400 m, with forested and accentuated terrain in the western part of the sections (Fig. 3.3).
The third seismic line, located near the village of Independenta (Fig. 3.2), traverses the
eastern flank of the Focşani Basin and the Peceneaga-Camena fault system (line A, Fig.
3.7). The position of this line was selected on the basis of available oil industry seismic
lines, in an area where deformation concentrates on a narrower zone, i.e. along fewer faults
with higher offsets.

The seismic lines were acquired and processed by SC Prospectiunii SA (Bucharest, Ro-
mania). Acquisition was designed such as to enhance the vertical and horizontal resolution
by very close spacing of geophones and shotpoints, and using a high frequency pulse (Table
3.1). An array of 12 geophones was used at each receiver location, 160 live channels being
organised in a split spread with a width of 800 m. Processing of the seismic lines was done
in a standardized way, as is indicated in Table 3.2.

The images obtained from our high-resolution seismic lines are generally of high quality
(Figs. 3.5, 3.6 and 3.7) with clear reflectors visible within and well below the target depth
of 1s two-way travel time (TWT). The vertical resolution in the upper part of the sections
is ca. 20 m. At 2 seconds TWT this is reduced to 40 m. Attenuation of the high-frequency
signal is generally observed at depth. In the lower part of the western sections (C and D,
Fig. 3.5a and 3.6a), the low signal-to-noise ratio (SNR) is ascribed to the steep (> 40º) dip
of the strata. Here the sections are characterized by low amplitude, cross cutting events that
steeply dip in both directions, a side effect of processing (migration). At some locations
the signal is disturbed by (sub)vertical ’noise shadows’ that penetrate the entire section,
generally corresponding to steep topographic features (e.g., at 13.8 km in section C, Fig.
3.5). Short wavelength (∼15ms) signal is observed down to 1s TWT and ∼30ms below
in the areas not affected by the noise shadows. In the Rîmnicu Sarat section (Fig. 3.6),
low to intermediate amplitude reflectors are very continuous (over a distance of > 4km),
with regularly occurring (∼0.25 s) high amplitude signals. High amplitude, low frequency
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Figure 3.5: High-resolution shallow seismic line C on western flank of Focşani Basin along Putna
valley (location in Fig. 3.3).
a. Interpreted seismic section, vertical scale in seconds two- way travel time.
b. Depth-converted seismic line using velocity model 1 (Fig. 3.8a)

.
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Figure 3.6: High-resolution shallow seismic line D on western flank of Focşani Basin along Rîmnicu
Sarat valley (location in Fig. 3.3).
a. Interpreted seismic section, vertical scale in seconds two-way travel time.
b. Depth-converted seismic line using velocity model 1 (Fig. 3.8a).
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signal occurs in the upper 0.5s in the extreme east of the section. Also the Putna line (Fig.
3.5) is characterized by highly continuous reflectors. Only between 14.5 and 17 km, an
irregular, low frequency, low continuity signal is observed in the upper 0.5s, possibly linked
to faulting, the zone below being dominated by noise. The Independenta line (Fig. 3.7)
has a good penetration up to 2.5 s TWT. Noise dominates below this depth preventing the
accurate definition of the contact between the foredeep succession and the pre-Neogene
basement. In the target interval of <1s area the section shows detailed strata truncations,
while the stratigraphy is constrained by well ties and corroborated by the seismic facies.
This allows for a detailed kinematic reconstruction, not available so far in the published
seismic lines (e.g. Tărăpoancă et al., 2003). Fault diffractions are often observed along the
section, while the high frequencies are attenuated below 1.5s.

3.3.2 Depth conversion

We performed an accurate time-depth conversion of the seismic lines on the western flank
of the Focşani Depression (Lines D and C, Figs. 3.5 and 3.6) in order to detect changes
in thicknesses which are critical for positioning the Focşani Basin depocenters at various
geological time intervals. In the absence of direct time-depth constraints from neighboring
wells, depth conversion is based on velocity modeling (Etris et al., 2001). The results of
three different velocity models are discussed below. For line A (Fig. 3.7) we used time-
depth relationships derived from two neighbouring wells (wells W1 and W2, Fig. 3.2) from
which mean interval velocities for the main stratigraphic horizons were extracted.

Three different velocity models (Fig. 3.8a) were tested for depth converting sections
C and D. Model 1 is based on interval velocities derived from processing (Fig. 3.8b,c),
Model 2 uses velocities from regional velocity maps (Fig. 3.8b,c; Tărăpoancă et al. (2003))
and Model 3 applies a linearly downwards increasing velocity. Sensitivity analysis by com-
paring the dips of the depth converted sections with field measurements showed that depth
conversion according to Model 1 is most reliable.

Model 1

For this model, velocities were obtained from processing. Processing velocities, however,
are imaging velocities, used in stacking and migration for proper lateral positioning of the
horizons (Etris et al., 2001). They are not, strictly speaking, the vertical velocities required
for proper depth conversion and therefore they must be ultimately calibrated with field or
well data. Because these velocities also contain a horizontal component, the values tend to
be overestimated (by up to 30% for shales) due to anisotropy (Lawton et al., 1998). Depth
conversion requires interval velocities, which were derived from root-mean-square (RMS)
velocities over horizontal intervals of 300 ms. At depth, the effects of the poorly consoli-
dated near-surface sediments as present on the RMS velocities cancel out, because for the
determination of interval velocities, differences of RMS velocities are taken from different
depth levels. With the acquisition spread of 800m used for our sections, the processing ve-
locity information is reliable down to approximately 800 m. The velocities obtained from
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Figure 3.8: a. Velocity models tested for depth conversion.
Model 1: each interpreted interval is assigned a velocity based on processing velocities; Model 2:
well-derived velocities along regional horizon maps where V2, V3, V4 are velocities for Pliocene-
Quaternary, Pontian and Meotian respectively; Model 3: velocity increases linearly with depth. Dif-
ferent velocities indicated by shades of gray: darker color represents higher velocity.
Lower panels: Velocity data along b. Putna and c. Rîmnicu Sarat sections. Thin lines: interval veloci-
ties derived from processing (used in Model 1). Note eastward decrease for all intervals. Heavy lines:
velocities derived from regional velocity maps (Model 2).
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Table 3.1: Acquisition parameters of the shallow seismic lines (Figs 3.5 - 3.7)

Spacing Shot points at 20m receivers at 5m

Source 0.1 kg of dynamite at 2 m depth
Receiver Array of 12 geophones, 10 Hz
Live channels 160
Sample rate 1 ms
Record Length 4 s

Table 3.2: Processing sequence of the shallow seismic lines (Figs 3.5 - 3.7)

Primary seismic field data loading and input of all relevant information
Trace Editing (noisy or dead channels, reverse polarity, etc)
Inline Geometry Header Load
First Break Picking and the editing of their values in the database
Refraction Statics with DRM Method and Apply Refraction Statics in all trace headers
F-K Filtering and/or Band pass Filtering (if necessary, depending upon data quality)
Surface Consistent Deconvolution
Velocity Analysis and Residual Static Corrections in two passes at least
DMO
CDP/ensemble Stack
Band pass filter
F-X deconvolution
FD time migration
Band pass filter
F-X deconvolotion
Normalization (AGC) applied any time when necessary to enhance data quality or
when requested by some processing operation.

the upper interval (0 to ∼300 ms, Fig. 3.8b,c) are compatible with the ’standard’ values in
Table 3.3, while the two deeper intervals (∼300 to ∼900 ms) produce much higher values.
The velocities show a trend of eastwards decreasing values, which is more gradual for sec-
tion D (Rîmnicu Sarat) than for section C (Putna). This trend coincides with the properties
of the sediments exposed along the seismic sections: these change from well consolidated
massive calcareous sandstones in the west to poorly consolidated Romanian sands and Qua-
ternary gravels/loess in the east. Keeping in mind the reservations about the application of
processing velocities for depth conversion, the velocities we used (Table 3.4) are therefore
based on those in the upper interval, extrapolated downward along the stratigraphic inter-
vals.
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Table 3.3: Standard seismic velocities (compressional wave velocities) in km/s.
(From Kearey et al., 2002)

Unconsolidated materials Sedimentary rocks

Sand (dry) 0.1-1.0 Sandstones 2.0-6.0
Sand(water saturated) 1.5-2.0 Tertiary sandstone 2.0-2.5
Clay 1.0-2.5

Table 3.4: Input velocities (in m/s) used for depth conversion, derived from processing velocities
(Model 1) and regional velocity maps (after Tărăpoancă et al. (2003)). The names of the intervals
shown in the left column correspond to the intervals in Figs 3.5 and 3.6.

Rimnicu Sarat
Putna section, V(m/s) section, V(m/s)

Interval Model 1 Model 2 Model 1 Model 2

Topo 1750 1750 1750 1750
Q-Rm-Dc - 2150 - 2230
Pontian - 2400 - 2500
Mcotian - 2650 - -
Q3 - - 1500 -
Q2 - - 1600 -
Q1 1750 - 1700 -
R6 1800 - 1800 -
R5 1900 - 1900 -
R4 2100 - 2000 -
R3 2350 - 2100 -
R2 2400 - 2200 -
R1 2400 - 2300 -
D2 - - 2400 -
D1 2500 - 2500 -
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Model 2

Along horizon maps based on the interpretation of seismic profiles through the entire Focşani
Basin and adjacent regions, velocities have been calculated from 60 wells for five Neogene-
Quaternary intervals (Tărăpoancă et al., 2003). Of these, we used the Meotian and Pontian
maps. The maps turned out to be rather coarse for our high-resolution targets, the closest
well with time-depth constraints being at a distance of 20km. Because of lack of seis-
mic data on the western flank of the Focşani Depression when these maps were generated
(Tărăpoancă et al., 2003), the depth of the Meotian and Pontian horizons are underestimated
with respect to our sections. These horizons constrain the intervals to which the velocities
(Table 3.4) for Pliocene-Quaternary, Pontian and Meotian are attributed. Figures 3.8b and
c show that the velocities obtained for both the Putna and the Rîmnicu Sarat section are
relatively constant, corresponding to realistic values for Tertiary sandstone (Table 3.3).

Model 3

As seismic velocities will generally increase with depth due to compaction, this velocity
model assumes simply a linearly downwards increasing velocity, vz = v0 + kz, where z is
the depth in m, v0 is the velocity at z = 0(1750m/s), k is the rate of change in velocity with
depth (k = 0.5). Integration gives the depth-time relation: z = v0 ∗ (ekt− 1)/k, where t is
the one-way travel time in seconds.

Comparing the dips from the depth converted sections with field measurements, Model
3 shows the largest deviation for both sections, up to 8-9 degrees in the western part of the
sections. This is due to the fact that the eastwards younging trend of the sediments was
not taken into account in this model. Models 1 and 2 give very similar results for line C
(Putna), showing a deviation of up to 5 degrees in the eastern part of the section. For the
Rîmnicu Sarat section (line D) the best results are obtained by Model 1: the dips of the
depth converted section deviate by only 2 degrees from the field data. The depth converted
sections in Figs. 5b and 6b are thus obtained from the velocities in Model 1 (Table 3.4).

3.4 Results of seismic interpretation
Interpretation of the depth converted shallow seismic lines (Figs. 3.5 and 3.6) together
with a third line traversing the contact between basin and thrust belt just to the north of the
Rîmnicu Sarat valley(Fig. 3.9, locations in Fig.3.2), allowed us to constrain the kinematics
of the western flank of the Focşani Basin and to define the nature of the contact between the
foredeep sediments and the thrust wedge.

3.4.1 Geometry of the folded Pliocene - Quaternary strata
on the western flank of the Focşani Basin

For the interpretation of the shallow seismic lines (Figs. 3.5, 3.6) we projected the formation
boundaries derived from the 1:200.000 geological maps to depth (Fig. 3.2, 3.3).
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Figure 3.9: Normalized orthogonal thickness along depth converted seismic sections.
a. Putna section. R1-3: intra-Romanian, Q1-2: Quaternary. Note eastward decreasing thickness for
intra-Romanian strata in contrast with Quaternary layers that are thickest around the syncline axis.
b. Rîmnicu Sarat section. D2: Dacian R1-6: intra Romanian, Q1: Quaternary. Eastward thinning
trend is again restricted to Pliocene sediments.

The first order structure imaged along the Putna section is an asymmetric syncline (Fig.
3.5b). Reflectors are steep and E-ward dipping in the W, become horizontal, subsequently
acquire a gentle dip to the W and regain their sub-horizontal position towards the eastern
termination of the line. Reflectors are continuous over large distances (<4 km), with mostly
sub-parallel strata with no lateral terminations. A normal fault system in the eastern part
of the line distributes offset (∼150m) towards the surface along smaller amplitude (tens of
metres) antithetic and synthetic faults. In the upper part of the section a very strong reflector
is observed reaching the syncline centre at∼700m depth. Its westward surface prolongation
corresponds to the contact between the Lower Pleistocene gravels of the Candesti formation
(e.g. Necea et al., 2005) and fine-grained sands and silts of Romanian age (Figs. 3.2 - 3.4).
The contact is conformable in the seismic line, even though further north (north of Susita
valley, Fig. 3.2) this formation unconformably covers the older strata. In contrast, a clear
intra-Quaternary unconformity can be observed at the base of the Middle-Upper Pleistocene
loess (Fig. 3.5).

The Rîmnicu Sarat section basically images a large, E-ward dipping monoclinal struc-
ture, with inclinations of beds gradually decreasing towards the E (Fig. 3.6b). Horizons
are continuous and sub-parallel with basically no sign of onlaps to indicate tectonic tilt-
ing during deposition of the strata. In the upper, easternmost part of the section a velocity
contrast between the Middle-Upper Pleistocene loess and the Lower Pleistocene gravels is
clearly marked by a high amplitude reflector associated with the gravels. The sheet-flow
type gravel-sandstone alternation induces remarkably high amplitude reflectors due to inter-
nal contrasts in lithology. Middle-Upper Pleistocene deposits display onlap/offlap patterns,
where the E-ward thickening is locally associated with proximal onlaps, indicating a syn-
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tectonic/folding character.
We analysed the lateral thickness changes by measuring the orthogonal thickness of the

interpreted intervals along the depth converted sections. Along the Putna section (Fig. 3.9a)
measurements were stopped west of the faulted zone. For better comparison, the measured
thicknesses were normalized with respect to their westernmost value. In both sections the
Pliocene intervals show an eastwards thinning trend, with an up to 60% decrease (horizon
D2 in section D, fig. 3.9b). Along the Putna section, the eastward thinning along the
Romanian intervals is irregular, the fastest thinning taking place in the eastern part of the
section (from 11 km). The Quaternary intervals show a different pattern in that they are
thickest around the syncline axis (9 km). This indicates an early Quaternary eastward shift
of the basin depocenter. Thickness changes in the Rîmnicu Sarat section are more regular.
The thickness changes are largest in the western part of the section for the oldest intervals
(D2, R1-3). This pattern starts to change for the younger Romanian intervals (R4-6), and
the thickness Quaternary interval even increases towards the east, again indicating an early
Quaternary (Late Pliocene?) shift of the depocenter.

3.4.2 The transition between the Focşani Basin
and the East Carpathians orogen

The overall picture derived from the two high-resolution seismic sections is confirmed by
industry lines such as the one situated immediately westwards of the Quaternary depocenter
of the Focşani Basin (Fig. 3.10). This line images the westernmost part of the Focşani
Basin, characterized by a series of parallel reflectors, from the steeply dipping, continuous
and high amplitude Upper Sarmatian reflectors to more gently dipping, lower amplitude
Romanian strata. In the W, the steepened lower portion of the Focşani Depression is in

Figure 3.10 (facing page): Interpreted deep seismic line B at the contact between the thin-skinned
thrust belt and the western flank of the Focşani Basin (location in Figs. 3.2 and 3.3). Seismic and
velocity data courtesy of Forest Oil International and Romanian National Agency for Mineral Re-
sources.
a. Seismic line, vertical scale in seconds TWT;
b. line drawing and interpretation.
c. Depth converted interpretation.
Conversion in depth was made using average interval velocities derived from neighbouring wells
(e.g. Tărăpoancă et al., 2003). Vertical scale in km, no exaggeration. Pg=Paleogene, Ec=Eocene,
Ol=Oligocene, Bd=Burdigalian, Bn=Badenian, Sm1=Lower Sarmatian. Sediments corresponding to
the actual foredeep succession (Lower-Middle Sarmatian) are shaded grey. Interpretation of outcrop-
ping part of Subcarpathian Nappe further constrained by surface observations. No discontinuity is
evident between the Sarmatian wedge top sediments and the overlying parallel-stratified succession.
Note the elevated basement position below the thin-skinned belt with respect to the adjacent fore-
land, attributed to late-stage Quaternary out-of-sequence basement-involved faulting and folding of
the entire system. Further description in the text.
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contact with a complex of thrust sheets belonging to the Subcarpathian nappe, bounded at
its base by the Pericarpathian thrust.

In the upper part of the interpreted section (Fig. 3.10b, c), west-dipping Subcarpathian
nappes tectonically overlie the E-ward steepened sediments of the Focşani Depression. In
the field, this contact (at ∼7 km from the western termination of the line) is poorly exposed
all along the western flank of the FD. In the Putna valley, the contact is marked by a breccia
of clastic rocks dragged by diapirs of Lower Miocene salt rising along the contact during
and after nappe emplacement (”salt-breccia”, (e.g. Stefanescu et al., 2000; Mrazec, 1907)).
Rocks are highly deformed and do not provide consistent kinematic indicators. Across
the contact, over a distance of ∼500m towards the W, the outcropping strata change from
sub-vertical, well exposed calcareous Upper Sarmatian sandstones to highly deformed and
roughly westward dipping, Lower Miocene fine grained sandstones and clays. Internal de-
formation of the latter consistently indicates an eastward direction of thrusting (e.g. Morley,
1996). Determining the internal geometry of the thrust sheets is not straightforward from
this seismic line. Four thrust sheets with 100-200m offsets are inferred in the hanging-wall
of the frontal exposed thrust by surface correlation.

In the lower part of the section, the substratum of the outcropping Subcarpathian nappes
and of the Focşani sequence shows reflectors of generally low amplitude, steepening from
E to W, similar to the trend of the overlying sediments. The interpretation of this part
of the section is based on correlation of the seismic facies to the deposits in other frontal
zones of the Subcarpathian nappe where the seismic lines are controlled by wells (such
as the Buzau-Teleajen area, see Stefanescu et al. (2000). High amplitude, low frequency
reflectors, corresponding to Oligocene sandstone-shale alternance, are truncated by thrust
faults in the centre of the section at depths of 6-8s (Fig. 3.10a). The overlying seismically
transparent level corresponds to Burdigalian salt and low-contrast turbidites, covered in turn
by more reflective Upper Badenian sandstones.

The nature of the contact between the thrust complex and the sediments of the Focşani
Depression, in the deepest part of the basin overlying the frontal part of the wedge, is dif-
ficult to determine unambiguously from this line. Truncations of reflectors are observed
below a transparent interval around 10 km / 5 s TWT, suggesting an erosional unconfor-
mity. A similar intra-Sarmatian unconformity was interpreted by Stefanescu et al. (2000)
in the southern part of the Bend Zone. A favorable alternative interpretation, again derived
from observations in the southern part of the Bend Zone (Profile X and XI in Matenco and
Bertotti (2000), is that of a wedge top depozone sensu DeCelles and Giles (1996): Sarmatian
sediments were deposited on top of the frontal part of the actively deforming Subcarpathian
Nappe. In any case, the backthrust that was previously proposed by Matenco and Bertotti
(2000) can be excluded from these seismic data: at the surface, the tilted Foçsani succession
is overridden by an east-vergent thrust.

Below the Pericarpathian thrust at the base of the deformed wedge, our interpretation
is speculative. However, the fault-controlled increase in thickness in Badenian sediments
was imaged by deep seismic studies (Bocin et al., 2005) and inferred by Tărăpoancă et al.
(2003). The most remarkable feature is the position of the Pericarpathian thrust itself, at
∼6 km depth in the western part of the section and deepening to >10 km towards the east,
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constrained by the interpretation of deep crustal reflection lines, which indicate in this area
a velocity increase from 2-3km/s to 5km/s (Bocin et al., 2005; Panea et al., 2005), charac-
teristic for the limit between the Neogene evaporites/clastics and the Mesozoic carbonates.
Although it is not well controlled by the seismic line, based on the studies cited above a
basement-involved reverse fault has additionally been interpreted. The basement and the
Pericarpathian thrust are displaced by this steep, W-dipping reverse fault which accommo-
dates a displacement of <500m.

3.4.3 Recently active faulting along the eastern flank of the Focşani
Basin

The Independenta line (line A, Fig. 3.7, location in Fig. 3.2) shows the eastern termination
of the Focşani Basin, imaged by the progressive eastward thinning of all sedimentary units.
Thinning is partly accommodated by a large number of normal faults with offsets (in the sec-
tion plane) in the order of tens of metres at the base Quaternary level, sometimes increasing
at depth. These faults belong to the system of the Peceneaga-Camena fault (Fig. 3.2, Ma-
tenco et al. (2007). The most remarkable feature is the fault in the central-eastern part of
the line (at 10 km), associated with large roll-over antithetic tilting of Quaternary strata,
which caused a difference in surface topographic elevation similar to its offset (∼100m).
At depth, the offset at the base Neogene unconformity level is higher (∼300m), indicating
that Quaternary faulting reactivates a previous Sarmatian event. Most of the other normal
faults truncating the upper sequences only caused thickness changes in the Quaternary se-
ries, which points to a Quaternary activation. Earlier normal faults, presently inactive, can
be observed at the Sarmatian, and subordinately at the Badenian level. These faults were
probably created during the Badenian extension (Tărăpoancă et al., 2003) and subsequent
Sarmatian normal faulting related to thrust loading (Leever et al., 2006a), locally involving
a limited amount of dextral strike-slip movement (see also Tărăpoancă et al., 2003). The
latter might explain the structural inversion (lower syncline, upper anticline) observed in the
Sarmatian in the central-western part of the section (at 4-5 km).

Overall, the Quaternary (to present day) deformations are distributed along numerous
normal faults in a wide zone of deformation with clear topographic expression.

3.5 Regional cross sections and restorations
The shallow seismic data provide a new and very detailed picture of the architecture of the
western flank of the Focşani Depression adjacent to the Carpathians fold-and-thrust belt. In
the following we integrate the new seismic data with literature sources to construct a couple
of sections from the western part of the Focşani Depression to the internal nappes of the
East Carpathians. Restoration of these sections images the kinematic late orogenic evolu-
tion of the Carpathian Bend Zone. We distinguish between the Lower-Middle Sarmatian
sediments that were deposited in the actual foredeep, where generation of accommodation
space was directly related to deflection of the lower plate as a result of orogenic loading,
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and the younger, late-orogenic Focşani succession, for which the accommodation space is
not genetically linked to the Carpathian collision.

3.5.1 Geological cross sections from E-Transylvania into the Focşani
Basin

In order to derive an overall picture of the late orogenic deformations that affected the belt
and its foreland as a single unit, two regional cross-sections (Fig. 3.11) were constructed.
They start in the west in the Quaternary Tirgu Secuiesc basin which unconformably over-
lies the internal nappes of the East Carpathians. They then traverse the outer Moldavidian
nappes and continue into the Focşani Basin (Fig. 3.2). The cross-sections incorporate the
two high-resolution seismic lines along the western Focşani flank.

Data used for construction of the cross sections were taken both from the seismic in-
terpretations presented above and from literature sources. The buried structure and internal
architecture of the frontal (Tarcau, Marginal Folds and Subcarpathian) nappes was extrapo-
lated from surface information from existing geological maps and is further constrained by
well data (Dicea, 1995). However, alternative interpretations suggested by the oil industry
of the same data set are highly variable (see discussion in Matenco and Bertotti (2000)).
The position and structural geometry of the basement of the lower plate beneath the thrust
sheets is based on Rădulescu et al. (1976); Hauser et al. (2001); Bocin et al. (2005) and
Panea et al. (2005). The overall structure of the Focşani Basin east of our lines was taken
from Tărăpoancă et al. (2003) and Matenco et al. (2003, 2007).

>From W to E, the sections show the Tarcau, Marginal Folds and Subcarpathian nappes,
which are part of the Moldavidian tectonic units (Săndulescu, 1988) deformed in the Neo-
gene. They are overridden by more internal units in the extreme western part of the sections.
In the east, the tilted autochtonous foredeep succession partly overlies the frontal part of the
wedge. Significant (>40 km) late Miocene underthrusting is evident from the far westward
extent of the Badenian sediments in the basement.

In the northern section (Fig. 3.11a) the Marginal Folds nappe crops out in the Vrancea
Window (Fig. 3.3). Along the southern section (Fig. 3.11b) and further south this nappe
no longer crops out; it laterally wedged out. Here the internal deformation in the Tarcau
nappe is mainly accommodated by backthrusts (Fig. 3.11b). Alternative interpretations
(e.g. Stefanescu, 1988) suggest a westward lateral extension of all East Carpathians nappes
into the foreland of the South Carpathians, being buried at depth either by higher tectonic
units or by post-tectonic covers (see also discussion in Schmid et al., 2007).

Both sections show the folded middle Sarmatian - Quaternary foredeep sediments over-
lying the frontal part of the flysch belt, the Subcarpathian nappe. The Lower Sarmatian
sediments (sm1) are coarse grained calcareous sandstones from a deltaic environment and
represent the actual foredeep succession, occurring both as deformed wedge top sediments
(DeCelles and Giles, 1996; Ford, 2004), Fig. 3.11b) and adjacent to the wedge in the fore-
deep depozone, reaching thicknesses of 2-3 km. As noted in section 4.2, the resolution
of the seismic line that images the contact between the frontal part of the wedge and the
Focşani succession, is not sufficient to unambiguously determine the nature of the contact.
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The alternative interpretations: an erosional contact or wedge top deposition, do not have
significant implications for the kinematics.

The interpretation of an erosional unconformity between the wedge top and the Middle
Sarmatian sediments implies that collision resulted in uplift and exhumation of the frontal
part of the wedge (Fig. 3.12f, 3.13f). Middle Sarmatian out-of-sequence thrusting was
accompanied with subsidence of the frontal part of the wedge (Fig. 3.12e, 3.13e). The
interpretation of wedge top deposition would imply continuous subsidence of the frontal
part of the wedge since Sarmatian collision.

The basement of the flysch belt and its foredeep, the Moesian Platform, has an undulated
shape, occurring at shallow depth (6-7 km) below the thrust belt in the west and at more
than 11 km at the frontal part of the wedge. It is dissected by normal faults that have been
reactivated as reverse faults in the western part of the sections, displacing the Badenian -
lower Sarmatian detachment level below the allochtonous flysch belt by 1-2 km upwards
(e.g. at 30 and 50 km in Fig. 3.11a). Movement along these faults partly accommodates the
basement uplift below the wedge. The northern section (Fig. 3.11a) shows the eastern limit
of the basin at the Peceneaga-Camena fault system.

3.5.2 Restoration of the cross sections: method and constraints
Palinspastic restoration of the two lines (Fig. 3.12, 3.13) was performed using 2D Move as-
suming flexural slip unfolding (e.g. Suppe, 1983) combined with a fault parallel flow mech-
anism (Egan et al., 1997) to restore the thrusting movements. The Latest Miocene - Late
Pliocene subsidence was restored using a simple vertical shear mechanism. Decompaction
and paleobathymetry were generally ignored, but errors induced are probably relatively mi-
nor, as the entire late orogenic succession is characterised by shallow water sediments (cf.
Allen and Allen (2002), Ch. 8).

Restoration of Quaternary-age folding was achieved by a) removing the Quaternary sed-
iments from the Focşani Depression, b) tilting the upper Pliocene beds back to horizontal
including the underlying thrust system and basement, and c) compensating for exhuma-
tion/uplift in the western part of the section, including restoration of the deep reverse faults.
A displacement of ∼1.5 km along the frontal exposed Subcarpathian thrust was suggested
and required by the restoration. The restoration implies a total amount of thick-skinned
Quaternary shortening of 4-5 km, in agreement with values inferred by e.g. Matenco and
Bertotti (2000) for the Wallachian phase. The Quaternary basement uplift in the western
part of the section is constrained by low temperature thermochronology, which provides
an estimate of ca. 5 km of exhumation experienced by the presently exposed nappe sys-
tem during Quaternary times (U-Th/He and apatite fission track data from Sanders et al.
(1999); Merten et al. (2005).The space obtained between the present-day and top-Pliocene
surface positions was speculatively filled with the eroded part of the nappe system and with
sediments of the Focşani Depression.

The reconstruction of the Romanian-age (Fig. 3.12b, 3.13b) geometry of the eroded part
of the Focşani Basin, extending west over the entire length of the section, is constrained by
the fauna of the pre-Quaternary sediments of the Brasov and Tirgu Secuiesc basins (location
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in Fig. 3.1, 3.2). The Pliocene lacustrine sediments in these basins contain fauna assem-
blages similar to the ones in the Dacic Basin (i.e. Focşani type; Marinescu and Papaianopol
(1995); Olteanu (2003)), requiring a connection between the basins across the present-day
orogen.

The subsequent stages (Fig. 3.12, 3.13 c-f) were reconstructed by flexural slip unfolding
after stepwise removal of the sediment overburden.

3.5.3 Kinematic evolution: patterns of vertical movements and hori-
zontal deformations

During the last stages of nappe emplacement, the thin-skinned wedge had reached the stable
Moesian platform (Figs. 3.12 and 3.13 e-f). The wedge has a thickness of 2-3 km in its
frontal part (see also Dicea (1995); Matenco and Bertotti (2000)) and is gradually thickening
westwards, its elevation close to sea level. The syn-tectonic Lower Sarmatian sediments
occur below and in front of the wedge front, and on top of it in intramontaneous (piggy back)
basins. Erosion affects the exposed parts of the actively deforming wedge. Subsidence was
accompanied by local normal faulting, such as along the Peceneaga-Camena fault in the
Putna profile (Fig. 3.12e).

The Upper Sarmatian - Pliocene period (Fig. 3.12 and 3.13d-b) was characterized by
homogeneous subsidence. Sediments were deposited in a generally lacustrine environment.
In our reconstruction, the sedimentary basin with its large sediment thickness accommo-
dated by the ongoing subsidence extends well over the present day orogen. In the Late
Pliocene the western margin of the Focşani Depression lies only a few kilometers from the
Transylvania basin, leaving little space for a pronounced morphology in the SE Carpathians.

The pattern of vertical movements changed significantly at the beginning of the Qua-
ternary when subsidence in the western part of the Focşani Depression changed to uplift
(compare Fig. 3.12 and 3.13 b,a). The present-day undulated geometry of the main sole
thrust and its deepest point in an apparently unrealistic external position (see Bocin et al.
(2005) do not reflect the situation during nappe emplacement. Rather, it is due to the Qua-
ternary differential uplift and subsidence associated with a total shortening of some 5 km.
An anticline - syncline couple was formed by uplift in the thrust belt and subsidence in the
foredeep.

Uplift of the orogen was partly accommodated by reverse faulting in the core of the
anticline. The faults have an offset of ∼2 km. Displacement along these faults is trans-
ferred to the surface by folding in mechanically weak layers. Tilting of the western flank
of the present day Focşani Depression resulted from this uplift, whereas subsidence contin-
ued in the core of the syncline that evolved to the east of the uplifting zone. The syncline
core defines the position of the Quaternary depocenter. In the western flank of the syn-
cline, the inclination of pre-Quaternary sediments ranges from 15-20◦ in Romanian layers
to subvertical in Upper Sarmatian. Our reconstruction attributes ∼65◦ of the tilting of the
Sarmatian strata to the Quaternary events (Fig 3.12a, 3.13a), which implies that∼25◦ tilting
must have been previously acquired by differential subsidence in Latest Miocene-Pliocene
times (Fig.3.12, 3.13 b,c). Total uplift of the orogen accumulates to ∼5 km, the maximum
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subsidence in the basin amounts 2 km. The Quaternary folding is asymmetric, with gentle
western and steep eastern flanks. An alternative mechanism that was proposed previously,
invokes low angle thrusts to explain the exhumation of the Vrancea half window (Fig. 3.2,
Roure et al. (1993)) and could also explain the elevated basement position below the belt.
However, due to the lower angle faults, this mechanism requires a much larger amount (20
km) of shortening to explain the observed Quaternary uplift.

3.6 Discussion

The restoration of geometries and timing of vertical movements in the transition zone be-
tween the Carpathian Bend and the adjacent Focşani Depression has shown that most of the
subsidence in the foreland and subsequent exhumation/uplift in the mountains took place
after cessation of major shortening in the Middle Sarmatian (Figs. 3.12 and 3.13). We were
able to distinguish a first Latest Miocene - Pliocene stage characterized by generalized sub-
sidence of the entire area adjacent to and including the present day thrust belt, and a second,
Quaternary, stage characterized by exhumation and uplift in the internal sectors and ongoing
subsidence in the centre of the present day Focşani Basin. In the following, we present our
results in the regional geodynamic framework.

3.6.1 Regional Latest Miocene-Pliocene subsidence in the Moesian do-
main

The first period of Latest Miocene-Pliocene (Late Sarmatian - Romanian) subsidence is
common to the entire Moesian domain but shows exaggerated values in the Focşani Basin
(Fig. 3.12 and 3.13 e-b). Adjacent to the South Carpathians, the Getic Depression is char-
acterized by extensive Sarmatian wedge-top sedimentation and up to 1 km of late orogenic
sediments (Răbăgia and Matenco, 1999). The foredeep of the East Carpathians, from the
end of contraction, was gradually filled towards the south. Upper Sarmatian sediments
showing southward prograding deltaic structures occur as far north as Piatra Neamt (47◦
N, Tărăpoancă (2004)), while Meotian-Dacian sedimentation is largely constrained to the
Moesian platform, south of the Trotus fault (Fig. 3.2). In the Focşani Depression, post-
collisional subsidence has thus created a basin with up 6 km of sediments (Tărăpoancă
et al., 2003) in the almost total absence of any genetically related faults. On the west flank
of the Bend Zone, the Brasov Basin accumulated up to 300 m of Pliocene lacustrine sedi-
ments, its fauna showing a connection with the Focşani Basin at that time (Marinescu et al.,
1981); Fig. 3.12, 3.13b). From our sections we reconstructed the approximate position of
the Latest Miocene - Pliocene depocenter (Fig. 3.12 and 3.13 d-b, Fig. 3.14)
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Figure 3.12: Restoration of the post-nappe stacking evolution of the northern cross section (along the
Putna section, Fig. 3.5, 3.11a). The restoration shows the two different stages of late orogenic evolu-
tion: Latest Miocene - Pliocene general subsidence (d-b) followed by 5 km of Quaternary shortening
and tilting (a). Further description in the text.
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Figure 3.13: Restoration of the post-nappe stacking evolution of the southern cross section (along the
Rîmnicu Sarat section, Fig. 3.6, 3.11b). The restoration shows the two different stages of post oro-
genic evolution: Latest Miocene - Pliocene general subsidence (d-b) followed by 5 km of Quaternary
shortening and tilting (a). Further description in the text.
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3.6.2 Quaternary contraction and inversion in the Pannonian -
Carpathian system

In the early Quaternary the patterns of uplift and subsidence changed significantly. Depo-
sition of coarse grained continental - shallow lacustrine gravels and sands (Candesti forma-
tion, see also Marinescu et al. (1981); Necea et al. (2005) strongly contrasts with the Late
Pliocene depositional environment of fine grained lake sediments. This coarse facies points
to a new proximal source area, i.e. the emerging hinterland. In our seismic sections, the
gravels conformably overlie the lower series, but further to the north and west the contact is
unconformable. The gravels crop out at present elevations of up to 1000 m, where they dip
towards the east at ∼9◦.

Uplift and erosion started west of the present day basin margin and supplied the coarse
grained sediments. In time it migrated eastward, affecting also the newly deposited Candesti
gravels, uplifting and tilting it to its present elevation and angle. The axis of the resulting
syncline (Fig. 3.5) is the depocenter for the Candesti conglomerates and represents an
area of continuous Pliocene - Lower Quaternary subsidence. Currently, the syncline axis
resides in the foothills and is incised by the Putna and Susita rivers (Fig. 3.14a). Middle-
Upper Pleistocene loess deposits unconformably overlie (in Putna section at 12 km, Fig.
3.5) the lower Quaternary deposits, indicating a subaerial (uplifted) position of the former
depocenter at that time. Recent detailed geomorphological studies distinguished three stages
for the Quaternary tilting (Necea et al., 2005).

The present day area of maximum subsidence, monitored by GPS measurements (sub-
sidence rate up to 3 mm/y; van der Hoeven et al. (2005)), is located even further to the east
and corresponds to the area of minimum topography along the Siret river at 2.5 m above sea
level. Its tributaries (Rîmnicu Sarat, Buzau) are reorienting towards this zone (Fig. 3.14a,
Fielitz and Seghedi, 2005)), while Siret itself has migrated eastwards, as shown by the aban-
doned Upper Pleistocene - Holocene river meanders (Matenco et al., 2007) and the steep
escarpments on its eastern flank.

An approximately N-S stress field was reconstructed by (Hippolyte and Săndulescu,
1996) for the Pliocene-Quaternary “Walachian phase” from the folds in the S part of the
Carpathian Bend Zone. This N-S stress field originates from local reorientation of the re-
gional WNW-ESE stress field along the dextral Intramoesian Fault, which was reactivated
during the Quaternary. The Quaternary amplitude of the folding in the Focsani basin is
decreasing southward, where the shortening is accommodated by the high-angle Walachian
reverse faults and folds, which have a dextrally transpressive component (see also Matenco
et al., 2003, 2007).

The Quaternary - recent foredeep subsidence is not transferred to the buried prolonga-
tion of the North Dobrogea Orogen (NDO), which shows a limited uplift as suggested by
GPS measurements (1-2mm/y, van der Hoeven et al. (2005)). The difference between the
relatively stable NDO and subsiding Moesia is accommodated by a large normal fault sys-
tem (Fig. 3.2), much wider in the north in the prolongation of the Putna cross section than
further south where it is crossed by the Independenta seismic line (Fig. 3.7). As shown in
this seismic line and in the restored Putna section (Figure 3.12), the fault system was initially
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activated during Sarmatian times, only along the main trace of the Peceneaga-Camena fault.
During the Quaternary, a larger area east of this fault has been affected, creating this wide
system of normal faults. Across the fault zone from west to east, the age of the outcropping
sediments increases from lower Holocene - Upper Pleistocene - Middle Pleistocene (Fig.
3.2).

3.6.3 Mechanisms for the two-stage Latest Miocene-recent evolution
of the Focşani area

A large number of qualitative models have been proposed to explain the unusual features
in the SE Carpathians. These models involve mechanisms such as roll-back of an oceanic
lower plate (e.g. Royden (1993), (continental) delamination (Girbacea and Frisch, 1998;
Chalot-Prat and Girbacea, 2000; Gvirtzman, 2002; Knapp et al., 2005), slab tear and detach-
ment (Wortel and Spakman, 2000)), or a thermally re-equilibrating slab (Cloetingh et al.,
2004). We will briefly discuss the implications of our new constraints on the magnitude
and timing of vertical movements and tilting in the area, on the existing models that did not
recognize the two separate stages, and propose an alternative explanation.

The model of Royden (1993) associates deep foreland basins with roll back of the sub-
ducting plate. However, as roll back is active during underthrusting and necessarily stops
after collision, this mechanism could not explain the large amount of post-orogenic sedi-
ments in the Focşani Depression. A similar problem in timing arises for the delamination
models. These imply (Girbacea and Frisch, 1998; Chalot-Prat and Girbacea, 2000) that ex-
tension in the Brasov / Tirgu Sequiesc Basins due to magmatic doming is simultaneous with
subsidence in the Focşani Basin and tilting of its western flank. The events are placed in
Sarmatian time. Slab break-off, finally, (Wortel and Spakman, 2000) would result in gen-
eralized uplift and not the uplift-subsidence couple we observe. For further discussion of
lithospheric mantle control on vertical movements, see Bertotti et al. (2003). We do agree
that the downward force exerted by the remnant, steepened slab as recognized on tomog-
raphy (e.g. Weidle et al., 2005) is the cause for the anomalous Latest Sarmatian - Pliocene
and ongoing subsidence.

However, the shallow position of the basement below the wedge (Bocin et al., 2005) and
the changed patterns of vertical motions in the second evolutionary stage (see section 3.5.3)
are not easily associated with slab control. They do correlate with the contractional episode
widely known at the entire Carpathian - Pannonian scale as the second inversion moment
(e.g. Horváth, 1993). The age of this event in our study area is Quaternary, while elsewhere
it started locally during the Pliocene. The magnitude of the Quaternary differential vertical
motions in the Carpathian Bend Zone is up to 7 km. Up to 2 km subsidence in the foredeep
is constrained by our seismic data, and 5 km of erosion in the adjacent orogen is constrained
by thermochronology (Sanders et al., 1999) and corroborated by our reconstructions. Ac-
commodation of the late stage shortening by reactivation of inherited basement structures
is a feature that is also known from the Barinas foreland beneath the Caribbean allochthon
in the Merida Andes in Venezuela (Colletta et al., 1997). Further comparisons between
these two highly deformed basins and exploration results in subthrust plays in Venezuela
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would probably be of great help for the oil industry in Romania for predicting the risk as-
sociated to such yet untested prospects. Similar coeval patterns of subsidence and uplift as
in the Carpathian Bend Zone, but of reduced magnitude, are known in the <500m thick,
Pliocene-Quaternary Tisza sub-basin of the Great Hungarian plain (e.g. Horváth and Cloet-
ingh, 1996; Thamo-Boszo et al.), and the actively uplifting Transdanubian Central Range
(e.g. Fodor et al., 2005; Ruszkiczay-Rudiger et al., 2005).

The mechanism responsible for the Quaternary differential vertical movements in the
Pannonian domain has been previously inferred as crustal/lithospheric buckling (Horváth
and Cloetingh, 1996; Bertotti et al., 2003; Cloetingh et al., 2004). The compressional stress
field responsible is most commonly explained by the Adriatic plate push and redistribution
of the stress field in a weak Carpathians - Pannonian domain (e.g. Bada et al., 1999). Our
observations in the Bend Zone support this folding mechanism as a reasonable explanation
of the eastward migrating patterns of uplift and subsidence.

Though the recent uplift of the Bend Zone, with its highest relief centered on the earth-
quake hypocenters might be explained by one of the (detaching) slab models (see e.g.
Bertotti et al. (2003), the geometry of the steeply tilted western flank of the Focşani Depres-
sion and in particular the syncline in the northern section (Fig. 3.5) can only be explained
by compressional folding. Moreover, from the positions of the Latest Miocene-Recent de-
pocenters, an eastward migration of the uplift-subsidence couple is evident. The wavelength
of the Quaternary folding can be estimated from the width of the subsiding and uplifting
regions (Fig. 3.14). The migration of the folding is expressed in the following as the mi-
gration of its “null points”, which separate regions of uplift and subsidence, and where as a
consequence vertical movements are zero.

3.6.4 Folding: wavelength and time migration

>From our reconstructions for the Pliocene-Pleistocene transition (Figs. 3.12, 3.13 b-a)
the position of the null point to the east of the anticline uplifting the orogen and tilting
the western Focşani flank is difficult to estimate, but it must have been to the west of the
presently exposed Candesti gravels. It migrated eastwards during the Quaternary, folding
the lower Pleistocene strata and finally causing a gradual tilting of Pleistocene-Holocene
strata (Necea et al., 2005). On the west side of the orogen, the <500m thick Pliocene -
Quaternary Brasov basin is connected on its eastern margin with the <100m thick Upper
Quaternary Tîrgu Secuiesc basin (Fig. 3.14a). The present surface elevation of the Brasov
Basin is at 500 m, having accumulated up to 200 m of continental Quaternary sediments
(Ghenea et al., 1979; Chalot-Prat and Girbacea, 2000) and experienced a net uplift of 300
m since the end of the Pliocene. The E-W extent of Tîrgu Secuiesc basin gives an indication
of the distance that the folding null point has migrated during the Quaternary, ∼20km (Fig.
3.14a,b).

The geometry of the Quaternary subsidence in the Focşani Basin was directly imaged
by our study and starts from the eastward migrating null point on the western Focşani Basin
flank and ends in the east at the Peceneaga-Camena fault. Because this fault is oblique
with respect to both the direction of the orogen and the syncline axis, the distance between
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Figure 3.14: Schematic representation of the migrating Quaternary folding in the external East
Carpathians and their foreland. NDO, North Dobrogea Orogen.
a. Upper Quaternary migration of the folding null point;
b. map view: Wavelength re-equilibration on the eastern flank of the Focşani Basin through the col-
lapse by normal faulting of the NNE part of the North Dobrogea Orogen, near the oblique Peceneaga
Camena fault. The area of faulting is widest in the north, where a larger part of the NDO basement
block has been affected by the eastward migrating folding related subsidence or null axis.

the null points apparently increases southwards, from ∼35 to ∼70km (Figure 3.12, 3.13
and 3.14a). The key issue here is the previously described Quaternary normal faults system,
which accommodates the subsidence of Moesia in respect with the North Dobrogea Orogen.
As pointed out by Matenco et al. (2007), this system has Quaternary deformation ages
younger towards the east. This can be explained in two ways. One explanation is the
tendency of the folding mechanisms to widen the subsiding area in the northern foreland to
a similar ∼70km half wavelength as in the south, and comparable with the 60km value of
the inner Carpathians uplift zone. The second potential explanation relates to the striking
coincidence of the width of the normal fault system, ∼20km, with the earlier described
distance on which the null-point migrates during the Quaternary and with the width of
the Targu Secuiesc basin. In this line of reasoning, the gradual formation of Quaternary
normal fault younger in age to the east can be explained as a migration of a third null point
eastwards, the one which separates the subsidence in Moesia with the uplift of the North
Dobrogea orogen (Fig. 3.14).

One general conclusion can be drawn whichever are these later mechanisms. The fold-
ing has a wavelength of ∼120km and displays a clear eastward migration in time.

3.7 Conclusions

The late orogenic evolution of the external part of the East Carpathians and their foreland is
characterised by two distinct periods. A first Latest Miocene-Pliocene (Upper Sarmatian -
Romanian) period of generalised subsidence in the entire domain is subsequently followed
by <5km Quaternary shortening with significant differential vertical movements in the stud-
ied area.
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The Latest Miocene-Pliocene period of subsidence is common in the entire Moesian
domain but shows exaggerated values in the Focşani Basin. This subsidence, most likely
driven by the slab below Vrancea, has created a basin with up to 10km of sediments in the
almost total absence of any genetically related faults. The Pliocene Focşani Basin was in
connection with the Brasov Basin, and the depocenter overlay the frontal part of the thrust
belt.

The second, Quaternary, stage of folding is the result of a contractional episode widely
known at the entire Carpathian - Pannonian scale as the second inversion moment. The age
of this event in our study area is Quaternary, while elsewhere it started locally during the
Pliocene. It involved differential vertical motions of up to 7 km, comprising up to 2 km
subsidence in the foredeep and up to ∼5 km of exhumation in the adjacent orogen.

The Quaternary differential vertical movements in the Carpathian-Pannonian domain
are attributed to crustal / lithospheric buckling. The compressional stress field responsible
is most commonly explained by the Adriatic plate push and redistribution of the stress field
in a weak Carpathian - Pannonian domain. In our study area, the response to these overall,
regional mechanisms is almost one order of magnitude higher than elsewhere. Two to 5 km
of Quaternary uplift of the external part of the SE Carpathians nappe pile and the western
flank of the Focşani Basin is coeval with deposition of up to 2 km of sediments in the
foreland. The wavelength of the folding mechanism is ∼120km and the points of zero
vertical movement of the regional anticline/syncline couple migrated some 20km eastwards
during the Quaternary. The steep eastward dip of the strata on the western Focşani flank
of presently vertical positions is partly inherited from earlier differential subsidence, partly
acquired during the overall anticlinal growth and partly the result of local structures. Total
Quaternary shortening is in the order of 5km as revealed by our reconstructions and is
transferred towards SE and E along dextral strike-slip faults (Matenco et al., 2003) and the
high-angle reverse faults which are commonly ascribed to the Wallachian deformation (e.g.
Hippolyte and Săndulescu, 1996).





Chapter 4

Mio-Pliocene evolution of the infill of the western
Dacic Basin (Romania): expression of the
Messinian Salinity Crisis in Paratethys

4.1 Introduction

By influencing the rates of sediment supply, subsidence and sea level change (e.g. Schlager,
1993)), the patterns of basin infill are ultimately controlled by the interaction between tec-
tonics and climate. A catastrophic example of this interaction is the major sea level fall in the
Mediterranean Sea during the Messinian Salinity Crisis (MSC, 5.96 to 5.33Ma; ages from
Krijgsman et al. (1999)). Supported by the prevalent climatic conditions, tectonic closure
of the Betic and Rif gateways led to the desiccation of the Mediterranean Sea (e.g. Clauzon
et al., 1996; Krijgsman et al., 1999) It caused extensive erosion of the basin margins and
the deposition of up to 1.6 km of evaporites in the deepest parts of the basin (e.g. Rouchy
and Caruso, 2006). Moreover, the event potentially influenced the tectonic evolution of the
neighboring orogens (Alps, Willett et al., 2006) and their actively deforming foreland fold
and thrust belts (Apennines, Scarselli et al., 2006; Simpson, 2006).

During the Messinian, the Mediterranean Sea was flanked to the north by Paratethys, a
generally shallow epicontinental sea that extended from the Alpine foreland in the west to
the Aral region in the east (Fig. 4.1a, (Rögl, 1999). Paratethys had come into existence as
a remnant of the closing Tethys Ocean by the end of the Eocene, gradually losing salinity
and developing endemic faunas due to its fragmentation into subdomains in the course of
its evolution. The observation of Messinian fauna of Paratethyan affinity in Mediterranean
deposits (Lago Mare facies; Ruggieri, 1967), implying the input of Paratethyan waters into
the Mediterranean, incited the interest in the physical connection between the two realms
during the MSC, and its consequences for their evolution.

The water input into the Mediterranean inferred from the Lago-Mare (e.g. Orszag-
Sperber, 2006) fauna raised questions on the signature of the MSC in the Paratethys. Ob-
servations of a base level fall in Paratethys have been repeatedly attributed to the Messinian
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Figure 4.1: Location maps.
a. Map of Paratethys showing its different domains. Dashed line shows maximum areal extent, grey
fill indicates extent during Messinian Salinity Crisis. (From Vasiliev, 2006). PB, Pannonian Basin;
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related to the Getic Fault additionally controlled subsidence by differential compaction. Dashed lines
indicate the decreasing basin area due to the infilling of the basin during the Middle Pontian lowstand
(LST2).
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Salinity Crisis, since the first observations of Hsu and Giovanoli (1979) in the Black Sea.
The conclusions of these authors on a major Messinian base level fall in the Black Sea have
recently been confirmed (Gillet et al., 2003). Observations in its western appendix, the
Dacic Basin (Fig 4.1b) (Clauzon et al., 2005; Stoica et al., 2007) also suggest the existence
of a connection with the Mediterranean during the Mio-Pliocene. The recent absolute age
determinations of local Paratethys stages (Fig. 4.2, Vasiliev et al. (2004b, 2005)) allow for a
more precise correlation of the Mediterranean MSC with the Late Miocene - Early Pliocene
base level changes observed from sedimentology and seismic interpretations and with basin
connectivity events based on microfauna in the Dacic Basin (e.g., Marunteanu and Papa-
ianopol, 1995; Rabagia and Matenco, 1999). Despite the indications of a significant MSC
base level drop in various Paratethys basins (e.g. Clauzon et al., 2005), the basin scale sed-
imentary architecture of the hypothesized MSC lowstand(s) and the subsequent high-stand
have not been described so far. The models on the paleogeographic evolution of Paratethys
are primarily constrained by field observations that are necessarily concentrated in outcrops
on the basin margins, generally recording only the proximal environments. A more con-
sistent image will be achieved through the integration of surface data near the basin border
with the basin scale geometry observed at depth from seismic and well data.

The Dacic basin represents the westernmost part of the Eastern Paratethys, developed
during the Carpathian post-collisional Late Miocene (Sarmatian) - Quaternary time interval.
It overlies the Moesian platform, the external orogenic nappes of the South Carpathians and
the foredeep prolongation of the North Dobrogea orogen (e.g. Olteanu and Jipa, 2006) and
is situated in a transitional position between the Central and Eastern Paratethys (Fig. 4.1a).
The post-collisional subsidence of the external South Carpathians and their Moesian fore-
land allowed the deposition of up to 1.5 km of Uppermost Miocene-Quaternary sediments
in a near-shore facies with large-scale deltaic environments that developed especially during
the Pontian-to Early Dacian (Jipa, 1996)). The subsequent continental sedimentation con-
tinued into the Quaternary, completely filling the basin until the present day stage of alluvial
sedimentation and erosion.

In this chapter I will argue that - apart from the standard eustasy-subsidence-supply in-
terplay known to control the sedimentary evolution of marine basins (e.g. Schlager, 1993)
- the complex patterns of base level evolution observed on the basin margins of a restricted
basin such as the Dacic Basin are probably strongly influenced by the connectivity with
other basins. Firstly, the presence and elevation of a barrier or sill between the Dacic Basin
and the Black Sea (and eventually the Mediterranean) will control the response to more re-
gional changes in sea level. The other element is the potential control of the MSC-related
events on the connectivity with the upstream Pannonian Basin along the gateway of the
Danube across the Carpathians (Iron Gates; Fig. 4.1). Over this area, the Dacic Basin com-
municated with the Central Paratethys (Pannonian Basin) until the Upper Miocene (Sarma-
tian). It is unknown if this gateway functioned during the MSC, allowing Pannonian waters
to invade the Dacic basin, and creating the coeval base level drop observed in the Pannonian
(e.g., Vakarcs et al., 1994; see also Chapter 5). The inferred Messinian events of Paratethys-
Mediterranean connectivity that are the subject of this chapter are not unique. They have a
more recent analogue, namely the reputed “Noah flooding”, when the Mediterranean waters
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invaded the Black Sea at a time when early settlers were developing their communities on
the shores of the latter (Ryan et al., 2003; Winguth et al.).

To tackle these key issues in the evolution of the Dacic Basin during the MSC, i.e.
the factors controlling the basin fill and the role of connectivity with the Mediterranean
and within Paratethys, we present the results of interpretation of a large seismic transect
connecting the western (close to the Iron Gates) with the northern margin of the basin (near
the major Latest Miocene-Pliocene source area) in order to constrain the evolution of the
post-collisional basin fill, in particular the Meotian-Pontian period of interest (Fig. 4.2).
Having constrained the magnitude of the absolute base level changes and differences in
supply rate from the sedimentation patterns (seismic sequences), we discuss the role of
connectivity between the Dacic Basin and the Mediterranean and/or other Paratethys sub-
basins.

4.2 The Dacic Basin: a post-collisional basin at the transi-
tion between two sedimentary domains

The latest Miocene-Pliocene Dacic Basin existed as a shallow marine to lacustrine basin
in the foreland of the South and East Carpathians (Fig. 4.1). In its NE-most part, the
Dacic basin coincides with the Focşani Basin, where subsidence reached a maximum dur-
ing the post-collisional period. In this restricted area, the large post-orogenic subsidence
accommodated the deposition of up to 6km of Pliocene to Quaternary shallow lacustrine
and continental sediments shed from predominantly Carpathian source areas (Chapter 3;
Jipa, 1996; Tărăpoancă et al., 2003; Leever et al., 2006b). Our study area, between the
Carpathians in the W and N, the Danube in the south and the river Olt in the east, comprises
the westernmost part of the Dacic Basin (Fig. 4.1b). In this region it overlies the Getic
Depression (the Uppermost Cretaceous - Middle Sarmatian deformed foredeep of the South
Carpathians) in the west and north, and the Moesian Platform (the stable unit underthrusted
below the SE and South Carpathians) in the south. Subsidence in the external part of the
South Carpathians, the Getic Depression and the Moesian Platform continued during the
post-collisional period (Matenco et al., 2003), resulting in the deposition of up to 3 km of
Uppermost Miocene to Quaternary sediments (Jipa, 1996). The Upper Sarmatian - Lower
Dacian sediments exposed near the basin borders always indicate low paleowater depths due
to their proximal position. Frequent changes between shallow marine environments (ma-
rine deltaic, proximal shelf) and alluvial to continental deltaic environments are observed
(Olteanu and Jipa, 2006). These base level changes possibly reflect an active and frequent
interplay between basin subsidence and sediment sourcing.

Paleogeographically, the Dacic Basin was part of Eastern Paratethys, connected with
the larger Black Sea - Caspian domain, and separated from the Central Paratethys (Pan-
nonian basin) by a narrow stretch of the South Carpathians - Balkans presently crossed
by the Danube river at the Iron Gates (Fig. 4.1a). Periodic connectivity with the adja-
cent Paratethys basins led to frequent marine “ingressions” as observed by biostratigraphic
events (Marunteanu and Papaianopol, 1998). Overall, since the Sarmatian, the basin gradu-
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ally lost its salinity as an effect of the fluvial water discharge into the basin.

4.2.1 Tertiary orogenic evolution of the external South Carpathians
and Moesia

The sediments of the Dacic basin display very little deformation, particularly when com-
pared to the large scale transcurrent deformations characterizing the earlier evolution of the
northern part of the study area. Here, the most internal and deformed part of the South
Carpathians foredeep is referred to as the Getic Depression. It is buried below the post-
tectonic cover of the Dacic basin and thrust over the Moesian foreland (Motas, 1983; Sănd-
ulescu, 1988).

During the Tertiary, the changing kinematic boundary conditions related to the pro-
gressive displacement and clockwise rotation of the invading upper Carpathian units (i.e.,
Tisza-Dacia block, Bala, 1986; Csontos et al., 1992) along the NW margin of Moesia led
to a multi-stage tectonic evolution of the area.. The movement of the Tisza-Dacia block
was mainly driven by subduction retreat (Royden, 1988b) of a Carpathian embayment, con-
sisting of the last remnants of the Alpine Tethys attached to the European continent (Bala,
1986). Whichever model is chosen for explaining the last stages of Carpathians collision
(see Matenco et al. (2007) for a review), they all invoke a Miocene retreating zone as the
principal driving force of the generally eastward migration of the two continental blocks
(ALCAPA and Tisza-Dacia) that build up the internal parts of the Carpathians loop. The to-
tal amount of Cenozoic-age shortening in the East Carpathians (<160km; Ellouz and Roca
(1994) was largely accommodated within the South Carpathians - rather than within the
Getic Depression - (Fuegenschuh and Schmid, 2005; Răbăgia et al., 2007) by Paleogene
orogen-parallel extension (Schmid et al., 1998), followed by Paleogene to Early Miocene
dextral movements and transtension along curved fault systems (Schmid et al. (2007) and
references therein). By comparison, the up to 40km of Middle to Late Miocene (up to
the Middle Sarmatian) displacement accommodated by transpression and thrusting of the
internal foredeep over Moesia (Răbăgia and Matenco, 1999) is of minor importance only.

In the Getic Depression, Neogene deformations associated with the rotation of the Tisza-
Dacia block started with an Early Miocene (Early Burdigalian) period of significant dextral
movements, transtension and extension with vertical fault offsets reaching 2 km (Răbăgia
et al., 2007) leading to subsidence and basin formation. The Middle Miocene (Badenian)
is characterized mostly by internal shortening and the apparent thrusting of the Danubian
/ Getic system over the sediments of the Getic Depression (Matenco et al., 1997a; Ste-
fanescu, 1988). During the Late Miocene, the Subcarpathian nappe was thrusted on top of
the Moesian platform (Săndulescu, 1988), associated with the overall dextral translation of
the internal South Carpathians with respect to Moesia. The dextral strike-slip deformation
in the western part of the Getic Depression is gradually transferred to thrusting in the east
(Matenco and Schmid, 1999) (Fig. 4.1). Conjugate sinistral faulting slightly postdates the
onset of the main thrusting stage and relates to ongoing strike-slip deformation after the
main plate boundary had been locked down (Răbăgia and Matenco, 1999).
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4.2.2 Evolution of the Dacic Basin in the framework of Paratethys pa-
leogeography

Progressive closure of the Mesozoic - Cenozoic Tethys Ocean led to the formation of the
Alpine-Himalayan mountain belt since the beginning of the Oligocene. The rising of the belt
caused the separation of the Tethys Ocean into two domains, the Mediterranean in the south
and Paratethys in the north. Paratethys existed initially as a large, semi-isolated water mass
with brackish to fresh water environments, extending from the Alpine foreland to the Aral
sea (Fig. 4.1a). Continued tectonic activity and uplift of the Alps, Carpathians/Dinarides
and Caucasus, and progressive infill caused its fragmentation into subdomains, i.e. the
Western, Central and Eastern Paratethys, which were in alternate and more or less restricted
connection (see Rögl (1999) for a detailed description). The Central Paratethys coincides
with the Pannonian and Transylvanian basins, while Eastern Paratethys had a much larger
extent comprising the area between the Carpathians and the Aral region, the Dacic Basin
forming its westernmost part. Separation of the Central and Eastern Paratethys started with
the main uplift of the Carpathians during their Sarmatian continental collision (Fig. 4.1,
4.2; (see also Papaianopol and Marunteanu, 1993; Matenco et al., 2003; Olteanu and Jipa,
2006)).

Paratethys isolation led to endemic faunas and as a result a separate Neogene biostratig-
raphy was developed for each basin (Fig. 4.2), sometimes conflicting and confusing due to
research limited to national boundaries. A large number of studies have attempted to place
the local stages in a more regional framework, concentrating on the connections between
the Paratethys realms and with the Mediterranean domain (e.g. Senes, 1973; Marunteanu
and Papaianopol, 1995; Rögl, 1996, 1999; Sprovieri et al., 2003; Clauzon et al., 2005; Ca-
gatay et al., 2006; Flecker and Ellam, 2006; Orszag-Sperber, 2006; Popescu et al., 2006;
Snel et al., 2006). For the Dacic basin, recent studies based on magnetostratigraphy have
provided key constraints on the absolute ages of local Paratethys stages (Fig. 4.2, Vasiliev
et al. (2004b, 2005)), allowing independent and direct correlations between the local stages
and the Mediterranean stratigraphy. Interestingly, one of the results led to the correlation
of the Mediterranean Messinian- Zanclean boundary roughly with the limit between the
Middle and Upper Pontian in the Eastern Paratethys, which coincides with a well known
and widespread unconformity in the Dacic basin (Fig. 4.2; see discussion in Stoica et al.
(2007)).

The Upper Miocene-Pliocene (Fig. 4.2) sediments of the Dacic Basin are best exposed
at the northern basin margin. Lateral variations are outlined by Marinescu et al. (1981).
In the vicinity of Olt river, the sedimentary strata are well exposed in a monoclinal struc-
ture with a bedding orientation dipping approximately 15-20◦ to the south (Stoica et al.,
2007; Vasiliev et al., 2005). Here, the sedimentary rocks consist of alternations of blue to
grey sandstones, siltstones and clays. The Meotian part of the sequence is relatively coarse
grained, containing mainly blue-grey sandy-silty deposits. The upper part of the Bosphorian
(Late Pontian) and the lower part of the Getian (Early Dacian) are more fine-grained con-
sisting predominantly of blue-grey silty clays. The upper part of the Getian and Romanian
deposits are again progressively coarser, and show intercalations of coal layers.
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Figure 4.2: Time scale
a. Correlation chart (Rögl, 1996) of Miocene Central and Eastern Paratethys stages and standard time
scale. The stage names used for the Dacic Basin are marked in dark gray, illustrating its intermittent
connectivity to the Central and Eastern Paratethys realms. Sarmatian substages: Vo, Volhynian; Be,
Bessarabian; Ch, Chersonian.
b. Results from recent Late Miocene-Pliocene absolute dating studies in the Dacic Basin, showing
magnetic polarity scale after Berggren et al. (1995) and Mediterranean calcareous nannoplankton
zones (NN). Note large uncertainties in absolute ages of local stages and the consistently earlier onset
of the Pontian in the Pannonian Basin (Steininger et al., 1990; Sacchi et al., 1999; Van Vugt et al.,
2001; Popescu et al., 2006; Snel et al., 2006). In this study we adopt the ages from Vasiliev et al.
(2005); Vasiliev (2006). The diagram additionally shows the duration of the Messinian Salinity Crisis
in the Mediterranean (MSC). TG5 and TG11 are low δ18O marine isotope stages corresponding to high
global sea levels (Shackleton et al., 1995; Vidal et al., 2002). Normal polarity intervals: T, Thvera;
S, Sidufjäll; N, Nunivak; C, Cochiti; Local stages: Pn, Pannonian; Dn, Danubian; M, Meotian; P,
Pontian; D, Dacian; R, Romanian.
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The Carpathians collision and uplift during the Middle Sarmatian and the coeval onset
of the Dacic basin marks major environmental change in the Paratethys domain. In the
South Carpathians foreland this is observed through a distinct break from distal fine grained
to proximal coarse grained torrential facies which grade to the south into deeper shelf sand-
stones (Marinescu et al., 1981). It is also observed through the widespread faunal changes,
expressed by a sudden impoverishment in both the external and the internal Carpathians
basins (Marinescu et al., 1981; Olteanu and Jipa, 2006). Separation of the basins led to sig-
nificant regressions during the Upper Sarmatian, which ended in a freshwater environment
(Olteanu and Jipa, 2006). Roughly the same brackish to freshwater environments character-
ize the Lower Meotian (Fig. 4.2). In the external basins, certain widely developed Sarmatian
species continue their evolution into the Meotian (Marinescu et al., 1981). Towards the up-
per part of the Lower Meotian, the Dacic Basin becomes a semi-marine basin, with higher
salinities that facilitated the massive penetration and dispersion of marine euryhaline forms
that characterize the widely outcropping “Dosinia beds” (Marinescu et al., 1981).The en-
vironment gradually changes back to brackish during the Late Meotian (Marinescu et al.,
1981; Olteanu and Jipa, 2006).

The Lower Pontian marks a major change to common faunal elements across the entire
Paratethys (Marinescu et al., 1981), usually attributed to a major transgression (Olteanu,
1979; Stevanovic et al., 1990). Interestingly, in the western Dacic Basin the Lower Pon-
tian and gradually towards the east also the Middle Pontian are missing or transgressively
covered by Upper Pontian deposits. This Upper Pontian transgression increased the areal
extent of the Dacic Basin: locally it is unconformably covering Sarmatian deposits (Mari-
nescu et al., 1981; Stoica et al., 2007). In addition, the Lower and Middle Pontian show a
strong Pannonian faunal signal, which gradually disperses towards the eastern part of the
Dacic Basin (Marinescu et al., 1981). This is interpreted as an overflow of the Pannonian
Lake into the Dacic Basin due to a positive water balance (Kázmér, 1990; Mueller and Mag-
yar, 1992; Magyar et al., 1999a). If we take into account the new absolute age definition
of Vasiliev (2006) of the Lower and Middle Pontian, all of these particular features corre-
spond in time with the Mediterranean definition of the MSC (Krijgsman et al., 1999): the
Messinian lowstand corresponds with the Lower (- Middle) Pontian unconformity and in-
flux of Pannonian waters, and the Zanclean transgression with the increased Upper Pontian
areal extent of the Eastern Paratethys.

In contrast, distribution of sediments in the eastern Pannonian basin indicates a large
extent of the Pannonian waters during the Early and Middle Pontian. The Upper Pontian is
rarely present, except in a few scattered outcrops representing a paralic environment (Mari-
nescu et al., 1981), which is interpreted as an almost complete fill-up of the basin by that
time (Magyar et al., 1999a; Olteanu and Jipa, 2006). Whether this is due to passive filling
of the basin, or is the result of draining the Pannonian into the Eastern Paratethys / Dacic
basin will be addressed in the next chapter (Chapter 5).

During the Dacian (Fig. 4.2), the Dacic Basin is progressively filled up and isolated from
the Black Sea. Limnic-paralic facies that started to develop in the Late Pontian in the eastern
extremity of the Getic Depression, migrate in time to the west. Lower Dacian sediments
occur in the whole Dacic Basin, while the Upper Dacian is restricted to its eastern part
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(Marinescu et al., 1981). More than 200m of lignite-clay intercalations in a fluvial to paralic
environment (Popescu et al., 2006) were followed by massive alluvial fans deposited during
the Upper Romanian - Lower Pleistocene under conditions of progressive cooling of the
climate (Enciu and Balteanu, 2002). The onset of Quaternary inversion (or the Wallachian
phase, senso Hippolyte and Săndulescu (1996)) the effects of which are best observed in the
SE Carpathians bend (e.g. Leever et al., 2006b), may be an additional cause of the increased
coarse-grained sedimentation. This inversion led to significant uplift of the mountain chain
in the SE Carpathians (Necea et al., 2005). The rivers have been incising their alluvial fans
since ca 650ka, resulting for the Danube in a succession of 7 terraces (Enciu and Balteanu,
2002).

4.2.3 Expressions of the Messinian Salinity Crisis

The Messinian Salinity Crisis (MSC) in the Mediterranean took place between 5.96 and 5.33
Ma (Krijgsman et al., 1999). Despite a general agreement on the timing and causes of its
onset and termination, there is a number of different models for its course and development,
assuming for example a single sea level fall (Krijgsman et al., 1999) or two (Clauzon et
al., 1996; see Rouchy and Caruso, 2006, for a review). Its onset is generally attributed to a
tectonic cause - the closure of the Betic and Rif gateways, enhanced by climatic conditions
with evaporation dominant over precipitation (Krijgsman et al., 1999; Rouchy and Caruso,
2006). Opening of the Strait of Gibraltar by progressive backward erosion (Loget et al.,
2005) is proposed as the cause of the Pliocene (Zanclean) reflooding and ended the isolation
of the Mediterranean Basin.

In the classical sequence of Sicily, the Messinian stratigraphy contains two successions
of evaporites, the Lower and Upper Evaporites, separated by an erosional unconformity.
The evaporite successions are covered by the fresh to brackish water deposits of the Lago
Mare facies (Krijgsman et al., 1999). Because of similarities with the fauna described in
the Paratethys, some authors attribute a Paratethyan origin to the Mediterranean Lago Mare
fauna (Orszag-Sperber, 2006), for a review): Paratethyan waters would have been captured
by Mediterranean drainage (Hsu et al., 1973). The basin margins experienced extensive ero-
sion, evidenced e.g. by deeply incised canyons (Clauzon, 1990). The Messinian sediments
and erosion surfaces are transgressively covered by Pliocene clastics. The Pliocene deposits
were initially constrained to the deeply incised canyons at the basin margins, where Gilbert
fan deltas of up to 1000 m thick were constructed (Nile and Rhone; Clauzon et al. (1995).

Characteristic features of the Mediterranean Messinian Salinity Crisis have also been
observed in the Paratethys. In the Black Sea, seismic data show erosion of the basin mar-
gins (Letouzey et al., 1978; Gillet et al., 2003); additionally, facies and fauna and pollen
from cored boreholes (DSDP leg 42B; Ross and Neprochnov, 1978; Schrader, 1978) pro-
vide evidence for a shallow water environment in a present-day deep part of the basin and
constrain its age to early Zanclean (Popescu, 2006). As early as 1979, Hsu and Giovanoli
(1979) interpreted these features as evidence of a major sea level drop in the Black Sea
associated with the Messinian Salinity Crisis in the Mediterranean. In the Dacic Basin, ob-
servations that point at base level changes have been interpreted as the local expression of
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the Messinian Salinity Crisis and the subsequent Zanclean deluge. A base level drop has
been inferred from the unconformable contact between Upper Meotian and Upper Pontian
deposits on the northern basin margin (Stoica et al., 2007), and from an erosional surface
on the western basin margin close to the inlet of the Danube (Clauzon et al., 2005). Gilbert
delta deposits of which the bottomsets have been dated as Zanclean overlie this erosional
surface and have been interpreted to correspond to a water level rise (Clauzon et al., 2005).

4.3 Upper Miocene to Recent sedimentary architecture of
the western Dacic Basin

In order to connect the subsurface geometry of the Upper Miocene - Pliocene sediments
with the features observed in outcrops near the basin margins described above, a series
of 2D industry seismic profiles were combined with well data and field observations in a
>200km cross section across the central-western part of the Dacic Basin (Figs. 4.2, 4.3).
Previous field observations, concentrated at the scattered outcrops near the basin margins
recorded only proximal environments, laterally variable along the northern basin margin
(Marinescu et al., 1981). The seismic transect extends in initially W-E from the western
basin margin near the Iron Gates at Turnu Severin river Jiu, then turns north to the northern
margin of the basin at the Ocnele-Mari - Govora anticline (Fig. 4.1; see also Răbăgia et al.
(2007)). The sequence stratigraphic interpretation of the main section (section I, Fig. 4.3)
is constrained by additional seismic lines (section II and III in Fig. 4.4, 4.5) providing well
ties or illustrating features that are less well expressed in the main section.

The regional cross section (section I) combines newly interpreted seismic lines with
previously published interpretations near the northern basin margin (Fig. 4.3). (Răbăgia
and Matenco, 1999; Matresu, 2004). The small inset in the westernmost part of this section
is a compilation of field observations from Clauzon et al. (2005) at the western margin of the
Dacic basin near the Iron Gates, some 15 km to the north of the seismic section (Fig. 4.1).
The available wells provided information on stratigraphic limits corresponding to the local
stages, derived from biostratigraphic data on core samples or from facies interpretations of
well logs (unpublished information of Petrom SA). A few logs were available allowing the
correlation between seismic sequences and sedimentary facies (Fig. 4.5c). Average interval
velocities ranging from 2400m/s in Sarmatian to 1850m/s in Romanian were calculated
from T-D curves. Only a limited number of T-D curves were available, leading to errors
in the positioning of the stratigraphic limits on the seismic sections in the order of ∼100m.
Consequently, the wells give first order constraints on the stratigraphic position of sequences
and enable the correlation with high-resolution field studies at the basin margins, whose
absolute ages allow placing our results in the larger Mediterranean-Paratethys framework.
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4.3.1 Structure and sedimentary architecture of the Moesian Platform
and the Getic Depression

A major erosional surface (the Pre-Paratethys denudational surface - PPDS - sensu Paraschiv
(1997)) separates the Moesian basement and its pre-Neogene cover from the overlying sedi-
ments (Fig. 4.3, 4.5b). This Paleocene to Lower Miocene erosional event (Paraschiv, 1997)
affected the entire western part of the Moesian platform (Tărăpoancă, 2004) and caused the
formation of the major canyon in the center of the section (Fig. 4.3, section Ib-f between
70 and 105 km). Separating two basement highs, the relief across this paleo-valley is more
than 1 km.

Below the major erosional surface (PPDS), the lower part of the section shows the pre-
Neogene cover of the Moesian platform (Fig. 4.3) in which the Lower Cretaceous limestone
series is indicated as a marker level by its characteristic seismic facies. It is affected by a
large number of pre-Neogene normal faults that are sealed by the PPDS (Fig. 4.3).

A reduced number of high angle faults offset the PPDS and affect the overlying de-
posits in the central and western part of the cross section. The most pronounced offset is
observed in the W part of the section (Fig. 4.3a, between 0 and 20 km), where the PPDS
is displaced by up to 0.5s. This deformation results from the reactivation of the northern
prolongation of the Timok fault system (Fig. 4.1, see also Răbăgia et al. (2007). No well
data were available to us in this part of the section; however, Matresu (2004) mentions the
occurrence of Badenian sediments in the lower part of the half grabens, of which 37 m of
salt. The Sarmatian-Badenian syntectonic sediments constrain the age of the deformation
to Middle-Late Miocene (Tărăpoancă et al., 2007). Smaller displacements in the younger
succession result from the late Miocene transtensional event post-dating the main collisional
phase (Fig. 4.3 at 10km and 60-70 km, see Răbăgia and Matenco (1999)). Other than by
these small faults, the center of the basin was not affected by major deformations during
the Neogene. The deposits in the major canyon are characterized by parallel, horizontal
reflectors onlapping onto the basal unconformity.

In the northern part of the section, the Uppermost Cretaceous - Middle Sarmatian se-
quence of the Getic Depression was deformed during a succession of mainly transcurrent
events related to the rotation of the South Carpathian units around the Moesian promon-
tory (see Schmid et al., 2007). Large Early Miocene transtensional normal faults with up
to 1.5km offset are truncated by south-vergent late Miocene thrusts. Smaller offset subver-
tical faults are late Miocene NW-SE trending dextral strike-slip faults accommodating the
transpression of the South Carpathians against the Moesian platform. The thrusting led to
thickness variations in the Badenian - Sarmatian sequence in the synclines on the top of the
thrust wedge (Fig. 4.3, 4.4b; see Răbăgia and Matenco (1999) and Răbăgia et al. (2007) for
further details).

The Moesian basement and the deformed sediments of the Getic Depression are buried
below the Upper Sarmatian - Pliocene cover of the Dacic basin (green, blue and yellow
series in Fig. 4.3, 4.4, 4.5). This sedimentary cover generally displays little deforma-
tion over the entire transect. A possible exception is the apparent normal reactivation of
an earlier fault separating two of the tilted basement blocks in the northern area (at 180
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km in Fig. 4.3h, between 55 and 60 km in Fig. 4.4b). This fault, the Getic Fault sensu
Răbăgia et al. (2007) (see also Fig. 4.1), is inherited from the Early Miocene extensional
/ transtensional opening of the Getic Depression and is associated with thick syn-tectonic
Burdigalian sediments. The Early Miocene offset reaches up to 2.2km elsewhere in the
basin (details in Răbăgia et al., 2007). The large relief of the pre-Burdigalian basement of
the Getic Depression resulted in differential compaction and draping structures in the over-
lying unconsolidated sediments. It is rather difficult to differentiate the features related to
differential compaction from potential tectonic offsets given by small normal reactivations
of the Getic fault. In either case the large inherited offsets certainly had an impact on the
depositional geometry of the Dacic basin. The inherited basement structure is allochtonous,
having been transported towards the south by Sarmatian thrusting and displaced into an en
echelon pattern by subsequent dextral strike-slip (Răbăgia and Matenco, 1999). It is oblique
to the post-Sarmatian basin geometry (Fig. 4.1,(Răbăgia et al., 2007)) and therefore could
not have controlled the base level evolution over the entire basin. However, locally such as
in our transect, this feature controlled the internal architecture of the individual units and
their coastal onlaps, the small offsets gradually decreasing upwards since the early Meotian
(Fig 4.3). The locations of other faults (at 10, 70-75 and 105-110 km, Fig 4.3a) are equally
related to structural heterogeneities due to differences in basement depth, the deformation
being partly driven by differential compaction.

The largest deformation observed in post-Sarmatian times is the uplift of the Ocnele
Mari - Govora anticline in the northern part of the section (Fig. 4.3a, 190-205km). The
age of the deformation is Quaternary: the entire Miocene- Pliocene succession is tilted on
the southern flank of this anticline (see detailed interpretations of seismic lines across this
structure in (Răbăgia et al., 2007).

4.3.2 Characteristics of the Upper Sarmatian - Pliocene basin fill

In the post-collisional Dacic Basin, two 3rd order seismic sequences were distinguished
(Fig. 4.3, 4.4): a lower one (SSQ1, green) of Meotian - Lower Pontian age, and an upper
one of Middle Pontian - Dacian age (SSQ2, blue). They are separated by an important
erosional unconformity (SB2). Both of the sequences are characterized by well-developed
clinoforms, arranged into prograding bodies progressively filling the basin accommodation
space. The sediments forming the upper part of the section (yellow) are thickest in the north
and feature discontinuous, sub-horizontal irregular high amplitude reflectors. The sequences
and their boundaries are described in more detail below, where they are best expressed. A
genetic interpretation is discussed in the next section.

The first sequence (SSQ1, green in Fig. 4.3) is of Meotian to Lower Pontian age. The
lower sequence boundary (SB1) is formed by a continuous reflector onto which onlaps re-
spectively downlaps of the overlying series are observed (Fig. 4.3, 145-180km). Further
basinward, it grades into an apparently conformable surface, parallel to the over- and under-
lying series (Fig. 4.3, 75-100km). The light green series, which constitutes the lower part
of the sequence, is built up of sigmoidal, prograding reflectors which also show internal
onlaps. Reflectors show onlap terminations on the underlying Lower Meotian series (pink)



4.3 Sedimentary architecture in the western Dacic Basin 81

in the vicinity of the threshold formed by the Getic fault. Further basinward, both down-
lap and concordant relationships with the horizontal reflectors of the underlying Sarmatian
series are observed (Fig. 4.3, 140-170km). Towards the top of the series, the height of the
clinoforms increases and horizontal topsets are less well developed. The clinoforms indi-
cate progradation towards the basin center: to the S (Fig. 4.3: 160-180km, Fig. 4.4), W
(Fig. 4.3, 120-130km), and E (Fig. 4.3, 0-20km). Parallel, continuous wavy high amplitude
reflectors of the overlying series (dark green) are overstepping the light green series in the
proximal areas (Fig. 4.3; Fig. 4.4, 35-55 km). It extends further towards the basin margins
than the light green succession, directly overlying the Lower Meotian (pink) series (Fig.
4.3, 180-195km). It is also building out into the basin, downlapping onto the underlying
sediments (Fig. 4.3, 4.4). The convex shape of the top of this sequence where it overlies
the basement high (at 120-130 km, Fig. 4.3), points to a sediment source in the east, and
transport in cross strike relative to the direction of the section. The sequence is bounded
at the top by an erosional unconformity forming a type-I sequence boundary (SB2, see be-
low). In summary, the sequence (SSQ1) is characterized by well-developed progradation
and subsequent aggradation, whereby the lower, mainly prograding part, is interpreted as a
LST and the upper part, which is additionally aggrading, as a HST (Fig. 4.3,4.4). These
patterns of progradation and aggradation are much less expressed in the W part of section
where the upper part of the clinoforms has been eroded, or is so close to the present day sur-
face to suffer from poor seismic resolution (Fig. 4.3, 0-15 km). Here, up to tens of meters
of Quaternary eolian sands prevent the study in outcrops of these clinoforms.

An erosional unconformity extending from the basin margin (Fig. 4.3, 150-195km) sep-
arates SSQ1 and SSQ2. Along this surface (SB2), erosion is evident from truncation of
the foresets of HST1 (Fig. 4.4, 25-30km) and the irregular shape of the reflector, showing
channel-like features at its base (Fig. 4.3; 160-190km). Downslope it is represented by a
continuous reflector onto which the sediments of the overlying series (light blue) are onlap-
ping (Fig. 4.4, 15-25km). From the elevation difference of 0.2 s TWT between the coastal
onlaps of HST1 and LST2 (see below), corrected for the displacement across the fault at
57 km (Fig. 4.4b) and corroborated by the elevation difference between the shelf edges
above and below the sequence boundary (Fig. 4.4a), the base level fall associated with this
sequence boundary is estimated at ∼200m. Due to this base level fall, the coastal onlap
regressed far out towards the basin center. The coast line moved some 50 km as indicated
by erosional patterns on top of HST1, exposing the shelf of this sequence. This is better
expressed in section II (Fig. 4.4), which lies in a distal position (∼35 km into the basin) and
at a low angle to the basin margin (Fig. 4.1b).

The overlying sequence (SSQ2, blue) consists of two parts which have been interpreted
as a LST and HST. The lower part (LST2, light blue) has an almost exclusively prograda-
tional character. It features clinoforms showing internal onlaps and terminating often by
toplaps at the top, partly pinching out basinward and forming parallel subhorizontal reflec-
tors. These bottomsets are particulary well developed in the central and northern part of
the basin (Fig. 4.3, 90-105 km, Fig. 4.5c). In contrast, the foresets in the western part of
the area terminate onto a pronounced downlap surface (Fig. 4.5b; Fig. 4.3, 30-60km; Fig.
4.5a). In the central part of section I overlying the basement high (Fig. 4.3 at 105-140 km)
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Figure 4.5: Additional lines and details
a. Detail from western part of the section in Fig. 4.3a. The section is oblique to the progradation
direction, which is toward the N/NE (see Fig. 4.4b). It shows the foresets of LST2 terminating onto a
downlap surface. This surface is the top of a ∼0.3 s thick body with irregular discontinuous reflectors
inside. PPDS, Pre-Paratethys denudational surface
b. S-N section (III) near western basin margin showing N-ward progradation. Note downlap surface.
c. Detail of seismic line 3e in the center of the basin from Base Tertiary to the surface, with borehole
logs (left, spontaneous potential; right, potential); stratigraphic units are color coded. Location in
Figure 3. The Sarmatian to Meotian sediments show continuous parallel stratifications characteristic to
distal bottomsets. The prograding clinoforms correspond to the Middle Pontian, with well developed
foresets and bottomsets but lacking topsets. The overlying Upper Pontian interval of 0.15 to 0.2 s
thickness shows the seismic transparency characteristic for this interval in the (former) distal parts of
the basin. The uppermost part of the section (Dacian - Quaternary) features discontinuous reflectors.
It is accompanied by a strong expression in the well logs with a characteristic inverted bell shape at
the base.

the high angle upward terminations (toplaps) of the foresets suggest very shallow water or
subaerial exposure, the accommodation space having been almost completely filled, possi-
bly leading to the emergence of a peninsula. This series fills the remnant basin, prograding
mainly towards the east and north from the western margin (Fig. 4.3, 4.3b), and to the south
and west from the northern margin (Fig. 4.3, 4.4). In addition, progradation towards the
north is observed over the basement high (105-140 km in Fig. 4.3), where the sediments are
sourced from outside the section.

All of the older series are covered by an interval of relatively uniform thickness of 0.15 to
0.25 s (HST2, dark blue) that extends to the basin margins. Well data constrain its age to the
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Upper Pontian (see also Jipa et al., 1999). Variations in thickness, thicker over the central
canyon and thinnest where it overlies the basement highs, can be attributed to the differential
subsidence accommodated by the fault system at the western margin of the central canyon,
or possibly partly driven by differential compaction over the basement topography. It is
seismically transparent in the distal parts of the former basin (Fig. 4.4a, 4.5c) where it
consists of shales as indicated by well log facies (Jipa et al., 1999). In the proximal parts of
the basin it shows inclined internal reflectors (Fig. 4.3, 4.4b) which indicate a progradation
in a shallow water environment and reflect a stabilized base level towards the upper part of
this sequence. On the western basin margin near the Iron Gates, it can be correlated to a
Gilbert fan delta (Clauzon et al., 2005) of which the foresets are up to 150m high. From the
elevation difference between the top of LST2 and the top of the proximal prograding bodies
of HST2 on the northern basin flank, which are of similar size as the ones observed in the
west (Fig. 4.3, Clauzon et al. (2005)), the magnitude of the base level rise responsible for
the architecture of HST2 is estimated at ∼300m.

The limit between HST2 and the overlying series is recognized over the entire basin by
a transition from low amplitude to high amplitude reflectors, generally with a distinctive
continuous high amplitude reflector at the base. (Fig. 4.4a). This pattern is also widely
recognized on well logs, where the base of the characteristic funnel shape has traditionally
been interpreted as the base of the Dacian interval (Jipa et al., 1999) (Fig. 4.5c). The
thickness of this Dacian - Quaternary interval, internally characterized by irregular and
discontinuous, sub-horizontal high amplitude reflectors, is largest in the north and gradually
decreases towards the west, more sharply across the fault system at 70 km in section I (Fig.
4.3b)

4.4 Discussion
In this section a genetic interpretation of the Meotian to Dacian sedimentary architecture of
the Dacic Basin is given in terms of changing rates of subsidence, sea level and sediment
supply. Placing our results in the regional paleogeographic framework, the mechanisms
that controlled these changes are discussed. Having identified major base level changes in
the Pontian, I argue that the connectivity between Paratethys and the Mediterranean, and
between the Paratethys sub-basins played a key role in the evolution of the Dacic Basin, by
controlling changes in both base level and source area.

4.4.1 Controls on the Meotian - Dacian pattern of basin infill: differ-
ential subsidence, absolute base level changes and sedimentation
rates

As pointed out by Schlager (1993), the architecture of a sedimentary sequence is a function
of the rate of change of both accommodation and supply. A period of relative sea level rise
may be recorded as a transgressive systems tract where supply is low, but as a prograding
highstand systems tract where supply is high (see also Yoon et al., 2003). The key criterion
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to indicate control of relative base level rather than supply is subaerial exposure of marine
sediments at the sequence boundary. In the Dacic Basin, surrounded on all sides by elevated
topography, the supply was generally high. This is best expressed by the architecture of
HST1 on the northern basin margin, which, in addition to its aggradation, is prograding into
the basin1. A TST is not recognized in either SSQ1 or SSQ2, although the lower, seismically
transparent part of HST2 could be interpreted as such. An important issue in this respect
is the connectivity with the Pannonian Basin: the connection to this major upstream source
area should have left its signature in the sedimentary record. The second issue concerns
changes in accommodation space. Having determined to what extent the accommodation
changes can be attributed to absolute sea level changes, the potential role of connectivity
with the Mediterranean / Black Sea and the signature of the MSC can be discussed.

SSQ1

The conditions of the late Sarmatian, at the end of the orogenic deformations (Răbăgia and
Matenco, 1999) continued into the Lower Meotian. A sea level rise towards the end of the
Lower Meotian, associated with the Dosinia beds (Marinescu et al., 1981), accommodated
the deposition of the Lower Meotian sequence (pink in Fig. 4.3, 4.4).

A subsequent base level fall led to the deposition of LST1, onlapping onto the previous
series. The lower part of LST1 is strongly aggradational, i.e. building up in addition to
its basinward progradation, compensating the inherited basin morphology of the Sarmatian
thrust wedge. Towards the top a normal prograding lowstand develops, with poorly de-
veloped topsets and well expressed foresets (Fig. 4.3, 4.4a). The observed geometries are
controlled by the basement topography across the Getic Fault (Răbăgia et al., 2007); see
also Fig. 4.1), inherited from the Early Miocene extensional / transtensional opening of the
Getic Depression. The large offset of the pre-Burdigalian basement of the Getic Depres-
sion additionally resulted in differential compaction and draping structures in the overlying
poorly consolidated sediments (Fig. 4.3, 4.4b).

The overlying HST1 was accommodated by an absolute sea level rise: the topsets are
extending over the northern footwall block towards the basin margin, excluding fault conrol.
On the western basin margin, erosion has removed any evidence of HST1 coastal onlaps.
However, the inferred sea level change is constrained by the downlapping geometry of this
sequence if we assume no significant changes in sediment supply: the bottomsets of HST1
do not extend far into the basin compared to those of LST1. The sea level rise responsible
for HST1 is attributed to the “Odessian transgression”, which established faunal unifor-
mity over the entire2 Paratethys (e.g. Olteanu and Jipa, 2006), widely distributing former
Pannonian elements.

1In this discussion, aggradation and progradation are used as geometrical terms to describe the architecture of
the 3rd order sequences: aggrading when the shelf-slope break path is upward and the systems tract or parasequence
features well developed topsets, prograding when it is basinward and foresets predominate.

2Or at least over the Eastern Paratethys including the Dacic Basin, for no evidence of Eastern Paratethys fauna
has been found in the Pontian of the Pannonian Basin (Magyar et al., 1999a).



86 Mio-Pliocene evolution of the Dacic Basin: expression of the MSC

SSQ2

Deposition of LST2 is accompanied with erosion of the underlying shelf and the basin
margins (Fig. 4.3, 4.4). The age of LST2 (or the hiatus between HST1 and HST2), intra-
Pontian according to the well data, is further constrained by observations from Stoica et al.
(2007) and Marinescu et al. (1981), who report an unconformity between Meotian and
Upper Pontian sediments, evidenced by missing Lower and Middle Pontian fauna in the
Arges and Topolog valleys on the northern basin margin (Fig. 4.2). Moreover, a compilation
of well data (Clauzon et al., 2005) shows a gap in the Meotian in the eastern part of our study
area. Finally, an erosional surface attributed to the Messinian was observed in the field on
the western basin margin (Clauzon et al., 2005); indicated schematically in the inset of Fig.
4.3), which could be correlated to the seismic SB2. Despite the widespread erosion, the
seismic section (Fig. 4.3) clearly shows the existence of a remnant ∼300m deep basin in
the western part of the Dacic Basin (Fig. 4.1), completing the Messinian paleogeographic
reconstruction of the Dacic Basin by Clauzon et al (2005), who mapped a perched basin
east of Olt river. The “Gilbert fan delta” observed in the field at the Iron Gates (Clauzon
et al., 2005) overlying the erosive surface of SB2 was correlated to HST2. The age of (the
base of) this highstand is constrained to the Upper Pontian (Bosphorian) by ostracods on
the northern margin (Stoica et al., 2007) and by mollusks in the bottomsets of the Gilbert
fan delta in the west (Clauzon et al., 2005, and references therein), limiting the age of LST2
to the Middle Pontian (Portaferrian).

The extensive erosion of the northern shelf during the deposition of LST2 evidently
points to accommodation rather than supply control on the architecture of this exclusively
prograding series. As the entire shelf is affected by erosion, including the shelf edge which
lies well to the south of the northern basin margin and tilted basement blocks, a tectonic
cause of the accommodation change is highly unlikely. Instead, it is fully attributed to a sea
level fall of ∼200 m (Fig. 4.3, 4.4). Potentially, exposure of large areas of unconsolidated
sediments increased the source area of the LST2.

Evidence of a Middle Pontian sea level fall is also found further east in the Dacic Basin,
near the Focsani Depression. On the tilted western basin flanks, any indication of Pontian
erosion was removed by the Quaternary uplift and complete removal of the proximal sedi-
ments. However, geological maps (1:200,000, sheet Bîrlad) indicate that the Upper Pontian
is overlying the Meotian to the east of the Focsani Depression, on the Scythian Platform.

The upper Pontian HST2 transgressively covers the previous deposits, resulting in re-
newed deposition over the entire study area, to the present day basin margins (Fig. 4.3). In
the absence of evidence for a basinwide increase in subsidence, this series is interpreted to
result from a 300m absolute sea level rise. It must be noted that more precise estimates of
the base (or sea) level falls require depth conversion of the seismic sections. A palinspas-
tic reconstruction removing the effects of (differential) compaction would also decrease the
error bars on the estimates.
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Transition to the upper continental series

The limit between HST2 and the overlying series, distinct both by its change in seismic
facies and by the characteristic funnel shape on well logs (Fig. 4.5c) has traditionally been
interpreted as the base of the Dacian interval (Jipa et al., 1999). This interpretation implies a
coeval transition, over the entire basin, from shallow marine to lacustrine fine grained sedi-
mentation to continental/paralic sedimentation (e.g. Popescu et al., 2006) at the beginning of
the Dacian, requiring another base level fall. The correlation between the very different dis-
tal and proximal character of HST2 on the seismic data leads to a different conclusion. In the
distal parts, the HST2 interval is seismically transparent or shows parallel lamination (Fig.
4.4a). The Upper Pontian marls, causing this transparent appearance, is well known in local
hydrocarbon exploration (e.g., Jipa et al., 1999). We interpret them as pelagic at the base
of the interval. The proximal parts of HST2 show prograding clinoforms both on seismic
(Fig. 4.3, Ih; 4.4b) and in the field (such as the Iron Gates in Clauzon et al. (2005)). These
observations imply that the onset of continental sedimentation is diachronous, younger to-
wards the center of the basin, and results from progressive infill of the remaining underwater
accommodation space during the Upper Pontian and Lower Dacian (Jipa, 1999). The fact
that no major environmental changes are observed at the Pontian-Dacian boundary at the
northern basin margin (Vasiliev, 2006) supports this interpretation.

Continental sedimentation from then on continues into the Romanian - Quaternary. In
this period, the basin accommodated more than 500m of sediments, the depocenter over-
lying the former Getic Depression (Fig. 4.3). Ages of the Danube terraces (Enciu and
Balteanu, 2002) constrain the onset of incision in the Dacic Basin at ∼650ka and is most
probably related to the Quaternary inversion, whose effects are most expressed in the SE
Carpathians (e.g. Leever et al., 2006b; Matenco et al., 2007). A tectonic cause is also sug-
gested by the offset of the base of the Dacian-Quaternary series along the fault system at
70km (Fig. 4.3), resulting in a large thickness difference within this series between the W
and E part of the section. Climatic influences on the formation of the aggradational terraces
(e.g. Burbank and Anderson, 2001) can not be excluded, however.

4.4.2 Regional perspective: implications for intra-Paratethys and
Mediterranean connectivity

By lateral correlation of the seismic sequences to field observations at the basin margins,
the 3rd order LST and HST have been interpreted to coincide in time with the local stages,
from the assumption that major sea level changes are reflected by changes in fauna. Because
the sequences could be recognized across the basin, on both margins, a tectonic cause for
their architecture could be excluded, implying that the observed base level changes during
SSQ1 and SSQ2 reflect changes in absolute sea (or lake) level. Depending on connectivity
with the other basins in the Paratethys realm, these changes may be due to either local
(water balance) or regional (eustatic) controls. The major sea level changes during SSQ2,
attributed to the MSC, are the scope of the following discussion, though the reasoning is
also valid for SSQ1.
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Connectivity with the Mediterranean / Black Sea region controls accommodation

An important difference between lacustrine (or restricted marine) and marine (oceanic)
basins is the relation between sediment supply and water level changes (R. Steel, pers.
comm.). In marine basins, sea level changes are independent of changes in supply. How-
ever, in lakes they are more intimately linked, as the lacustrine base level changes are gener-
ally under local control, being a function of the hydrological balance of the lake’s drainage
area. A lake level drop implies the dominance of evaporation over precipitation (e.g. Garcia-
Castellanos, 2006). These arid conditions in turn would decrease the rate of sedimentation.

As argued in the previous section, the Middle Pontian LST2 results from a sea level
fall, yet a coeval decrease in the rate of sedimentation is not obvious. This follows from a
rough estimate of sedimentation rates, made by measuring and comparing the 2D areas of
the Meotian and Pontian sediments in section I (Fig. 4.3). It showed that the total volume
of sediments in SSQ1 and SSQ2 is similar, even though the latter was deposited in a much
shorter period of time (Fig. 4.2), resulting in apparently higher sedimentation rates. Note
that this estimate is based on the 2D section, not taking into account the larger area over
which the sediments of SSQ1 are distributed (Fig. 4.1), and the actual ratio is probably
smaller. The base level fall was thus not accompanied by a reduction in sedimentation rates
and following the reasoning above, could not be attributed to the local hydrological balance
alone. This implies that the sea level fall and subsequent rise were controlled by changes in
the regional sea level, i.e. changes in the Mediterranean or the Black Sea. The inferences on
regional sea level control are supported by the observation of Mediterranean nannoplankton
in the Dacic Basin (Marunteanu and Papaianopol, 1998), proving connectivity at high sea
level with the Mediterranean before and just after the Messinian Salinity Crisis (the influxes
correlated to isotope stages TG11 and TG5 at 5.52 and 5.33 Ma respectively, (Clauzon et al.,
2005))

We do not have constraints on the pathway along which this exchange would have taken
place. The connectivity between the Dacic and Black Sea basins during the MSC is still
largely unexplored. However, the distribution of Uppermost Miocene - Pliocene sediments
in the vicinity of the Dobrogea high suggests a connection to the north of it rather than
to the south, where Uppemost Miocene sediments are lacking (geological map of Roma-
nia, 1:200.000, sheet 22: Bîrlad). This potential location of water exchange was named the
Scythian pathway by Dinu et al. (2005). Alternatively, a direct connection with the Mediter-
ranean over the Balkans into the Aegean Sea is suggested by Clauzon et al. (2005). Either
way, the pathway along which the Dacic Basin communicated with the Mediterranean (or
the Black Sea) must have been at least 200m deep in order to accommodate the observed
sea level fall.

Indications of a Messinian sea level drop in the Black Sea (Hsu and Giovanoli, 1979)
were corroborated by the observations of an “intra-Pontian unconformity” - even though
this was attributed to the upper Pontian - on seismic data (Gillet et al., 2003). The Middle
Pontian base level drop in the Dacic Basin could thus have been governed by the lowering of
the sea level of the Black Sea, as was previously suggested by Dinu et al. (2007). Once the
water level in the Black Sea has dropped below the barrier of the North Dobrogea orogen,
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it no longer exerts any control on the water level in the Dacic Basin (Dinu et al., 2007).
The control of regional base level changes on the water level in the Dacic basin is thus
determined by the elevation of the barrier north of Dobrogea, and any water level changes
below the level of this barrier must then be attributed to local climatic factors. As long as
these remain stable and the water budget is positive, the water table will stay at the same
level. This would explain the extended period of constant maximum base level as observed
on the seismic data.

The data in the Dacic Basin indicate only a single major base level fall in the Middle
Pontian. Assuming connectivity with Mediterranean, this can only be reconciled with the
two-step scenario for the MSC according to Clauzon et al. (1996) if the first sea level drop
(5.96-5.6 Ma) was too small to penetrate into the Dacic Basin, constraining the duration of
LST2 to 190 ka from 5.52 to 5.33 Ma, followed by a rapid Zanclean re-flooding. Alter-
natively, the Dacic LST2 corresponds to the entire MSC, comprising both Mediterranean
sea level lowstands, and represents a 630 ka period. In the other model (Krijgsman et al.,
1999) the desiccation of the Mediterranean basin lasted 90 ka only (from 5.59 to 5.5 Ma).
It was followed by a period of 200 ka, the Lago Mare stage, during which the Mediter-
ranean basin was isolated and its base level fluctuating. In the relatively high elevation
marginal basins such as the Nijar Basin in southern Spain (Fortuin and Krijgsman, 2003)
this period was characterized by multiple erosive stages and deposition of the Upper Evap-
orites: the Mediterranean basin was isolated but the sea level sufficiently high to inundate
these marginal basins. The minimum estimate for the duration of the LST2 for this scenario
would be 90 ka with a more gradual reflooding during the subsequent 170 ka. Alternatively,
its duration is 260ka, implying, similarly to the two-step model, that there was no open wa-
ter communication between this part of Paratethys and the Mediterranean during the Lago
Mare stage, and the Zanclean reflooding instantaneous. This would be the preferred sce-
nario, allowing a reasonable time (260 ka instead of 90 or 190 ka) for the deposition of
LST2; moreover the large thickness of the foresets of the prograding bodies of HST2 at the
basin margins implies a very rapid sea level rise.

Connectivity with the Pannonian realm influences supply

LST2 shows a different geometry in the west and in the north. The northern part features
well developed bottomsets, whereas the foresets in the western part of the area terminate
onto a pronounced downlap surface (Fig. 4.5a,b). This downlap geometry could be ex-
plained by high sedimentation rates in the west, which allow insufficient time for develop-
ment of the bottomsets from background sedimentation. However, the proximal position
may also play a role in controlling the geometry: on section If (Fig 4.3, 110-120 km) the
bottomsets are also poorly developed, if at all. If we attribute the geometry to high sedimen-
tation rates, the increased sediment input was likely provided by the (paleo) Danube through
the Iron Gates. With the start of the Pontian in the Eastern Paratethys, the endemic Pannon-
ian stage in the Pannonian Basin had ended (e.g. Magyar et al., 1999a), and Pannonian type
fauna were distributed into the Eastern Paratethys, possibly by overflow of the Pannonian
Lake (Magyar et al., 1999b). Additional evidence for a (paleo-) Danube source is provided
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by seismic data further to the north along the western margin, that show prograding bodies
of much smaller dimensions (Tărăpoancă et al., 2007) which indicate a much larger output
at the exit of the Danube into the Dacic basin than elsewhere on the western margin. The
consequences of connectivity with the Pannonian Basin for supply to the Dacic Basin, and
causal relations with the observed abrupt base level changes will be explored by numerical
modeling in the next chapter.

4.5 Conclusions

A continuous transect of high quality seismic data from a late orogenic setting, in combina-
tion with good time constraints from wells and field observations, allowed the discrimina-
tion of the controls on the Late Miocene-Pliocene sedimentary architecture of the western
part of the Dacic Basin. The connectivity with the Mediterranean and the other Paratethys
sub-basins (Pannonian, Black Sea) during the Messinian Salinity Crisis is identified as the
key factor influencing the Pontian (5.9 - 4.9 Ma) basin fill, leading to absolute sea level
changes that exceed glacio-eustatic values and potentially strongly influencing supply rates.

Since the end of the main Sarmatian deformations related to the collision of the Tisza-
Dacia block with the East European Platform, the Dacic Basin was filled with sediments
sourced from the Carpathians and Balkans surrounding it. The post-Sarmatian basin in-
herited its basin floor morphology from the Sarmatian thrust belt, while the basement to-
pography inherited from previous tectonic and erosional events caused lateral differences in
subsidence due to differential compaction. The Meotian featured a transgression in its mid-
dle part, and continued as a LST. A sea level rise in the Lower Pontian (Odessian) resulted
in the deposition of a HST. In the Middle Pontian (Portaferrian), a sea level drop of ∼200m
was controlled by regional (Mediterranean or Black Sea) sea level changes. This Black Sea
/ Mediterranean sea level lowering only lowered the water table in the Dacic Basin to the
elevation of the Dobrogea threshold, causing exposure and erosion of the entire shelf of
the previous HST, but no desiccation because of a positive water balance. In combination
with exposure of the easily erodible shelf, the positive water balance maintained the supply
of sediments to the remnant lake. Additionally, the basin started to be supplied from the
Pannonian Basin by the paleo-Danube. The sea level fall in the Dacic Basin was proba-
bly transferred to the Pannonian Basin, leading to its overfill and explaining the fact that
Upper Pontian sediments are generally missing in the Pannonian Basin. The mechanisms
controlling this connectivity and its effects on sediment partitioning between the Dacic and
Pannonian Basin are addressed in the next chapter (Chapter 5). As a result of the still
abundant supply, the basin was rapidly filled by a lowstand prograding system. The Upper
Pontian (Bosphorian) transgressively covers the previous deposits and results in renewed
deposition over the entire study area, to the present day basin margins and corresponds to a
water level rise of ∼300m. Onset of continental sedimentation was diachronous and started
in the Late Pontian in the proximal areas, and in the Dacian in the more distal parts of the
basin.

The results from this study corroborate the previous interpretations of a Messinian signal
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in the Dacic Basin (Clauzon et al., 2005; Vasiliev, 2006; Stoica et al., 2007). Moreover, it
resolves the age controversy that remained after recent paleomagnetic studies. In agreement
with the results of Vasiliev (2006), the Middle Pontian corresponds to the MSC and the
Upper Pontian to the early Zanclean.





Chapter 5

Causes and effects of changing connectivity
between two basins: a modeling study in the
Pannonian - Dacic region

5.1 Introduction

The drainage basin of the Danube is separated into two domains by the Carpathians, and
the Danube gorges form the connection between them (Fig. 5.1). The gorges at Golubac,
Cazane and notably the Iron Gates, are spectacular features, occurring over a length of 100
km where the Danube crosses the South Carpathian orocline at the border of Serbia and
Romania1 (Fig. 5.1, 5.2). They have been studied since the late 19th century (Peters, 1876;
Cvijic, 1908), in a research effort mainly directed at the origin of their morphology. The
opinions are divided, however, with respect to both the mechanism and the timing of their
formation.

In terms of Miocene - Pliocene paleogeography, the Pannonian Basin to the west of the
barrier, and the Dacic Basin in the east correspond to the Central and part of the Eastern
Paratethys respectively (Fig. 5.1). Further to the west, the Alpine foreland constitutes the
Western Paratethys which actually forms a third domain in the present day Danube drainage
area, and is beyond the scope of this paper. The Paratethys was a large brackish epiconti-
nental sea that was separated from the world oceans during the progressive closure of the
Tethys Ocean and associated rising of the Alpine chain. Extending from the foreland of the
Alps to the Aral Sea, it was characterized by periods of highly endemic fauna development,
marking stages of reduced connectivity between its different subdomains, and leading to
difficulties in stratigraphic correlations between them (Rögl, 1999). In the Dacic Basin, ab-
solute age determinations from paleomagnetism have recently become available (Vasiliev

1Oddly enough, this region is nameless; it will subsequently be referred to as Djerdap. This term is derived
from the old Persian ’girdap’ meaning vortex, and it is the name that Serbian geologists use for the Danube gorges
(Grubic and Berza, 1997). Here its meaning is extended to comprise the segment of the South Carpathian orocline
at the western edge of the Moesian Platform that is crossed by the Danube.



94 Causes and effects of changing intra-Paratethys connectivity

et al., 2005). These constraints allow direct correlations with the Mediterranean and raised
the interest in the expression of the Messinian Salinity Crisis (MSC) in Paratethys in general
and the Dacic Basin in particular.

Whereas paleogeography is traditionally studied by paleontology and biostratigraphy,
and the formation of the Danube gorges has been addressed from a geomorphological point
of view, constraints from the new data and interpretations presented in Chapter 4, and the
newly available absolute time reference frame allow a different, integrated, approach. In
this Chapter I adopt numerical modelling to study the different mechanisms for formation
of the Danube gorges, specifically addressing the consequences of the different scenarios
for the paleogeographic evolution, i.e. the connectivity between the Pannonian and Dacic
Basins, and the resulting sedimentation (patterns and rates) in both basins.

5.2 Paleogeography of Paratethys and the Djerdap region
in a Pannonian-Carpathian tectonic context

5.2.1 Tertiary tectonic evolution

The Pannonian-Carpathian region evolved in the tectonic context of the Mediterranean,
which is characterized by highly arcuate plate boundaries resulting from the roll-back and
steepening of subducted lithosphere into land-locked remnant oceanic basins (Wortel and
Spakman (2000); Fig. 5.1a). The South Carpathian orocline, located between the Balkans
in the south and the South Carpathians in the north (Fig. 5.1), was structured during a
polyphase tectonic history that started in the Middle Cretaceous and continued well into the
Miocene (Săndulescu, 1984, 1988; Matenco and Schmid, 1999; Fuegenschuh and Schmid,
2005). The orogen that was formed by Middle to Late Cretaceous NE-vergent nappe stack-
ing approximately at the location of the present-day Dinarides (see Fig.9 in Fuegenschuh
and Schmid (2005)), was rotated along the western margin of the Moesian Platform during
the Paleogene - Lower Miocene, and thrust on top of it during a last stage of relatively minor
Middle-Late Miocene shortening. The Pannonian Basin to the west and the Dacic Basin /
Getic Depression to the east (Fig. 5.1) are in a back-arc and foreland position relative to
the Carpathians respectively. The Pannonian Basin system formed as a result of back-arc
extension during the Miocene (Horváth et al., 2006), while the subsidence in the Getic De-
pression was due to its transtensional opening during the clockwise rotation of the orogen
along the Moesian platform and later orogenic loading (Matenco et al., 1997a; Fuegenschuh
and Schmid, 2005).

South Carpathians and Getic Depression

The pre-Tertiary nappe pile of the South Carpathians consists of three major units: (from
top to bottom) the Getic and Supragetic nappes, derived from the Dacia block (Csontos
and Voros, 2004), the oceanic Severin units, and the Danubian nappes derived from the
Moesian continental margin. These correspond to the Middle, Outer and Marginal Dacides
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Figure 5.1: Study area.
a. Late Miocene extent of Paratethys (adapted from Vasiliev, 2006) showing location of study area.
b. DEM of the Pannonian-Carpathian area. Blue lines indicate the extent of lake Pannon (after Magyar
et al., 1999a) and the Dacic Basin (after Saulea et al., 1969) at different time steps postdating the mid-
Sarmatian disconnection of the two domains (M-U Sm, Middle-Upper Sarmatian; Meot, Meotian; U
Pont-Dc, Upper Pontian - Dacian; see time scale in Fig. 4.2). White lines indicate the boundaries
of the present day Danube drainage basin. Black rectangle represents the modeled area. Within the
Danube drainage basin, the Carpathians and northern Balkans divide the Dacic (200 ∗ 103km2) and
Pannonian (600 ∗ 103km2) realms. Note the difference in the extent of the drainage (and sediment
source) areas of the modeled parts of the Pannonian and Dacic basins (see Table 5.1). The Danube
crosses the drainage divide between the Pannonian back-arc and Dacic foredeep realms in the Djerdap
region between the South Carpathians and Balkans.
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respectively (sensu Săndulescu (1988); see Matenco and Schmid (1999), and references
therein for a more extensive review on these units). During the Middle Cretaceous orogeny,
the Getic nappes were stacked and sutured to the Severin units. The antiformal stack of the
Danubian nappes was formed and overthrust by the previously deformed nappe stack during
the Late Cretaceous (Săndulescu, 1984, 1988). Late Cretaceous uplift led to the first stage
of exhumation in S-Carpathian orocline (Fuegenschuh and Schmid, 2005).

Paleogene to Early Miocene E-NE ward displacement of Tisza-Dacia led to its ’rigid
block’ rotation around the western edge of the Moesian promontory (Fuegenschuh and
Schmid, 2005). Along the Moesian promontory, the displacement was accommodated by
orogen-parallel extension, leading to a core-complex mode of exhumation of the Danubian
nappes, culminating in the Late Eocene (Fuegenschuh and Schmid, 2005). Subsequently,
large curved strike-slip faults were formed in the orogen (Fig. 5.2). The Cerna-Jiu strike-
slip fault accommodated 35 km of displacement during the Oligocene, while the Timok fault
was activated later on, accommodating 65 km of displacement during the Early Miocene.
In the Moesian plate, the transcurrent motions led to the transtensional opening of the Getic
Depression as a dextral pull-apart basin during the Early Miocene. In the course of the
Miocene, the stress field changed to transpression, the strike slip motions in the western
Getic Depression gradually changing to thrusting in the east (Răbăgia and Fülöp, 1994;
Răbăgia and Matenco, 1999). Transpressional deformation and thrusting onto the Moe-
sian foreland of the translated Cretaceous nappe stack, which by now had undergone some
90o of rotation (Fuegenschuh and Schmid, 2005) was coeval with the Late Miocene ’soft’
collision in the East Carpthians (Royden, 1993). In contrast to the transcurrent displace-
ment and to the shortening in the East Carpathians, the Middle Miocene shortening in the
South Carpathians is only minor (Matenco et al., 2003, 1997a), increasing from close to
0 to a maximum of 40 km in the west. Locally, the exhumation induced by the uplift
was large enough to be recorded by Apatite fission track data (Fuegenschuh and Schmid,
2005).Thrusting of the belt onto the Moesian Platform led to additional subsidence in the
South Carpathian foredeep.

Pannonian Basin

The ongoing Neogene E-ward movement of the internal Carpathian units, driven by slab
roll back, led to extension in the intra-Carpathian area, affecting both Tisza-Dacia and the
Alcapa / North Pannonian block in the north. The formation of the Pannonian basin system
was controlled by three main tectonic processes, the relative importance of which is still
a topic of intense debate (see e.g. Cloetingh et al., 2006). Gravitational collapse of for-
mer overthickened orogenic terrains and, as a consequence, orogen parallel extension likely
played a dominant role in the initiation of the Pannonian basin (Ratschbacher et al., 1991;
Tari et al., 1992, 1999). From the Karpatian onward and culminating in the Badenian, sub-
duction rollback beneath the Carpathian chain (Royden, 1988b; Săndulescu, 1988; Csontos
et al., 1992; Royden, 1993; Wortel and Spakman, 2000) was driving the shortening in the
fold and thrust belt of the Outer Carpathians (Roure et al., 1993; Ellouz et al., 1994) and
the simultaneous extension in the Pannonian basin (Tari et al., 1995), suggesting a back-arc
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origin of the Pannonian basin. Stretching and thinning of the Pannonian lithosphere resulted
in an asthenosphere updoming and further thermal subsidence of the basin during the Late
Miocene and Early Pliocene. Two stages of Neogene subsidence in the Pannonian basin
have been described in terms of a late Early to Middle Miocene (Karpatian - Badenian)
syn-rift period followed by a Late Miocene to Early Pliocene (Sarmatian - Dacian) post-rift
stage. Neogene extension affected the convex side of the South Carpathian orocline, and led
to the opening of a series of small extensional basins during the Badenian (Fig. 5.2; Marovic
et al. (b,a)), similar to the extensional basins on the western flank of Apuseni (Fodor et al.,
1999).

In the last stage of its evolution, basin formation and extension in the Intra-Carpathian
region have come to an end. Structural inversion of the Pannonian basin is currently in
progress, driven by the push of the Adriatic plate (e.g. Bada et al., 1999) and evidenced by
significant late-stage subsidence anomalies during Late Pliocene through Quaternary times
(Horváth and Cloetingh, 1996); see also Chapter 5.3).

5.2.2 Neogene Paleogeography of Paratethys
During the Neogene, the sedimentary basins of the study area were part of Paratethys, with
the Central Paratethys corresponding to the Pannonian and Transylvanian Basins, and the
Eastern Paratethys extending from the Carpathian foreland to the Aral Sea (Fig. 5.1a). The
Dacic Basin is in a transitional position between the two. Constraints on the paleogeography
of Paratethys, specifically the open water communication between the basins, are derived
from biostratigraphic data (by distribution of fauna assemblages and identification of species
characteristic for different salinities, see e.g. Jones and Simmons (1996) for a review on the
Eastern Paratethys).

Until the Middle Sarmatian (Bessarabian, Fig. 5.2), the Central and Eastern Paratethys
were connected over the Djerdap region (Fig. 5.1, 5.2), as evidenced by the brackish wa-
ter fauna common to both Central and Eastern Paratethys found in the intramontane basins
(Zagubica Basin: Gagic (1997); Mehadia Basin: Marinescu et al. (1981) and references
therein). During the Sarmatian, coeval with the continental collision in the East Carpathi-
ans, thrusting of the Danubian units onto the Moesian Platform led to uplift of the South
Carpathian orocline and the two basins were disconnected. Central Paratethys continued
its evolution as the endemic Lake Pannon, the divergence in the faunal evolution due to the
separation defining the onset of the Pannonian stage. In the Dacic Basin the Sarmatian stage
continued into the Chersonian (Fig. 4.2).

During the Pannonian stage, corresponding to the Upper Sarmatian and Meotian of the
Dacic Basin (see also Chapter 4, Fig. 4.2), the fauna in the two basins are different (e.g.
Rögl, 1996, 1999). However, in Meotian sediments in the Dacic Basin, Pannonian-derived
Congeria, typical for freshwater environments, have been found (Olteanu, 1979), suggesting
a fluvial influx from Lake Pannon into the Dacic Basin.

In the Lower Pontian (Eastern Paratethys definition, Fig. 4.2), the fauna in the Pannon-
ian, Dacic and Euxinic realms again show common characteristics. The reconnection has
been attributed to the “Odessian transgression” (Olteanu and Jipa, 2006). Pannonian type
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fauna are found over the entire Paratethys. However, no Eastern Paratethys forms have been
found in the Central Paratethys (Magyar et al., 1999b).

5.3 Controls on the incision of the Danube in Djerdap
Previously proposed models for the incision of the Danube in the Djerdap region and the
morphological evolution of the gorges can be subdivided into two main groups: capture
of Pannonian drainage by headward erosion of an east-flowing river, and incision of an
antecedent river. I re-evaluate the models from a physical point of view, introduce the
concepts used in the numerical model and give a compilation of the relevant constraints.
From this, the modelling scenarios are derived.

5.3.1 The origin of the Danube gorges: existing models

The Danube crossing the South Carpathians in its deeply incised gorges is a feature that
has inspired scientists since the late 19th century (see for a review Posea et al. (1968) in
Marovic et al. (1997)). It crosses the mountains over a distance of 95 km in a direction
almost perpendicular to the structural grain. Along its course, its valley is characterized by
steep narrow gorges, generally constrained to a substrate of Mesozoic limestone. It widens
in the intramontane depressions, filled with poorly consolidated Neogene clastics (Fig. 5.2).

Overall, most authors agree that the tectonic structuring in the area was important in
controlling the river’s position. However, the opinions diverge on the timing of the forma-
tion of the gorges and on the controlling mechanism. The proposed timing of the formation
of the gorges varies between Pontian and Eopleistocene (Marovic et al., 1997; Menkovic
and Koscal, 1997). The mechanisms comprise:

Figure 5.2 (facing page): Detail of Djerdap region.
a. Neogene sediments (from 1:1,000,000 and 1:200,000 geological maps of Romania), major faults
(from 1:1,000,000 geological map of Romania; Cerna-Jiu and Timok strike-slip faults after Fuegen-
schuh and Schmid (2005)) and drainage divides (derived from DEM) plotted on 90m resolution DEM
(from http://srtm.csi.cgiar.org/). Note the control of the intramontane basins and faults on the drainage
pattern, and the ensuing difference in the drainage pattern on either side of the belt. Location of Fig.
5.2b indicated by rectangle. Further explanation in the text.
b. Badenian paleogeography of the Djerdap region, showing the pathways connecting the Pannonian
and Dacic basins before the Middle Sarmatian uplift (after Menkovic and Koscal, 1997). 1. straits; 2.
areas with development of higher marine platforms.
c. Cartoon illustrating the post-Sarmatian development of the drainage pattern (longitudinal valleys
and outward convexities in the main drainage divide) in the South Carpathian orocline.
1. small rivers draining into the Dacic Basin; 2. by headward incision one of the rivers reaches the
zone of low erodibility material (along Cerna-Jiu fault); 3. headward incision and associated migra-
tion of the drainage divide is accelerated along the low erodibility zone; 4. incision in the longitudinal
valley is deepest at its outlet, this promotes outward headward incision of the tributary at this location.
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1. Drainage capture: a river draining the eastern side of the South Carpathians (Valachian
paleo-Danube) captured the drainage network in the Pannonian Basin (Pannonian paleo-
Danube). A related mechanism or contributing factor is the overflow of lake Pannon: cross-
ing of the threshold would be enhanced by an elevated upstream lake level. The capturing
mechanism was first proposed by Valsan (1919) and is generally supported by the Romanian
scientists. Marovic et al. (1997) propose that the Valachian paleo-Danube captured the Pan-
nonian paleo-Danube in the Munti Almasului (Fig. 5.2b). This event is supposed to have
taken place in the Eopleistocene and would have been triggered by the changed climatic
climatic conditions related to the glaciations of the Northern hemisphere. Subsequent uplift
would have caused the river to further incise into its present day gorges.

2. Incision of an antecedent river: the incision of an existing river kept pace with the
uplift in the Carpathians. This mechanism was proposed by Cvijic (1908) and mostly sup-
ported by Serbian geologists. This model implies that the fluvial connection between the
Pannonian and the Dacic Basins was never lost. Menkovic and Koscal (1997) argue that this
was actually the case, but that the river first regained its surface expression in the Pontian as
a result of caving in of karst in the Cazane region (Fig. 5.2).

The focus of the studies above is on the genesis of the gorges’ morphology. They do not
primarily question the upstream extent of the ’Valachian Paleo-Danube’, i.e. the connection
with the drainage network in the Pannonian Basin, though this is implicit in the respective
models: in the drainage capture model the connection is only established in Quaternary
Menkovic and Koscal (1997), while the downwearing model assumes that the connection
pre-dates the Upper Pliocene (Rakic and Simonovic, 1997).

5.3.2 Mechanisms of river incision: in surface process modelling and
implications for Djerdap

How do river incision and drainage capture work? In this section I give a review of the
different physical models that are used to describe river incision, with an emphasis on the
approach used in the adopted numerical surface process model, and discuss the conditions
necessary for drainage capture and potential consequences for the evolution of connectivity
in Djerdap.

The surface process model: physical background

Landform Evolution Models (LEMs) are used to address a variety of problems on a large
range of temporal and spatial scales (for a review see Coulthard, 2001; Willgoose, 2005).
In this study, we address the large scale patterns, controls and effects of surface mass re-
distribution. The forward model we use, tao3D (Garcia-Castellanos et al., 1997; Garcia-
Castellanos, 2002; Garcia-Castellanos et al., 2002, 2003) applies to that end a first-order
approximation for erosion and sedimentation and does not aim at detailed reconstructions
of morphological evolution or prediction of higher than first order sedimentary sequences.
It is a planform (2D) finite-difference code in which landform evolution at geological time
scales (105-106 y) is modeled by a combination of short-range and long-range transport
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functions, representing hillslope and fluvial processes respectively. The model is applied at
the large spatial scale of an entire sedimentary basin and orogenic belt. Consequently the
spatial resolution is limited to 100’s of meters to several km.

In the different model formulations for long-term landform and basin evolution, the
short-range hill slope processes are generally represented by a (linear) diffusion model.
Diffusion tends to smooth the landscape. Landsliding as an additional short-range process,
on the other hand, is triggered when the slope exceeds a critical value and concentrates
the erosion in the river valleys. (e.g. van der Beek and Braun, 1999). For the long range
fluvial transport two different formulations exist, both of which are included in TISC. One
group of authors Beaumont et al. (1992); Kooi and Beaumont (1994, 1996); also adopted
by Johnson and Beaumont (1995); Braun and Sambridge (1997); van der Beek and Braun
(1999) assume the fluvial transport to be linearly dependent on slope and discharge, which
in turn is a function of drainage area. In these models, the fluvial behaviour is analog to a
thermodynamic potential. Other authors (e.g. Tucker and Slingerland (1994, 1996); Bishop
et al. (2005); see for a review Whipple and Tucker (1999)) advocate the shear stress / stream
power erosion model, where the erosion rate is represented by a power law function of
drainage area (discharge) and slope. The model formulation is based on complex empirical
relationships, different from the stochastic formulation by Davy and Crave (2000) and Crave
and Davy (2001), as used by Loget et al. (2005); Loget and Van Den Driessche (2006) which
will not be further discussed here.

Short range transport

Short range (hill slope) transport is represented as linear downslope diffusion of material
volume. The horizontal material flux qs is related to the local slope2:

qs =−Ksdh/dx (5.1)

where Ks is the diffusivity. In turn, the horizontal change of the material flux qs deter-
mines the change in surface elevation h with time:

dh/dt =−dqs/dx (5.2)

For a constant diffusivity Ks, the relation is:

dh/dt = Ksd2h/dx2 (5.3)

The diffusivity Ks[m2/s] represents the erodability of the substrate and as such controls
the sediment flux (eq. 1) and the rate of the change in surface elevation (eq. 3). Large
diffusivity means efficient diffusion. In the model, it is regarded as a material property and
has different values for sediment and bedrock.

Landsliding, in contrast to diffusion which leads to a general smoothing of the land-
scape, causes the concentration of erosion in the river valleys (van der Beek and Braun,

2Note that for simplicity I present all equations in 1D, i.e. spatial variation as a function of x only. In the model
the formulations are 2D, functions of both x and y.
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1999). In TISC, similar to the formulation of the above authors, landsliding is triggered
when the slope is larger than a critical value.

Long range fluvial transport, erosion and sedimentation

The non-linear shear stress / stream power model Of the two main physical models of
fluvial behavior, the “non-linear” model is approaching the problem from the physics of the
erosion process (Whipple and Tucker, 1999). It postulates that erosion rate is a power law
function of shear stress at the river bed, or of stream power per unit area of channel bed:

dh/dt = KAmSn (5.4)

where K is ’erodibility’, A is drainage area (supposed to be proportional to discharge)
and S is the local slope. The values of the exponents represent to some degree the process
responsible for erosion. If m = n(= 1), the erosion rate is function of stream power. If
m < n(m∼ 1/3,n∼ 2/3) then erosion rate is function of shear stress Howard et al. (1994).
The value of the exponents (i.e. the non-linearity) in this equation cannot be easily deter-
mined due to uncertainties in the governing erosion process. The ratio between the expo-
nents, however, turns out to be independent of the erosion process and rather represents the
dependence of discharge on drainage area, and channel width on discharge (Whipple and
Tucker, 1999).

Linear fluvial transport according to the Beaumont model 3 In our modelling we adopt
the second, “linear” model. In this model, essentially the above stream power model is
used to define the equilibrium sediment load, or carrying capacity, of the river (Equation
5.4). An important aspect of its formulation is that a river does not necessarily carry at
capacity, but that its actual sediment load is determined by the upstream supply from erosion
(Beaumont et al., 1992; Kooi and Beaumont, 1994, 1996). The model assumes that the
ability of a river to entrain sediment is equivalent to a thermodynamic potential, and the
system tends to evolve to a dynamic equilibrium. Erosion occurs when the actual sediment
load carried by the river at some point is smaller than its carrying capacity; the reverse is
true for sedimentation. The rate of erosion or sedimentation is determined by the difference
between the equilibrium and actual sediment flux, and by the length scale of fluvial erosion
(l f ). The derivation of the model formulation is given below.

Fluvial transport may be either transport-limited or detachment-limited. While ‘detach-
ment-limited’ (or ‘supply-limited’) sediment flux means that the sediment flux in the river
is dependent on the supply of the sediment (which is in turn a function of the erodability of
the substrate), ‘transport-limited’ means that the sediment supply is abundant, and that the
amount of sediment transported by the river is determined by its transport capacity only. It
is easy to imagine that the capacity of a river to carry sediment is determined by its slope

3This section is largely based on Beaumont et al. (1992) and Kooi and Beaumont (1994), Kooi and Beaumont
(1996)
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(gradient), and its discharge. The larger the slope and the discharge, the larger the sediment
flux qeqb

f , which corresponds to the local equilibrium carrying capacity of the river:

qeqb
f =−K f qrS (5.5)

where qr is the discharge per unit width [m2/s], S equals dh/dl and is the [dimension-
less] slope in the direction of river drainage, and K f is a nondimensional transport coeffi-
cient.

In turn, the discharge qr is a function of the upstream drainage area, or the integrated
upstream precipitation:

qr =
∫

vrdA (5.6)

where vr is the net precipitation contributing to surface runoff (runoff = precipitation -
evaporation) and A is the upstream drainage area. Precipitation may be assumed constant,
and therefore qr a linear function of the drainage area, or a function of elevation (orographic
precipitation, e.g. Roe et al., 2002).

The actual sediment transport q f at some point may or may not be equal to the (transport
limited) equilibrium flux qeqb

f . The actual sediment flux (and as a result, the difference

between qeqb
f and q f ) depends on the erodibility of the substrate. For an easily erodible

substrate, the sediment input will be sufficient to have the river carry at capacity, and the
actual sediment flux corresponds to the transport-limited case. For a substrate resistant
to erosion, the available sediment from input by erosion will be lower than the carrying
capacity. This corresponds to the ’detachment-limited’ case, explained in more detail below.

The basic premise is, that a fluvial system must do work on a landscape to transfer ma-
terial from the substrate into the transported sediment flux. The reaction rate (i.e. the rate of
the change in the flux) is proportional to a rate constant 1/t f and the degree of disequilibrium
between the actual and equilibrium sediment flux:

dq f /dt = 1/t f (q
eqb
f −q f ) (5.7)

With the approximation of steady state transport, that is, the fluxes do not vary within
the incremental time interval dt, the time dependence of erosion or deposition takes the
form of a spatial dependence:

dh/dt = dq f /dl =−(1/l f )(q
eqb
f −q f ) (5.8)

where l f , the length scale of fluvial erosion [m], equals v f t f . For a constant sediment
transport velocity (v f ), l f is a material property. It represents the length scale required to
reduce the disequilibrium (qeqb

f − q f ) by a factor 1/e, provided that the equilibrium flux

(qeqb
f ) is constant. This means that a small l f will result in low (spatial) disequilibrium. For

l f = 0,q f will immediately evolve to qeqb
f , and no erosion or deposition occurs. A large

value of l f , on the other hand, will tend to sustain the disequilibrium between the actual and
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the sediment load and the load at capacity. As such, the parameter l f can be regarded as the
erodibility of the substrate.

Re-evaluation of the conceptual models of the formation of the Danube gateway

In accordance with the laws presented above, a river will tend to evolve to a dynamic equi-
librium in which its slope along each segment of its long profile is maintained, initially by
either incision or sedimentation. Where the river is in equilibrium and no incision or depo-
sition occurs, it is said to be graded. Changes in the external factors, (i.e. discharge, tectonic
uplift, and base level) will lead to a perturbation of the equilibrium and changes in the river
gradient. A base level fall or local tectonic uplift will lead to the formation of a knickpoint
(KP), which will migrate upstream and lead to backward incision of the river as it evolves
to a new equilibrium profile (Howard et al., 1994; Kooi and Beaumont, 1994; Burbank and
Anderson, 2001; Schumm et al., 2002; Bishop et al., 2005).

Drainage or stream capture occurs when two streams connect due to the regressive
erosion of a river in the higher part of its catchment, eliminating the topographic barrier
that separated its headwaters from the captured river. It requires that the upper part of the
capturing river is at a lower elevation than the lower part of the captured section of the other
stream. The rate of (regressive) erosion is a function of stream power, which in turn is
dependent on discharge and slope (Equation 5.4, 5.5). Stream capture by regressive erosion
involves backward migration of the drainage divide.

Migration of drainage divides. In order to migrate a drainage divide, regressive ero-
sion by the streams on either side must occur at a different rate, which requires asymmetry
across the divide. A difference in stream power (equation 5, 7) could thus be obtained from
a difference in discharge, for example if one side of the divide consistently receives more
precipitation due to a preferential wind direction (Roe et al., 2002). A geometrical asym-
metry, i.e. steeper slopes on one side of the divide due to a difference in base level, will also
lead to a difference in stream power. Kooi and Beaumont (1994), in a study on the evolu-
tion of rifted margins, investigated this in detail. In the numerical formulation, additional to
the stream power law above, short range transport or diffusion is required in order to cause
migration of the drainage divide (equation 3). As a consequence, for a symmetric divide,
erosion will only lead to its lowering (Fig. 2 in Kooi and Beaumont (1994)). The rate of
migration of the divide is a function of the degree of asymmetry. Hence, if two streams
flow in opposite directions from a drainage divide with no or only a small difference in
base level on either side, as would have been the case for the ’Pannonian’ and Valachian’
Paleo-Danube (Marovic et al., 1997), it is very unlikely that either will capture the other.

Lake capture is a special case of drainage capture: a lake can rise to the top of the divide
and by overflow both accellerate the moment of capture and enhance incision by increas-
ing the stream power, rapidly making the capture irreversible (Garcia-Castellanos, 2006).
Asymmetry and migration of the drainage divide are not required for lake capture: lowering
of the divide to a level where the lake will spill is sufficient. The precipitation/evaporation
ratio in the drainage area of the lake, and hence climate, is therefore of key importance
in determining the duration of the endorheic life span of a lake, as pointed out by Garcia-
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b. Elevation of Badenian sediments in intramontane basins
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a. Elevation vs age of abrasional features and terraces in Djerdap region
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Figure 5.3: Constraints on vertical motions
a. Elevation vs age of abrasional features and terraces in Djerdap area, compiled from literature
sources and references therein (1, Clauzon et al. (2005); 2, Menkovic and Koscal (1997); 3, Rakic and
Simonovic (1997)). Rm, Romanian; D, Dacian; P, Pontian; M, Meotian; S, Sarmatian; Bd, Badenian.
The age constraints are poor especially in the older abrasional features (attributed to M-U Miocene
and Badenian respectively; Menkovic and Koscal (1997)). Due to the data quality, the correlation line
showing an increase in incision or uplift rates during Sarmatian and Quaternary is highly speculative.
b. Elevation of Badenian sediments (derived from DEM and geological map) projected on a NW-SE
section in Djerdap (location in Fig. 5.2), showing a trend of differential uplift: maximum at the center
of the Carpathian belt and decreasing to the sides.
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Castellanos (2006). The other parameters he found to be significant are the tectonic uplift
rate of the barrier, lithosphere rigidity (or effective elastic thickness, Te; see also Garcia-
Castellanos et al. (2003)) and the elevation of the upstream lake. A large uplift rate will
delay capture of the lake. Low lithosphere rigidity leads to large rebound of the barrier, also
delaying capture, while a high elevation of the lake implies asymmetry and will enhance
backward incision of the capturing stream. Climate effects and low erodibility may increase
the erosion rate, but since the erosion is equally distributed in these cases, their effect on
capture by lowering of the barrier will be counteracted by isostatic rebound. Loget et al.
(2005) additionally identified downstream base level fall as a key factor controlling back-
ward fluvial incision (and as a consequence, capture of the Atlantic during the Messinian).
It must be noted that in their study of the origin of the Gibraltar strait and formation of the
Rhone canyon, Loget et al. (2005) focused on the morphology of these features and did not
take (flexural) isostasy into account.

Based on this review, which identified flexural rebound and upstream and downstream
base level as the key factors controlling lake capture, I would suggest that the (re)connection
of a lake with the downstream drainage system will additionally be enhanced by lateral
differences in erodibility. Due to this, a small section of mountain may be preferentially
eroded, lowering that section while the rest of the belt is still high (see Fig. 3b in Kooi and
Beaumont (1996), for the reverse scenario). The effect of the preferential regressive erosion
is two-fold: the lake level needs to rise only by a relatively small amount to trigger the
reconnection and make the capture irreversible by subsequent further erosional lowering of
the barrier. Secondly, the localization of erosion will reduce the effect of isostatic rebound.
Localization of erosion by lateral differences in erodibility potentially played an important
role in the South Carpathian orocline, as will be discussed in the next section.

5.3.3 Constraints on parameters controlling river incision in the study
area

The controls on river incision and drainage or lake capture (after Kooi and Beaumont, 1994,
1996; Loget et al., 2005; Garcia-Castellanos, 2006) were outlined above. Apart from cli-
mate effects, the lithosphere rigidity, erodibility, rate of tectonic uplift, base level changes
and barrier geometry were identified as the key factors controlling river incision and lake
capture. In the following, the constraints on these parameters available in the study area are
summarized: the characteristics of the Djerdap area, and the base level changes in both the
upstream Pannonian and the downstream Dacic Basin.

Geology and geomorphology of Djerdap region

Fig. 5.2a shows the South Carpathian orocline and Djerdap region in detail. The Badenian
paleogeography of the Djerdap region, prior to the Sarmatian uplift and disconnection be-
tween the Pannonian and Dacic Basins, is shown in Fig. 5.2b (from Menkovic and Koscal,
1997).
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Figure 5.4: long profile of Danube
a. Long profile of Danube derived from DEM within model area (Fig. 5.1), from Pannonian Basin
(Hungary, Serbia) across the Carpathians into the Dacic Basin (Romania). Depth to river bed where
the river crosses the Carpathians (shaded grey) after Jordanov, 1928 (in Menkovic and Koscal (1997)).
Note the change in gradient (or KP) over the 100 km across the Carpathians, below the surface of the
artificial lake behind the Iron Gates dam.
b. Detail of Danube long profile in Djerdap area. Irregular thalweg is due to lithological contrasts.
Note karstic feature of Cazane gorges.
c. and d. Potential origin of the shape of the Danube thalweg across the Carpathians: capture and
retreat of the previous divide (Kooi and Beaumont, 1994) or uplift (Snow and Slingerland, 1990)
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The average elevations in the Djerdap area at 700-800m are low compared to the South
Carpathians and Balkans. The map in Fig. 5.2a shows the strong correlation between the
tectonic structuring and the drainage patterns. On the western, convex side of the belt, the
drainage pattern is dominated by the series of Neogene extensional intramontane basins.
Their dimensions range from 10 to 25 km, at a present-day elevation of 300-500 m. The
Mehadia Basin, i.e. the southern part of Caransebes Basin, is larger, 35 km long, and
more elevated at 700-800 m. The drainage on the Dacic, concave, flank of the orocline
is characterized by a radial pattern of narrowly spaced, short rivers. Some of these streams
connected to the internal drainage areas of the future Timok, Porecka, Cerna and Jiu valleys,
opening these basins to the east. Subsequent preferential erosion along the major Cerna-Jiu
and Timok strike slip faults resulted in the development large fluvial valleys in the center
of the belt, parallel to the strike of orogen (Fig. 5.2c). The relatively deep incision in the
longitudinal valleys, largest at their outlet, enhanced the headward incision of the tributaries
at these locations. This led to outward migration of the main drainage divide, to the W for
Timok, to the NW placing the drainage divide across the Mehadia Basin and to the N for
Jiu and Olt valleys (Fig. 5.1b, 5.2a, 5.2c).

Constraints on vertical motions were derived from the elevations of abrasional features
at the sides of the orocline, interpreted as either marine or fluvial platforms, and Danube
terraces (Menkovic and Koscal, 1997; Rakic and Simonovic, 1997) and references therein;
Fig. 5.3a). The ages of the older features are poorly constrained. The data tentatively sug-
gest an increase in uplift rates in the Quaternary. For reliable conclusions, this data set needs
to be refined, requiring new field studies combined with exposure-age dating (Ruszkiczay-
Rudiger et al., 2005). The difference in elevation of Badenian sediments in the intramontane
basins across the orogen (Fig. 5.3b), derived from the DEM and the 1:200,000 geological
maps of Romania, suggest a difference in uplift across the belt, largest in the center.

The Danube long profile across the Carpathians (Fig. 5.4) clearly shows a break in its
gradient (knickpoint) where it crosses the belt, resulting in a present day elevation difference
of ∼20m between its upstream and downstream reaches. The jump in elevation from the
DEM data represents the dam of the artificial lake at the Iron Gates. The irregular thalweg
in Djerdap (Fig. 5.4b) results from contrasts in lithology, whereas the Cazane gorges are a
karstic feature.

The elevation difference of ∼100 m between the Neogene sediments on the W and E
side of belt, higher on the Pannonian side, has been interpreted to result from differential
uplift (Knezevic, 1997). Alternatively, it represents the position during deposition, showing
the elevation difference between the Pannonian and Dacic basins.

Base level changes in the Pannonian and Dacic Basins: inferences from sequence
stratigraphy

Lake Pannon (Magyar et al., 1999a) inherited its complex bottom topography from the rift-
ing and transtension stage that led to the opening of the Pannonian Basin (Horváth et al.,
2006). Subsidence rates and water depth were therefore different in the individual sub-
basins. Disconnected from the world oceans during the Pannonian endemic stage (Fig.
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Figure 5.5: Correlation chart of 2nd and 3rd order sedimentary sequences in the Pannonian Basin
(Hungary) Data on sedimentary sequences (left hand panels) from Transdanubia, Sacchi et al. (1999)
(1); entire Hungary, Juhász et al. (1999) (2); and Eastern Hungary, Ujszászi and Vakarcs (1993);
Vakarcs et al. (1994) (3). Sequences were defined from seismic (1, 3) and well data (2); their ages
constrained by magnetostratigraphy or by direct correlation to the Haq et al. (1987) eustatic curve (3).
For reference the local time scale is shown (left hand panel, ages according to Sacchi et al. (1999);
Sacchi and Horváth). MSC indicates the Messinian Salinity Crisis (5.96-5.33 Ma, Krijgsman et al.
(1999)).
From the lower resolution well data (2), only 2nd order sequences were distinguished, bounded by
significant hiatuses. Sacchi et al. (1999) correlate their 3rd order sequences PAN-1 to PAN-4 with
the ‘Late Miocene sequence’ of (2) and sequences 5-8 or IV-VII of Ujszászi and Vakarcs (1993) and
Vakarcs et al. (1994) respectively; the correlated sequences are marked in light grey shading. However,
the base Pannonian unconformity according to the definition of is at the 10.5 Ma SB of Vakarcs et al.
(1994), illustrating the correlation problems even within the Pannonian Basin. The 3rd order sequence
boundaries (SB) associated with - according to the authors - the largest base level falls, are indicated
with a bold line: SB PAN-3 in Transdanubia at 8.7 Ma (1) and SB #8 in eastern Hungary (3). Further
discussion in the text.
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5.2, Fig. 5.5), the water level of the lake was controlled by the balance between evapora-
tion and water supply from contributing rivers and precipitation (Garcia-Castellanos, 2006),
both controlled by climatic variations (Kázmér, 1990; Juhász et al., 1999). The surrounding
mountain chains provided abundant sedimentary influx. The basin was progressively filled
by fluvial-deltaic and turbiditic sediments dominantly from northwesterly (palaeo-Danube)
and northeasterly directions (palaeo-Tisza) (Vakarcs et al., 1994).

The variations in rate of progradation to aggradation of the delta-fed shelf-slope systems,
led to the recognition of third and fourth order seismic sequences (Vakarcs et al., 1994;
Sacchi et al., 1999) and indicate that the relative lake level varied significantly both in space
and time. The most detailed sequence stratigraphic studies have been carried out in the
Hungarian part of the basin, both to the west of the Danube (Transdanubia; Sacchi et al.,
1999; Ujszászi and Vakarcs, 1993) and to the east (Great Hungarian Plain; (Pogácsás et al.,
1990; Csató, 1993; Pogácsás et al., 1992; Vakarcs et al., 1994)). Due to the scarcity of
reliable age constraints, the correlation between the sequences is not straightforward. Sacchi
et al. (1999), in agreement with Juhász et al. (1999), grouped their Pannonian-age 3rd order
sequences into a 2nd order megasequence (Fig. 5.5), limited at the base by the Sarmatian-
Pannonian unconformity attributed to the Sarmatian inversion phase . The unconformity at
the top is attributed either to an earlier onset (Sacchi et al., 1999)) of the Plio-Quaternary
inversion of the Pannonian Basin (Horváth and Cloetingh, 1996)), or to a remote effect of
the Messinian Salinity Crisis in the Mediterranean (Juhász et al., 1999)). It correlates with
the conspicuous change in the paleogeographic maps of Magyar et al. (1999a): the coast line
of Lake Pannon at its southeastern margin is consistently adjacent to the South Carpathian
orocline (Fig. 5.1). Between 6.5 and 4.5 Ma a major inward shift is likely associated with
the lake level lowering discussed above. Within this 2nd order ’Late Miocene sequence’
(Juhász et al., 1999)), the largest base level falls are defined at different 3rd order sequence
boundaries by the different authors (Fig. 5.5): in Transdanubia, the largest base level fall
(“several tens of meters”, Sacchi et al. (1999)) is attributed to an earlier event than the one
observed in eastern Hungary (Vakarcs et al., 1994). The latter has been equally attributed
to the MSC, though the mechanism by which the effect of the MSC penetrated into the
Pannonian Basin was not specified Vakarcs et al. (1994). Its estimated magnitude of 200m
(Vakarcs et al., 1994), however, was recently questioned by a re-evaluation of the seismic
data (Sztano et al., 2007) and attributed to a change in progradation direction of the feeder
system.

The northwestern part of the Dacic Basin overlies the Getic Depression, its subsidence
history controlled by transtension and subsequent foreland flexure. From a detailed study
of seismic sequence stratigraphy at the margins of the Getic Depression, Răbăgia and Ma-
tenco (1999) concluded that the observed base level changes until the Late Miocene were
predominantly tectonically controlled, eustatic changes playing only a subordinate role. A
more regional seismic sequence stratigraphic interpretation in the western part of the Dacic
Basin focusing on the Latest Miocene - Pliocene basin fill evolution was presented in the
previous Chapter of this Thesis (Fig. 4.3). In this stage of its evolution, in contrast to the
earlier stage and the Pannonian Basin, control by differential tectonic subsidence is less im-
portant. We identified a sudden absolute base level fall of ∼200 m in the lower part of the
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antecedent
river

upstream
changes

capture

Figure 5.7: Model scenarios
Processes that may have led to the present day incision of the Danube into the Iron Gates:
a. uplift of the source area and downwearing of an existing river;
b. capture of the upstream basin;
c. upstream changes in source area: overfilling of the basin
Potentially, the changes in downstream sedimentation rates for each of these scenarios give additional
constraints on the responsible mechanism.
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Pontian, attributed to the Messinian lowering of the water level in the Black Sea below the
threshold of the Dobrogea barrier. Late Pontian sediments associated with a ∼300 m base
level rise transgressively cover the older deposits.

The data from both basins are integrated in a cross section correlating the deposits be-
tween the basins and illustrating the different geometries of the basins (Fig. 5.6). Size and
sediment thickness in the Pannonian back-arc basin greatly exceed those in the Dacic Basin
overlying the rigid Moesian platform.

5.3.4 The origin of the Danube gateway in a paleogeographic context:
summary and modelling questions

From the data and theoretical considerations presented above, I conclude that the tectonic
structuring was of major importance in controlling the drainage evolution in the South
Carpathian orocline (Fig. 5.3). After their Sarmatian disconnection, the communication
between the basins was probably re-established as a one-way fluvial connection by capture
and/or overflow of Lake Pannon, rather than as an open water connection. The exact tim-
ing of the reconnection cannot be constrained from the available data on the morphology
of the Djerdap area. It may have occurred as early as the Meotian based on the Pannonian-
derived freshwater Congeria found in the western part of the Dacic Basin (Olteanu, 1979), or
Odessian, when Pannonian-derived fauna are widely recognized over the Eastern Paratethys
(Olteanu and Jipa, 2006).

However, a number of open questions remain. These will be addressed by numerical
modelling in the following sections. The key issue I will address is the post-orogenic paleo-
geographic evolution of the Central-Eastern Paratethys region, in relation to the infilling of
the Pannonian and Dacic Basins. Specific questions are: What are the effects of restricted
connectivity between two basins on the patterns and rates of sedimentation? Is there a rela-
tion between the observed base level changes both in the Dacic and in the Pannonian Basin
(see also Chapter 4) and the incision of the Danube into its gorges? Which mechanism
was responsible for the formation of the Danube gorges, incision of an antecedent river or
capture (and overflow) of Lake Pannon? And what are the consequences of the different
mechanisms for upstream and downstream sedimentation: can we distinguish between the
mechanisms by looking at sedimentation patterns (Fig. 5.7)?

5.4 Model setup and scenarios

5.4.1 Modelling setup and boundary conditions

The model setup and boundary conditions (Fig. 5.8) are based on the Pannonian-Dacic
Basin area (Fig. 5.1): two basins at initially equal elevation are in restricted connection, sep-
arated by a barrier that limits open water circulation. If we assume the present day Danube
watershed to be representative of the paleo-drainage areas of the basins, the drainage area



114 Causes and effects of changing intra-Paratethys connectivity

-300 -200 -100 0 100 200 300

-100

0

100

0 m

200

400

600

800

1000

1200

1400

1600

1800

2000

Flexure BC: w = 0, w'' = 0

w' = 0, w'' = 0

west east

passageexternal
sediment input

-400

0 m

800

0 50 100 km

N

a.

b.

P=Ew=500 mm/y

0 m

H
Hp

S

Hb

U

-400

bedrock (2800kg/m )
3

sediments (2200kg/m )
3

water (1020kg/m )
3

Qs_ext = 100 kg/s

c.

Figure 5.8: Model setup
a. 2 km resolution of the modeled area.
b. Initial topography and boundary conditions for the conceptual model series: 400x200km, 2km
grid cells. Topography in this figure corresponds to the initial elevations for Model 2c, 7 and 8. The
geometry of the barrier separating the two basins is different for the various model runs, see Table
5.3. All model boundaries are fixed for deflection, only the eastern side is allowed to move freely. A
sediment source on the western side of the model (1.43 km3/Ma; Table 5.1) represents the flux from
the large Pannonian drainage area. Sediment is allowed to leave the model at all sides.
c. Model setup and parameters of conceptual model series, cross section. Qsext , external sediment
input; P, precipitation rate; E, evaporation rate; S, slope; H, max. elevation of surrounding topography;
Hb, elevation of barrier; Hp, elevation of passage; U, uplift(rate). Parameter values are listed in Table
5.2 and 5.3.
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Table 5.1: Drainage areas and external sediment input.
The drainage area (and as such the sediment source area) of the Pannonian Basin is much larger than
the model area, while in the Dacic Basin they are approximately equal (see Fig. 5.1). An average
erosion rate of 0.01mm/y = 10m/Ma over the additional area gives the additional sediment input of
5.1 ∗ 103m3/Ma, or 390 kg/s. In the smaller synthetic models, a sediment input rate of 100 kg/s
(1.4∗103m3/Ma) is used (see also Fig. 5.8).

model area drainage area additional
source area

sediment input
rate

Pannonian 90∗103km2 600∗103km2 510∗103km2 5.1∗103m2/Ma
West 40∗103km2 - - 1.4∗103m3/Ma
Dacic 90∗103km2 90∗103km2 0 0
East 40∗103km2 - - 0

and hence the initial sedimentation rates of the upstream Pannonian basin are much larger
than those of the downstream Dacic basin (Fig. 5.1, Table 5.1).

In the model, the extent of both basins is equal. The larger source area in the upstream
basin is represented by the sediment flux on the western side of the model (Fig. 5.8). The
surrounding topography prevents any sediment from leaving the model area. No vertical
deflection is allowed at the model edges, except on the eastern side, representing the buoy-
ancy of the mountains surrounding the Dacic Basin. In the model, the sediment loading
is larger than the erosion due to the external sediment source, and these flexural boundary
conditions are required to prevent excess downward deflection. The parameters used by
the surface process model are listed in Table 5.2 and are based on Garcia-Castellanos et al.
(2003). The models were run for a period of 15 My, at 0.5 My time steps4. The models
have the same dimension, with a 400x200km model area and 2km grid cell size (Fig. 5.8).
The initial maximum elevation of the surrounding topography is 800m (400m for Model 3);
the maximum initial depth of the basins is 400m for all models. These and other parameters
tested in the different scenarios are summarized in Table 5.3.

5.4.2 Model scenarios
A series of conceptual models, briefly outlined below, was run to determine the relative
influence of a number of parameters on sediment partitioning between two basins that are
in restricted connection, and the resulting basin infill and landform evolution.The model
parameters for the different scenarios are shown in Table 5.3 and Fig. 5.8; an example of
the model drainage evolution is given in Fig. 5.9.

The first series of models (Model 1-3) addresses the effect of the geometry of the barrier:
its width, slope and elevation, and the presence or absence of a pre-existing connection be-

4Here and further on: The synthetic model time starts at 0 and ends at 15, increasing as the model evolves, and
is indicated by My. In contrast, geological ages are referred to as Ma.
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Table 5.2: Parameters for surface process model

Parameters Values

Model resolution (grid cell size) 2*2 km
Transport coefficient K f 60 kg/m3

Diffusion coefficient Ks 0.05 m2/s
Erosion length scale l f

basement 120 km
sediments 60 km

Deposition length scale l f 25 km

tween the basins. In Model 1, the two basins are separated by a ‘barrier’ at sea level. Model
2 features a passage at 0, 100, 200m elevation in the 800m high separating barrier, providing
an initial one-way connection from the upstream to the downstream basin. In Model 3 the
two basins are separated by a 400m high barrier, with no pre-existing connection and dif-
ferent initial slopes on the eastern side of the barrier. In the second series of models (Model
4-5) the effect rate and magnitude of barrier uplift is studied. In both models, the initial
elevation of the barrier is 0m. The lake level in the western basin is not allowed to rise to
the top of the uplifting barrier but kept at a maximum of 200 m. In Model 4 the barrier is
uplifted at different rates to a maximum level of 400m. In Model 5, the barrier is uplifted
at different rates during 2Ma to different maximum elevations. The third series of models
(Model 6-7) addresses the effect of flexural rigidity (Te). Whereas in the previous models
Te was set at 10km, in Model 6, the effect of a larger or smaller effective elastic thickness
over the entire model area is studied, and in Model 7 the effect of a difference in Te between
the western and eastern basin is addressed. The last model (Model 8) studies the effect of a
downstream sea level fall of 200m at different rates.

5.5 Model Results

5.5.1 Barrier geometry

What is the effect of barrier geometry (elevation and slope; elevation of an existing outlet)
on sediment partitioning between two adjacent basins? In case the two basins are initially
disconnected: what is the effect of the barrier geometry on capture of the upstream lake?
And how does the capture in turn influence the sedimentation?
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Model 1: “barrier” at sea level

In this model, the western and eastern basins are separated by a threshold at sea level. The
surrounding topography is 800m (Fig 5.8, Table 5.3). Total sedimentation and rates for the
western and eastern basin are shown in Figure , along with a cross section at the final time
step. The results of subsequent model runs will be presented in a similar manner.

In the western basin, sedimentation initially occurs at a higher rate than in the eastern
basin (Fig. 5.10a,b). This is due to the external sediment source that feeds the western basin
(Fig. 5.8), while the eastern basin is initially only sourced by erosion from the surrounding
mountains. From 6.5 to 8.5 My, the relative sedimentation rates are inverted: the western
basin is filling up and excess sediment is transferred to the eastern basin. In the western
basin, the sedimentation rates decrease to 0: the basin is completely filled (Fig. 5.10a, c).

In both basins, the erosion rates show an overall decreasing trend, due to the declining
topography. The rates are higher in the western basin, which is surrounded by topography on
3 sides while the eastern basin is lined by topography only on the N and S side (Fig. 5.8).
The initial decreasing trend in sedimentation rates in the western basin (0 to 6 My, Fig.
5.10b) reflects the decrease in supply from local erosion. The sedimentation rates in the
eastern basin, however, do not reflect the local erosion rates: some sediment is transferred
from the western source also before the bulk shift in sedimentation.

Model 2: initial elevation of passage

Model 2 compares the effect of the initial elevation of a passage between the two basins on
sediment distribution: in a surrounding topography of 800m, the passage is initially at 0,
100 and 200m respectively (Table 5.3, Fig. 5.8).

The results are shown in Figures 5.11 and 5.12, with those of Model 1 for comparison.

Figure 5.10 (facing page): Results of Model 1: basins separated by 0 m barrier.
a. Cumulative sediment volumes, derived from local erosion and external sediment input.
b. Rates of sedimentation (bold lines) and erosion (thin lines). Rates are integrated over the 2 basins:
the sedimentation rate is the rate of variation of the total sediment volume, while the erosion rate rep-
resents the total eroded volume per time step, including bedrock and previously deposited sediments.
Note that the initial sediment accumulation rates in the western basin greatly exceed the erosion rates
due to the external sediment input (see Fig. 5.8) Grey shading in a. and b. marks the period of bulk
sedimentation shift from the western to the eastern basin, characterized by rapidly changing sediment
accumulation rates and related to the lacustrine-continental transition in the upstream basin (t=8 My).
The (restricted) connection between the two basins allows some sediment transfer from the western
to the eastern basin from the start, as seen from the sedimentation rates that exceed the local supply
(erosion) rates. W-E cross section at t=15 My with time lines for each 0.5 My.
c. The onset of increased sedimentation rates in the eastern basin (t = 6.5 My) is marked by a bold
line; the final stage of infill of the western basin (t = 8 My) by a heavy broken line. Shelf-slope break
indicated by short dash in both basins.
Results from subsequent models will be presented in a similar way.
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Table 5.3: Model setup

Model geometry max. (rate of)
barrier Te sea

max barrier max slope passage uplift/rate level
elevation elevation S elevation U (m) W-E change

H(m) Hb(m) (degrees) Hp(m) (m/Ma) (km) (m/Ma)

1 800 0 - - - 10 -

2a
400 400

0.75
- - 10 -2b 2

2c 3
3a

800 800 2.7
0

- 10 -3b 100
3c 200

4a
800 0 (initial) 2.7 -

400/100
10 -4b 400/200

4c 400/400

5a
800 0 (initial) 2.7 -

200/100
10 -5b 400/200

5c 800/400

6a

800 800 2.7 200 -

30

-
6b 20
6b 10
6b 5
7a

800 800 2.7 200 -
20 - 30

-7b 10 - 30
7c 5 - 30

8a

400 400 2 - - 10

200
8b 100
8b 66.6
8b 50
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During the first 7 My, the filling of the western basin, the passage elevation has virtu-
ally no effect (Fig. 5.11a). The initial difference in erosion rates in the western basin (Fig.
5.11b), which reflects the initial difference in base level controlled by the elevation of the
outlet of the basin, disappears after 2 My. This is the time to bring the passage to an equal
elevation for all three models. Note that the erosion rates in the first model (passage ele-
vation at 0m) show a slight decrease: instead of erosion of the outlet, a small amount of
sedimentation occurs in this case to establish the required river gradient in the passage.

After 2My the passage elevation is equal for all three models, resulting in equal erosion
and sedimentation rates. In the eastern basin, the erosion rates are exactly equal for all three
models during the entire model time (Fig. 5.11b).

In the second model stage, after the shift of the bulk sedimentation to the eastern basin,
the models do show a difference in sedimentation. In contrast to Model 1, where sedimen-
tation stops after ∼10My (Fig. 5.10), in these models sedimentation in the upstream basin
continues, accommodating a large volume of fluvial sediments (Fig. 5.11, 5.12). The vol-
ume of continental sediments in the three models is different, however; the largest volume
being accommodated by the model with the initially highest passage (Fig. 5.12). The flu-
vial sedimentation and the difference in volumes can be explained from the river profiles
at the final time step. The eroding barrier between the two basins is uplifting by flexural
isostatic rebound. The passage between the two basins is more resistant to erosion than the
sediments in the basins, and forms a knickpoint (KP) in the river profile. Upstream of this
KP the river accumulates sediments in order to maintain its gradient and keep the ability to
cross the barrier (see also Snow and Slingerland, 1990).

Model 3: slopes of the barrier

In this model, other than the previous models, the surrounding topography is 400m (Table
5.3). There is no pre-existing passage of reduced elevation as a way of communication
between the basins. The setup is used to test the effect of the barrier geometry: slope and
width, on capture time and the ensuing sediment distribution.

The effect of barrier slope was addressed in three different models, with a max slope of
the eastern side of the barrier 0.75, 2 and 3 degrees respectively. The slope on the western
side of the barrier is equal at 2 degrees for all of the models, in order to keep the volume of
the western basin constant. Sedimentation and erosion rates are shown in Fig. 5.13, profiles
in Fig. 5.14.

The model with the lowest slopes has the largest exposed area and hence the highest
erosion rates in the eastern basin (Fig. 5.13). The sedimentation rates in the eastern basin are
initially equal to the local erosion rates: the only supply to the eastern basin is from the local
erosion. The moment of capture (Fig. 5.13, marked by x) breaks down this relationship:
sedimentation rates start increasing while the erosion rates keep decreasing. After capture,
the sedimentation rates increase only gradually however. The subsequent sharp increase is
due to the overfilling of the upstream basin. Capture occurs first for the high slope model
(Fig. 5.13): due to the higher slope the barrier is also narrower and a smaller amount of
erosion is required to oversteepen the slopes at the drainage divide and capture the upstream
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Figure 5.11: Results of Model 2: effect of initial passage elevation.
a. Cumulative sediment volumes. For comparison the results of Model 1 are shown. In contrast to
Model 1, after the bulk sedimentation shift, sedimentation continues in the western basin, albeit at
lower rates. The transition from lacustrine to fluvial sedimentation is marked by box; it occurs at
t=7.5 My for Model 2a and 2b, and at t=8My for 2c (see also Fig. 5.12).
b. Erosion rates. Rates are equal in the east, independent of the passage elevation, but different in the
west during the first 2 My.
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to a narrow barrier (see also Fig. 5.8c, 5.14), and lead to faster capture of the western basin (marked
by X). Capture results in increasing sedimentation rates in the eastern basin, which were initially de-
clining and equal to the local erosion rates. Increasing erosion rates in the western basin after capture
reflect the increased exposed area due to the falling base level. The largest increase in sedimentation
in the eastern basin corresponds to the end of lacustrine sedimentation and filling up of the western
basin (marked by arrows).

lake. In Figure 5.14 (left panels) the model cross sections at the time step preceding capture
are shown.

Model sedimentation rates in the western basin are controlled by the external sediment
input (Fig. 5.8). The capture leads to an increase in sedimentation rates in the eastern basin,
but not to a similar decrease in the western basin: the water level drop that results from
the capture leads to a larger exposed area and therefore to increased supply, balancing the
outflow to the eastern basin. Moreover, the capture time determines the time of the bulk
sedimentation shift, because capture and subsequent lowering of the outlet by erosion lead
to lowering of the base level in the western basin and reduction of the accommodation space.
As such, the sooner the capture, the sooner the western basin is filled, and the sooner the
sedimentation shifts to the downstream basin.

The lacustrine - continental transition in the western basin occurs during or after the
strongest decrease in sedimentation rates. Compared to the previous model series, only a
very small amount of continental sediments are deposited in the western basin (Fig. 5.13,
5.14), before sedimentation rates drop to 0 or even become negative (implying erosion of
previously deposited sediments).
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Figure 5.14: Results of Model 3: effect of barrier slope on capture time (continued).
Cross sections for Model 3a-c (top to bottom). Vertical scale in m, horizontal in km. The left panels
show the time step preceding the capture of the western basin. The corresponding time line is marked
by a bold line in the right hand panels (cross sections at the model end time, 15 My). The other
highlighted (long dash, dotted) time lines represent the end of base level fall and the final stage of
lacustrine sedimentation in the upstream basin respectively. In Model 3a, the western basin is not
completely filled after 15 My. The shelf/slope break is indicated by a dashed line in all panels. Note
the difference in depth to basement in the western basin and the increase in sedimentation rates in both
basins after capture. Further discussion in the text.
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The implications of lake capture on sedimentation patterns are shown in more detail
in Figure 5.14 for each of the three scenarios. In the left series of panels the sediment
geometry in the upstream basin before capture and resulting erosion is shown. The initial
progradation is due to the high sediment input close to the source (Fig. 5.8). The sediments
are progressively spread over a larger area and consequently develop a more aggradational
character, shown also by the path of the shelf-slope break. Capture occurs first for the high
slope model (lower panels). Following capture (time line highlighted in Fig. 5.14, right
hand panels), a downstepping series is deposited during the ongoing water level fall that
results from erosional lowering of the outlet of the western basin, lasting∼2My in all cases.
The sediment accumulation area in the western basin is reduced by the water level fall,
resulting in a local increase in sedimentation rates (see spacing of time lines in Fig. 5.14,
right hand panels) even though the total rate in the whole basin remains unchanged. The
eastern basin shows higher sedimentation rates (wider spacing of the time lines in cross
section, Fig. 5.14, cf. Fig. 5.13) during the time following the capture.

The moment of capture moreover determines the total amount of sediments deposited
in the western basin, and therefore the amount of sediments transferred to the eastern basin.
The longer the duration of the isolated stage of the upstream basin, with its elevated base
level, the more sediment can be accommodated. The duration of the lacustrine stage in the
western basin is therefore most extended in case of the low slope model (upper panels): the
western basin is not completely filled even after 15 My. Delay in the moment of capture, i.e.
a longer isolated life time of the lake at local elevated base level, leads to a higher degree of
overfilling. The resulting high river gradient after capture causes erosion rather than fluvial
sedimentation in the upstream reaches in order to attain equilibrium (compare Fig. 5.12,
5.14).

5.5.2 Rate and magnitude of the barrier uplift

In this series of models, the two basins are initially separated by a barrier at 0m (as in Model
1), which is subsequently uplifted. I address the effect of the uplift rate and magnitude on
the basin connectivity, and the ensuing sedimentation patterns and rates. The width of the
uplifting zone is ∼50km and has slopes of ∼3 degrees.

Model 4: uplift rate

In this model, only the rate of the uplift is varied. The uplift is active during a period of 3
My (from 1 to 4 My), while its magnitude is constant at 400m (Table 5.3). The base level
in the upstream basin is kept at a maximum of 200m by an outlet at the N margin of the
western basin. The surrounding topography is 800m (Fig. 5.8). Results are shown in Figure
5.15.

The conditions in the initial model stage, before the onset of uplift at 2 My, are equal
to Model 1. During this stage, some sediment is transferred from the western to the eastern
basin, shown by the sedimentation rates in the eastern basin that exceed the local supply
(Fig. 5.15b). In the absence of an initial gradient, the two basins are disconnected at the
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Fig. 5.15a.
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Figure 5.16: Results of Model 4: effect of uplift rate (continued).
Cross sections for Model 4a-c (top to bottom). Left panels show the time step preceding capture; right
panels represent the final time step (15 My). Sediments deposited during the uplift stage are shaded.
In the right panels, the highlighted time lines represent the time step preceding capture, the end of
base level fall in the western basin, and the final stage of lacustrine deposition (solid, long dash and
dotted lines respectively). The capture-triggered increase in sedimentation rates in the eastern basin is
much more pronounced in Model 4b and 4c than in Model 4a: the moment of capture coincides with
the last stages of lacustrine infill of the western basin. No fluvial sedimentation is accommodated in
any of the models. Further discussion in the text.
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Figure 5.17: Results of Model 4: effect of uplift rate (continued).
Topography (left) and river long profiles (middle) after 15 My. Stars mark the projected position of
the drainage divide. In the panels zooming in on the barrier (right), the river long profile is projected
on the model x axis for comparing the position of the knickpoint (KP). Bedrock is shaded grey. On
the profiles, vertical scale is in m, horizontal scale in km. Note the difference in length of the graded
reach in the three models, and the KP position which is farthest upstream for Model 4c.
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moment that the barrier rises above 200m, the maximum lake level of the upstream basin.
Uplift of the barrier leads to an increase of the erosion rates in the eastern basin (Fig. 5.15a),
while the erosion rates in the western basin decrease. The changes are most pronounced for
the model with high uplift rate (Model 4c).

The approximately constant sedimentation rates in the eastern basin for Model 4a during
the uplift period (Fig. 5.15b) reflect the continuous connection between the basins, main-
tained by the barrier erosion that is able to keep up with the uplift. The sedimentation rates
start increasing gradually after the end of the uplift stage from 6 My on, due to erosional
lowering of the barrier and increasing sediment transfer from the western basin. For Model
4b and 4c, the sedimentation rates in the eastern basin match the local supply rates from the
moment of disconnection onward (Fig. 5.15b). Capture in these models (marked by x in
Fig. 5.15b) directly leads to the onset of the bulk shift in sedimentation between the basins,
as shown by the sudden and fast increase of sedimentation rates in the eastern basin.

Sedimentation patterns are shown in Figure 5.16. In the left panels, the time step pre-
ceding capture is shown. Note that Model 4a (upper panels) was repeatedly connected and
disconnected during the period of uplift, as incision was able to keep up with uplift. Uplift
of the barrier represents a load that causes deflection of the basin floor adjacent to the barrier
(compare Fig. 5.16, upper left panel and Fig. 5.14, lower left). The sedimentation patterns
in the western and eastern basins subsequent to capture are similar to those in Model 3 (see
Fig. 5.14). However, in Models 4b and 4c, because the barrier rises to an elevation exceed-
ing the maximum upstream lake level, and because - despite the subsidence induced by the
barrier uplift - the available accommodation space preceding capture is smaller (base level
at 200m instead of 400m), the basin fill is in a more advanced stage at the moment of capture
than in Model 3. The capture is followed by an immediate strong increase in sedimenta-
tion rates in the downstream basin (lower panels, see also Fig. 5.15b), instead of the more
gradual increase in sedimentation rates characterizing the low uplift rate model 4a, and also
Model 3b and 3c. The model topography at 15 My and the corresponding river gradients
are shown in Fig. 5.17. Capture is delayed most in the third model (4c) with the highest
uplift rate. This affects the river long profile in two ways: firstly, the river gradient is high
compared to the other two models, it is eroding along its entire length while in the other two
models the rivers are depositing or at grade in front of the barrier. Moreover, the position of
the knickpoint is most pronounced and furthest upstream for Model 4c: headward erosion
was more progressed when capture finally occurred. The increased discharge after capture
leads to erosion of the knickpoint.

Model 5: uplift rate and magnitude

In this model, both rate and magnitude of the uplift are varied. The uplift is active during
2 My, at a rate of 100, 200 and 400 m/My for the different scenarios (Table 5.3). The base
level in the upstream basin is kept at a maximum of 200m by an outlet at the N margin of
the western basin. The surrounding topography is 800m (Fig. 5.8). The results are shown
in Figure 5.18 and 5.19.

The cross sections in Figure 5.18 show the basin geometry at 3.5 My, postdating the
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Figure 5.18: Results of Model 5: effect of uplift rate and magnitude.
Cross sections for Model 5a-c (top to bottom). Left hand panels show the geometry at 3.5 Ma, after
the end of the uplift stage (lasting from 1 to 3 My). The largest uplift (lower panels) also causes the
largest subsidence due to the inherent topographic loading, increasing the accommodation space in
both basins. Right hand panels: final time step (15 My). Highlighted time lines (solid, long dash,
short dash) represent capture time, end of falling stage and end of lacustrine sedimentation in the
western basin respectively. Sediments deposited during the uplift period are shaded. Short dash marks
shelf-slope break.
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Figure 5.19: Results of Model 5: effect of uplift rate and magnitude (continued).
a. Cumulative sediment volumes. Volumes in the western basin are different because of the difference
in accommodation space caused by the loading effect of the uplifting barrier. The basins are not
connected after 15 My in Model 5c. Legend as in Fig. 5.19c.
b. Sedimentation rates. Moment of capture marked by X, for reference the erosion rates in the eastern
basin are shown (thin solid lines). Erosion and sedimentation rates in the eastern basin are equal for
Model 5c. Legend as in Fig. 5.19c.
c. Erosion rates. Period of active uplift indicated by bar. Largest uplift (5c) results in highest erosion
rates in eastern basin.
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uplift stage that took place between 1 and 3 My, and the final geometry at 15 My. The
left panels show the difference in basement subsidence, and consequently accommodation
space, due to differential loading: the largest rock uplift causes the greatest subsidence. This
effect is illustrated in Figure 5.19a, where the total sediment volume in the western basin
is larger for Model 5b than for Model 5a. However, the difference in subsidence does not
significantly affect the capture time for the first two models (5a, 5b): capture takes place at
3 and 3.5 My respectively (Fig. 5.18, 5.19b). In the 800m uplift scenario (5c), the western
basin is not captured in the model run time. The total volume of sediments is much larger
than in the previous two models (Fig. 5.19a), the accommodation space being additionally
enlarged by the more elevated base level. Sedimentation rates in the eastern basin equal the
local erosion rates (Fig. 5.19b).

Note that Model 5b is equal to Model 4b except for the onset of uplift which is at 1
My in this case. Capture of the western basin takes place much earlier than in the previous
model: at 3.5 My, immediately after the end of the uplift stage. This is due to the BC
controlling the lake level, which is initially constrained at max. 200m, but progressively
reduced by erosion of the outlet. Sediments are able to escape the model via this outlet
probably inhibiting sediment overspill and capture of the western basin in Model 5c.

5.5.3 Flexural rigidity
In the previous models (Model 1-5), a constant Te of 10km was adopted (Table 5.3). Here
the effect of flexural rigidity of the lithosphere on sediment distribution, patterns and rates
is investigated, for a range of Te values between 5 and 30 km.

Model 6: constant Te

The initial setup of this model is equal to Model 2c (Fig. 5.8), 800m surrounding topography
with an initial passage at 200m elevation. We address the effect of a range of effective elastic
thickness (Te) values between 5 and 30 km (Table 5.3) on basin fill. The results are shown
in Figure 5.20.

In Figure 5.20a the sedimentation rates in the western and eastern basin are compared
for different Te. As in the previously presented model results, initially, the sedimentation
rates in the western basin are much higher than in the eastern basin for all models. Decrease
of the sedimentation rates in the western basin is mirrored by an increase in the eastern
basin. The overall decreasing trend is due to a progressive decrease in the local supply rate
from erosion of the surrounding mountains.

Onset of the (enhanced) decrease of sedimentation rates in the western basin occurs
first for the most rigid plate (Te = 30 km, at ∼3.5 My). Moreover, the required time to
completely fill up the western basin is shortest on the highly rigid plate (Fig. 5.20; Fig.
5.21). For Te=30km, even the eastern basin is filled up by 10My. For the weaker plates, the
onset time of decreasing sedimentation rates in the western basin is later, and the change
more gradual. Much more time is required to completely fill the basin: the low rigidities
allow the generation of significant additional accommodation space by sediment loading.
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a. Sedimentation rates for different values of effective elastic thickness (Te). Transition from lacus-
trine to fluvial sedimentation in the western basin is marked by stars, the horizontal bars indicate the
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Figure 5.21: Cross sections for Model 6 and 7
Cross sections at 15 My. Vertical line marks change in orientation from W-E to S-N. Bold line indi-
cates onset of fluvial sedimentation in the upstream basin, short dash marks the shelf-slope break.
a. Model 6a, Te = 30km
b. Model 6d; Te = 5km. Note the difference in volume of continental sediments between Model 6a
and 6d.
c. Model 7c; Te west = 5km, Te east = 30km. Te transition over 60 km across the center of the model
is marked schematically at the bottom of the panel.
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Figure 5.22: Results of Model 7: lateral change in lithosphere rigidity.
Sedimentation rates in western and eastern basin. Transition to continental sedimentation in the west-
ern basin is marked by x. The lithosphere rigidity below the western basin influences the expression
of the peak sedimentation in the eastern basin.

The onset of fluvial sedimentation in the western basin occurs just before the peak in
sedimentation rates in the eastern basin for all models. The high rigidity plate causes a
very rapid transfer of the bulk sedimentation from the western to the eastern basin, resulting
in a very pronounced and sudden increase in sedimentation rates in the eastern basin (Fig.
5.20a, peak at 5.5 My). For the weaker plates, however, the change is much more diffuse.
Sedimentation rates in the eastern basin start gradually increasing long before the onset of
the fluvial stage in the western basin.

In Figure 5.20b, the time to the lacustrine/continental transition and the complete filling
of the basin is plotted as a function of Te. In case of a weak lithosphere, the basin infill not
only takes much longer to complete, but it is also preceded by a protracted stage of fluvial
sedimentation (cf. Fig. 5.21, upper panels).

Model 7: lateral transition in Te

These models address the effect of a lateral (W-E) change in Te on sedimentation rates.
Based on the lithosphere rigidities in the Pannonian and Dacic Basins, the Te in the east is
kept at 30km, while its value in the western basin is varied between 5 and 30 km (Table
5.3). The transition is gradual, over a distance of 60 km below the barrier.

The results of this model (Fig. 5.21, lower panel; Fig. 5.22) are similar to those of the
previous model. The rigidity of the lithosphere underlying the western basin determines its
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infill time, and as such the time and rate of the shift of bulk sedimentation to the eastern
basin. Peak sedimentation in the eastern basin is again most pronounced in case of a rigid
western lithosphere. The bulk sedimentation shift occurs ∼0.5 My earlier for all scenarios
than in the previous model, because of reduced subsidence of the eastern margin of the
upstream basin.

5.5.4 Effect of base level change

Model 8: downstream base level fall

We studied the effect of a sea level fall in the downstream basin mainly for its effect on
capture time. The same model setup as in Model 3b is therefore used: the basins are initially
disconnected by a 400m high barrier. A sea level fall of 200m starts at t=0My and proceeds
at different rates, until the intial level is reached again at 8My (Table 5.2, Fig. 5.23a). In
case of the fastest sea level fall (Model 8a), this leads to a 6My lowstand period. The 8My
time interval was chosen based on the results of Model 3b, where capture is predicted at
t=7.5My.

The results are presented in Figure 5.23b, which shows only the sedimentation and ero-
sion rates in the eastern basin. The models show an initial increase in erosion and sedimen-
tation rates, because the falling water table leads to the exposure of a larger area. The rate
of change reflects the rate of the sea level fall. The sedimentation and erosion rates decrease
again during the subsequent sea level rise. Capture of the upstream basin occurs only after
the sea level has retuned to its initial level (marked by arrows). Capture at this stage is likely
triggered by the loading effect of the rising sea level, depressing barrier that was uplifted
and deeply incised during the preceding lowstand period .

From these results it follows that a base level fall does not accelerate the capture of
the upstream basin. To the contrary, the capture occurs 0.5 to 1 My later than in Model 3
(without sea level fall) and is likely triggered by the water load of the rising sea.

5.6 Summary and Discussion

The particular modelling setup was inspired by the Pannonian - Dacic realm. These two
large sedimentary basins, in a foreland and back-arc relation to the Carpathians, are in
very different stages of their tectono-thermal evolution, and as a consequence have greatly
different lithospheric rigidities (Te of 5-10 and 30km respectively; Lankreijer (1998)). The
basins are in restricted connection over a topographic high, with only a small elevation
difference between them, and the upstream sediment supply exceeds the downstream supply.
The conclusions may however be extended to other areas where elevated topography divides
two sedimentary basins, such as the Ebro Basin (foredeep to the Pyrenees) and the adjacent
extensional Valencia trough (Garcia-Castellanos et al., 2003).

In the discussion of the results of the conceptual models, the following issues are ad-
dressed: which factors control the sediment partitioning between the basins, and what is
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Figure 5.23: Results of Model 8 (downstream base level change)
a. Input sea level curves: 200m sea level fall and rise at different rates.
b. Sedimentation and erosion rates in eastern basin compared with results from Model 3b (same setup;
no sea level fall). Increase in sedimentation and erosion rates reflects increase in exposed area due to
base level fall. Arrows mark capture time for the three presented models.
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Table 5.4: Effect of capture on sediment partitioning: end members
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their relative importance? And how do they influence the sedimentary environment (lacus-
trine vs continental) and patterns of sedimentation? I finally discuss the implications of the
modeling results for the study area, including the constraints they give on the timing and
mechanism of the reconnection by incision of the Danube into its gateway.

5.6.1 Sedimentation: distribution and patterns
The key factors controlling the sediment partitioning between the basins are found to be the
upstream accommodation space and, if the basins are initially disconnected, the upstream
accommodation space in combination with the elevation or base level of the upstream basin
at the time of capture (Table 5.4). This will be elaborated for different stages of basin
evolution in the following.

Lacustrine stage; basins are initially connected

The accommodation space in the upstream basin determines the time lag for the major
sediment supply to shift to the downstream basin (e.g. Model 1, 2) even if the basins are in
connection. For a constant initial basin volume, the accommodation space is controlled by
the local base level and the subsidence or due to sediment loading.

The sediment loaded subsidence due to sediment loading is strongly dependent on the
rigidity of the lithosphere: a weak lithosphere (low effective elastic thickness, Te) allows
more subsidence and results in the generation of a larger accommodation space (Model 6,
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Fig. 5.18). The Te does not only determine the timing of the response, it also controls its
rate. A sudden increase in the supply to the downstream basin points to a high rigidity
lithosphere supporting the upstream basin, while a low Te in the upstream basin area re-
sults in a gradual increase in downstream sedimentation rates, regardless of the downstream
lithosphere rigidity (Model 6 and Model 7; Fig. 5.20 - 5.22).

Lacustrine stage; basins are not connected: effect of capture

In case the basins are disconnected, the sedimentary response to the capturing of the up-
stream basin is strongly dependent on its basin fill evolution stage, i.e. the remaining accom-
modation space, and the elevation difference between the basins. The elevation difference
between the basins, i.e. the relative elevation of the pre-capture upstream base level, has a
large effect on the sedimentation patterns in the upstream basin. Sedimentation rates in the
downstream basin are mainly sensitive to the remaining upstream accommodation space.

If the upstream basin is captured when it still has ample accommodation space the re-
sponse to capture in the downstream basin will be limited regardless of the elevation of the
upstream basin. Though the overall increase in sedimentation rates after capture is small
(Model 3a, 4ab), the effect is focused at the outlet (or inlet) and will be locally significant.
The subsequent evolution of the basins will be controlled by the parameters described in
the previous section. In contrast, capture will directly trigger the bulk sediment shift to
the downstream basin if the remaining upstream accommodation space is small at the time
of capture, and/or sufficiently reduced by the capture-induced base level fall (Model 3bc),
which requires a large pre-capture elevation difference between the basins. In this case,
capture will result in a large upstream base level fall by erosional lowering of the outlet. If
the upstream basin is still in the deep lacustrine stage, the base level fall will - depending on
the supply - result in the deposition of a downstepping series (e.g. Model 4, Fig. 5.16). With
constant supply5, the sedimentation rates in the upstream basin are locally greatly increased
because of the reduced sediment accumulation area (Fig. 5.16).

The factors influencing capture time and the elevation difference or infill stage at the
time of capture are potentially causally related. The longer the time to capture, the more
likely the elevated upstream basin will be in an overfilled stage. Factors that determine cap-
ture time are the barrier geometry: its slope, width and elevation, and the rate and magnitude
of uplift of the barrier. The elevation (and uplift) of the barrier plays a double role: a high
initial barrier will delay capture, moreover it may contribute to a higher base level in the
upstream basin.

5Though the relation between climate (wet/dry) and sediment supply is not straightforward due to the role of
vegetation, as a first order approximation it is valid to assume that an increase in precipitation will lead to an
increase of sediment supply. Base level changes induced by the hydrological balance in the drainage area of the
endorheiclake (evaporation/precipitation ratio) will therefore be associated with changes in supply rates: a dry
climate will cause base level lowering and reduction of the sediment supply. In contrast, base level lowering by
capture is an external control, not associated with a decrease in sediment supply. To the contrary, a positive local
hydrological balance, by inducing an initial rise in base level, could trigger capture - and lead to a base level fall
instead. In this case, the base level lowering would be associated with high supply rates.
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Fluvial behavior

The (post-capture) fluvial behavior is determined by the difference between the actual and
the equilibrium river gradient: the river will try to attain its equilibrium gradient and do so
by either incision or deposition. The response is determined by the degree of overfill of the
upstream basin at the lacustrine-fluvial transition.

If capture occurs in a late stage, when the upstream accommodation space is nearly
filled, the upstream basin will be overfilled and exhumed. The larger the elevation differ-
ence, the larger the degree of overfill and the larger the subsequent river incision. If capture
happens in an earlier stage, with ample upstream accommodation space, fluvial sedimenta-
tion is likely in case of low lithosphere rigidities (Model 6, 7 in Fig. 5.20 - 5.22).

The volume of continental sediments is influenced by the initial elevation of a pre-
existing passage or gateway. The results from Model 2 show that, due to the erosion-
resistant barrier, the initial elevation of the passage (and as such, upstream base level) con-
trols the upstream accommodation space and corresponding continental sedimentation in
the last stage of basin fill evolution, causing differences in the total sedimented volumes
(Fig. 5.11a, 5.12). This is despite the fact that the same gradient is established between the
upstream and downstream basin in all three models within the first 2 My (Fig. 5.11b).

Even after capture and basin infill, the barrier keeps controlling the upstream base level
by forming a knickpoint (KP) in the river long profile (see also section 3.2 in this Chapter
and Fig. 5.4). The mechanisms underlying the KP formation promote upstream fluvial
sedimentation as can be seen by comparing the results from Model 1 and Model 2.

In Model 2, the barrier, uplifting by flexural isostatic rebound in response to erosion,
separates two depocenters in the model area. In order to maintain its gradient across the
erosion-resistant uplifting barrier, the river responds by upstream deposition. The larger the
upstream generation of accommodation space by subsidence, the larger the accumulation of
fluvial sediments. This is well expressed by the results of Model 6 (Fig. 5.20, 5.21), where
low Te values (Model 6d) lead to large subsidence in the basins (and higher uplift of the
barrier), accommodating a large volume of continental sediments compared to the high Te
values in Model 6a.

In case of Model 1, the initial elevation of the barrier is at sea level. It subsides with the
sediment loaded adjacent basins, and is buried by sediment itself. The wavelength of the
subsiding area is different in this case, even though the rigidity of the supporting lithosphere
is the same in both models. The river is able to maintain its gradient across the former barrier
without any deposition or incision and is consequently at grade over its entire length.

5.6.2 Implications for the evolution of the Pannonian-Dacic area

Since the Sarmatian, Lake Pannon and the Dacic Basin existed as two water masses at
a relatively small elevation difference (in comparison with e.g. the Ebro Basin and the
Mediterranean, see Garcia-Castellanos et al. (2003)), separated by an elevated barrier. The
modelling results allow some inferences on the subsequent evolution of the Pannonian and
Dacic Basins as a function of their connectivity. As discussed above (Table 5.4), the mod-
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elling predicts that in a system such as the Pannonian-Dacic region, changes in connectivity
may be recognized mainly from sea/lake level changes in the upstream basin and supply
changes in the downstream basin. In this section, the effects of connectivity are addressed
separately for the (upstream) Pannonian and (downstream) Dacic basins, for the two differ-
ent connectivity scenarios (i.e. the ‘capture’ and ‘antecedent river’ scenarios for the Danube,
corresponding to an initial disconnection due to the Sarmatian uplift, and a permanent flu-
vial connection respectively) and with an emphasis on the MSC. The key factors controlling
connectivity in the study area are identified, and the observations are reviewed in the light
of the modelling results.

Pannonian Basin

According to the modelling results, connectivity with the downstream Dacic Basin could
influence the Pannonian lake level in two ways, corresponding to the models for the for-
mation of the Danube Gorges of paragraph 5.3.1. Capture of the upstream Pannonian Lake
would lead to a lake level fall, its magnitude determined by the relative elevation of the Pan-
nonian lake at the time of capture with respect to the downstream Dacic Basin (Model 3).
Alternatively, in case of an existing fluvial connection, the adaptation of the river gradient in
the Danube gateway to the MSC-related lowering of the sea level in the Dacic Basin would
lower the Pannonian lake level as well (see also Tari et al., 1992).

The rapid retreat of the coastline of Lake Pannon between 6.5 and 4.5 Ma, as recon-
structed by Magyar et al. (1999a) (Fig. 5.1) closely matches in time the 2nd order sequence
boundary observed in the Hungarian part of the Pannonian Basin and suggests that this se-
quence boundary is indeed associated with an absolute lake level fall. The hiatus associated
with this boundary is roughly dated at 6.3 - 3.9 Ma (Juhász et al., 1999), estimates vary-
ing in different parts of the basin (Csató, 1993; Pogácsás et al., 1992; Vakarcs et al., 1994;
Juhász et al., 1999; Sacchi et al., 1999).

The lake capture model assumes that the Sarmatian uplift defeated the river crossing

Figure 5.24 (facing page): Lake Pannon: equilibrium endorheic lake surface.
a. Water balance within a drainage area;
b. Equilibrium surface (Aw) of a hypothetical endorheic Lake Pannon for different precipitation (P)
and evaporation rates (at land, El), as a function of evaporation at the lake (Ew). Curves (a) and (b)
are based on the average present day outflow Qout of the Danube at the Iron Gates of 5450 m3/s
(http://www.grdc.sr.unh.edu/). If zero evaporation is assumed, this yields an average annual precipita-
tion of 287 mm/y (a). The actual present-day annual precipitation is 600mm/y in Hungary (VITUKI,
2002), corresponding to an El of 313 mm/y (b). Assuming the average Miocene precipitation values
(1200 mm/y, Böhme et al. (2006)) leads to a much larger estimate of endorheic lake size (c, d). Heavy
horizontal dashed line represents maximum Middle Miocene surface area of lake Pannon (after Mag-
yar et al., 1999a); the surface area in the present-day Pannonian drainage area below 100 and 200m
(derived from SRTM DEM) is shown for reference. These equations show that, within the range of
present day evaporation rates at lake Balaton, an endorheic lake is unlikely for any of the considered
P/El ratios and suggest that a permanent outflow must have existed.
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the barrier and created an endorheic Pannonian Lake. Once disconnected, any lake level
changes were due to local climatic factors (i.e., the balance between water influx and evap-
oration in the drainage area; (e.g. Juhász et al., 1999)). Controlled by restored connectivity
to the Dacic Basin, the Pannonian lake level fall needs not be associated with a dry climate.
To the contrary, capture was likely triggered by an increase in the precipitation/evaporation
ratio in the Pannonian Basin, inducing an initial rise in the lake level and leading to a lake
level fall instead (see also Garcia-Castellanos (2006) for a more detailed discussion on the
parameters influencing lake capture). It was found that large uplift and high uplift rates de-
lay or even inhibit the reconnection, while the rise of the lake level to the top of the barrier
greatly accellerates it, if not a prerequisite. Lake level changes in the Pannonian Basin in the
order of 10’s of meters (Sacchi et al., 1999), imply that the Sarmatian uplift of the Djerdap
barrier was of limited magnitude, otherwise the Danube would not have been able to attain
its present-day course by capture of the Pannonian Lake. However, Sarmatian apatite fis-
sion track ages along the Danube gorges (Bojar et al., 1998) argue for a much larger uplift,
which would require a major rise in the Pannonian lake level for capture to occur. Because
of the tectonic structuring of the South Carpathian orocline Fig. 5.2) the capture model may
not be precluded on the basis of the large Sarmatian uplift. Localization of erosion would
counterbalance the effect of isostatic uplift of the barrier due to erosional unloadingand fa-
cilitate the rivers in keeping the passage at a reduced elevation. Additional modelling giving
more precise estimates on the balance between uplift and incision, and taking into account
lateral differences in erodibility is required to test this hypothesis and the genetic model in
taking into account lateral differences in erodibility is required to test this hypothesis and
the genetic model in Figure 5.3c. A downstream sea level fall was not found to have an
accellerating effect on lake capture. If capture induced the lake level fall of the Pannonian
Basin, it is difficult to attribute it to the sea level fall in the Dacic Basin associated with the
MSC. To the contrary, the additional mass of a higher sea level may depress the remain-
ing barrier and trigger capture. Caution is required with respect to the duration of the sea
level change: this result may be an artifact of the instantaneous response of the elastic plate
model. A capture-induced lake level lowering in the Pannonian Basin would not be associ-
ated with a decrease in supply rates , since it is not necessarily associated with a decrease in
precipitation (cf. Chapter 4 where a similar mechanism is argued for the Dacic Basin), but
it could lead to a change of the course of the rivers supplying the basin (Sztano et al., 2007).

In the second, antecedent river model, the fluvial connection between the basins is main-
tained despite the Sarmatian uplift because the incision of the Paleo-Danube could keep
up with the uplift in the belt. The Pannonian lake level would be controlled by the ele-
vation of the outlet, and kept at a more or less constant level depending on the balance
between (isostatic) uplift rate of the barrier and river incision. An increase in the evapora-
tion/precipitation ratio could lead to the loss of the connection (Garcia-Castellanos, 2006).
By means of a calculation of the water balance in the Pannonian drainage area upstream
of Djerdap (Fig. 5.24), the endorheic lake size that would be attained if the Danube were
blocked at the Iron Gates can be predicted. The calculations show that for the present
day range of precipitation and evaporation values, the predicted lake size exceeds even the
maximum extent of Lake Pannon during the Sarmatian (Fig. 5.1, Magyar et al. (1999a)).
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The Early Late Miocene precipitation in Western and Central Paratethys is estimated at
1200mm/y (Böhme et al., 2006), and would lead to an even larger endorheic lake size (Fig.
5.24). After the Sarmatian uplift closed the open water connections between the Pannonian
and Dacic Basins, a fluvial connection must have evolved in order to maintain the lake size.
The low salinity of lake Pannon during its endemic Pannonian stage is an additional argu-
ment for a fluvial connection between the two basins (Kázmér, 1990) even if the outflow
occurred along subsurface karstic channels (Menkovic and Koscal, 1997). These calcula-
tions (Fig. 5.24) prompt futher investigation of the relationship between endorheism and
endemism, but suggest that endorheism is not a prerequisite for the Pannonian endemism.
If the Pannonian lake level lowering resulted from the deeper incision of an existing river
into its gateway due to the large MSC-related base level fall in the Dacic Basin, the two
events of base level fall can be directly correlated. This would constrain the time of the
Pannonian lake level fall to the Middle Pontian (of the Eastern Paratethys), i.e. at ∼5.5 Ma
(Vasiliev et al., 2004b, 2005). A pre-Pontian fluvial connection may additionally explain
the occurrence of Meotian Pannonian-derived freshwater Congeria in the western part of
the Dacic Basin (Olteanu, 1979).

Dacic Basin

The model predicts that the onset of the fluvial connection between Dacic and Pannonian
lakes should be marked by locally increased sedimentation rates in front of the Danube gate-
way in the Dacic Basin, even if the reconnection occurred before the upstream Pannonian
lake completed its infill and attained its fluviatile stage. A much more pronounced increase
in sedimentation rates would be associated with the overfill of the Pannonian Basin. The
reconnection would lead to asymmetric sedimentation in the Dacic Basin, involving the
deposition of larger volumes of sediment in front of the Danube gorges than elsewhere.
Sedimentation took place in the Dacic basin in a rather symmetrical way during late Sarma-
tian - early Meotian, following the orogenic uplift of the South Carpathians (e.g. Răbăgia
and Matenco, 1999; Tărăpoancă et al., 2007). The onset of the asymmetrical sedimentation
took place during the Meotian (SSQ1, see Chapter 4). Combined with the unidirectional
character of fauna (i.e. always from the Pannonian towards the Dacic Basin), this would
suggest, although not exclusively, that the onset of fluviatile connection took place during
the Meotian. More detailed modeling and/or calculations of water budgets through time, as
well as better constraints on the uplift of Djerdap are required to determine the exact timing
of the reconnection.

Once the connection was established, the transfer of the bulk sediment to the Dacic
Basin was only gradual, due to the weak Pannonian lithosphere (Te estimated at 5-10 km
by Lankreijer, 1998; Cloetingh et al., 2006). The low rigidity effect will be even enhanced
by the ongoing subsidence in the Pannonian Basin, which was not taken into account in
the model. However, the Pannonian lake level fall led to a reduction in the accommodation
space, enhancing the downstream sediment transfer. Locally, at the inlet of the Danube into
the Dacic Basin, the effect is evident from the sediment volumes sourced from the west,
which are much larger than elsewhere along the western Dacic basin margin (Chapter 4).
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5.7 Conclusions

Modelling of the causes and effects of changing connectivity between two large sedimentary
basins was inspired by the setting of the Late Miocene Central and Eastern Paratethys,
where open water communication was disrupted by the uplift of the South Carpathians.
Results from a parameter study in such a setting point out that changes in connectivity are
registered in the upstream basin mainly by lake level changes, and by supply changes in
the downstream basin. A fluvial connection between two large sedimentary basins that are
separated by an elevated barrier will only be established if the upstream lake level is able to
rise to the top of the barrier. Capture and adaptation of the river gradient across the barrier
to a subsequent downstream base level lowering will result in an upstream lowering of the
lake level. The counteracting effect of isostatic rebound is reduced by lateral differences
in erodibility, controlled by tectonic structuring, allowing the connecting river to incise
relatively deeply in its gateway.

The ensuing sediment partitioning between the basins is controlled primarily by the ac-
commodation space in the upstream basin, which in turn is a function of the lake level and
subsidence. The rigidity of the lithosphere is the most important parameter influencing the
sediment partitioning, controlling both the timing and the rate of the bulk sediment shift. A
strong lithosphere will lead to a fast and sudden shift while for a weak lithosphere the re-
sponse is more gradual. The capture event itself will not lead to a strong downstream change
in sedimentation rates, unless it coincides with or triggers the completion of the infill of the
upstream accommodation space, which may occur for a large elevation difference between
the basins. Locally, at the inlet in the downstream basin, an increase in sedimentation rates
due to capture is predicted.

The fluvial connection between the Pannonian and Dacic Basins, after open water com-
munication was disrupted by the Sarmatian uplift of the Carpathian barrier, was most likely
re-established during the Meotian, as suggested by the increased sedimentation in front of
the Iron Gates, and the low salinity of Lake Pannon during the endemic Pannonian stage,
(Kázmér, 1990). Calculations of a water balance for the Pannonian drainage area also argue
for an early reconnection. It is tentatively suggested that lateral differences in erodibility
due to tectonic structuring of the belt helped to keep the future gateway between the basins
at a reduced elevation, facilitating the later capture. The 200m Messinian sea level fall in
the Dacic Basin (Chapter 4) resulted in deeper fluvial incision into the Danube gateway,
which caused the lowering of the Pannonian lake level; the connection between the basins
was permanent from then on. The lowering of the Pannonian lake level marked the end
of the 2nd order ’Late Miocene sequence’ (sensu Juhász et al., 1999), enhanced the final
infilling of the basin and increased the sedimentation rates into the Dacic Basin. The down-
stream increase in sedimentation rates was only gradual due to the low lithosphere rigidity
and ongoing subsidence and generation of accommodation space in the upstream Pannon-
ian Basin. The ongoing Pannonian subsidence additionally enhanced the accommodation
of large volumes of fluvial / shallow lacustrine sediments.

Combined with constraints from basin-scale seismic sequence stratigraphy (Fig. 5.6), I
conclude that this type of modelling is a promising tool for reconstructing paleogeographic
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evolution, aiding the interpretation of the existing biostratigraphic database and outlining the
need for additional (field) constraints on the vertical motions in the barrier and its flanking
basins.





Chapter 6

Synthesis

In this final chapter, the key results of the thesis are summarized, followed by a discus-
sion on the consequences for the general understanding of the late orogenic evolution of
the Carpathians and its peripheral basins. The results of this PhD research are placed in the
framework of recent and upcoming results from projects in the ISES Pannonian-Carpathian
programme. Remaining challenges are identified and I propose some ideas for further re-
search that will help provide additional constraints from data or modelling, required to ad-
dress the open issues.

6.1 Controls on foredeep geometry and vertical motions
in the SE Carpathian Bend Zone

6.1.1 Syn-collision evolution

Lateral variations in lithospheric strength have often been adopted in flexural modelling
(both 2D and 3D) to better fit the observed basement deflections, typically supported by
gravity data. The approach in these studies essentially provides a “snap-shot” of the role
of lithosphere strength in determining the present day geometry. Transitions in lithospheric
strength are common in the foreland of orogens and show large variations in the width
of the transition zone and the strength difference (Desegaulx et al., 1991; Millan et al.,
1995). Former passive margins, for instance, will display strength changes distributed over
several tens to hundreds of kilometers. Other transitions may originate from juxtaposition
or accretion of pieces of lithosphere with different properties and may be characterized by
a much smaller width than former passive margins.

The syntectonic kinematic flexural modelling (Chapter 2) is conceptually different from
the classical flexural forward modelling studies because of the time stepping approach, in-
volving the migration of an (orogenic) load toward and across a transition in lithosphere
rigidity. Using a 2D elastic thin plate model, the effect of different transition widths and
strength contrasts on foredeep geometry and bending stress was investigated. It is shown
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how a spatial change in lithosphere rigidity leads to important temporal changes in basin ge-
ometry. The interference of flexural wavelengths across the transition affects the foredeep
geometry by causing rapid basin widening, oscillation of the bulge and volume increase.
The basin widening occurs at a higher rate than the forelandward displacement of the load.
The bending stresses are found to concentrate and amplify around the strength transition.
Large transition gradients, i.e. a large strength contrast or a narrow transition zone, cause
the highest rates of change.

The Early Sarmatian transgression over the East Carpathian foreland can be explained
as the effect of basin widening due to the advance of the Carpathian orogenic load towards
the transition between the East European Craton and the Moesian Platform.

6.1.2 Post-collision evolution
The key result from the geometric analysis and kinematic reconstructions of depth con-
verted high-resolution seismic data from the western flank of the Focşani Depression was
the conclusion that post-collisional tectonic movements in an orogen and its adjacent fore-
land basin, related to intraplate stress and the presence of a remnant slab, are capable to
induce significant deformations overprinting the existing patterns of nappe emplacement.
The vertical motions in the SE Carpathian Bend Zone, associated with very limited post-
orogenic intraplate shortening, are of similar magnitude as those generally caused by large
orogenic deformations. The data analysis led to the recognition of two stages in the post-
collision evolution. In the Latest Miocene - Pliocene, up to 6 km of sediments of remarkably
parallel stratification were deposited in a basin extending over a large part of the present-
day orogen. Subsequently, the Early Quaternary featured a dramatic change as the orogen
was uplifted while subsidence continued in the basin, tilting the basin flank adjacent to the
orogen to a vertical position.

The remnant slab presently located below the Bend zone in Vrancea is the prime mecha-
nism to have driven the Pliocene subsidence. The Quaternary changes and the eastward mi-
gration of the pattern of vertical motions can be explained by large-scale folding in response
to the overall compressive regime that is recorded in the whole Pannonian-Carpathian area
(Horváth and Cloetingh, 1996).

6.2 Evolution of the Carpathian peripheral basins in the
framework of Paratethys - Mediterranean interactions

Interactions within the Paratethys realm, and between the Paratethys and the Mediterranean,
have traditionally been discussed on the basis of paleontological investigations (e.g. Orszag-
Sperber, 2006). This high resolution semi-qualitative approach suffers from the strong local
environmental variability within the individual sub-basins, complicating the distinction of
the first-order communication patterns. Building on the constraints given by this extensive
data set and on newly available absolute age constraints (Vasiliev et al., 2005), a differ-
ent approach based on seismic sequence stratigraphy and numerical modelling elucidates
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the processes controlling the Paratethys - Mediterranean and intra-Paratethys basin connec-
tivity, and the implications for lake / sea level changes, sediment partitioning and fauna
distribution.

6.2.1 Expression of the Messinian Salinity Crisis in the Dacic Basin

From the sequence stratigraphic interpretation of a large composite seismic section covering
the western Dacic Basin (Chapter 4), the large Mediterranean sea level changes associated
with the Messinian Salinity Crisis were shown to have affected the Dacic Basin as well. The
sea level changes in the Dacic Basin related to this event amount to 100’s of meters, largely
exceeding glacio-eustatic values in rate and magnitude. The Middle Pontian (Portaferrian)
sea level fall exposed the entire shelf, greatly reducing the sediment accumulation area and
increasing the apparent sedimentation rates. A large lowstand wedge developed, prograding
into the remnant ∼300m deep basin. During the lowstand, the sea was kept at a constant
level by the elevation of the Scythian pathway, the barrier with the Black Sea in the east.
The subsequent Late Pontian (Bosphorian) sea level rise flooded the entire basin to the
present-day margins. Near the Iron Gates, where the Danube enters the Dacic Basin from
its gateway through the South Carpathians, the large Gilbert-type delta mapped by Clauzon
et al. (2005) can be correlated to the Late Pontian high stand.

6.2.2 Causes and effects of changing connectivity

The causes and effects of changing connectivity between the Pannonian and Dacic Basins
were further explored by numerical modelling, addressing a number of factors that poten-
tially influence the connectivity and sediment partitioning between the two basins: barrier
geometry and uplift rate, lithosphere rigidity, and sea or lake level changes (Chapter 5).

It was found that a fluvial connection between two large sedimentary basins that are
separated by an elevated barrier will only be established if the upstream lake level is able
to rise to the top of the barrier. Capture of the upstream lake and adaptation of the river
gradient across the barrier to a subsequent downstream base level fall will result in lowering
of the upstream lake level. The counteracting effect of isostatic rebound is reduced by lateral
differences in erodibility, controlled by tectonic structuring, allowing the connecting river
to incise relatively deeply in its gateway. Capture is delayed by a large width and high uplift
rates of the barrier.

The ensuing sediment partitioning between the basins is controlled primarily by the ac-
commodation space in the upstream basin, which in turn is a function of the lake level and
subsidence. The rigidity of the lithosphere is the most important parameter influencing the
sediment partitioning, controlling both the timing and the rate of the bulk sediment shift. A
strong lithosphere will lead to a fast and sudden shift while for a weak lithosphere the re-
sponse is more gradual. The capture event itself will not lead to a strong downstream change
in sedimentation rates, unless it coincides with or triggers the completion of the infill of the
upstream accommodation space, which may occur for a large elevation difference between
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the basins. Locally, at the inlet in the downstream basin, an increase in sedimentation rates
due to capture is predicted.

The fluvial connection between the Pannonian and Dacic Basins, after open water com-
munication was disrupted by the Sarmatian uplift of the Carpathian barrier, was most likely
re-established during the Meotian, as suggested by the increased sedimentation in front of
the Iron Gates, and the low salinity of Lake Pannon during the endemic Pannonian stage,
(Kázmér, 1990). Calculations of a water balance for the Pannonian drainage area also argue
for an early reconnection. It is tentatively suggested that lateral differences in erodibility
due to tectonic structuring of the belt helped to keep the future gateway between the basins
at a reduced elevation, facilitating the later capture. The 200m Messinian sea level fall in
the Dacic Basin (Chapter 4) resulted in deeper fluvial incision into the Danube gateway,
which caused the lowering of the Pannonian lake level; the connection between the basins
was permanent from then on. The lowering of the Pannonian lake level marked the end
of the 2nd order ’Late Miocene sequence’ (sensu Juhász et al., 1999), enhanced the final
infilling of the basin and increased the sedimentation rates into the Dacic Basin. The down-
stream increase in sedimentation rates was only gradual due to the low lithosphere rigidity
and ongoing subsidence and generation of accommodation space in the upstream Pannon-
ian Basin. The ongoing Pannonian subsidence additionally enhanced the accommodation
of large volumes of fluvial / shallow lacustrine sediments.

6.3 Discussion

6.3.1 On the (post-orogenic) vertical motions in the SE Carpathians
In this thesis, an elastic thin plate approximation was used in the flexural modelling studies.
This is valid for the conceptual approach of the modelling in both Chapter 2 and Chapter 5.
However, the subsidence and inversion in the Carpathian Bend Zone and adjacent Focşani
Depression can only be partly explained by elastic foreland flexure below a vertical topo-
graphic load. A different approach is required to properly explain the vertical motions. After
discussing additional constraints on the Quaternary-recent inversion, I give some considera-
tions on the factors responsible for the uplift of the Carpathian Bend Zone and subsidence in
the adjacent Focşani Depression., These factors comprise the geometry of the applied load
and the role of intraplate stresses. Since surface topography does not only represent a load,
but equally the response to loading and intraplate stresses, I argue for a careful approach of
loading in agreement with Ershov et al. (1999) and Zhong and Zuber (2000).

Quaternary - Recent uplift in the Carpathian Bend Zone 1

In order to fully understand the coupled evolution of orogen and basin and to further
constrain the evolutionary model proposed in Chapter 3, the observations of ongoing sub-
sidence and eastward migration of the depocenter in the Focşani Depression need to be
integrated with constraints on the uplift / exhumation history of the adjacent orogen.

1This section was co-authored by Karen Leever and Sandra Merten and is based on work in progress
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Recent and upcoming results confirm the very young exhumation age of the Carpathian
Bend Zone (Merten et al., 2005; Necea et al., 2005). After the first apatite fission track
(AFT) studies by Sanders et al. (1999), these studies further constrain the SE-Carpathian
exhumation history by low temperature geochronology (U-Th/He and additional AFT data)
and geomorphology in SE-Carpathian key areas. In the northern area (Putna valley), a min-
imum of 750m of early Quaternary - recent uplift on the W flank of the Focşani Depression
was constrained by detailed terrace studies and exposure age dating (Necea et al., 2005,
2006). Across the belt, from the Focşani region into the Brasov area, Quaternary uplift rates
decrease from east to west. In the south, along Buzau river, reset U-Th/He ages occur in
the center of the belt and range from 2-3 Ma (Merten et al., 2005). These data all confirm
the active Quaternary uplift of the SE Carpathians; GPS constraints moreover indicate the
present day active uplift and subsidence in the Bend Zone - Focşani region (van der Hoeven
et al., 2005).

Provenance analysis (Panaiotu et al., 2007) indicates an earlier reversal of the drainage
pattern at∼6Ma, when sediments from Transylvanian volcanic source areas no longer reach
the East Carpathian foreland. This drainage inversion might be related to the onset of uplift
in the Bend Zone, but needs not be associated with significant vertical motions. Instead it
may be related to the evolution of the Brasov drainage system ((Fielitz and Seghedi, 2005);
see below).

New constraints from the morphology of the Bend Zone and Buzau river are in prepara-
tion. The Buzau river transversely crosses the Carpathians in the center of the SE Carpathian
Bend Zone. In its upstream reaches, the river makes a conspicuous 180◦ turn at the village
of Intorsura Buzaului, situated in a broad valley filled with Quaternary sediments (Fig. 6.1).
A similar geometry is observed for its NE tributary, Bisca Mare. In this area, the main
Carpathian drainage divide does not correspond to the highest elevations; both Buzau and
Bisca Mare cross the highest topography which is a secondary drainage divide to the other
rivers. Instead, the main drainage divide follows the contours of the intramontane Brasov -
Gheorgieni - Tirgu-Secuiesc basin system. The W-flowing rivers that drain into the Transyl-
vania Basin are associated with the tectonic evolution of these intramontane basins. These
rivers have captured and overprinted the E-flowing drainage since the late Miocene (Fielitz
and Seghedi, 2005).

However, capture by west-flowing rivers related to the Brasov basin does not explain a
number of other features such as the position of the main drainage divide with respect to
the highest topographic elevations, the 180◦ turns and the shape of the river long profiles of
Buzau and Bisca Mare as well as the Quaternary sedimentation in their upstream reaches
(Fig. 6.1 - 6.3; observations from the 1:1000,000 geological map of Romania (Săndulescu
et al., 1978) and 90m resolution DEM (http://srtm.csi.cgiar.org/)).

The above observations are interpreted as Quaternary - Recent active uplift, with the
highest present-day topography corresponding to the centre of uplift. Of the four originally
E-flowing rivers, Teleajen and Bisca Mica have been defeated by the uplift, their upstream
reaches being captured by Buzau and Bisca Mare respectively, leading to the development of
the 180◦ turns. The latter two rivers managed to keep their pre-Quaternary course, maintain-
ing their gradient across the uplifting region by upstream sedimentation and deep incision
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Figure 6.1: Drainage in the SE Carpathian Bend Zone.
The main Carpathian drainage divide lies west of the highest topography. A secondary drainage di-
vide (dashed line) coincident with the highest topographic elevations is dissected by Buzau and Bisca
Mare (1). In their upstream reaches, between the main and secondary drainage divides, both Buzau
and Bisca Mare make a conspicuous 180◦ turn, accompanied by active sedimentation (yellow ar-
eas, derived from 1:1,000,000 geological map of Romania). The valley is wider here, and narrowing
downstream (see Fig. 6.3). Orange stars mark wind gaps, i.e. places where the river valley continues
across the drainage divide. The valleys of Buzau / Teleajen and Bisca Mare / Bisca Mica are con-
tinuous across the secondary drainage divide, but the rivers flow in opposite directions. Knickpoints
in the long profiles of Buzau, Bisca Mare and Bisca Mica (red stars, see also Fig. 6.2), are aligned
approximately parallel to the earthquake hypocenters.
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Figure 6.2: River long profiles
For reference, the river long profiles are separated in segments indicated in Fig. 6.1. The Buzau long
profile is concave in the N-flowing upper reach (A) and flat in the upstream reaches across Intorsura
Buzaului and a deeply incised region further downstream (B). The knickpoint (KP), downstream of
which the river resumes a straight to concave shape (C), coincides with the secondary drainage divide
in Fig. 6.1. A similar pattern is observed for Bisca Mare (1), showing a very distinct convexity across
the highest topography (Fig. 6.1); the exact location of a KP is less well defined. The defeated Bisca
Mica (2) features a KP at ∼10 km from the drainage divide. No distinct KP is observed in Zabala
(3) up to its confluence with Putna, though its upstream reaches (0-25 km) appear convex rather than
concave.
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Figure 6.3: Valley cross profiles of river Buzau
The five valley cross profiles are derived from N-S along
section B of Buzau river at a spacing of ∼5km. The flat
valley floor and inclined walls represent a V-shaped flu-
vial erosive valley that was later filled in by sediments.
According to the estimated depth to the bottom of the
previously eroding valley (dashed line), the thickness of
the sediments in Intorsura Buzaului is up to 150 m. Fur-
ther downstream towards the deeply incised region, the
valley assumes a V-shape. Higher up, the valley slope
shows a change in dip (marked by arrows), possibly re-
lated to enhanced incision after the onset of the Quater-
nary uplift.



6.3 Discussion 157

across it, enhanced by the extra sediment supply and discharge from the captured rivers.

Flexure of an elastic plate vs. yielding

As elastic flexure modelling, despite lateral changes in Te, fails to correctly predict the basin
geometry in Focşani (Matenco et al., 1997b; Tărăpoancă et al., 2004), yielding is poten-
tially very important (e.g. Lin and Watts, 2002). In previous Carpathian flexural modelling
studies, even the syn-orogenic basement deflection, obtained from restoring the basement
depth below the Focşani Depression (Tărăpoancă et al., 2004), could not be correctly repro-
duced by an elastic thin plate model: the observed wavelength is smaller than the predicted
wavelength. The flexural modelling in Chapter 2, equally based on an elastic thin plate
approach, predicts concentration and amplification of the bending stresses around the tran-
sition in lithosphere rigidity between the Moesian Platform and the East European Craton.
This would likely induce yielding of the Moesian plate, accommodated by normal faulting.
Indeed, active normal faulting is observed at the eastern side of the Focşani Basin and may
partly explain the observed reduction of the flexural wavelength.

Defining the vertical density loads

The following expands on the application of ’topographic’ and ’buried’ loads, both repre-
senting density loads of the form q = ρgh, and the influence of lateral differences in their
vertical distribution.

In the conceptual modelling of Chapter 2, loading was simulated simply by placing a
block of constant size and density on top of an elastic plate and by filling the resulting
deflection with sediments. In previous studies, the surface topography has been used as
a well-defined constraint, the space below it filled by material of crustal density and the
calculation repeated for different rigidities until the calculated basement deflection matches
the observed one (e.g. Royden, 1988a). Apart from the rigidity of the loaded lithosphere,
the vertical flexural isostatic response to these density loads is determined by the size of the
load and by the density differences between the thickened crust and basin fill replacing high
density mantle material and air. The density load is affected by thermal processes, causing
density changes, and surface mass redistribution, leading to thickness changes.

In a number of cases, including the Carpathian Bend Zone (Royden and Karner, 1984;
Tărăpoancă et al., 2004) the topographic load as defined above was shown to be insufficient
to explain the observed basement deflection and ’buried’ loads were invoked to explain the
excess deflection, in case of the Carpathians attributed to the remnant Vrancea slab. As
pointed out by Bertotti et al. (2003), however, the downward pull of a slab disagrees with
the observed coeval uplift of the orogen.

In extensional settings, lateral differences in the vertical density distribution have been
generally accepted as an explanation for the uplifted margins of rifted basins. The so-called
’necking depth’ is defined as the level around which the lithosphere thins, and which does
not move vertically in the absence of isostatic restoring forces (Braun and Beaumont, 1989;
Kooi et al., 1992). The depth of necking describes the vertical density distribution, and the
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resulting upward or downward deflection. Generally overlooked, the concept of necking
should be as readily applicable to convergent settings, replacing the term ’necking depth’
by ’neutral level’. In numerical studies of foreland flexure, the neutral level is typically
and implicitly assumed to coincide with the base of the crust, whether the loading is static
((Matenco, 1997; Tărăpoancă, 2004) and this thesis), kinematic (Garcia-Castellanos, 2002)
or even dynamic, by definition of the ’S-point’ at the base of the crust (e.g. Willett et al.,
1993). An exception is the study by Zhong and Zuber (2000) who explicitly address this
issue and found that the relative viscosity between lithosphere and asthenosphere determines
the depth of the neutral level in mountain belts. However, it does not solve the problem of
insufficient topographic loading since a shallower neutral level will only lead to a reduction
of the load.

Horizontal loading by intraplate stresses

>From the discussion above it follows that vertical density loads alone can not explain
the observed uplift-subsidence couple in the Carpathian Bend Zone. The wavelength of
a purely elastic response to vertical loading and unloading could not easily explain the
subvertical position of the sediments on western flank of the Focşani Depression. Even for a
more realistic elastic-viscous-plastic depth-dependent rheology, intraplate stresses would be
required to explain this geometry. The response to the horizontal stresses (see also Cloetingh
et al., 1999; Sokoutis et al., 2005) - we proposed buckling and reverse basement faults - is
to be the subject of further research (Ch 6.4).

6.3.2 On the causes and effects of intra-Paratethys connectivity

The connectivity between the restricted marine basins of Paratethys was shown to have po-
tentially major effects on sediment partitioning between the different parts of the system
by controlling both base level and supply. In the thesis, only a small part of the Paratethys
/ Danube system was addressed. An integrated study of the coupled source-sink system
and the controls on paleogeography and sediment partitioning should include also the con-
nections between the Central and Western Paratethys (Alpine foreland) and the northern
continuation of the Dacic Basin into Poland and the Ukraine. Downstream, the pathway
along which the Dacic Basin communicated with the Black Sea (and eventually the Mediter-
ranean) remains to be explored.

The combination of basin-scale seismic sequence stratigraphic interpretation and numer-
ical modelling of surface mass transport and the response of the lithosphere was found to
provide a potentially powerful tool to constrain paleogeography in addition to the traditional
biostratigraphic methods. Good age constraints on the deposits, either from biostratigraphy
or preferably absolute, remain a prerequisite. Other constraints and additional modelling
studies are required to better understand the feedback mechanisms controlling not only the
paleogeographic but also the sedimentary evolution of the source-sink system. These com-
prise data on lithosphere rheology, vertical motions (in barrier regions such as Djerdap),
climate (precipitation and evaporation) and sediment volumes.
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6.4 Outlook

The need for additional constraints was outlined in the above discussion, and new research
is proposed in more detail in the following.

6.4.1 Additional constraints on the rate and magnitude of uplift
in the SE Carpathian Bend Zone from the geomorphology of
Buzau river

The observations from Buzau valley appear to confirm the hypothesis on Quaternary in-
version (Chapter 3): the Carpathian Bend Zone is actively uplifting, decoupled from the
downward pull of the Vrancea slab. More detailed DEM analysis, field investigations (cf.
the method applied by Whittaker et al. (2007) in the Apennines) and modelling studies
(Snow and Slingerland, 1990) are required to prove the hypothesis and quantify the associ-
ated vertical motions. These should focus on Buzau valley, since the deposition and deep
incision associated with the convexity in the river long profile are best expressed here. For
final conclusions, constraints are required on:

* The nature (fluvial or lacustrine) and age of the sediments in Intorsura Buzaului. They
are mapped as Holocene, implying that the river is still actively depositing and uplift is
ongoing. The onset of uplift could be constrained from the age of the oldest sediments
in the Intorsura Buzaului basin, or possibly from the first downstream occurrence of sedi-
ments/clasts derived from the captured Upper Teleajen source area, which contains different
lithologies than the original Buzau drainage area.

* The magnitude of the incision in the deeply eroded part of Buzau. A break in the
valley walls could indicate a transition from a river with some energy to dissipate laterally,
to a river that is purely incising downward. Combined with the depth to the buried valley
floor in Intorsura Buzaului (Fig. 6.3), these observations might constrain the magnitude of
the differential uplift. A more detailed analysis of the river long profiles is required.

* The inversion of the upstream reaches of Buzau. These would have been formerly
draining to the SW as upstream part of Teleajen. The valley of the defeated southern river
is continuous across the drainage divide, forming a wind gap. Evidence of inversion may
be found in the river terraces.

The additional independent constraints on vertical motions in the area ((Sanders et al.,
1999; Merten et al., 2005; Necea et al., 2005; van der Hoeven et al., 2005) and work by S.
Merten and D. Necea in preparation) make this area potentially interesting to further develop
landform evolution models (LEM). The processes may have strong implications for the local
population: if the rate of uplift increases, if or climate or human action (extracting water for
irrigation or drinking water) reduce the stream power of the river, the drainage will likely be
defeated and a lake will evolve in Intorsura Buzaului and the Bisca Mare turn, before it is
captured and integrated in the west-flowing river system. The rate and relative importance
of the processes therefore need to be quantified.
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6.4.2 On (flexural) isostasy, gravity and loading: The Bouguer gravity
anomaly as an indicator of horizontal stresses in the lithosphere.

Traditional models generally focus either on the exhumation of the orogen or on basin sub-
sidence evolution. In the SE Carpathian Bend Zone these are shown to be intimately linked,
moreover, the data that have recently come available, a large amount of which having been
collected in the framework of the ISES Pannonian-Carpathian programme (Cloetingh et al.,
2003; Tărăpoancă et al., 2003; Cloetingh et al., 2005; van der Hoeven et al., 2005; Merten
et al., 2005; Vasiliev, 2006; Matenco et al., 2007; Stoica et al., 2007) give sufficient con-
straints for an integrated model, addressing the hypothesis derived from the reconstructions
in Chapter 3: “The regional inversion of the Carpathian-Pannonian area is not causally re-
lated to, but locally amplified by the presence of a detaching slab in the south-east Carpathi-
ans. Horizontal stresses are the main cause of the inversion, expressed by buckling and
reactivation of reverse basement faults and thrusts. Surface mass redistribution had a subor-
dinate influence in determining the sign and wavelength of the vertical motions.”

The complex interplay of vertical and horizontal loading may potentially be resolved by
isostatic gravity modelling (e.g. Lillie et al., 1994). The buckling mechanism we propose
implies a regionally (instead of locally) compensated topography. Alternative explanations
for the uplift in the bend zone, fault reactivation and further crustal thickening in response
to the stress field, or mantle upwelling (Chalot-Prat and Girbacea, 2000; Burov et al., 2007)
will have a different signature on the gravity field. From the Airy isostatic anomaly, the
degree of compensation could be determined.

In addition to the gravity analysis, the mechanisms controlling the anomalous late stage
foreland subsidence and the subsequent inversion could be further constrained by forward
thermo-mechanical numerical modelling (e.g. Cloetingh et al., 2004). Such models could
quantify the relative importance of the local (slab) and far-field (related to remote plate
boundaries and intraplate stresses) processes. A lithosphere with an elastic-viscous-plastic
rheology, allowing yielding of the foreland plate, should be submitted to correctly defined
density loads Ershov et al. (1999); Zhong and Zuber (2000) and horizontal stresses; in
addition, the loading effect of mass redistribution by surface processes is to be taken into
account (e.g. Willett et al., 1993; Garcia-Castellanos et al., 2003).

6.5 Concluding remarks

In an orogen - foreland - back-arc basin system such as the Pannonian-Carpathian region,
uplift and subsidence are tectonically coupled and therefore causally related. As a conse-
quence, it represents a coupled sediment source-sink system. Integrating observations on
deformation, exhumation and basin subsidence into a quantitative model is therefore nec-
essary. The system needs to be regarded in its larger Alpine - Mediterranean - Paratethyan
plate tectonic and paleogeographic framework, which provided the boundary conditions for
the spectacular late orogenic evolution of the area, characterized by major sea level changes
and significant vertical motions.
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The Late Miocene formation of the Carpathian flysch belt, associated with the opening
of the Pannonian back-arc basin and causing subsidence in its foreland, led to the fragmen-
tation of the Paratethys into a Central/Western (Pannonian Basin) and an Eastern part (com-
prising the Dacic Basin or the foreland of the Romanian Carpathians). These Paratethys
sub-basins were in restricted fluvial connection, the lack of open-water exchange leading to
endemism in the Pannonian Lake.

The effects of the Mediterranean Messinian Salinity Crisis penetrated into the Dacic
Basin, leading to a ∼200m sea level fall in the Middle Pontian (5.5Ma). Due to the pos-
itive local water balance, the magnitude of the fall was controlled by the elevation of the
Scythian Pathway that formed the barrier to the Black Sea. By erosional lowering of the
connection between the Pannonian and Dacic Basins, the Danube Gateway, the Messinian
water level fall affected the Pannonian Lake as well. Sediment partitioning between the
basins was strongly influenced by the weak back-arc lithosphere that made the Pannonian
Basin an efficient sediment trap. As a result, the bulk sediment transfer from the large
Pannonian drainage area into the Dacic Basin was only gradual. The subsequent Zanclean
(Late Pontian, 5.33 Ma) transgression in the Dacic Basin, related to a sea level rise of
∼300m, inundated the basin to its present-day margins and led to the deposition of prograd-
ing deltaic/shelf systems at the basin margin and initial pelagic marly sedimentation in its
more distal parts.

Though the main displacement and associated nappe stacking ceased in the Late Miocene,
the SE Carpathians did not obtain their present-day topographic expression until the Late
Pliocene-Quaternary. In the Focşani Depression and part of the adjacent SE Carpathian
Bend Zone, subsidence continued after the end of the Late Miocene collision, accommo-
dating up to 6 km of shallow-water sediments with remarkably parallel stratification. The
Latest Miocene-Pliocene subsidence was driven by the pull of the Vrancea slab.

The subsequent Quaternary-recent inversion was driven by the regional compressional
stress field that also caused the inversion of the Pannonian realm. It caused the uplift and
exhumation of the SE Carpathian belt and the western margin of the adjacent Focşani De-
pression, while subsidence continued further towards the foreland. The sediments on the
western flank of the basin were, as a consequence, tilted into a subvertical position. The
differential vertical motions are active to the present day.
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crôute terrestre en Roumanie. Essai d’interprétation des études séismiques profondes. An. Inst. Geol. Geofiz.,
50:5–36 (1976).



178 REFERENCES

Ruggieri. The Miocene and later evolution of the Mediterranean Sea. C. Adams and D. Ager, editors, Aspects of
Tethyan Biogeography, volume 7, pages 283–290 (Syst. Ass. Publ., 1967).

Ruszkiczay-Rudiger, Z., Dunai, T., Bada, G., Fodor, L. and Horvath, E. Middle to late Pleistocene uplift rate of
the Hungarian Mountain Range at the Danube Bend, (Pannonian Basin) using in situ produced 3He. Tectono-
physics, 410(1-4):173–187 (2005).

Ryan, W., Major, C., Lericolais, G. and Goldstein, S. Catastrophic flooding of the Black Sea. Ann. rev. of Earth
and Planetary Sciences, 31:525–554 (2003).

Sacchi, M. and Horváth, F. Towards a new time scale for the Upper Miocene continental series of the Pannonian
Basin (Central Paratethys). S. Cloetingh, F. Horváth, G. Bada and A. Lankreijer, editors, Neotectonics and sur-
face processes: the Pannonian Basin and Alpine/Carpathian system, EGU Stephan Mueller Special Publication
Series ().

Sacchi, M., Horváth, F. and Magyari, O. Role of unconformity-bounded units in stratigraphy of continental record:
a case study from the Late Miocene of western Pannonian Basin, Hungary. B. Durand, L. Jolivet, F. Horváth
and M. Séranne, editors, The Mediterranean Basins: Tertiary extension within the Alpine Orogen, volume 156,
pages 357–390 (Geological Society Special Publication, London, 1999).

Sanders, C., Andriessen, P. and Cloetingh, S. Life cycle of the East Carpathian orogen: Erosion history of a
doubly vergent critical wedge assessed by fission track thermochronology. Journal of Geophysical Research,
104(B12):29095–29112 (1999).
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