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Introductie en samenvatting

Introductie en samenvatting

Sinds Wegener’s (1915) ontdekking van het supercontinent Pangea dat ontstond in
het Paleozoicum is er grote vooruitgang geboekt op het terrein van de plaat tekto-
nische reconstructies. Sinds de late jaren 50 heeft paleomagnetisme bewezen een
krachtige technicek te zijn om de positie van de continenten op Aarde door de tijd

te reconstrueren. De ontdekking van Vine en Matthews (1963) dat de magnetische
anomalieén op de zeebodem die parallel zijn aan de mid-oceanische ruggen het gevolg
zijn van omkeringen van het aardmagneetveld, leidde tot de ontwikkeling van het
concept van de plaattektonick (McKenzie, 1966; McKenzie en Parker, 1967).

De continentconfiguratie van de Aarde in het Carboon en Perm echter, is al
decennia een onderwerp van discussie. De Wegeneriaanse plaatsing van de noordelijke
continenten (Laurussia) ten op zichte van de zuidelijke continenten (Gondwana),
genaamd Pangea A, leidt in meerdere reconstructies tot een overlap van de continen-
ten in equatoriale gebieden in het Carboon en Perm. Daarom stelde Irving (1977)
voor om Laurussia ~3500 km naar het westen te plaatsen ten opzichte van Gondwana.
Deze configuratie is bekend als Pangea B. Momenteel is er een algemene consensus dat
tegen het eind van het Trias, een Pangea A configuratic was ontstaan. In deze configu-
ratie worden de noordelijke en zuidelijke continenten gescheiden door een grote, drie-
hoekvormige oceaan: de Tethys oceaan. Subductie van de Tethys oceaan onder Eurazié
en de opening van een nieuwe oceaan ten zuiden van een serie langgerekte continenten
die afkomstig zijn van de Afrikaanse continentrand leidde tot de vernieuwing van de
oceaankorst die de twee continenten scheidde. Het opbreken van Pangea sinds het
vroeg Jura had de convergentie van Afrika en Eurazié sinds het laat Krijt tot gevolg.

Analyse van de paleolatitude en de timing van collisie van de langgerekte con-
tinenten die van Afrika naar Eurazié bewogen, kan randwoorwaarden geven voor de
evolutie van de Tethys oceaan, die inmiddels grotendeels verdwenen is door subductie
onder Eurazié. Eén van de gebieden waar we het proces van Tethys subductie en accre-
tie van continentale terreinen aan de zuidelijke Euraziatische continentrand kunnen
bestuderen, samen met gerelateerde processen zoals back-arc opening en sluiting is het
gebied rondom de Zwarte Zee.

Om onderscheid te kunnen maken tussen verschillende modellen die de
evolutie van het Zwarte Zeegebied sinds het Paleozoicum beschrijven hebben we
een paleomagnetische studie uitgevoerd in dit gebied. Het is van belang hier dat
bewegingen in het onderzoeksgebied grofweg noord-zuid gericht waren, waardoor de
paleolatitude bepalingen die we verkrijgen uit paleomagnetisme randwoorwaarden
geven voor de verschillende modellen. De positie van de langgerekte keten van conti-
nenten ten opzichte van de Afrikaanse en Euraziatische continentranden kan worden
bepaald door de verworven paleomagnetische data te vergelijken met de apparent
polar wander paden (schijnbare poolbewegingspaden) die de beweging van de grote

continenten door de tijd beschrijven. Rotatiedata van paleomagnetische data kunnen




informatie geven over plaatbotsingen die zich voordeden in het onderzocksgebied.
Om het geologisch verleden van de zuidelijke Euraziatische continentrand verder te
reconstrueren, hebben we isotopische 40Ar/39Ar dateringen en geochemische analyses
uitgevoerd waarmee we de ouderdommen en karakeeristicken van het vulkanisch
gesteente exact kunnen bepalen. De gesteenten werden tot nu toe een midden Jura
ouderdom toegeschreven.

In een noord-zuid doorsnede door het Zwarte Zeegebied, komen we de
volgende tectonische eenheden tegen: het Oost Europese Platform met een verdunde
continentrand, genaamd het Scytische Platform, de Zwarte Zee, de Pontiden en het
Anatolide-Tauride Blok. De eerste twee zijn, in ieder geval gedeeltelijk, onderdeel van
de Ockraine. De laatste drie zijn onderdeel van Turkije. De Tauriden waren onder-
deel van het Afrikaanse continent, waarschijnlijk op zijn minst to het vroeg Trias,
en hebben een kristallijn basement van Pan-Afrikaanse affiniteit. Scheiding van het
continentale Tauriden platform van Afrika leidde tot haar beweging in de richting van
de Euraziatische continentrand en de opening van de zuidelijke Neo-Tethys (ook wel
[zmir-Ankara oceaan genoemd). Botsing van de Tauriden met de zuidelijke Eurazia-
tische continentrand in het laat Paleoceen tot Eoceen resulteerde in de formatie van
de Tauriden fold-and-thrust belt. Gedeeltelijk tegelijkertijd en vanaf het vroege Krijt,
begon de Zwarte Zee zich te openen, meest waarschijnlijk als een back-arc bekken. Dit
leidde tot een zuidwaartse beweging van de Pontiden ten op zichte van Eurazié en de

Krim.

In Hoofdstuk 1 van dit proefschrift presenteren we vroeg Carboon paleolatitude data
uit drie tijd intervallen en drie laat Carboon tot vroeg Perm paleopolen voor de Don-
bas Foldbelt (Ockraine). Met name het Carboon apparent polar wander (APW) pad
is slecht bepaald, waardoor meer betrouwbare data gewenst zijn (Torsvik en Cocks,
2005; Torsvik et al., 2008). De Donbas Foldbelt is een oorspronkelijk laat Devoon rift
bekken dat later onder compressieve spanning heeft gestaan in het zuidelijke deel van
het Oost Europese Platform. Het Oost Europese Platform was onderdeel van Baltica,
dat op zijn beurt deel uit maakee van stabiel Laurussia in het Carboon en Perm. De
gemonsterde Carboon sedimenten werden allemaal gecorrigeerd voor de inclinatie-
verlaging met een model benadering: de elongatie/inclinatie (E/I) methode die
gebaseerd is op het seculaire variatie model TK03.GAD van Tauxe en Kent (2004).
Inclinatie-verlaging treedt op als gevolg van compactie tijdens begraving en resulteert
in te lage latitudes. Het is een welbekend probleem in paleomagnetische data verkre-
gen uit sedimenten. Onze paleomagnetische data van de Carboon kalkgesteenten en
de Permische rode silt-en zandstenen laten een algehele noordwaartse beweging zien
van de Donbas, van van latitudes net ten noorden van de evenaar tot ~16°N. Deze lat-
itudes zijn goed in overeenstemming of net iets hoger dan voorspeld vanuit de APW
paden van de grote continenten. We moeten hierbij de kanttekening plaatsen dat er

geen polen van Baltica (exclusief degenen atkomstig van Scandinavié) zijn opgenomen
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in het Carboon APW pad. Voor het laat Carboon en vroeg Perm zijn de declinatie
patronen in overeenstemming met het APW pad, maar de vroeg Carboon data laten
een rechtsomdraaiende afwijking van het APW pad zien. De drie vroeg Carboon
monster-locaties zijn gelegen in het meest zuidelijke deel van de Donbas Foldbelt,
cen gebied dat een afwijkende structurele trend laat zien ten op zichte van de rest van
de foldbelt. Daarom gaan we er van uit dat deze afwijkende declinaties het gevolg zijn
van strekkingsverschillen van de scheve gelaagdheid en plooiassen, en kunnen de data
van onze oudste drie locaties alleen paleolatitudes geven en geen paleopolen. Onze
laat Carboon en vroeg Perm paleopolen zijn zeer relevant voor de Pangea A versus
Pangea B discussie. De reconstructie van Laurussia gebaseerd op deze drie polen laat
geen overlap zien met Gondwana, waardoor een Pangea B configuratie niet vereist is.
Recente studies die Laurentia (gesitueerd op het zuidelijk halfrond in het Carboon en
onderdeel van Laurasia) polen presenteerden die voor inclinatie gecorrigeerd werden
laten opmerkelijk genoeg het tegenovergestelde van onze bevindingen zien. Dit toont
dat de Pangea A versus B controverse schijnbaar even levendig is dan 30 jaar terug, na

de eerste introductie (Irving, 1977).

In Hoofdstuk 2 presenteren we nieuwe paleolatitude data gecombineerd met liter-
atuurdata van Jura en het Krijt sedimenten uit de Krim en de Pontiden, om de positie
van de Euraziatische continentrand in het Mesozoicum te bepalen. Op basis van
betrouwbaarheidscriteria hebben we een groot deel van de data verworpen voor paleo-
latitude analyse. Om te corrigeren voor de inclinatie-fout hebben we op voldoende
grote datasets de E/I methode toegepast (Tauxe en Kent, 2004). De beschikabare
paleolatitude data laten een positie van de Krim en de Pontiden aan de Euraziatische
continentrand zien in het vroeg Jura en laat Krijt, bij vergelijking met de APW paden
(Besse en Courtillot, 2002; Torsvik et al., 2008). Echter, onze data die paleolatitude-
randvoorwaarden geven voor het laat Jura en het vroegste Krijt, laten een positie zien
die opvallend veel lager is dan verwacht kan worden van de APW paden; ~1600 km
zuidelijker. Muttoni et al. (2005) hebben een vergelijkbare zuidelijke positie laten zien
voor de Adria plaat (een onderdeel van stabiel Afrika) in het exact hetzelfde tijdsin-
terval. Op basis hiervan concludeerde Muttoni et al. (2005) dat deze zuidwaartse
beweging onderschat wordt in de APW paden. Wijj zijn het eens met deze observatie,
maar wij beweren dat het niet waarschijnlijk is dat deze beweging het gevolg is van
een werkelijke verplaatsing van de Afrikaanse en Euraziatisch platen ten op zichte van
de aardmantel. Deze periode werd namelijk gekenmerke door grote subductiezones
die de Afrikaanse en Euraziatische platen omringden en scheidden en fungeerden

als een anker in de aardmantel. Recentelijk kwantificeerden Steinberger en Torsvik
(2008) een mechanisme dat verantwoordelijk is voor de verplaatsing van continenten,
zonder de continenten te bewegen ten op zicht van de aardmantel: #rue polar wander
(TPW; of werkelijke poolbeweging). Tijdens periodes van TPW roteren de gehele

korst en mantel van de Aarde ten op zichte van de draaias van de Aarde (en daardoor




het magnetische veld) rond een Euler pool die gepositioneerd is op de evenaar. TPW
is het gevolg van dichtheidsherverdelingen in de mantel, die het gevolg kunnen zijn
van het zinken van relatief koude oceanische lithosfeer in de mantel of het rijzen van
mantelpluimen. Het laat Jura poolpad is een periode waarin TPW lage latitudes zou
veroorzaken in het huidige Oostelijk Middellandse Zeegebied. Op basis hiervan con-
cluderen wij dat de zuidwaartse beweging het gevolg is van TPW.

Het onderzoek in Hoofdstuk 3 is gebaseerd op isotopische 40Ar/39Ar dateringen

en geochemische réntgenstraling fluorescentic (XRF; X-ray fluorescence) analyses

die werden uitgevoerd op magmatische gesteenten van het Krim schiereiland. We
hebben deze studie uitgevoerd om de ouderdom en eigenschappen van magmatische
gesteenten vast te stellen die voorheen een midden Jura ouderdom toegeschreven
werden. Sinds het Trias wordt het onderzoeksgebied gekarakteriseerd door opening
van de Neo-Tethys oceaan. Omdat convergentie van de Afrikaanse en Euraziatische
continenten pas aanving in het laat Krij, werd rifting (ook wel spreiding genoemd)
geaccomodeerd door subductie onder de zuidelijke Euraziatische continentrand. In de
Turkse Pontiden kunnen overblijfselen van Trias en Krijt subductie gevonden worden.
Echter, de Jurassische Tethys subductie geschiedenis is veel minder goed bekend. De
midden Jura ouderdommen die voorheen aan de magmatische gesteenten werden toe-
geschreven, zijn gebaseerd op onderlinge relaties en contacten tussen gesteenten van
verschillende ouderdommen en op biostratigrafische gegevens. Onze resultaten laten
zien dat de magmatische gesteenten die gemonsterd werden in het westelijke deel van
het schiereiland inderdaad midden Jura ouderdommen hebben. De monsters van het
magmatische Karadag complex in het centrale deel van het schiereiland hebben echter
vroegste Krijt ouderdommen. Beide ouderdomsgroepen laten de eigenschappen zien
van een vulkanische arc, die subductie onder de Krim getuigt. Op basis van onze data
en gepubliceerde data stellen wij noordwaartse subductie onder de Krim en Pontiden
voor in de onderzochte periode. Paleogeografische reconstructies van het laat Jura
(Dercourt et al. 2000; Barrier en Vrielynck, 2008) vereisen grote afstanden tussen de
subductietrog en de vulkanische arc, en daarom stellen wij voor dat de hoek tussen de

subducerende plaat en het aardopppervlak laag was.

In Hoofdstuk 4 verlaten we het Jura tijperk en gaan we naar de Krijt tot Eocene ge-
schiedenis van het Zwarte Zeegebied. De centrale Pontiden zijn gekenmerkt door een
opvallende noordwaartse bolvormige geometrie die terug te vinden in de structurele
trend, d.w.z. de strekking van de lagen, plooiassen en breuken. Deze geometrie zou
een oorspronkelijk kenmerk kunnen zijn dat het gevolg is van initi¢le dekbladstapel
vorming, maar het zou ook een jongere fase van deformatie kunnen representeren, die
resulteerde in zogenaamde oroclinale buiging. Oroclinale buiging zou een belangrijke,
regionale deformatie fase vereisen van de bestaande oost-west georiénteerde fold-and-

thrust belt. Om na te gaan of deze geometrie het gevolg kan zijn van oroclinale buig-
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ing, hebben we een paleomagnetische studie uitgevoerd op Krijt tot Eocene gesteent-
en uit de centrale en oostelijke Pontiden om de rotatiegeschiedenis van het gebied te
bepalen. We hebben onze data met data van eerdere studies gecombineerd en daarop
strikte betrouwbaarheidscriteria toegepast. De laat Krijt rotatiepatronen laten rotaties
zien die ongeveer loodrecht op de structurele trend staan, terwijl laat Paleoceen tot
Eoceen datasets geen rotaties laten zien. Daarom concluderen we dat orocline vorming
gebeurde tijdens het laatstmogelijke Krijt tot vroege Paleoceen. We bediscussiéren drie
mogelijke mechanismen die oroclinale buiging veroorzaakt kunnen hebben: botsing
van het microcontinent Kargi met de Euraziatische continentrand, opening van de
Zwarte Zeebekkens en botsing van het Anatolide-Tauride block met de Pontiden.
Grotendeels gebaseerd op tijdsargumenten, beweren wij dat het laatstgenoemde mech-

anisme het meest waarschijnlijk oroclinale buiging heeft veroorzaake.

In het laatste deel van dit proefschrift, Hoofdstuk S, presenteren we paleomagnetische
data uit de centrale Tauriden, een continentaal blok ten zuiden van de Izmir-Ankara-
Erzincan sutuur. Het doel van dit onderzoek was het reconstrueren van een poolpad
van dit continnetale block, dat van de Afrikaanse naar de Euraziatische continentrand
bewoog in het Trias tot laat Krijt. Daarvoor hebben we gesteente gemonsterd in drie
secties/locaties in de relatief autochtone Geyikdag en Aladag eenheden, die in ouder-
dom variéren van vroeg Carboon tot Paleoceen. De opvallend gelijkende paleolati-
tude-resulaten in de lange tijdspanne en omgekeerde polariteiten in gesteenten die
werden afgezet tijdens het Krijt Nomaal Superchron, leidden ons tot de gedachte dat
een remagnetisatie gebeurtenis heeft opgetreden in dit gebied. Om de mogelijkheid
remagnetisatie verder te onderzoeken hebben we een nieuwe end-member model
benadering gebruike op isotherme remanente remagmetisatic (IRM) acquisitie curves.
De modelresultaten van het preferente drie end-member model bevestigen de geremag-
netiseerde aard van de gemonsterde gesteenten. De declinatie trends in de centrale
Tauriden zijn in overeenstemming met resultaten van eerdere studies (e.g. Kissel et al.,
1993). Een vergelijking van onze data met cerder gepubliceerde data uit de Isparta An-
gle zaait twijfel over de voorheen gerapporteerde vroeg tot midden Miocene remag-
netisatie gebeurtenis uit een studie van Morris en Robertson (1993). Hun Trias data
uit de zuidwestelijke Antalya dekbladstapel na correctie voor scheve gelaagdheid zijn
in goede overeenstemming met de primaire magnetisaties van magnetostratigraﬁsche
studies van Gallet et al. (1992; 1994; 2000), die de Tauriden aan de Afrikaanse
continentrand plaatsen in deze tijd. Rotaties van deze studies impliceren dat we een re-
chtsomdraaiende rotatie documenteren voor de zuidwestelijke Antalya dekbladstapel
sinds het Trias. Dit is vrij opzienbarend, omdat het vrijwel gelijk is aan de post-Eocene
(~40°) rotaties in de centrale Tauriden. Voor de resultaten van Morris en Robertson
(1993) die duidelijk geremagnetiseerd zijn beargumenteren we dat remagnetisatie
cerder plaatsvond, in het Paleoceen tot Eoceen in plaats van in het vroeg tot midden

Mioceen.







Introduction and synopsis

Introduction and synopsis

Since Wegeners (1915) recognition of the supercontinent Pangea that assembled in
the Paleozoic, large advances in plate tectonic reconstructions have been made. Since
the late 1950s, paleomagnetism has proven a powerful tool to reconstruct the posi-
tions of the Earth’s continents through time. Vine and Matthews (1963) discovery
that the magnetic anomalies on the sea floor that are parallel to mid-ocean ridges
resulted from reversals of the Earth’s magnetic field, led to the development of the
concept of plate tectonics (McKenzie, 1966; McKenzie and Parker, 1967).

The Carboniferous and Permian configuration of the Earth’s continents
however, is already a matter of a debate for decades. The Wegenerian placement of the
northern continents (Laurussia) with respect to the southern continents (Gondwana),
named Pangea A, leads in several reconstructions to an overlap of the continents in
the equatorial realm in the Carboniferous and Permian. Therefore, Irving (1977)
proposed the positioning of Laurussia ~3500 km west with respect to Gondwana, a
configuration known as Pangea B. At present, there is a general consensus that by the
Triassic, a Pangea A configuration of the continents had been reached. In this con-
figuration, the northern and southern continents were separated by a large, triangular-
shaped ocean: the Tethys ocean. Subduction of the Tethys ocean below Eurasia and
the opening of a new ocean behind a series of ribbon-continents that rifted of the Afri-
can margin, led to the renewal of the oceanic crust separating the two continents. The
break-up of Pangea since the early Jurassic resulted in the convergence between Africa
and Eurasia since the late Cretaceous.

Paleolatitude analysis and timing of collision of the continental terranes that
moved from the African to the Eurasian margin, can give constraints on the evolution
of the Tethys oceans that largely subducted below Eurasia. One of the regions where
we can study the process of Tethyan subduction and the accretion of continental
terranes to the southern Eurasian margin, together with related processes such as back-
arc opening and closure is the circum-Black Sea region.

To distinguish between varying models on the evolution of the circum-Black
Sea region since the Paleozoic, we conducted a paleomagnetic study in this area, since
motions in the Tethyan realm were roughly north-south directed and paleomagnet-
ism can constrain paleolatitude. The position of continental terranes with respect
to the African and Eurasian margins can be determined by comparing the acquired
paleomagnetic data to the apparent polar wander paths that describe the motion of
the Earth’s major continents through time. Rotational data from paleomagnetic data
can give information on collisional events that occurred in the region. Furthermore,
we carried out isotopic 90Ar/3Ar dating and geochemical analysis to exactly date and
characterize supposedly middle Jurassic volcanics on Crimea, in order to reconstruct
part of the geological history of the southern Eurasian margin.

In a north-south transect through the Black Sea area, the following tectonic




blocks can be found: the East European Platform (EEP) with its thinned margin —

the Scythian Platform, the Black Sea, the Pontides and the Anatolide-Tauride Block.
The first two blocks are, at least partly, located in Ukraine, the latter three in Turkey.
The Taurides were part of Africa, probably at least until the early Triassic, and have a
basement of Pan-African affinity. Separation of the continental Tauride platform from
Africa led to its motion towards the Eurasian margin, and to opening of the southern
Neo-Tethys (or [zmir-Ankara ocean). Collision of the Taurides with the southern
Eurasian margin in the late Paleocene to Eocene led to the formation of the Taurides
fold-and-thrust belt. Partly simultaneous, and from early Cretaceous times onwards,
the Black Sea started to develop, likely as a back-arc basin, leading to the motion of the

Pontides away from the Eurasian margin and Crimea.

In Chapter 1 of this thesis, we present early Carboniferous paleolatitude constraints
from three time intervals and three late Carboniferous to early Permian paleopoles for
the Donbas Foldbelt (Ukraine). Especially the Carboniferous apparent polar wander
(APW) path is poorly constrained, and therefore requires more reliable data (Tors-
vik and Cocks, 2005; Torsvik et al., 2008a). The Donbas Foldbelt is an inverted late
Devonian rift basin on the southern East European Platform that was part of Baltica,
which in turn was part of stable Laurussia in the Carboniferous and Permian. The
sampled Carboniferous sediments were all corrected for inclination shallowing with a
model approach: the elongation/inclination (E/I) method, based on the secular vari-
ation model TK03.GAD of Tauxe and Kent (2004). Inclination shallowing as a result
of compaction during burial is a well-known problem in paleomagnetic data from
sediments, and it results in too low latitudes. The paleomagnetic data of the Carbon-
iferous limestones and Permian red beds show a general northward motion of the
Donbas, from latitudes just north of the equator to ~16°N. They are in good agree-
ment or slightly higher than predicted by the APW paths of the major continents. It
must be mentioned here that no Baltica poles (excluding those from Scandinavia) are
incorporated in the Carboniferous APW paths. Declination patterns agree well with
the late Carboniferous and early Permian APW path, but show a clockwise deviation
from the APW path in the three oldest, early Carboniferous sites. The three carly
Carboniferous sites were sampled in the southernmost part of the Donbas Foldbelt,

a region that shows a diverging structural trend from the rest of the foldbelt, and we
consider that the deviating declinations are resulting from the strike-differences of
strata and fold-axes. Therefore, our oldest three sites can only provide paleolatitude
constraints and no paleopoles. Our late Carboniferous and early Permian paleopoles
are very relevant for the Pangea A versus B discussion. The reconstruction of Laurus-
sia on the basis of our three poles shows that there is no overlap with Gondwana.
Based on our data, a Pangea B configuration is therefore not required. Recent studies
that showed inclination-error corrected poles for Laurentia (situated at the southern

hemisphere in the Carboniferous as a part of Laurussia), however, show exactly the
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opposite. Therefore, the Pangea A versus B controversy is seemingly as lively as it was

more than 30 years ago, when it was first introduced (Irving, 1977).

In Chapter 2 we present Jurassic and Cretaceous paleolatitude data from sediments
from Crimea and the Pontides, combined with data from the literature, to constrain
the position of the Eurasian margin in the Mesozoic. On the basis of reliability cri-
teria, we rejected many datasets for paleolatitude analysis. To correct for inclination
error, we used the E/I method (Tauxe and Kent, 2004), provided that the number of
samples was large enough. The available paleolatitude constraints show a position of
Crimea and the Pontides at the Eurasian margin in the early Jurassic and late Cre-
taceous with respect to the APW paths (Besse and Courtillot, 2002; Torsvik et al.,
2008a). Our data that provide constraints for the late Jurassic and carliest Cretaceous,
however, show remarkably lower paleolatitudes than can be expected from the APW
paths; ~1600 km more south. Muttoni et al. (2005) have shown a similar southerly
position for the Adria plate (as part of stable Africa) in exactly the same time span,
which led Muttoni et al. (2005) to conclude that the southward motion of the plates is
underestimated in the APW paths. We agree with this observation, but we argue it is
unlikely that this motion resulted from actual movement of the African and Eurasian
plates with respect to the mantle. This period was characterized by major subduction
zones that surrounded and separated the African and Eurasian continents, and likely
functioned as an anchor in mantle. Recently, Steinberger and Torsvik (2008) quanti-
fied a mechanism that is responsible for the motion of continents, without moving
continents with respect to the mantle: true polar wander (TPW). During periods of
TPW, the entire crust and mantle of the Earth rotate with respect to its spin axis (and
therefore magnetic field) around an Euler pole positioned at the equator, as a result of
density redistributions in the mantle. The late Jurassic is such a period of TPW, which
would cause low paleolatitudes in the present-day castern Mediterranean area. There-

fore, we conclude that the southward motion is resulting from TPW.

The research in Chapter 3 is based on isotopic 49°Ar/39Ar dating and geochemical
X-ray fluorescence (XRF) analysis of magmatic rocks from the Crimean peninsula.
W carried out this study to precisely date and characterize the supposedly middle
Jurassic magmatics in Crimea. Since the Triassic period, the area is characterized by
opening of the Neo-Tethys ocean. Because convergence of the African and Eurasian
continents did not initiate until the late Cretaceous, rifting should have been accom-
modated by subduction below the southern Eurasian margin. In the Turkish Pontides
remnants of Triassic and Cretaceous Tethys subduction can be found. The Jurassic
history of Tethys subduction, however, is much less well constrained. The middle
Jurassic ages that were previously assigned to the magmatic rocks, are based on cross-
cutting relationships and biostratigraphy. Our results show that the magmatic rocks

that were sampled in the western part of the peninsula, yield middle Jurassic ages.




The samples from the magmatic Karadag complex in the central part of the peninsula
however, yield mostly earliest Cretaceous ages. Both age groups show the geochemical
characteristics of a volcanic arc, evidencing subduction below Crimea. On the basis
of our data and published data, we propose northward subduction below Crimea and
the Pontides in the researched time span. Paleogeographic reconstructions from the
late Jurassic (Dercourt et al., 2000; Barrier and Vrielynck, 2008) would require large

trench-arc distances, and therefore we propose flat-slab subduction in this time span.

In Chapter 4, we leave the Jurassic period and move to the Cretaceous to Eocene
history of the Black Sea region. The central Pontides are characterized by a peculiar
northward convex geometry that is reflected in the structural trend, i.e. bedding strike,
fold axes and faults. This geometry could be an original feature that developed during
initial nappe stacking, but it may represent a younger phase of deformation, result-
ing in oroclinal bending. Oroclinal bending would require major, regional deforma-
tion of the pre-existing east-west striking fold-and-thrust belt. To check whether the
geometry could result from oroclinal bending, we carried out a paleomagnetic study
on Cretaceous to Eocene rocks from the central and eastern Pontides to determine
the rotational history of the area. We combined our data with data from previous
studies, and applied strict reliability criteria to all data sets. The late Cretaceous rota-
tion pattern shows rotations that are approximately perpendicular to the structural
trend, whereas the late Paleocene to Eocene data sets yield no rotation. Therefore,

we conclude that orocline formation occurred during the latest Cretaceous to early
Paleocene. We discuss three possible mechanisms that could have caused oroclinal
bending: accretion of the Kargi microcontinent to the Eurasian margin, opening of
the Black Sea basins and collision of the Anatolide-Tauride block with the Pontides.
Mainly on the basis of timing, we argue that the latter mechanism is the most likely

cause of oroclinal bending.

In the last part of this thesis, Chapter 5, we present paleomagnetic data from the
central Taurides, situated south of the Izmir-Ankara-Erzincan suture. We attempted
to construct a pole path for this continental block that moved from the African to the
Eurasian margin in the Triassic to late Cretaceous. Therefore, we sampled three sec-
tions/localities ranging in age from early Carboniferous to Paleocene, in the relatively
autochtonous Geyikdag and Aladag units. The remarkably similar paleolatitudes in
this very long time span, and reversed polarities in rocks that were deposited during
the Cretaceous Normal Superchron, lead us to suspect a remagnetization event in the
area. To further research the possibility of remagnetization, we used a novel end-
member modeling approach on isothermal remanent magnetization (IRM) acquisi-
tion curves. The modeling results of the preferred three end-member model confirm
the remagnetized nature of the sampled rocks. The declination trends in the central

Taurides are in agreement with results from previous studies (e.g. Kissel et al., 1993).
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A comparison of our data with previously published data from the Isparta Angle casts
doubt on the earlier reported early to middle Miocene remagnetization event in a
study by Morris and Robertson (1993). Their Triassic data from the southwestern
Antalya nappes after tilt correction are in good agreement with the primary mag-
netizations from magnetostratigraphic studies by Gallet et al. (1992; 1994; 2000),
positioning the Taurides at the African margin. Rotations from these studies imply
that we document a clockwise rotation for the southwestern Antalya Nappes since
the Triassic. This is rather remarkable, because it is similar to the post-Eocene (~40°)
rotation of the central Taurides. For those results from Morris and Robertson (1993)
that are clearly remagnetized, we argue that remagnetization has occurred earlier, in

the Paleocene to Eocene rather than the early to middle Miocene.
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CHAPTER 1

New late Paleozoic paleopoles from the
Donbas Foldbelt (Ukraine): implications for
the Pangea A vs. B controversy

The Carboniferous to early Permian apparent polar wander (APW) path for Eurasia

is not well constrained, because of the paucity of reliable paleomagnetic poles. This

is at least partly responsible for the Pangea A vs. Pangea B controversy in the early
Permian: is the overlap between the northern and southern continents during the early
Permian caused by a lack of reliable paleomagnetic data (Pangea A) or must a large
displacement along a mega-shearzone be invoked (Pangea B)?

Here, we present results from six paleomagnetic sampling sites ranging in age
from the early Carboniferous to the early Permian from sedimentary rocks in the
Donbas Foldbelt (Ukraine) to improve the Carboniferous — early Permian APW path for
Eurasia and to contribute to solving the Pangea A vs. Pangea B controversy. Six time
intervals were sampled in the Donbas Foldbelt (eastern Ukraine), which was filled with
sediments and volcanic units during the late Devonian to Permian syn- and post-rift
subsidence phases. We present results from sediments that were corrected for inclina-
tion shallowing with the elongation/inclination (E/I) method.

We conclude that there is a general northward movement of the Donbas Foldbelt:
the resulting paleolatitudes are slightly but generally significantly higher than expected
from existing APW paths. The late Carboniferous to early Permian data provide three
new reliable paleopoles for Eurasia. The early Permian pole does not necessarily
require a Pangea B reconstruction. It results in higher paleolatitudes for Laurussia
in the early Permian and removes the overlap between Gondwana and Pangea. We
also reconstructed the position of Laurussia based on Carboniferous Laurentian poles
recently corrected for inclination shallowing, which clearly favours a Pangea B configu-
ration. It seems that the Pangea A versus B debate is as lively as before.The three early
Carboniferous paleopoles give reliable paleolatitudes, but declinations significantly devi-
ate from the expected directions. We argue that the southernmost part of the Donbas
Foldbelt underwent a counterclockwise rotation, related to Mesozoic compressional
events that are recognized in paleostress analyses.

Maud J.M. Meijers, Maartje F. Hamers, Douwe J.J. van Hinsbergen, Douwe G. van der
Meer, Alexander Kitchka, Cor G. Langereis and Randell A. Stephenson
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1. Introduction

Pangea is the youngest in a series of postulated supercontinents that assembled

most of the Earth’s continents. The reconstruction of Pangea stems from Wegener’s
recognition (1915) that the modern Atlantic margins may once have fit together.
Subsequently, this assemblage was further constrained by linking similar paleontologi-
cal and lithostratigraphical paleogeographic domains (Képpen and Wegener, 1924;
Du Toit, 1937). The identification of Pangea formed a crucial basis for the concept of
plate tectonics, one of the most fundamental discoveries in Earth Sciences. Pangea ex-
isted from the late Paleozoic to early Mesozoic, and broke up since the Jurassic, finally
leading to the present-day configuration of oceans and continents. For the break-up
history an array of geological and geophysical techniques is available, including recon-
struction of sea floor spreading through marine magnetic anomalies (Heezen, 1960;
Dietz, 1961), hotspot tracks (Richards et al., 1989; Miiller et al., 1993; Norton, 2000)
and paleomagnetically constrained apparent polar wander (APW) paths (Creer et al,,
1954; Besse and Courtillot, 2002; Torsvik et al., 2008a).

The history of assembly as well as the final configuration and subsequent
break-up of Pangea is essential to constrain the starting point of our present-day plate
tectonic configuration and to define rates and dimensions of plate tectonic motion.
The break-up history can well be constrained through the record of marine magnetic
anomalies, but constraining of Pangea’s assembly largely relies on APW path recon-
structions. Hence, we need more reliable and accurate paleomagnetic poles, because
their scarcity leaves room for the ongoing controversy on the position of northern
Pangea (Laurussia) with respect to southern Pangea (Gondwana) during the Permo-
Carboniferous. In particular, paleomagnetic data provide paleolatitudes and rotations
of continents, but no paleolongitude constraints. Depending on the selection of
paleomagnetic data, a paleolatitudinal overlap exists between the northern and south-
ern continents in the equatorial realm during the late Carboniferous and Permian,
that can be as large as 15° (or ~1650 km). The first recognition of this overlap by Irv-
ing (1977) led him to propose a so-called Pangea B configuration (Fig. 1.1a), in which
a shear zone with a mainly longitudinal displacement of ~3500 kilometres during

the Permo-Triassic places Gondwana east of Laurussia in the early Permian. On the

Figure 1.1 Pangea reconstructions (in white) at a) 282 Ma after Muttoni et al. (2003), where
the overlap between the northern and southern continents is removed by introducing a large
shear zone, b) and d) in white, reconstruction at 300 Ma following Torsvik and Van der Voo
(2002); c) and ¢) in white, reconstruction at 300 Ma following Torsvik et al. (2008a). In the b)
and c) there is no overlap between the northern and southern continents. b) and ¢) in grey: Lau-
russia reconstruction on the basis of our site LP2 (299 Ma); d) and ¢) in grey: Laurussia recon-
struction on the basis of the inclination shallowing corrected pole for the Glenshaw Formation
of Kodama (2009). Eurasian (Laurussian) poles are calculated from Laurentian (Eurasian) poles
using a Bullard fit (Bullard et al.,, 1965), with an Euler pole at 88°N, 27°E (angle= 38°). Iberia
was not included in the reconstructions. On the basis of our site LP2, a Pangea B reconstruction
is not required. The corrected Glenshaw pole however, results in a large overlap between Lau-
russia and Gondwana in both reconstructions, clearly requiring a Pangea B type configuration.
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Figure 1.2 a) Tectonic map of the southern part of the East European Craton, showing the Late Devonian
Pripyat-Dniepr-Donets rift basin, and the inverted Donbas Foldbelt. Rectangle indicates the location of Fig.
1.2 b. b) Cenozoic subcrop map of the Donbas Foldbelt around Donets (modified after Stovba and Stephen-
son, 1999), indicating the paleomagnetic sampling sites (LC3&#4, LC1&2, MC, UC and LP). D,_3, Middle
Devonian—-Upper Devonian; C,t, Tournaisian; C,V, Visean; C;3, Serpukhovian; Czb, Bashkirian; C,m,
Moscovian; Cs, Kasimovian-Gzhelian; P15, Asselian; P;S, Sakmarian; T, Triassic; J, Jurassic; K,, Upper Creta-

ceous; cMA, central Main Anticline.
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basis of a new compilation of paleomagnetic data, Morel and Irving (1981) propose

a transition from Pangea B to Pangea A to occur mainly in the Permian and Triassic,
whereas Torcq et al. (1997) suggest a Triassic transformation. More recently, Muttoni
etal. (1996; 2003; 2009) argued for the necessity of a Pangea B type reconstruction
on the basis of paleomagnetic data from Adria, as a part of the African plate (Fig. 1.1a)
and propose a transition from Pangea B to Pangea A in the Permian. The Triassic over-
lap between the northern and southern continents has disappeared, since more paleo-
magnetic data have become available. Other authors, however, question the necessity
for Pangea B, and suggest that the overlap is caused by a lack of sufficient high quality
paleomagnetic data (e.g. inclination shallowing due to compaction) (Rochette and
Vandamme, 2001; Van der Voo and Torsvik, 2004) or to an octupolar contribution to
the Earth’s magnetic field (Kent and Smethurst, 1998; Van der Voo and Torsvik, 2001;
Torsvik and Cocks, 2004). Most studies (e.g. Van der Voo and Torsvik (2004)) also
question the quality of assigned ages.

Numerous authors have attempted solving the Pangea controversy that was
identified in paleomagnetic data, by researching independent lines of evidence.
Evidence for a shear zone that may have accommodated the Pangea B to Pangea A
transformation was first proposed in the late-70’s by Arthaud and Matte (1977). Based
on their data review on rifts that extend from the Appalachians to the Urals, they
conclude that the Pangea transformation occurred in the in the late Paleozoic. Later
studies, by e.g. Schaltegger and Brack (2007) on magmatism related to shearing, scem
to confirm the scenario of a Permian Pangea B to A transition. However, a number of
rift basins that are possibly associated with Pangea transformation, have been ex-
plained differently by Gutierrez-Alonso et al. (2008). They explain the shear zone in
the central part of a Pangea A world and rift basins that are radially positioned in the
outer part of Pangea by introducing a novel model of ‘self-subduction’ of the Pangean
plate.

Lines of evidences from climatic reconstructions, based on palynology were
investigated by e.g. Angiolini et al. (2007). By coupling palynology, ocean circula-
tion patterns and paleomagnetic data, they reconstruct the early Pemian landmasses
to a Pangea B configuration. Geophysical data were used by Torsvik et al. (2008b) to
develop a hybrid plate motion reference frame that places reconstructed large igneous
provinces of the past 300 Myr above the edges of large low shear wave velocity prov-
inces, enabling correlation of surface processes to the deep mantle. In their reconstruc-
tions, a Pangea A assemblage of the continents is favored. Recently, van der Meer et
al. (2010) have shown that tomography constrains the paleolongitude of subducted
slabs, but unfortunately only has the required resolution until the late Permian (260
Ma), showing a Pangea A configuration at that time. Decades after introduction of the
Pangea B configuration, the Pangea controversy remains a matter of debate. The solu-
tion could come from enlarging the paleomagnetic database, by supplying well-dated

paleomagnetic data from the stable continents.
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Only very few Carboniferous paleomagnetic poles exist for Laurussia, which
formed the major constituent of northern Pangea. Laurussia included the late Devo-
nian and younger Dniepr-Donets basin in present-day Ukraine (Fig. 1.2). Here, we
present paleomagnetic results of six age intervals from lower Carboniferous to lower
Permian sediments in the Donbas foldbelt, a mildly compressionally deformed seg-
ment of the Dniepr-Donets basin, and we discuss the results within the context of the

Pangea A versus B controversy.

2. Geological setting

The Donbas Foldbelt is the inverted southeasternmost segment of the NW-SE trend-
ing Pripyat-Dniepr-Donets Basin (DDB), which formed since the middle-late Devo-
nian (Stephenson et al., 2006). It is located in the southern part of the East European
Craton (EEC) (Fig. 1.2). The EEC was part of Baltica until the early Paleozoic, after
which it amalgamated with Laurentia to form Laurussia. The DDB extends from Bela-
rus to southern Russia, linking with the Karpinsky Swell further to the southeast (Fig.
1.2). To the north it is bounded by the (Archean-) Paleoproterozoic Voronezh Massif,
to the south by the Ukrainian Shield, also of (Archean-) Paleoproterozoic age. The
DDB deepens towards the southeast, with sediments having a maximum thickness of
~2 km in the Pripyat Through in the northwest and ~22 km in the Donbas Foldbelt
(Chekunov et al., 1993; Stovba et al., 1996). In middle-late Devonian times pre- and
syn-rift sedimentary and volcanic units were deposited on top of the crystalline base-
ment of the EEC followed by the deposition of Carboniferous and Permian post-rift
sequences as a result of thermal subsidence in the Permo-Carboniferous (Van Wees

et al., 1996). Relatively thin units of Tournaisian and lower Visean carbonates and
thick upper Visean to upper Carboniferous successions of dominantly paralic clastic
sediments were deposited unconformably on top of the basement and the Devonian

sediments (Stovba et al., 1996). Permian sediments are scarce in the Donbas Foldbelt,

Figure 1.3 Paleomagnetic directions, correlated to the GTS 2008 (Ogg et al., 2008), sce
section 3.1 for explanation. Vertical bars denote age errors. Blue closed squares indicate the
mean formation directions (declination, latitude) and their errors (blue horizontal bars, ADy,
A (calculated from Alx)) from the present study (Table 1.1). Black closed circles in the right
panel indicate paleolatitude resulting from inclination correction with the TK03.GAD model
(Tauxe and Kent, 2004), horizontal bars shows the 95% bootstrap error range. Green star
indicates data points from losifidi et al. (submitted) (one late Carboniferous and two Permian
data points). Grey shaded area shows the ADx, Al error envelope of the Eurasian APW path
from Torsvik et al. (2008a) for 310-260 Ma and the Laurussia polepath from Torsvik and Cocks
(2005) for 360-320 Ma, calculated for the city of Donets (48°N, 37.8°E). Red diamonds are the
raw data entries from Eurasia and North America used to construct these APW paths. Purple
arrows and diamonds shows the effect of correction for inclination error and improvement

of dating of North American poles by Kodama (2009) and Bilardello and Kodama (2009) on
the declination/latitude calculations for the Donbas. Dev.= Devonian, Fam.= Famennian,
Bashkir.= Bashkirian, Mosc.= Moscovian, Kas.= Kasimovian, Gzh.= Gzhelian, Ass.= Asselian,
Kung.=Kungurian, Roa.= Roadian, Wor.= Wordian, Capit.= Capitanian, GPTS= geomagnetic
polarity time scale. See Appendix 1
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and confined to the north of the basin (Stovba and Stephenson, 1999). Reactivation
of the rift occurred during the end of the late Visean and during latest Carboniferous-
earliest Permian times (Stovba et al., 2003; Stephenson et al., 2006).

After the Paleozoic, the Donbas basin was deformed by large-scale WNW to
ESE striking faults and folds, of which the central Main Anticline is the most domi-
nant feature (Fig. 1.2b). The origin of these folds and faults was formerly ascribed to
a compressional period in the Permian, but recently (Stephenson et al., 2006) argued
that subtle deformation of Permian age was caused by salt tectonics in a transtensional
setting. Saintot et al. (2003a) and Stovba & Stephenson (1999) propose two post-
Paleozoic compressional phases that caused basin inversion: a latest Triassic-carliest
Jurassic Cimmerian phase and a latest Cretaceous-carliest Paleogene Alpine phase,

leading to erosion and exposure of the basin’s stratigraphy.

3. Paleomagnetic sampling, methods and results

3.1 Sampling procedure and age of sampled formations

For the purpose of constructing a late Paleozoic APW path from the Donbas Foldbelt,
we collected 724 samples from eleven sites at five localities, covering six time inter-
vals, north and south of the city of Donets (Table 1.1, Fig. 1.2b). The Carboniferous
lithostratigraphy of the Donbas Foldbelt is in the former Soviet Union traditionally
subdivided into suites (Popov, 1965). These suites have been correlated to the regional
stratigraphic substages and to the global stratigraphic scales; for the most recent
overview and compilation we refer to Menning et al. (2006). Recently, Davydov et

al. (2010) have provided new results on U-Pb ages and Milankovitsch cyclicity in the
Donets Basin, and calibrated the regional time scale to the global time scale, essentially
confirming the carlier correlation of Menning et al. (2006). We indicated the ages

of the sampled marker limestones and horizons, according to Menning et al. (2006)
and Davydov et al. (2010) in Table 1.1. To allow comparison of our data to the APW
paths, we correlated the regional substages to the latest version of the Geologic Time
Scale, GTS2008 (Ogg et al., 2008) Those ages are indicated in Table 1.1 and Figure
1.3.

The oldest sampled rocks have a Tournaisian (early Carboniferous) age, the
sites with the youngest rocks represent the Gzhelian (latest Carboniferous) to Asselian
(early Permian). All Carboniferous samples were collected from limestones, except
for one upper Carboniferous site (MC2) that was drilled in claystones. The upper
Carboniferous to lower Permian sites (LP1, LP2 and LP3) were sampled in sandy red
beds. We sampled the rocks by drilling standard paleomagnetic cores, using a gasoline
powered motor drill or an electric drill with generator. Most sites consist of 50-100
cores, the majority of which were long enough to provide two or more specimens.

In total, 749 cores were drilled. Sample orientations were measured with a magnetic
compass; we corrected the sample orientations and measured bedding planes for the

present-day 007°E declination. The samples we collected were mostly large enough to
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provide two or more specimens, and 907 specimens were demagnetized.

3.2 Methods

Thermomagnetic runs to determine magnetic carriers were carried out in air, using

a modified horizontal translation type Curie balance, with a sensitivity of ~5 x 10-9
Am? (Mullender et al., 1993). Approximately 30-65 mg of powdered rock samples was
put into a quartz glass sample holder and was held in place by quartz wool. Heating
and cooling rates were 10°C/min. Temperatures were increased to a maximum of
700°C.

The anisotropy of magnetic susceptibility (AMS) was measured to determine
the magnetic fabric of the sediments and to assess whether they have a mainly sedi-
mentary fabric or a tectonic fabric that may be indicative of the amount of strain that
the rocks underwent since their deformation (Hrouda, 1982). During deformation,
the maximum axis of the AMS tensor (kmax) will gradually align with the direction
of maximum extension and become perpendicular to the direction of maximum com-
pression. For calculations Jelinek (Jelinek, 1981, 1984) statistics were used.

The samples were demagnetized using alternating field (AF) and thermal (TH)
progressive stepwise demagnetisation. Samples were thermally demagnetized in a mag-
netically shielded oven, with steps of 10°C-100°C up to a maximum of 645°C. The AF
demagnetisation was carried out with increments of 3-20 mT, up to a maximum of 80
or 100 mT. The natural remanent magnetisation (NRM) of all samples was measured
on a 2G Enterprises horizontal 2G DC SQUID cryogenic magnetometer (noise level
3x10-12Am2). For AF demagnetisation, we used an in-house developed robot assisted
and fully automated 2G DC SQUID cryogenic magnetometer.

Demagnetisation diagrams of the NRM were plotted as orthogonal vector
diagrams (Zijderveld, 1967) (Fig. 1.5). To determine characteristic remanent magneti-
zation (ChRM) directions, results from generally five to eight successive temperature
or AF steps were analysed by principal component analysis (Kirschvink, 1980). In
several cases, samples with a direction that deviated from the general NRM behavior
were analysed using the great-circle approach (McFadden and McElhinny, 1988) (Fig.
1.5¢). This method was developed to identify the direction on the great circle that lies
closest to the average direction obtained from well-determined NRM directions. Sam-
ples yielding maximum angular deviation (MAD) >15° were rejected from further
analysis. A total of 907 specimens was demagnetized, from 749 samples. Of these, the
results of 503 demagnetisations were used to calculate the final paleomagnetic poles
(Table 1.1).

Fisher statistics (Fisher, 1953) were used to calculate site-means and virtual
geomagnetic pole (VGP) means. Because scatter of paleomagnetic directions induced
by secular variation of the Earth’s magnetic field is circular at the poles, but gradually
becomes more ellipsoid towards the equator (Tauxe and Kent, 2004), we calculated

the VGPs from all directions. Successively, a variable cut-off (Vandamme, 1994) was
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Chapter 1

applied and the error in declination (AD,) and the error in inclination (AL) of the
site were calculated following Butler (1992).

To determine whether two distributions have a common true mean direction
(ctmd), we used the reversal test developed by McFadden and McElhinny (1990) and
their classifications (A, B, C, indeterminate). The classifications are based on the criti-
cal angle y, and the angle y between the means. Because we use their test with simula-
tion, the test is equivalent to using the Vw statistical parameter of Watson (1983).

To correct for a possible shallowing of inclination in sediments caused by compaction
during burial, we used the elongation/inclination (E/I) method of Tauxe and Kent

(2004). A large number of individual directions is required to apply the model suc-
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Figure 1.4 a), b) and c) Equal-area projections of the AMS (anisotropy of the magnetic sus-
ceptibility) for characteristic sites in tilt corrected coordinates. Grey, large symbols indicate the
mean of the individual directions and their error ellipses (Jelinek, 1981). Thick (thin) arrows
represent inferred extension (compression) directions. d) Flinn diagram for AMS measure-
ments of sites LP, MC2 and MC1. L (%)>F(%) denotes a prolate magnetic fabric, F (%)>L(%)
an oblate fabric. ¢)-n) Thermomagnetic curves measured on a Curie balance (Mullender et al.,
1993) for characteristic samples of each site. Arrows indicate heating (red) and cooling (blue)
curves. See Appendix 2



New late Paleozoic paleopoles from the Donbas: the Pangea A vs. B controversy

cessfully (preferably N>100). Since the number of individual directions from our sites

varies from 50-118, we will discuss the validity of using this correction per locality.
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Figure 1.5 Orthogonal vector diagrams (Zijderveld, 1967), showing characteristic demagneti-
sation diagrams for all sampled sites in tilt corrected coordinates. Closed (open) circles indicate
the projection on the horizontal (vertical) plane. Dashed lines in a) and c) indicate the steps

that were used for great circle analysis (McFadden and McElhinny, 1988). In Figs. 1.5 ¢), k), n),

o) and t), the remaining magnetisation after thermal or AF demagnetisation can be seen. These

components are also displayed in Fig. 1.6 b)-d). 1)-n) show the same demagnetisation diagram,
that carries three distinct directions: 1) the low temperature component (LC) that resemples
the present-day GAD direction, m) the medium coercive force component (MC, interpreted as
the primary ChRM) and n) the remaining high coercive force component (HC) after full AF

demagnetisation, that is close to the present-day GAD direction. o) is shown in more detail in

Figure 1.8 c). c) equal area plot of a demagnetisation diagram that was interpreted using great
circle analysis: dashed (solid) line denotes projection on lower (upper) hemisphere. f) and g)

are typical examples of orthogonal vector diagrams that were rejected (o) or accepted (p) after
analysing their decay-curves (Fig. 1.8).
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3.3 Paleomagnetic results

The AMS measurements of sites LP and MC 2 (Fig. 1.4a and b) show an alignment
of the kmax axis, which may have been caused by an ENE-WSW extensional or a
NNW-SSE compressional episode, or by transport current directions during the time
of deposition. The AMS measurements of all other sites revealed random directions,
with very large error ellipses (e.g. Fig. 1.4¢) (Jelinek, 1981, 1984), and cannot be
interpreted in terms of an AMS fabric. Flinn diagrams of the AMS measurements
(Fig. 1.4d) show that MC2 is strongly oblate, likely because of more compaction of
these clays than of the limestones, while the reds of site LP show a mixture of oblate
and prolate fabrics. The dominant prolate fabric of site MC1 has little meaning of a
random AMS fabric (Fig. 1.4c), likely caused by the low intensities of the limestones
and a relatively large diagenetic contribution.

From all sites, test sets of samples were demagnetized both thermally and using
AF demagnetisation, to allow comparison of both techniques (Fig. 1.5), similar to
the procedures in Gong et al. (2008b). This implies that all AF demagnetized samples
were first heated to 150°C to remove possible stress in magnetite grains caused by
surface oxidation at low temperatures (Van Velzen and Zijderveld, 1995), except for
the clays of site MC2. Our tests showed that the limestones of site UC should be
pre-heated to higher temperatures, until 250°C or 300°C before AF demagnetisation.
In general, this pre-heating technique appeared very successful, since the overprint
direction could already be removed at significantly lower AF fields. The lower Permian
(LP) sites were not demagnetized using AF treatment, since the maximum applicable
alternating field (100 mT') was not high enough to fully demagnetize the hematite-
bearing samples.

From most sites, a low temperature/low coercive force component (LT/LC)
could be isolated, that is indistinguishable from the GAD field at the present latitude
(Fig. 1.6a) and is therefore a recent overprint. Only in site LP, we did not observe this
LT GAD field, because nearly all samples were pre-heated until 200°C.

In samples from sites LP, we observed a high temperature component between
580°C and ~640°C (Fig. 1.5¢ and d). This component, although not very often
observed, yields a direction that seems to be resulting from a present-day overprint
(Fig. 1.6b). Samples from sites MC1, MC2 and LC1_2 could in ~40% of the samples
not be demagnetized to the origin using AF demagnetisation techniques (Figs. 5
n, o, p and s). Using thermal demagnetisation techniques, we could not isolate this
component (e.g. Fig. 1.5k and t), because of magnetite generation and random natu-
ral remanent magnetization (NRM) behavior at temperatures above ~400-450°C.
This indicates that there is a remaining hematite component in the samples. When
interpreting this remaining component towards the origin, it is indistinguishable from
the GAD field for sites MC1 and LC1_2 (Fig. 1.6 ¢ and d). This component has both
normal and reversed polarities in site LC1_2, which indicates that it results from a

recent overprint that at least in part predates the Brunhes Chron.
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In site MC, this component is more disperse (Fig. 1.6¢), particularly in the
clays of MC2, but most directions of the limestones of MC1 are close to the present-
day GAD field. This may indicate that the remagnetisation is of chemical origin, pos-
sibly resulting from circulating fluids. In this case, clays would function as an aquitard,
being more resistant to fluid circulation than the directly underlying limestones
(MC1). A similar process has then likely occurred in the limestones of sites LC1_2.
The fluids likely derive from burial and pressure dissolution of calcite, with the litho-
logical effect that limestones are more prone to remagnetization than marls. It is less

likely that externally derived fluids have played an important role (Gong et al., 2008a).

Tournaisian

Site LC4 was sampled in lower Carboniferous (Tournaisian B) limestones. The strati-
graphic thickness of the sampled interval is 23 meters. It comprises 139 demagnet-
ized specimens, from which 8 were demagnetized thermally and 131 using combined
thermal and AF demagnetisation (Fig. 1.5w and x). Initial intensities range from ~50
t0 500 pA/m. Curie temperatures are 570°C-580°C (Fig. 1.4m), indicating that the
magnetic carrier in the samples is magnetite. After application of our criteria, the
ChRM corrected for bedding tilt for this site (N=118) is D= 199.9, I= -7.4 (Table
1.1, Fig. 1.6m). Correction for inclination shallowing results in a slight and is not
significant,within the 95% bootstrap errors, changing the inclination to I=-9.7 (Fig.
1.7; Table 1.1).

Figure 1.6 a-d) in situ: a) Low temperature/low coercive force (LT/LC) component of sites
UC,MC, LC1_2,LC3 and LC4. See section 3.3.2 for explanation. Color coding according

to the colors in the figure. White star indicates the GAD field direction at the current latitude.
b)-d) High temperature high / coercive force (HT/HC) component. We interpreted the
remaining magnetization after AF or thermal demagntization towards the origin. The remain-
ing magnetization clearly represents a recent field direction (red star denotes present-day GAD
field). In the clays of site MC2 the directions are more random, sce text for explanation. ¢)-m)
tilt corrected: Equal area projections of the ChRM directions of all sites (Table 1.1). Open
(down) and closed (up) circles indicate the individual directions. Blue symbols indicate respec-
tively the mean directions and their cone of confidence (09s; not always visible). Red (small)
circles indicate the individual directions rejected by the Vandamme cut-off angle (Vandamme,
1994). Solid (open) symbols are lower (upper) hemisphere projections. Number of individual
directions after applying the Vandamme cut-off (N), declination, inclination and inclination
after E/I correction are indicated. In ¢) and f) black lines indicate the great circles that were
used to calculate the best fitting ChRM directions (McFadden and McElhinny, 1988), the cor-
responding directions are indicated in blue. h) Equal area projection of all Permian (Asselian)
sites, with their individual site-mean direction. Black star indicates the present-day geo-axial di-
pole (GAD) position in the Donbas Foldbelt. Great circle (best fitting) through LP1, LP2, LP3
and the GAD indicates the transition from an Asselian direction in LP2 increasingly toward the
present-day GAD overprint directions of LP1 and LP3. j) Equal area projections of the ChRM
directions of site MC. Individual directions of MC1 (limestones) are represented by circles,
individual directions of MC2 (claystones) are represented by ovals. See Appendix 3
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The samples of site LC3 were taken from lower Carboniferous (Visean) limestones

and were sampled in 16.5 meters of stratigraphy. Site LC3 consists of 127 demagnet-

ized specimens, from which five were demagnetized thermally and the remaining

specimens by combined thermal and AF demagnetisation (Fig. 1.5u and v). Initial

intensities range from ~50 to 500 pA/m. Curie temperatures are between 520°C and
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Figure 1.7 Equal-area projections of the individual VGP directions before E/I correction (a
and ¢) and equal-area projections of the individual ChRM directions before (b and f, left side)
and after (b and £, right side) E/I correction (symbols as in Figure 1.6) (Tauxe and Kent, 2004)
with corresponding elongation vs. inclination (c and g) and fraction (of 5000 bootstraps) vs.
inclination plots (d and h) for UC (a-d) and LC4 (e-h). In the elongation vs. inclination plots
the E/I for the TK03.GAD model (green dashed line) and for the datasets (red barbed line)
for different degrees of flattening are plotted. The red barbs indicate the direction of clonga-
tion (horizontal is E-W and vertical is N- S). Also shown are examples (yellow lines) from 20
(out of 5000) bootstrapped data sets. The crossing points (if the dataset intersects the model)
represent the inclination/elongation pair most consistent with the TK03.GAD model, given as
incgy and Eg; (in green) above the panel; incyg = original inclination, E,, = original elonga-
tion of the dataset. In the fraction/inclination plot, a histogram of crossing points from 5000
bootstrapped data sets is shown. The most frequent inclination (solid red vertical line; dashed
red vertical lines denote the 95% bootstrap errors) is given as value (and error range) on top of
the panel; the inclinations of the original distribution (blue vertical line) or the intersection
with the model (green vertical line) are indicated; E = the elongation resulting from the boot-
strapped data sets. See Appendix 4

580°C (Fig. 1.41), indicating that the main magnetic carrier is (Ti-poor) magnetite.

For many specimens, we could not reliably determine the ChRM, caused by very low
intensities between 550°C and 600°C. 'The resulting mean ChRM (N= 76), corrected

for bedding tilt is D= 203.6, I="-3.9 (Table 1.1, Fig. 1.61). Correction for inclination

shallowing yields again a not significant correction to I=-5.9.

Serphukovian
The fossiliferous and locally sandy limestones of the combined sites LC1_2 are early
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Carboniferous (late Serpukhovian) in age. The stratigraphic thickness of the sampled

interval is several meters thick. Site LC1_2 consists of 118 demagnetized specimens,

of which 12 specimens were demagnetized thermally, 106 using combined thermal

and AF demagnetisation (Fig. 1.5g-t). Initial intensities range from ~1 to 5 mA/m.

Curie temperatures are 560°C-570°C (Fig. 1.4k). In some samples, an inflection

around 300°C may indicate an inversion of maghemite (Fig. 1.4j). The resulting

Figure 1.8 a),c) and ¢)
demagnetisation diagrams
of characteristic samples
of the claystones of site
MC.b),d) and f) NRM
intensity upon AF demag-
netisation normalized by
initial NRM intensity.
Grey rectangle indicates
AF / temperature steps
that were used for calcula-
tion of the ChRM direc-
tions. g) NRM intensity
upon AF demagnetisation
normalized by initial
NRM intensity of all
individual samples of site
MC2 normalized (total
intensity). Highest AF /
temperature step intensity
was set to zero for display
purposes. Grey (light-
colored) curves indicate
the curves of the samples
that were rejected and
blue (dark-colored) curves
indicate the samples that
were used for calcula-

tion of the mean ChRM
direction of site MC. The
ChRM directions belong-
ing to the grey (light-
colored) curves were
typically affected by a later
acquired NRM compo-
nent. See Appendix 5
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ChRM (N= 89) after correction for bedding tilt is D= 197.2, I=-10.3 (Fig. 1.6k). The
correction for inclination shallowing is statistically significant (I= -20.5), although the

number of samples is quite low (N<100).

Bashkirian

The samples of the combined sites MC 1 and MC2 (sampled stratigraphy interval
~1 and 1.5 m, respectively) were taken from upper Carboniferous (Bashkirian)
limestones and claystones. Locality MC provided 193 demagnetized specimens; 17
specimens were fully demagnetized thermally and 176 using AF demagnetisation (the
clays) or combined thermal and AF demagnetisation (the limestones) (Fig. 1.5k-p).
Initial intensities of the limestone specimens (MC1) range from 10-200 pA/m, with
some exceptions that have initial intensities up to 15,000 pA/m. Curie temperatures
for the limestone samples are 570°C-580°C (Fig. 1.4h), so the magnetic carrier in the
samples is magnetite. Thermal and AF demagnetisation yield identical results.

Initial intensities of the claystones (MC2) range 200-5,000 pA/m. Thermomagnetic
treatment shows a mainly paramagnetic decay (Fig. 1.41), but a drop in intensity
around 300°C suggests cither an iron sulfide as main carrier, or points to an inversion
of maghemite.

The medium temperature/medium coercivity (MT/MC) component in
specimens from site MC1 was interpreted as the ChRM direction (Fig. 1.5k and m
and Fig. 1.6j). Thermal demagnetisation of the claystone specimens of MC2 gave
three components: a low temperature (~20°C-270°C) direction (Fig. 1.6¢), a high
temperature (> 400°C) and high coercive force component (>100 mT') direction
that yields the present day geocentric axial dipole (GAD) direction (Fig. 1.6a), and a
medium temperature component (~300°C-400°C) that yields directions similar to
those obtained in the AF demagnetized claystone and limestone samples (Fig. 1.5k-p,
Fig. 1.6j and Fig. 1.8¢-f). Because this medium temperature component was largely
overprinted by the high temperature component (Fig. 1.6¢), these results could not be
used for further analysis.

AF demagnetisation diagrams of the claystones of MC2 yield three compo-
nents: a low coercive force component (~0-20 mT') (Fig. 1.6a), a medium coercive
force component (MC) (~20-60 mT') (Fig. 1.6j) and a high coercive force component
(HC) (>60 mT') (Fig. 1.6¢), that in general do not trend towards the origin, with some
exceptions of the MC component. This MC component is similar to the directions in
the other Carboniferous sites, although in a part of the samples it is heavily affected by
a HC component (>60 mT') (Fig. 1.8a-d). To discriminate between samples that were
heavily affected by this HC component and samples that could be used for determin-
ing ChRM directions, decay curves of the specimens were plotted and compared
(Fig. 1.8b, d and g). In Figure 1.8g, a clear difference between the samples that were
significantly affected by the HC component and samples that still yield a Carbonifer-

ous direction is clearly visible. The former were rejected from further analysis.
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The mean directions of the limestones (MC1) and claystones (MC2) have a
common true mean direction (ctmd) (y= 4.0 < y.= 5.6, classification B). The mean
ChRM direction for MC1 and MC2 (corrected for tilt, N=84) is: D= 223.4, [=-15.0
(Table 1.1, Fig. 1.6j). Correction for inclination error is significant and results in a

steeper inclination of I= -22.4.

Kasimovian/Gzelian

Site UC was drilled in upper Carboniferous limestones (upper Kasimovian or lower
Gzelian, marker limestone O-6-1 of Popov (1965)). The marker limestone was sam-
pled at two locations (several tens of meters apart), each in ~2 meters of stratigraphy,
covering the entire thickness of the limestone bed (see Table 1.1). The total number
of demagnetized specimens is 114, out of which 18 specimens were demagnetized
thermally (Fig. 1.5g-j). The remaining specimens were demagnetized using AF treat-
ment, after thermal treatment until 250°C or 300°C. Initial intensities range from
~100 to 600 pA/m. We found a Curie temperature of 570°C (Fig. 1.4g), indicating
that the magnetic carrier is magnetite. An additional inflection point between ~300-
350°C could indicate an inversion of some maghemite. The ChRM direction that
was corrected for bedding tilt (N=86) is: D=215.5, I= -24.3 (Table 1.1, Fig. 1.61).
Correction for inclination error yields I= -33.0, which is statistically significant (Fig.

1.7, Table 1.1).

Asselian

Sites LP1, LP2 and LP3 were drilled in lower Permian (Asselian) red beds, only several
tens of metres apart. The red beds in site LP3 are coarser than the red beds of sites LP1
and LP2. Each of the three sites was sampled within ~2 stratigraphic metres: the total
stratigraphic thickness of the sites together is ~6 m. The total number of thermally de-
magnetized specimens is 208. Initial intensities range from ~3 to 7 mA/m in LP1 and
LP2, and from ~7 to 10 mA/m in LP3). Néel temperatures of 660°-675°C (Fig. 1.4d-
1.4f), and additional inflections in the thermomagnetic curves of LP1 and LP3 (Fig.
1.4d and 1.4f) representing Curie temperatures of 580°C suggest that both hematite
and magnetite are the magnetic carriers. We interpreted the magnetite component as
the ChRM direction (Fig. 1.5a-f).

Since LP1, LP2 and LP3 were sampled from similar lithologies and within the
same formation, and only several tens of metres apart, similar ChRM directions were
expected. However, LP3 yields a direction very different from LP1 and LP2 (Table
1.1). Because the mean direction of LP3 plots on a great circle between the mean
directions of LP1 and LP2 and the GAD field in the Donbas area (Fig. 1.6e-h), we
interpret this as a remagnetization that is transitional direction between the primary,
carly Permian direction and the GAD field. This is likely related to the slightly coarser
nature of the LP3 sediments, and we therefore exclude LP3 from further analysis. The
ChRM directions of LP1 and LP2 do not pass a ctmd test (McFadden and Lowes,
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1981). From Figure 1.6h, it can be seen that LP1 was also partly influenced by a later
overprint. Only LP2 is used for further analysis.

Out of the 50 specimens from LP2 that were used for final calculation of the
ChRM, 10 specimens have a ChRM direction derived from great-circle analysis (Mc-
Fadden and McElhinny, 1988). The mean ChRM direction (bedding tilt corrected)
is D=1212.0, I=-29.5 (Table 1.1, Fig 6f). If directions using great-circle analysis are
excluded from analysis, the resulting ChRM is identical the same within error: D=
211.0, I=-29.0. Correction for inclination error was not applied, since the number of

specimens does not approach the minimum required number (N>100).

4. Discussion and conclusions
The ChRM directions from the lower Carboniferous to lower Permian limestones,
claystones and red beds presented here are very consistent within each site (Fig. 1.6),
they differ significantly per site, and all sites recorded reversed polarities. A fold test
could not be applied to our datasets since we sampled the different time intervals at
a single location, with only a small variation in bedding tilt. Iosifidi and Khramov
(2002) did apply a fold test with a positive result to their lower Permian samples
from the Donbas basin, which were collected from the same formation as our lower
Permian samples.

The reversed polarity of the ChRM directions is in line with the age of MC,
UC and LP, which were sampled within rocks that were deposited during the Permo-
Carboniferous Reversed Superchron (PCRS), which lasted from ~317 to ~265 Ma
(Opdyke et al., 2000; Menning et al., 2006). During the Carboniferous period pre-
ceding the PCRS, several normal polarity chrons are known (Davydov et al,, 2004).
Although the Carboniferous polarity time scale is not well determined, the normal
polarity chrons reported by Davydov et al. (2004) in the time scale of Gradstein et
al. (2004) cover only ~31% of the period preceding the PCRS. This implies that in
the age range of our sites the probability is 70% that we sampled reversed polarity
intervals. A Permian thermal event, recognized in fission track analysis and vitrinite-
reflectance studies (Sachsenhofer et al., 2002; Spiegel et al., 2004), possibly related to
a magmatic episode in the Donbas Foldbelt during the early Permian (Alexandre et
al., 2004), could have caused a partial reversed polarity remagnetisation of the mag-
netic signal. However, the low inclinations we find here show a trend toward steeper
inclinations with time, which is inconsistent with a remagnetisation event influencing
our sites (Fig. 1.3). Indeed, several sites, recorded a present-day or recent GAD field
direction (Fig. 1.6a-d), but it is clearly distinct from the component that we interpret
as a ChRM. The statistically significant directional difference between the sites of dif-
ferent age intervals also implies that the ChRM in all sites older than Permian cannot
represent a Permian remagnetisation. We therefore believe that our ChRM directions
represent an original magnetization acquired at the time the rocks were formed.

The E/I method gives a significant change in inclination for sites LC1_2, MC



Chapter 1

50°N

badl i

~353 Ma ~335 Ma ~320 Ma ~312 Ma ~303 Ma ~299 Ma

10°S

Figure 1.9 Reconstruction of Baltica from the Carboniferous-carly Permian using the data of
this study. Circle indicates location of Donets. The oldest three reconstructions are displayed in
grey, because of the uncertainty in their rotation.

and UC. This is an indication that the NRM was acquired before compaction. Cor-
rection with the E/I model for sites LC3 and LC4 produces a small but not significant
change. There are several possible explanations for this. It may imply that NRM ac-
quisition was slightly delayed, and acquired after early dewatering and compaction of
the sediments, possibly during early diagenesis (e.g. Van Hoof and Langereis (1991)).
A more likely explanation is that, because the sediments of sites LC3 and LC4 were
deposited nearest to the equator, inclination shallowing is not significant, because of
the low magnetic field inclination.

Therefore, we conclude that the observed inclination/paleolatitude and decli-
nation trends of the sampled time interval (Table 1.1, Fig. 1.3) are the result of plate
tectonics and/or local tectonic rotations. We must now consider whether the Donbas
region formed part of stable Europe, so that corresponding paleopoles can be used for
the APW path for this time interval.

The only AMS results that did not give random directions are from sites LP and MC2.
Those results (Fig. 1.4) cither reflect NN'W-SSE compression or the direction of
currents during deposition of the sediments. Paleoflow direction measurements from
Abels et al. (submitted), indicate southeast low directions in the middle Carbonifer-
ous, so coeval with the sediment deposition of site MC. The AMS measurements of
site MC2 do not agree with those directions. Therefore, the AMS data of site MC2
cannot be the result of paleoflow directions, hich is also in agreement with the lithol-
ogy of MC2: a paleocurrent AMS fabric is only recorded in a high-energy and coarser
grained sedimentary environment. The coarser lithology of the red beds from LP have

the same sedimentary-tectonic fabric as MC2. The AMS orientation of both sites

reflect NN'W-SSE compression, which is in very good agreement with paleostress data
from Saintot et al. (2003a). These data indicate an Eo-Alpine strike-slip regime with
NNW-SSE trending o7.

Outside Scandinavia, there are no Carbonifeous and early Permian datasets from
Baltica that are incorporated into the APW paths (Torsvik and Cocks, 2005; Torsvik
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etal., 2008a). To discuss our data in the large-scale framework of global plate move-
ments, the A95 error envelope of the APW paths of Torsvik et al. (2008a) (310-0 Ma)
and Torsvik and Cocks (2005) (360-310 Ma) are plotted in Figure 1.3, recalculated
to the city of Donets (48°N, 37.8°E). The APW path of Laurussia at 350 and 360 Ma
(Torsvik and Cocks, 2005) however, is constructed on the basis of a single pole entry
and is therefore very poorly constrained.

Our datasets without correction for inclination shallowing with the E/I model
(Tauxe and Kent, 2004) show that in general, the paleolatitudes agree very well with
those of the Eurasian polepaths (Fig. 1.1), although our oldest pole (LC4) and our
two youngest poles (UC and LP2) yield slightly higher paleolatitudes. Applying the
E/I correction slightly increases the paleolatitudes (Fig. 1.1). In published APW
paths, the paleolatitude may be underestimated because of unrecognized or uncor-
rected inclination shallowing in sediments (Torsvik and Cocks, 2005; Torsvik et al.,
2008a), although the majority of the data points used to construct the APW path
between 360 Ma and 290 Ma is based on volcanic rocks (25 out of 38 entries). In Fig.

1.9, the position of Baltica with E/I correction is shown, showing its gradual north-
ward motion.

Our data from the lower Permian red beds (LP2), yield nearly-identical results
to data from time-equivalent red beds in the Donbas Foldbelt studied by Iosifidi and
Khramov (2002) and Iosifidi et al. (submitted) (Fig. 1.3, green stars). Their positive
fold tests on the data from lower Permian and upper Carboniferous rocks (McFadden
and Jones, 1981; Watson and Enkin, 1993), confirm our confidence in the primary
origin of the directions obtained from our sites. The lower Permian results of Tosifidi
et al. (submitted) supersede those of losifidi and Khramov (2002), since they are from
the same formation, but with more samples; the difference is negligible. Their upper
Carboniferous data are new. losifidi et al. (submitted) isolated a component mainly
residing in pigmentary hematite in the red beds, yielding a higher inclination than
the component residing in detrital, specular hematite. Since pigmentary hematite is
formed after deposition, they argue that these components have no significant incli-
nation error. This was also observed in redeposition experiments of the Kartamysh
Formation, performed by Khramov et al. (1987).

Comparing the declinations of our three youngest sites (MC, UC and LP2)
with the published APW paths (Fig. 1.3), they plot reasonably well within the error.
The oldest three sites (LC4, LC3 and LC1_2), have a consistently different declina-
tion both compared to the APW paths and to the youngest three sites. The sites are
in the region where Arthaud and Matte (1977) proposed the shear zone that accom-
modated Pangea-transformation. The shear zone however, would cause clockwise
rotations, which is opposite to the counterclockwise (CCW) rotations of our oldest
three sites. The geological map (Fig. 1.2b) shows that the oldest sites were sampled in
the southern part of the Donbas Foldbelt, which has a diverging strike from the gen-

eral trend in the belt. This strike difference, corresponds both in sense and magnitude
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to the declination deviation of our oldest sites from the published APW paths. We
therefore suggest that the deviation is the result of local CCW vertical-axis rotations
in the southern part. Anomalous N-S trending thrusts and folds in the sampling area
of LC4 and LC3 were recognized by Saintot et al. (2003b), which they ascribed to the
Cimmerian (late Triassic to Jurassic) and Alpine (Cretaceous/ Tertiary boundary) reac-
tivation of shallow inherited structures at the southern margin of the basin. Numerical
models in their study that calculate stress axis trends, predict a counterclockwise rota-
tion of ~15° with respect to the surrounding area. This is in very good agreement with
our relative paleomagnetic rotations. This implies that we cannot use the directions of
these sites for determining pole positions for further analysis of the APW path.

In Figure 1.1 b—c), we compare a continent reconstruction at 300 Ma based on
our data from LP2, with those of Torsvik et al. (2008a) and Van der Voo and Torsvik
(2004) at 300 Ma. Laurussia is displayed in grey, according to the pole from site LP2.
Because Laurentia and Eurasia were part of the same tectonic plate (called Laurussia)
in Pangean times, usage of Laurentian poles is allowed for Laurentia. Comparing our
data to the Gondwana reconstructions, there is no overlap between the northern and
southern continents. The same holds for a reconstruction using the latest Carbonifer-
ous pole UC (not displayed here). Therefore, these two datasets would not require a
Pangea B type reconstruction. As mentioned above, Van der Voo and Torsvik (2004)
partly solve the overlap problem in the early Permian by considering only the highest
quality European poles. They selected these on the basis of paleomagnetic quality, age
control and also rock type (volcanics) to avoid the possibility of inclination shallowing
in sediments (Van der Voo, 1990). In this way, Eurasia is located almost 10° further
north at 280 Ma. If we compare our Permian data to Van der Voo and Torsvik’s (2004)
presented polepath at 300 Ma, our data plot even ~5° further to the north (Fig. 1.1b).
Moreover, our Carboniferous data points (Fig. 1.3) show a very general and gentle
northward motion of Laurussia (at Donets) from near-equatorial position (3-5°N) to
~18°N, which strengthens the interpretation of a more northerly position of Laurus-
sia during Pangean times, in line with Van der Voo and Torsvik (2004). Because of
the juxtaposition of Laurentia and Eurasia, this means that, in the early Permian, our
data from the Donbas Foldbelt would place Laurussia at a more northerly position,
explaining the Pangea misfit without a need to introduce an octupole contribution
to the Earth’s magnetic field (e.g. Torsvik and Cocks, 2004). Interestingly, Kodama
(2009) and Bilardello and Kodama (2009), very recently reassessed ages and cor-
rected Carboniferous poles from present-day North America for inclination error,
using the method developed by Tan and Kodama (2003). The sampling region of
those studies is located in the southern hemisphere in Carboniferous times, so the
effect of correcting (i.e. steepening) the inclination for Laurentian on the Laurussian
polepath is inverse: Laurussia moves southward whereas steeper inclinations in Eurasia
would move Laurussia northward. We illustrated this effect in Fig. 1.3 for the cor-

rected results from the Glenshaw, Shepody and Maringouin Formations: the overlap
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of Gondwana and Laurussia is significantly increased, clearly requiring a Pangea B
configuration (d and ¢). The strongly contrasting results of our study and those of
Bilardello and Kodama (2009) and Kodama (2009) show that the Carboniferous pole
paths are still too poorly constrained to solve the Pangea controversy. Furthermore,
data should cover and be representative for an entire continent, which is not the case
for the Carboniferous and early Permian Eurasian polepaths, since no reliable eastern
European and Asian data entries are available. In the late Permian pole path, many
poles from southern France have been included, mainly from sediments (red beds).

It was recently pointed out by Bazhenov and Shatsillo (2010) that at least during the
late Permian, the French group of poles shows a significant deviation with respect to
the late Permian poles of the remaining part of the continent. The authors suggest that
this is caused by a hitherto unrecognized rotation of southern France. A similar effect
of Carboniferous and early Permian groups of poles on the Eurasian polepath, would
obviously have large implications for Pangea reconstructions and the Pangea A versus
B controversy. It appears that the Pangea controversy cannot yet be unambiguously

resolved by paleomagnetic data.

Summarising, we present new Eurasian Carboniferous and early Permian sedimen-
tary paleomagnetic datasets from sediments, and the only ones that are large enough
to enable E/I correction for inclination shallowing in sediments (Tauxe and Kent,
2004), thereby improving the quality of these paleopoles. This allows us to constrain
the Permo-Carboniferous paleolatitude of Laurussia at the position of the Donbas
Foldbelt. In general, our results yield similar or higher values for paleolatitude than
those previously used to construct the APW path. Unfortunately, our lower and mid-
dle Carboniferous poles are most likely affected by a tectonic rotation, and therefore
can only indicate reliable paleolatitudes. Our upper Carboniferous and lower Permian
data do not require a Pangea B type reconstruction. The paleolatitudes of Laurussia
calculated from our poles enable a Pangea A reconstruction, and do not require an
overlap of northern and southern Pangea terranes. However, a recent correction and
reassessment of North American (Laurentian) paleomagnetic data from recent studies
pointed out quite the opposite. Therefore, the Pangea A versus B controversy is as

lively as during the past 30+ years, since Irving (1977).
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CHAPTER

Jurassic-Cretaceous low paleolatitudes
from the circum-Black Sea region (Crimea
and Pontides) due to True Polar Wander

In a recent study, paleomagnetic and paleoenvironmental data from Adria (as part of
the African plate) suggest much lower (~15°) African latitudes from early Jurassic to
earliest Cretaceous at the position of Adria. A smoothing of the apparent polar wander
(APW) path is suggested to explain the low latitudes. In this study, we test if the low
paleolatitudes in the Jurassic to early Cretaceous can also be found in Eurasia, i.e.
Crimea (Ukraine) and the Pontides (Turkey) that are situated in the present-day Black
Sea region. Our Eurasian data suggest the same low late Jurassic to early Cretaceous
paleolatitudes as shown for Africa. This time span is characterized in the Mediterranean
realm by Tethys subduction and these subduction zones likely functioned as an anchor
in the mantle. Therefore, we regard it unlikely that both the African and Eurasian plates
moved by >1500 km south and subsequently north with respect to the mantle, as sug-
gested by the paleomagnetic results. True polar wander (TPW) provides a mechanism
that rotates the Earth’s crust and mantle with respect to its core, and it was recently
quantified. The period from 195-135 Ma (early Jurassic to earliest Cretaceous) is
subject to clockwise TPW, which could well explain our results. We conclude that TPW
rather than plate tectonics is the cause of low late Jurassic to early Cretaceous African
and Eurasian paleolatitudes in the eastern Mediterranean area.

Maud J.M. Meijers, Cor G. Langereis, Douwe J.J. van Hinsbergen, Nuretdin Kaymakci,
Randell A. Stephenson and Demir Altiner
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1. Introduction

A recent paleomagnetic study on the Adria terrane, as part of the African continent
in the Mesozoic, identified a rapid southward-then-northward movement of Adria
within ~50 Myr, from the early Jurassic to earliest Cretaceous (Muttoni et al., 2005).
These authors suggested that this middle-late Jurassic cusp in the African paleolatitu-
dinal motion is underestimated in the apparent polar wander (APW) path of Besse
and Courtillot (2002), as a result of smoothing due to the application of a moving
average. In terms of displacement, Africa would move approximately 1600 km further
southward at the position of Adria than is expected from the APW path of Besse
and Courtillot (2002). The conclusion of Muttoni et al. (2005) was based on new
data from Adria and published data from African and North American magmatic
rocks that were rotated to northwest African coordinates using the Atlantic plate
circuit. The movement towards and away from equatorial latitudes was supported by
a corresponding change in latitude suggested by the nature of deep marine sediments
in Adria, changing from lower Jurassic carbonate facies at tropical latitudes to mid-
dle to upper Jurassic radiolarites at equatorial latitudes, and back again to carbonate
facies at tropical latitudes in the Cretaceous. Muttoni et al. (2005) concluded that the
underestimated motion of Africa is the result of statistical procedures in the construc-
tion of APW paths, and that their revised pole path represents the true motion of the
African plate to southerly latitudes in middle-late Jurassic times. However, they did
not explore the possible reasons for this strong paleolatitudinal shift.

Plate kinematic reconstructions for the period following the break-up of Pan-
gea are based on the constructions of plate circuits from the marine magnetic anomaly
record. The placing of the continents with respect to the Earth’s magnetic field, which
is aligned with the spin axis, is reconstructed using paleomagnetic data. The posi-
tion of continents with respect to the mantle in the period after 130 Ma is further
constrained using hotspot reference frames (Miiller et al., 1993; Steinberger and
O’Connell, 1998; O’Neill et al., 2005; Torsvik et al., 2008a). To filter out or reduce
paleomagnetic and geochronologic errors, APW paths are constructed using sliding
windows. Consequently, fast motions of the continents are underestimated in APW
paths.

However, the movement of a plate recorded in an APW path, is not necessar-
ily entirely unique for that plate, but may share a motion component with all other
plates. There are several episodes wherein the entire mantle and crust rotated with
respect to the Earth’s spin axis. These episodes are known as periods of true polar wan-
der (TPW) and have already been reported since the 1950s (Gold, 1955; Goldreich
and Toomre, 1969; Besse and Courtillot, 1991; Besse and Courtillot, 2002; Evans,
2003; Torsvik et al., 2008a). TPW results from a redistribution of density inhomoge-
neities in the mantle, for example caused by the rise of mantle plumes or the subduc-
tion of plates (Steinberger and Torsvik, submitted). Since TPW represents a true

rotation of the mantle and crust with respect to the Earth’s spin axis, it is also recorded
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in the sedimentary record, through climate controlled facies changes, and flora and
fauna variations. Several post-Permian episodes of TPW were recently quantified by
Steinberger and Torsvik (2008). One of the proposed intervals of TPW (between 195
and 135 Ma) coincides with the proposed southward movement of Africa of Muttoni
etal. (2005). Therefore, there are two possibilities to explain the rapid motion of Af-
rica to southerly latitudes in the late Jurassic: 1) the African plate moved with respect
to the surrounding plates (with major tectonic implications), or 2) all continents
move with respect to the spin axis, and therefore there is no relative motion between
the continents other than that expected from plate kinematics. If this rapid motion of
Africa is (mainly) caused by TPW/, we should find a similar southward motion in the
Eurasian plate at longitudes comparable to the Adrian paleolongitude, i.c. with respect
to the Euler pole (positioned at the equator) that describes the Jurassic TPW event
(Steinberger and Torsvik, 2008). The distance away from this Euler pole determines
the paleolatitudinal effect of TPW.
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In this study, we test if the middle to late Jurassic southward cusp is limited to
the African plate, or if the same event can be recognized for the Eurasian plate. To this
end, we aimed to determine the paleolatitudinal position of the southern Eurasian
margin at the location of the Pontides (Turkey) and Crimea (Ukraine). We have
sampled rocks ranging from the lower Jurassic (syn-APW path cusp) to Cretaceous
(post-APW path cusp). In total, we analyze the results of 27 new sites and combine
them with our 13 Cretaceous sites from the Pontides (Fig. 2.1a) (Meijers et al., in
review) and with 43 previously published datasets. We corrected, where possible, for

the inclination shallowing in sediments with the E/I method (Tauxe and Kent, 2004).

2. Geological setting

The southern Eurasian margin was affected by the subduction of the Paleo-Tethys and
Neo-Tethys oceans since the Paleozoic. The Neo-Tethys opened in the Permian, and
sediments attributed to this event are widely distributed in the present-day Mediter-
ranean area (Dercourt et al., 2000; Besse and Courtillot, 2002; Stampfli and Borel,
2002; Gutierrez-Alonso et al., 2008; Torsvik et al., 2008a). The Paleo- and Neo-Teth-
yan domains were separated by a series of presently east-west distributed ‘Cimmerian
continents’ that rifted away from the African margin upon opening of the Neo-Tethys.
Following Paleo-Tethys closure, northward subduction of the Neo-Tethys ocean (Fig.
2.1b) controlled the development of the Eurasian continental margin and led to the
formation of several back-arc basins on the overriding plate, of which the Cretaceous-
Eocene Black Sea basin is a prominent example. The absence of the Black Sea, before
middle to late Cretaceous times (Okay et al., 1994b), implies that Jurassic and lower
Cretaceous rocks from both sides of the present-day Black Sea were deposited at
comparable latitudes. Opening of the Black Sea accommodated only ~100-150 km
(~1-1.5° inclination) of extension (Cloetingh et al., 2003; Starostenko et al., 2004;
Shillington et al., 2008), which is well within palecomagnetic errors and an order of
magnitude smaller than the African cusp. Therefore, the opening of the Black Sea is
not expected to be significantly reflected in paleomagnetic results from the Pontides.
Some authors suggested the presence of a small oceanic basin between the Pontides
and Crimea in Triassic to Jurassic times (Kiire ocean) ($engér and Yilmaz, 1981;
Robertson and Dixon, 1984; Stampfli and Borel, 2002; Moix et al., 2008)., although
the oceanic nature of this basin was challenged by others (Dercourt et al., 2000; Bar-
rier and Vrielynck, 2008). We will explore the possible implications of this suggested
oceanic basin further in this paper.

The Paleozoic and/or older Crimean basement is formed by the thinned mar-
gin of the East European Craton (EEC): the Scythian Platform (Fig. 2.1a) (Stephen-
son et al., 2004; Saintot et al., 2006b). Crimea is part of a deformed belt running
from North Dobrogea in Romania in the west, over Crimea to the Greater Caucasus
in the east (Saintot et al., 2006b) (Fig. 2.1). The Crimean basement is almost entirely

covered by Mesozoic-Cenozoic volcano-sedimentary units (Nikishin et al., 2001).
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They comprise: 1) a lower unit of Triassic to middle Jurassic (Bathonian) intensely
deformed series of turbidites and shales, olistostromes, calc-alkaline volcanics and con-
tinental clastics, 2) a middle unit of upper Jurassic to lower Cretaceous (Berriasian)
platform carbonates that changes eastward into conglomerates and turbidites. The
upper Jurassic platform carbonates are allochtonous thrust slices according to Mileyev
ctal. (1996). Furthermore, an episode of folding and thrusting occurred in intra-
Berriasian times (~145-140 Ma), 3) an upper unit of lower Cretaceous (upper Ber-
riasian) to Eocene platform carbonates, shales, conglomerates, marls and calarenites
were deposited. The upper unit experienced little deformation, compared to the lower
two units (Mileyev et al., 1996; Mileyev et al., 1997; Saintot et al., 1999). The upper
unit developed as a rift-related sequence (Zonenshain and Le Pichon, 1986), probably
resulting from back-arc spreading in the hanging wall of the northward subducting
Neo —Tethyan crust (Okay et al., 1994b; Banks et al., 1997).

The Pontides constitute the region between the Black Sea in the north and the
[zmir-Ankara-Erzincan suture zone in the south, which demarcates the (northern)
Neo-Tethyan ocean in Turkey (Sengér and Yilmaz, 1981). In the studied area, the
Pontides consist of two different tectonic blocks: the Istanbul and Sakarya Zones (Fig.
2.1a) (Sengér and Yilmaz, 1981). The age of amalgamation of the Istanbul and Sakar-
ya Zones has been a matter of debate, and proposed ages range from early Jurassic
(Sengér et al., 1980) to early late Cretaceous ( Tiiysiiz, 1999). In the case of early late
Cretaceous amalgamation, it was thought to result from closure of the so-called ‘Intra-
Pontide ocean’, a narrow (~300 km) oceanic basin, that separated the Istanbul Zone
from Sakarya (Okay et al., 1994b; Robertson and Ustadmer, 2004). Recent studies by
Bozkurt et al. (2008) and Okay et al. (2008) revealed, however, that the Istanbul and
Sakarya Zones amalgamated with Eurasia during the Paleozoic, with possibly some
post-Triassic reactivation (Okay et al., 2008).

The Sakarya Zone constitutes an intensely deformed Variscan (i.e. Eurasian)
basement and the locally metamorphosed pre-Jurassic Karakaya Complex (Tekeli,
1981; Okay et al., 1991). The Karakaya complex is interpreted either as an inverted
rift basin, or as a mid to late Triassic subduction-accretion complex (Geng and Yilmaz,
1995; Okay and Gonciioglu, 2004; Pickett and Robertson, 2004). The Istanbul Zone
comprises a non-metamorphic Ordovician to Carboniferous sedimentary sequence
that experienced mild deformation during the Permo-Carboniferous, overlain by
Triassic sediments. Its stratigraphy is generally correlated to the Moesian Platform in
Bulgaria, from which it separated during western Black Sea opening in the carly Creta-
ceous (Goriir, 1988; Okay et al., 1994b).

The post-Triassic volcano-sedimentary cover of the Sakarya and Istanbul
Zones is similar. The lower Jurassic consists of shallow marine clastics, and includes
some ammonitico-rosso levels (Altiner et al., 1991). In the eastern part of the Sakarya
Zone, the lower to middle Jurassic sequences include volcanics and volcanoclastics
(Yilmaz et al., 2003; Yilmaz and Kandemir, 2006). The middle Jurassic (Callovian) to
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lower Cretaceous deposits consist of platform carbonates (Inalti Formation). Like on
Crimea, the entire lower Cretaceous (Hauterivian) to Eocene is covered by rift-related
deposits, which are related to opening of the Black Sea (Gériir, 1997).

It is of importance here that Africa and Europe were separated in the Jurassic
by a subduction zone in the present-day eastern Mediterranean (Ricou et al., 1998;
Dercourt et al., 2000; Stampfli and Borel, 2004; van Hinsbergen et al., 2005; Bar-
rier and Vrielynck, 2008). Further to the east, in the Pontides ( Turkey), Crimea
(Ukraine) and the Greater Caucasus (Russia) (Fig. 2.1a), early and middle Jurassic rift
basin development probably took place in a back-arc setting, driven by the north-
ward subduction of the Neo-Tethys south of the Pontides. This is evidenced by the
large amount of volcanogenic sediments in Crimea and the eastern Pontides, and the
dominantly volcanic Bathonian-Bajocian interval in the Greater Caucasus (Robinson
et al., 1995b; Banks and Robinson, 1997; Nikishin et al., 2001; Saintot et al., 2006a;
Saintot et al., 2006b). The subduction zones in the Jurassic Tethyan realm must have
acted as an anchor in the mantle, and therefore relatively fast motion of both the

African and Eurasian continents with respect to the mantle is unlikely.

3. True Polar Wander
True Polar Wander (TPW) events during the last 200 Myrs were quantified in several
studies (Besse and Courtillot, 1991; Prevot et al., 2000; Besse and Courtillot, 2002).
Recently, Steinberger and Torsvik (2008) calculated TPW over the last 320 Myr, by
assessing the APW paths of all continents. For periods younger than 130 Ma, the
paths were compared to a moving hotspot reference frame. By definition, a TPW
event has an equatorial Euler pole. The paleomagnetic expression of TPW is depend-
ent on the position of the sampling site with respect to the Euler pole during TPW,
because it determines the sense of motion a location would experience during TPW.
Four intervals of TPW were identified by Steinberger & Torsvik (2008). In the
period from 250-220 Ma a counterclockwise TPW (18°) around an equatorial Euler
pole at 15°W would cause large northward movements in the present-day circum-
Black Sea region, located at the southern margin of Eurasia. The effect of TPW was
compensated in the period of 195-145 Ma with a clockwise movement around the
same Euler pole. This was followed by dominantly east-west movements from 145-
135 Ma, caused by 10° clockwise rotation around an equatorial Euler pole located at
37.5°E, compensated by a next period of counterclockwise TPW from 110-100 Ma
that would have resulted in northward movement of the circum-Black Sea area. There-
fore, in the case that TPW has been the (main) mechanism to transport Adria to low
latitudes, the present-day circum-Black Sea region should have experienced a similar,
and even more pronounced movement. So far, the possibility of a period of TPW

causing low latitudes remains to be tested.
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4. Paleomagnetic sampling, analysis and reliability
criteria

4.1 Paleomagnetic sampling and analysis

Sampled lithologies vary from limestones to sandstones, siltstones, shales, marls, clays,
calcarenites and volcanoclastics (see Table 2.1 and Supplementary data). Cores were
collected using a motor drill. Sample orientations were measured with a magnetic
compass and corrected for the present-day declination. In most cases, cores were long
enough to provide multiple specimens from a single core. Therefore, the number of de-
magnetized specimens is sometimes higher than the number of sampled cores (Table
2.1). For absolute ages, we correlate biostratigraphic ages to the GTS2004 timescale
(Ogg, 2004; Oggetal, 2004). For several sampled sites, new biostratigraphic ages
from limestones were determined by D. Altner. Ages for all sites can be found in the
Supplementary information and in Table 2.1.

Magnetic carriers were determined by performing thermomagnetic runs and
isothermal remanent magnetization (IRM) curves. IRM acquisition curves were per-
formed on samples that had been heated already until 150°C and used for AF demag-
netization (Fig. 2.2a-f). Before IRM acquisition curves determination, all specimens
were first demagnetized until 300 mT in three orthogonal directions, to minimize the
influence of magnetic interaction and thermal activation (Heslop et al., 2004). The
IRM was acquired 57 steps until 700 mT, with an in-home developed robot assisted
and fully automated 2G DC SQUID cryogenic magnetometer (noise level 10-12
Am?2). IRM measurements were analyzed using the cumulative log-Gaussian approach
to identify the different coercivity components with the method developed by Kruiver
etal. (2001). The diagrams were interpreted with either two or three magnetic compo-
nents, overlapping in coercivity spectrum, to provide a best-fit to the IRM curves. The
low intensity and low coercivity component that is usually observed using this method
results from a skewed data distribution and has no physical meaning (Heslop et al,,
2004). The magnetic components can be characterized by the saturation isothermal
remnant magnetization (SIRM), the peak field, at which half of the SIRM is reached
(B1/2) and the dispersion of its corresponding cumulative log-normal distribution
(DP) (Kruiver et al., 2001). The thermomagnetic runs were carried out in air, using
a modified horizontal translation type Curie balance, with a sensitivity of ~5 x 10-9
Am? (Mullender et al., 1993) (Fig. 2.2g-i). Approximately 40 mg of powdered rock
samples were put into a quartz glass sample holder and were held in place by quartz
wool. Heating and cooling rates were 10°C/min. Temperatures were increased to a
maximum of 700°C.

Samples were demagnetized using thermal and alternating field (AF) demag-
netization methods, or a combination of both methods. Thermal demagnetization
was carried out in a magnetically shielded oven, with steps of 30°C-50°C up to a
maximum of 540°C. AF demagnetization up to a maximum of 90 mT was carried
out with steps of 3-20 mT. A 2G Enterprises horizontal 2G DC SQUID cryogenic
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magnetometer with a noise level of 3x10-12Am?2 was used to measure the natural re-
manent magnetization (NRM) of all samples. The AF demagnetization procedure and
measurement of the samples was performed with an in-home developed robot assisted
and fully automated 2G DC SQUID cryogenic magnetometer.

Test sets of samples were demagnetized both thermally and by alternating
field, to allow comparison of both applied techniques (e.g. Gong et al. (2008b)). To
remove possible stress in magnetite grains caused by surface oxidation at low tem-
peratures (Van Velzen and Zijderveld, 1995), most AF demagnetized samples were
heated to 150°C before demagnetization (see procedures in Gong et al. (2008b)).
Several samples of site UJ that were AF demagnetized were heated until 210°C before
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AF demagnetization, while part of the samples of site of site TD14 were heated until
300°C before demagnetization, the temperatures at which a secondary component
was generally removed.

Demagnetization diagrams of the natural remanent magnetization (NRM)
were plotted as orthogonal vector diagrams (Zijderveld, 1967) (Fig. 2.3). Results from
generally five to eight successive temperature or AF steps were analyzed by principal
component analysis (Kirschvink, 1980) to determine the characteristic remanent
magnetization (ChRM) in the samples (Table 2.1).

Fisher statistics (Fisher, 1953) were used to calculate directional and virtual
geomagnetic pole (VGP) means (Fig. 2.4). Because secular variation of the Earth’s
magnetic field induces scatter in paleomagnetic directions, which is near-Fisherian at
the poles, but gradually becomes more ellipsoidal towards the equator (Creer et al,,
1959; Tauxe and Kent, 2004), we calculated the VGPs from all directions. Subse-
quently, a variable cut-off (Vandamme, 1994) was applied to remove outliers from
the datasets (e.g. from excursions, reversal transitions or other outliers) and the errors
in declination (ADy) and inclination (AI,) were calculated following Butler (1992)
(Table 2.1).

Since we sampled sedimentary rocks, we corrected sufficiently large datasets
for a possible shallowing of inclination in sediments caused by compaction during
burial with the elongation/inclination (E/I) method of (Tauxe and Kent, 2004),
which is based on the field model TK03.GAD (Fig. 2.5, Table 2.1). The model is
based on the assumption that the field averaged over sufficient time resembles that of a
geocentric axial dipole (GAD). A large number (preferably N>100) of individual di-
rections is required to apply the model successfully. We ran the model for each dataset
twice: once without applying a cut-off before running the model, and once applying a
variable cut-off (Vandamme, 1994) before applying the model to remove outliers. The
difference between both runs was not significant (Table 2.1).

Our data were compared to the paleolatitudes calculated from the APW paths
of Torsvik et al. (2008a) and Besse and Courtillot (2002) (Fig. 2.6), that are very com-
parable for periods younger than 160 Ma. We discuss results in more detail (per site)

in the Supplementary Information.

4.2 Reliability criteria

To guarantee the quality of both published and new datasets and to reliably recon-
struct the paleolatitude of Crimea and the Pontides throughout the Jurassic and
Cretaceous we applied a number of reliability criteria. The datasets and, if applicable,
the reason of exclusion from further analysis is indicated in Tables 2.1 and 2.2. More

detailed information of each site is given in the Supplementary Information.

The following reliability criteria were applied:

1) Samples that were demagnetized using bulk demagnetization were excluded, for




(e.g- N/up or S/down directions) that may result

irections

example sites G1-G5 and O1-O2 in the study of Orbay and Bayburdi (1979),
ponent and datasets from sites with samples that were too weak for proper demagneti-

2) sites that have a mean ChRM direction in geographic coordinates that is indistin-
guishable from the present-day geocentric axial dipole (GAD) field at the sampling

from an insufficiently removed (partial) overprint, datasets with an unresolved com-

location were excluded,
3) datasets with suspect d
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samples at higher temperatures (>300°C). Another example is site TD15 which gave
completely different and unexplainable (but consistent) results using AF and thermal
5) datasets that have an error in latitude (using AL, calculated from A95) that is larger
than 7° (averaged over AL+ and AL -) were excluded, because this gives us the resolu-
6) datasets that do not reach the minimum amount of samples (N>24) to allow reli-
able calculation of the paleolatitude (Van der Voo, 1990) were not taken into account.
In the case that volcanic rocks were sampled, the minimum required number of flows/
sites (with a minimum of demagnetized specimens per lava flow >5) that constitute

7) datasets that do not pass the fold test were excluded. An example of this is site KD,

zation resulting in erratic behavior (e.g. TB1), were excluded from further analysis.
demagnetizing the samples resulted in the acquisition of a spurious component in the

An example is site TBS, where a temporary problem with the oven that was used for

4) datasets with age uncertainties larger then 15 Myrs were excluded,

tion to compare the dataset with the APW path,

demagnetization.
one locality is 5,
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Chapter 2

because the six subsets with different bedding orientation do not pass the fold test (of
Tauxe and Watson, 1994 (see Supplementary data). The tightest grouping of data oc-
curs at 40% unfolding. We also determined the paleofield direction from a synfolding
remanence of site KD using the small circle intersection (SCI) method of Shipunov
(1997), modified by Waldhér and Appel (2006) (see Supplementary data). The direc-
tions from the foldtest and the SCI method are very comparable. The results suggest
that remagnetization occurred at an inclination of 54.6-62.4° (corresponding to a
paleolatitude of 35.1°N<38.1°N<43.7°N). If we compare this value to the APW path
of Eurasia (Torsvik et al., 2008a), this coincides very well with values predicted for
post-Paleocene times (Fig. 2.7), which supports remagnetization, likely during folding.
8) datasets that have an inclination that is too low to be explained by flattening (maxi-
mum flattening factor allowed: f=0.3, see Fig. 2.7b) compared to the APW path. The
flattening factor f relates the ratio of the observed inclination Iobs to the inclination of
the applied field If (King, 1955), according to
tan Loy, = ftan Iy (1)

In our paleomagnetic results, If is the geomagnetic field at the time of NRM acquisi-
tion. Typical values of fare 0.4-0.6 in sediments, but can be as low as 0.3 in red beds
(Tauxe and Kent, 1984). Therefore, we use a lower boundary cut-off of f > 0.3 than
can be expected from the APW path (Torsvik et al.,, 2008a). We also rejected site
TD13 and the site in Crimean sediments from Rusakov et al. (1971), because the in-
clination of the reported data is, even when taking the error into account, higher than
the present-day GAD field inclination at the sampling locality.

Two sites with the same age that were sampled in close proximity within the
same sedimentary sequence were rejected, because their mean ChRM directions are

very different (site KL and KJ, see Supplementary data).

5. Results

5.1 Results — this study

After applying the above reliability criteria, there are nine remaining datasets from
the 41 datasets for the paleolatitude reconstruction of Crimea and the Pontides in
Jurassic-Cretaceous times. The nine remaining datasets are from three age ranges:
Callovian-Berriasian (~164.7-140.2 Ma, six sites), Aptian-Albian (~125.0-99.6 Ma,
one site) and Coniacian-Santonian (~89.3-83.5 Ma, two sites) (Fig. 2.6b). The oldest
two intervals consist of datasets from both Crimea and the Pontides; the middle age
interval contains only Crimean data, and the youngest interval consists only of data-
sets from the Pontides.

Two of our datasets that were taken from upper Jurassic rocks have similar
ages: sites UJ and KO. Because of their proximity and the difference in bedding tilt,
we performed a fold test. The equal-area plots of directions from both limbs before
and after tilt correction (Fig. 2.2j-1) show that in geographic coordinates the two sites

have significantly different directions, while after tectonic tilt correction the directions
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Chapter 2

of both sites form a single cluster. The nonparametric fold test of Tauxe and Watson
(1994) (Fig. 2.2j-1) is considered to be positive because closest grouping is reached
close to full unfolding (95% bootstrap errors: 88%-96%). The small deviation from
100% significance may be caused by orientation or bedding plane errors. This fold test
checks for maximum clustering, but this need not always be the ideal case (McFadden,
1998), while also a well-recorded secular variation distribution would have a slight
clongation at this latitude, which is not necessarily compatible with maximum cluster-
ing. Furthermore, the two groups of pre-untilting directions that can be seen within
the data of site KO (Fig. 2.2j), and that form one cluster after tectonic tilt correction
(Fig. 2.4), give an extra indication that the ChRM direction is a pre-folding direction.
Hence, we conclude that the magnetization of site UJ and KO was acquired before
folding, even though the tilt corrected means just fail to have a common true mean
direction (ctmd). To determine whether two distributions have a ctmd, we used the
reversal test developed by McFadden and McElhinny (1990) and their classifications
(A, B, C, indeterminate). The classifications are based on the critical angle y. and

the angle y between the means. Because we use their test with simulation, the test is
equivalent to using the V, statistical parameter of Watson (1983).

In the oldest interval (~164.7-140.2 Ma), we have six datasets (two from the
Pontides and four from Crimea); four of these were corrected for inclination error
with the E/I method (Tauxe and Kent, 2004). The E/I method was carried out on
the datasets before and after applying a variable cut-off to the datasets (Vandamme,
1994) (see section 4.1). The difference between both approaches is negligible (Fig.
2.6), on average the calculated paleolatitude correction after applying the E/I method
is not significant and only ~2-3° higher than before applying the method (Fig. 2.5).
All datasets in the oldest age interval have a trend in paleolatitude that is consistent
with the APW path (decreasing from ~21°N at ~165 Ma to ~16°N at ~140 Ma) (Fig.

Figure 2.5 a)-h) Equal-area projections of the individual VGP directions before E/I correc-
tion (aand f) and equal-area projections of the individual ChRM directions before (c and

h) and after (d and i) E/I correction (symbols as in Figure 2.4) (Tauxe and Kent, 2004) with
corresponding elongation vs. inclination (b and g) and fraction (of 5000 bootstraps) vs. inclina-
tion plots (¢ and j) for TD14 (a-d) and UJ (e-h). In the elongation vs. inclination plots the

E/I for the TK03.GAD model (green line) and for the datasets (red barbed line) for different
degrees of flattening are plotted. The red barbs indicate the direction of elongation (horizontal
is E-W and vertical is N- S). Also shown are examples (yellow lines) from 20 (out of 5000)
bootstrapped data sets. The crossing points (if the dataset intersects the model) represent the
inclination/elongation pair most consistent with the TK03.GAD model, given as incg; (in
green) above the panel; inc, = original inclination, E,, = original elongation of the dataset,
Eg; and incgy are the elongation and inclination according to the E/I model, respectively. In the
fraction/inclination plot, a histogram of intersecting points from 5000 bootstrapped data sets
is shown. The most frequent inclination (solid red vertical line; dashed red vertical lines denote
the 95% bootstrap error) is given as value (and error range) on top of the panel; the inclinations
of the original distribution (blue vertical line) or the intersection with the model (green vertical
line) are indicated; E = the elongation (and error range) resulting from the bootstrapped data

sets. See Appendix 9
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Chapter 2

2.6), except for one dataset (KA). Site KA yields a paleolatitude that is ~31°N, which
is higher than the other datasets. Among Aptian-Albian (~125.0-99.6 Ma) rocks, one
site from Crimea (KP) passed the reliability criteria. Site KP yields a paleolatitude
that is within error (Al and age error) with the paleolatitude predicted by the APW
paths (Besse and Courtillot, 2002; Torsvik et al., 2008a), before and after correction
with the E/I method. Unfortunately, the site has a relatively large age error (+ 12.7
Ma). The two datasets from the Pontides from the youngest age group (~89.3-83.5
Ma) yield paleolatitudes that are very comparable (TA2) to slightly lower (TAS) than
the paleolatitudes that are predicted by the APW paths (Besse and Courtillot, 2002;
Torsvik et al., 2008a), both before and after correction with the E/I method.

5.2 Results - literature data
All darta reported for the area of interest from the global paleomagnetic database (GP-
MDB) are listed in Table 2.2 and Fig. 2.7. The studies in the GPMDB are from Van

Figure 2.6 Grey shaded areas in all three panels indicate the periods of true polar wander and
the sense of motion it would cause in the circum-Black Sea area, calculated by Steinberger and
Torsvik (2008). CCW: counterclockwise; CW: clockwise; TMVSGO8: Torsvik et al. (2008);
STO08: Steinberger and Torsvik (2008); BC02: Besse and Courtillot (2002); MEKB05: Mut-
toni et al. (2005); SBSCO7: Satolli et al. (2007); SBCO8: Satolli et al. (2008). All shown data
are calculated in Black Sea coordinates (42.5°N, 31°E). a) Age versus latitude plot with the Afri-
can APW path and its AX error envelope calculated from the AL of Torsvik et al. (2008a) (pink
shaded area, 250-0 Ma), the APW path of Besse and Courtillot (2002) (purple curve, from 200
-0Ma), the TPW corrected APW path of Steinberger and Torsvik (2008) (green curve, 250-0
Ma). Blue circles with AX error bars calculated from the Al: data from the study by Muttoni et
al. (2005). Green circles with their A error bars calculated from the Al or dp/dm error bars:
literature data used in the reconstruction by Muttoni et al. (2005). Red circles with AX error
bars calculated from the AL error bars: data from the study by Satolli et al. (2007; 2008). Yel-
low diamonds with AX error bars calculated from the Al and age error bars: data from Aiello et
al. (2008). More information about the data: see section 6. b) Age versus latitude plot with the
Eurasian APW path and its AX error envelope calculated from the AL error envelope of Torsvik
et al. (2008a) (blue shaded area, 250-0 Ma), the APW path of Besse and Courtillot (2002)
(purple curve, from 200 -OMa), the TPW corrected APW path of Steinberger and Torsvik
(2008) (green curve, 250-0 Ma). Thin purple lines (250-0 Ma) indicate the position of the pole
path calculated for flattening factors (f) between 1.0 and 0.3, with steps of 0.1. Small yellow
circles with AX error bars calculated from the AL and age error bars: rejected data from this
study; large blue circles with AX error bars calculated from the Al and age error bars: accepted
data from this study. Green squares with AX error bars calculated from the Al and age error
bars indicates the paleolatitude of site KD after 40% unfolding, stippled line shows the path
along fixed paleolatitude until it intersects the APW path, indicating the possible moment of
remagnetization. c) Age versus latitude plot with the Eurasian APW path and its AX error en-
velope calculated from the Al error envelope of Torsvik et al. (2008a) (blue shaded area, 250-0
Ma), the APW path of Besse and Courtillot (2002) (purple curve, from 200 -OMa), the TPW
corrected APW path of Steinberger and Torsvik (2008) (green curve, 250-0 Ma). Blue large
circles as in Fig. 2.7b; pink large circles: data after correction with the E/I method (Tauxe and
Kent, 2004) on which a variable cut-off has been applied (Vandamme, 1994) before correction
with the E/I method with their 95% bootstrap error range; grey large circles: data after correc-
tion with the E/I method (Tauxe and Kent, 2004) on which a variable cut-off has been applied
(Vandamme, 1994) after correction with the E/I method. See Appendix 10
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der Voo et al. (1968), Anferova et al. (1971), Rusakov (1971), Orbay and Bayburdi
(1979), Evans et al. (Evans et al., 1982), Pechersky and Safonov (1993), and Pechersky
etal. (1993). A full author list could not be traced for Pechersky et al. (1993). We
added the data of Channell et al. (1996). Many of the published data were rejected
after applying the reliability criteria. For the Pontides, only three out of 13 results were
accepted (indicated in bold in Table 2.2), all three from the combined results of Chan-
nell et al. (1996). None of the 22 Crimean datasets passed the reliability criteria.

A major problem with the Crimean data in the database is that they can
often not be traced back to the original publication. In some cases, the k (precision
parameter), ¢gs values and number of samples of datasets that were combined in the
GPMDB do not coincide with our calculations. The number of samples used for the
calculations also differed sometimes between the paper and the database. In one case,
a single dataset was entered three times into the database, under different authors, and

combined with several other sub-datasets.
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Figure 2.7 Age versus latitude plot with the Eurasian APW path and its A) error envelope
calculated from the Alx error envelope of Torsvik et al. (2008a) (blue shaded area, 250-0 Ma),
the APW path of Besse and Courtillot (2002) (purple curve, from 200 -0Ma), the TPW cor-
rected APW path of Steinberger and Torsvik (2008) (green curve, 250-0 Ma). Thin purple lines
(250-0 Ma) indicate the position of the pole path calculated for flattening factors (f) between
1.0 and 0.3, with steps of 0.1. Small green diamonds (small blue triangles) with A) error bars
calculated from the Al and age error bars: rejected data from the GPMDB data from Crimea
(Pontides); large green diamonds (large blue triangles) with A} error bars calculated from the
Al and age error bars: accepted data from the GPMDN data from Crimea (Pontides). In the
data for the Pontides, also data from Channell et al. (1996) were included. Abbreviations in
legend as in Fig. 2.6. See Appendix 11
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6. Discussion

Data from five out of six sites from Callovian-Berriasian (~164.7-140.2 Ma) rocks
show very consistent behavior and suggest that the Pontides (sites TD14, TD2) and
Crimea (sites KO, UJ, KV) were not situated at significantly different latitudes in late
Jurassic times (Figs. 2.6 and 2.8), which would imply close vicinity of the Pontides
and Crimea in this period. Therefore, even if there was an oceanic basin separating
the Pontides and Crimea in this time span, it was of limited dimension (no more
than several hundreds of km). Our data (except site KA) yield paleolatitudes that are
significantly lower (~1600 km) than the paleolatitude expected from the APW paths
of Besse and Courtillot (2002) and Torsvik et al. (2008a). The consistent low paleo-
latitudes from Callovian to Berriasian (~164.7-140.2 Ma) rocks from Pontides and
Crimea, show a southward moving trend (Figs. 2.6 and 2.8), which is parallel to the
trends in the Eurasian APW paths (Besse and Courtillot, 2002; Torsvik et al., 2008a)
in the same interval.

Data from Aptian-Albian (~125.0-99.6 Ma) rocks from Crimea (site KP)
yield a paleolatitude that is slightly higher than the paleolatitudes predicted by the
APW paths, but identical within error (Figs. 2.6 and 2.8), both before and after
correction with the E/I method (Figs. 2.6 and 2.8, Table 2.1). Coniacian-Santonian
(~89.3-83.5 Ma) data from the Pontides from site TAS reveal a paleolatitude that, af-
ter correction with the E/I method, plot on the APW path, whereas the paleolatitude
from site TA2 is slightly lower, but within error, to the late Cretaceous APW paths
(Besse and Courtillot, 2002; Torsvik et al., 2008a). The datasets from upper Creta-
ceous formations published by Channell et al. (1996) however, yield slightly lower
latitudes than predicted by the APW paths. This could be the result of inclination
shallowing, because the data were not corrected for this. The accepted site of Liassic

age from Channell et al. (1996) plots within error of the APW path.

Our low latitudes in middle Jurassic to early Cretaceous times, compared to the Eura-
sian APW paths, are in line with the low latitudes of Adria as part of the African plate,
presented in the study of Muttoni et al. (2005). From a magnetostratigraphic study on
sections in the Northern Apennines (Italy) by Satolli et al. (2007; 2008), a pole path
for Adria was calculated for the ~100-150 Ma interval (Fig. 2.6a). Their paleolatitudes
in the ~125-145 Ma interval are in line with the data presented by Muttoni et al.
(2005). However, in the critical interval prior to 145 Ma that displays the southward
movement of Adria, their calculated paleolatitude is higher than predicted by the
scenario of Muttoni et al. (2005), and comparable to the APW paths. Therefore, they
disagree with Muttoni et al’s (2005) scenario of a more southerly position of Africa

in the middle to late Jurassic times, compared to the APW paths. The two datapoints
from a study by Aiello et al. (2008) on Greek radiolarian cherts that have a small age
error (<5 Myr, Fig. 2.6) yield also a paleolatitude that is much lower than expected
from the African APW path. In the critical interval, the sampled localities are also a
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Figure 2.8 a) Age versus latitude plot with the Eurasian APW path and its A error envelope
calculated from the Al error envelope of Torsvik et al. (2008a) (blue shaded area, 250-0 Ma),
the APW path of Besse and Courtillot (2002) (purple curve, from 200 -0Ma), blue large circles
as in Fig. 2.6b; grey large circles as in Fig.2. 6¢, blue triangles as in Fig. 2.7. b) Age versus latitude
plot with the African APW path and its A error envelope calculated from the AL of Torsvik
etal. (2008a) (pink shaded area, 250-0 Ma). Grey curve: curve calculated by Muttoni et al.
(2005). ¢) Curve indicating the amount of TPW through time for the African (in red) and
Eurasian (in blue) continents. d) TPW corrected APW paths for Africa (in red) and Eurasia
(in blue) from Steinberger and Torsvik (2008). All paths and datapoints are recalculated to the
locations indicated in the figure. Abbreviations in legend as in Fig. 2.6. See Appendix 12

50
40 ©
()
30 8
APW path TMVSGO08 AFR E
APW 20 %
path TMVSGO08 EUR )
—— APW/TPW path TMVSGO8AFR  1() 6__“
° Africa/Adria 45.8°N/9.5°E T APWTPWTMVSG08 EUR 0
Eurasia 42.5°N/31°E Path Adria MEKB05
+ This study, no TK03 correction 20
' 15 &
—@— This study, TK03 corrected 10 2
. 5 =
+ Review data, no TK03 correction o
< 0 ~
-5
Africa/Adria 45.8°N/9.5°E
40
(0]
30 _S
20 8
kot
108
i)
0
5 z = 3
- o (ol — 80
= = > =
5 % % o 70
O o 60 _
50 ©
©
=
+ 40F
(@]
30 @
©
o
f * + 20

‘@ Eurasia 42.5°N/31°E
250 200 150 100 50 0



Jurassic-Cretaceous low paleolatitudes from Crimea and the Pontides due to True Polar Wander

part of the African plate (Fig. 2.1b). Data from Aiello et al. (2008) from Greek radi-
olarian cherts, do support the scenario of Muttoni et al. (2005), but do not pass our
reliability criteria due to too large age errors and too small datasets (Fig. 2.6a).

Muttoni et al. (2005) conclude that the southward movement and clockwise
motion of Africa is underestimated by the APW path of Besse and Courtillot (2002)
because of smoothing of the data. This discrepancy remains if their results are com-
pared to the pole path of Torsvik et al. (2008a), because both paths are nearly identical
from the start of the critical time interval (~160 Ma) onwards (Figs. 2.6, 2.7 and 2.8).
Smoothing seems a likely mechanism, because of the relatively low amount of data
entries in the global APW path of Torsvik et al. (2008a): the average number of data
entries per 10 Myr sliding window in the pole path is 27 (320-0 Ma), whereas this is
only 13 in the critical time span (160-140 Ma). The pole path calculated by Satolli et
al. (2008) does not support Muttoni’s scenario, but in their study they do recognize an
abrupt change in plate movement direction around ~141 Ma. Therefore, Satolli et al
(2007) propose the possibility of TPW in this time span.

From our six datasets from rocks that were deposited at the southern Eurasian
margin, five do show a much lower paleolatitude than expected from the Eurasian
APW paths, out of which four yield a paleolatitude that is within error lower than
the APW path (TD14, KO, UJ and KV). This suggests that Muttoni et al’s (2005)
scenario wherein the cusp in the African APW paths is underestimated, seems not
only valid for Africa, but also for Eurasia. The fact that datasets from other pre- and
post-TPW Jurassic and Cretaceous periods from the Pontides and Crimea (Fig. 2.8)
plot within error on the APW path except for two sites that were not corrected for in-
clination error, confirms that we have a good control on paleolatitude. Because Africa
and Eurasia were separated and partly surrounded by subduction zones, which serve as
an anchor into the mantle, it is unlikely that both plates moved ~1600 km back and
forth with respect to the mantle (Fig. 2.1b). Therefore, we conclude that the latitudi-
nal shift is most likely the result of TPW. We concur with Muttoni et al. (2005) that
the cusp in the APW paths is smoothed, and because these smoothed paths were used
to calculate the TPW events by Steinberger and Torsvik (2008), the Jurassic TPW
event was probably larger than determined by Steinberger and Torsvik (2008).

7. Conclusions

Here, we tested whether a recently published strong southward Jurassic to early Cre-
taceous cusp in the African APW path at the position of Adria can also be found on
the Eurasian plate in the present-day circum-Black Sea area. We have presented large
paleomagnetic datasets (41) from Jurassic and Cretaceous sediments from Crimea
(Ukraine) and the Pontides (Turkey) that were part of the Eurasian plate. To correct
for inclination error in sediments, we used the statistical E/I method of Tauxe and
Kent on datasets with a sufficient number of samples. Our data were combined with

43 published datasets. After applying strict reliability criteria on all 84 datasets, only
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12 datasets were accepted. Five out of six late Jurassic to early Cretaceous datasets plot
significantly (~1600 km) lower than the paleolatitudes calculated by the Eurasian
APW paths confirming that the southward cusp of Africa is also observed in Eurasia.
Moreover, the datasets from Crimea and the Pontides display very similar paleolati-
tudes in this time span, and therefore imply their proximity in the late Jurassic to early
Cretaceous. Furthermore, the southward trend of the paleolatitudes between ~165-
140 Ma emphasizes the trend observed in the APW paths.

The weaker signature of this southward cusp in the APW paths, can result
from data smoothing. This is very likely for a period with a low amount of high quality
datasets and a sharp change in motion.

There are two mechanisms to explain this southward translation of the Eura-
sian and African plates in the eastern Mediterranean realm: 1) movement of the Af-
rican and Eurasian plates with respect to the surrounding plates, 2) movement of the
entire crust and mantle with respect to the Earth’s core: true polar wander (TPW), re-
cently quantified by Steinberger and Torsvik (2008) for the critical time span. Because
it is unlikely that Africa and Eurasia moved with such high speed with respect to the
surrounding plates in a time span where both continents were surrounded by subduc-
tion zones, wherein the subducting slabs function as their anchors in the mantle, we

regard the possibility of TPW the most likely mechanism to explain the low latitudes.
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Supplementary data
A summary of all results can be found in Table 2.1 and Figures 2.2-2.7. HT=high temperature;
HCF=high coercive force; LT=low temperature; LCF=low coercive force.

KV

The samples of site KV were collected from (Tithonian-)Berriasian beige limestones, on top
of the Ai Petri limestone plateau, within approximately 20 meters of stratigraphy. A number
of 44 samples was demagnetized, of which five thermally and 39 using combined thermal and
AF demagnetization. Initial intensities range from ~50-1000 pA/m. No systematic LT or LCF
direction is visible in the samples. The resulting HT/HCF ChRM direction that was isolated
between ~140°C-370°C.
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KO

From the dark grey Kimmeridgian limestones of site KO that were sampled within approxi-
mately 10 meters of stratigraphy near the Uchan Su waterfalls in the Ai Petri plateau, 107
specimens were demagnetized. Twelve samples were demagnetized thermally and 95 samples
using combined thermal and AF demagnetization. Initial intensities range from ~2,000-10,000
rA/m. Until ~150°C or 150°C plus ~10 mT, a LT/LCF component is present in the samples.
The direction of the LT/LCF is D=358.5° and I=57.8°, which is similar to the present-day
GAD field on Crimea. The resulting HT/HCF ChRM direction was isolated between ~150°-
480°C or 150°C plus ~10 mT-70 mT. Correction for inclination error is not significant.

uJ

The samples of site UJ were taken from early Kimmeridgian limestones within the Ai Petri pla-
teau within approximately 4 meters of stratigraphy. The age is based on biostratigraphic dating
on Thalassinoides burrows and corals. From the 101 samples that were drilled, 129 specimens
were demagnetized, of which 99 samples thermally and 30 samples using combined thermal and
AF demagnetization. Initial intensities range from ~1500-8000 pA/m. A direction that is simi-
lar to the present-day GAD field on Crimea is present in the samples until ~210°C or 150°C
plus ~20 mT. The direction of this LT/LCF component (N=101) is D=353.7° and [=60.7°.
The resulting ChRM direction was isolated between ~210°C-360°C or 150°C plus ~20mT-60-
mT. Correction for inclination error was not significant.

KP

The samples of site KP were drilled in Aptian-Albian clays (Druschits et al., 1981; Baraboshkin,
2003) that were deposited on top of a fossiliferous hardground in the Kirpichnoe quarry
(Novomykolaivka village). All samples were taken within approximately 6 meters of stratigra-
phy. The color of the clays is different per site and ranges from beige, grey and blue to orange/
reddish. At this site, 128 samples were collected, of which 113 specimens were demagnetized
using combined thermal and AF demagnetization procedures, and one sample using thermal
demagnetization. Intensities after heating until 150°C range from ~200-76000 pA/m, depend-
ing on the color of the clays. No consistent LCF component is present in the samples. The
HCF ChRM component was isolated between ~150°C plus 10 mT and ~70 mT (and between
100°C and 360°C for the thermally demagnetized sample). Correction for inclination error was

not significant.

KL & KJ
Siltstones (KL) and sandstones (KJ) of Bajocian age (national park, near kordon Ammonalnie).
The sandstones and siltstones are intercalated with lava flows. The low number of lava flows
did not allow paleomagnetic analyses on the lava flows. Samples of site KJ and KL were taken
within respectively ~5 and ~2 meters of stratigraphy. At site KL, 17 samples were collected,
whereas at site KJ 33 samples were collected. Starting intensities range between ~3600-14000
pA/m (KL) and ~400-1200 pA/m (KJ).

Eight samples from site KL were demagnetized thermally between 20°C and 570°C.
The ChRM component was isolated between ~150°C and 480°C. From site KJ, 25 samples
were demagnetized thermally between 20°C and 570°C and eight samples combined thermal
and AF demagnetization (150°C plus 90 mT'). The ChRM was isolated between 150°C and
480°C or between 150°C and 40 mT.

Both sites were drilled within each others proximity (~500 meters apart) and within
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sediments of the same age. Therefore, the ChRM direction should be comparable. However,
the large difference between the isolated ChRM directions indicates that the rocks have been

remagnetized.

KA

Grey limestones of Tithonian age (according to the fieldguide of Nikishin et al. (2008), the age
is upper Tithonian, we used the more conservative Tithonian age) were sampled (N=118) at
site KA (Chatyr Dag plateau) within ~30 meters of stratigraphy. Samples were mainly demag-
netized using combined thermal (until 150°C) and AF demagnetization, and two samples were
thermally demagnetized. Typical intensities after heating until ~150°C range from ~25-300
wA/m. Until ~150°C plus 15 mT a LT/LCF component is present in the sample that is similar
to the present-day GAD field on Crimea. A HCF/HT ChRM component was isolated be-
tween ~150°C plus 15 mT and between ~100-450°C. Correction for inclination error was not

significant.

KH

At site KH 97 samples were collected from Callovian clays and calcarenites at cape Meganom.
In total, 36 sites were drilled spread throughout an area of ~1-2 km2, and 36 samples were
demagnetized thermally until a maximum of 600°C. Initial intensities range from ~200-2000
wA/m. The paleomagnetic direction in most samples highly differs, and therefore no ChRM
direction could be calculated.

KD

Valanginian-Hauterivian carbonate rich siltstones were collected at site KD. A total of 87
samples were collected within 6 subsets. Intensities after heating until 150°C range from ~200-
1300 pA/m. 118 samples were demagnetized using combined thermal (until 150°C) and AF
demagnetization. One sample was demagnetized thermally (ChRM isolated between 240°C
and 420°C). There is no clear LT/LCF component present in the samples. The mean ChRM
direction (isolated between 15 mT and 50-100 mT') of the combined subsets (after tectonic
correction) is N=113, D=350.9°, [=33.8°. The ChRM directions that were calculated per
subset yield different directions and do not pass the fold test (Tauxe and Watson, 1994). The
maximum clustering of the data can be found at 40% unfolding, at a direction of D=354.9°

and [=54.6° (N=113, k=57.5, t9s=1.8, AD,=3.0, AL,=2.0). Results obtained by using the SCI
method developed by Shipunov (1997) and modified by Waldhér and Appel (2006) for the 6
subsets gives very comparable results. Minimizing A (the sum of the amount of angles) results in
D=357.3 and [=62.4 (N=6, 0t95=4.0°, km=207.5). On average the syn-folding remagnetization
direction is D=354.9° + 3.9°, 1=57.5 £ 2.9°.

KF

The calcarenites and clays from site KF were dated upper Tithonian on the basis of ammonites
(Paraulacosphintes cf. transitorius) by V.V. Arkadiev (pers. comm.). 97 cores were drilled, of
which 15 specimens were demagnetised thermally. Starting intensity of the samples ranges from
~200-1800 pA/m. Samples show erratic and inconsistent behavior, therefore no ChRM direc-
tion could be determined.

D17

Maastrichtian to Paleocene red pelagic limestones of the Ballikaya Formation (Yikilmaz et al.,
2002). The stratigraphic thickness of the sampled interval is ~3 meters. Starting intensities
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range from ~4000-8000 wA/m. From the 15 drilled cores, 4 samples were AF demagnetized and
10 samples were thermally demagnetized. AF demagnetization did not result in a substantial
decrease in NRM intensity, so the ChRM component isolated between ~200-610°C is carried

by hematite. There is no clear LT component present in the samples.

D15

The site consists of Pliensbachian calc-arenites and siltstones (Okay et al., 1991). Combined
thermal (until 150°C) and AF demagnetization (5 specimens) and thermal demagnetization
(12 specimens) give completely different results. Thermomagnetic runs carried out on the sam-
ples could not reveal what the cause of this discrepancy is. Initial intensities range typically from
~1,500-5,500 uA/m. For calculation of the ChRM direction we only took thermally demag-
netized samples into account. This HT component was isolated between ~150° and ~510°C.
Uncorrected for bedding tilt this direction is very close to the present-day GAD filed in the
western Pontides, and therefore possibly a remagnetization direction.

D14

The samples of site TD14 were taken from grey limestones of the Tag¢ibayirt Formation that

is part of the Bilecik Group (Altiner et al., 1991). Their age is Callovian-Oxfordian in age. Site
TD14 consists of 108 demagnetized specimens, of which 25 specimens were demagnetized
thermally, and 83 using combined thermal and AF demagnetization. Initial intensities range
from ~1,000-80,000 wA/m. An LT/LCF component is present in the samples until ~300°C or
~150°C plus 30mT, which is very close to the present-day geo-axial dipole (GAD) field in the
western Pontides. The direction of this LT/LCF component (N=24) is D=3.9° and [=57.5°.
The resulting HT/HCF component was isolated between ~310-520°C or 150°C plus 35
mT/300°C and 90mT. Correction for inclination error was not significant.

D13

Samples were taken from Aptian-Albian limestones (base of the section is Aptian, the top of
the section is (mid-) Albian, biostatrigraphic dating by D. Altiner). The sampled stratigraphic
thickness is approximately 100 meters. 70 cores were sampled, from which 83 specimens were
demagnetized, 22 by thermal demagnetization, and 61 by combined thermal (until 150°C) and
AF demagnetization. Initial intensities range from ~250-10,000 uA/m. A LT/LCF component
is present in the samples until ~250°C or 150°C plus ~30mT. This LT/LCF component is close
to the present-day GAD field in the western Pontides. The direction of this LT/LCF compo-
nent (N=21) is D=6.6° and I=51.5°. The resulting HT/HCF component, that was isolated
between ~250°C-600°C or between ~150°C plus 30 mT and ~60 mT, that represents the
ChRM (N=75) is D=305.5°, I=64.8°. This is higher than the present-day field inclination in

the Pontides, making the results suspect.

D2
The samples of the beige limestones of site TD2 were taken from the Callovian-Oxfordian
Tagcibayirt Formation, that is part of the Bilecik Group (Altiner et al., 1991). Site TD2 consists
m of 36 samples, of which 12 samples were demagnetized thermally and 34 using combined ther-
mal (until 150°C) and thermal demagnetization. Initial intensities range from ~1000-14,000
uA/m. A LT/LCF component is present in the samples until ~250°C or 150°C plus ~20 mT.
This field is very distinctive from the present-day GAD field in the western Pontides. The HT/
HCF component that was isolated between ~250°C-500°C or 150°C plus ~15 mT and 60 mT,
yields a direction (N=29) of D=24.5°, 1=44.9°.
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TD1

Pliensbachian sandstones of the Bayirkdy Formation (Okay et al., 1991) were sampled at site
TD1. A number of 12 samples was demagnetized, of which six thermally and six using com-
bined thermal (until 150°C) plus AF demagnetization. Initial intensities range from ~1000-
1500 pA/m. The ChRM component was identified between ~100°C-300°C or ~150°C plus
10 mT and 100 mT. The discrepancy between both methods in the low temperature and AF
range probably results from a small viscous component that was picked up by the samples in the

time lag between both demagnetization procedures. To remove this component, an AF field of
10 mT was required. The ChRM component yields a direction (N=11) of D=13.0°, [=29.7°.

B3

The 105 cores of site TB3 were sampled in the Callovian limestones from the Bilecik Group
(Abadiye village)(Kogyigit et al., 1991). Approximately 20 meter of stratigraphy was sampled.
Initial intensities range from ~15-2000 pA/m. In total, 29 samples were demagnetised (13 using
combined thermal (until 150°C) and AF demagnetization and 16 using thermal demagneti-
zation). A LT/LCF component that resembles the present-day GAD field at the sampling
location seems present in the samples until ~180°C. The HT/HCF component was isolated
between ~210-420°C or between ~210°C and 100 mT.

TB4

Upper Jurassic to lower Cretaceous limestones (Bilecik Group) were sampled in ~20 meters of
stratigraphy at site TB4 (15 cores). Samples were taken from ~20 meters of stratigraphy. Initial
intensities range between ~150-550 pA/m. Thermal demagnetization of 15 samples, resulted
in the isolation of a ChRM component between ~200-570°C, which is possibly a present-day
GAD overprint.

B5

73 red limestone samples from the Liassic Bayirkdy Formation (Trafo member)(Altiner et
al., 1991) were taken at site TBS. Thermal demagnetization of 27 specimens until 570°C
resulted in the isolation of a LT component that is similar to the present-day GAD direction
until ~150°C. The ChRM was probably not recovered from the samples, possibly because of
problems with the oven at temperatures >300°C. The interpreted direction comes from the
temperature range between 150-300°C.

TB6

Red siltstone samples (26 cores) from the Liassic Bayirkéy Formation (‘Trafo member)(Altiner
etal,, 1991) were taken at site TB6 within ~5 meters of stratigraphy, out of which 10 samples
were demagnetized thermally until 570°C. Initial NRM intensities range from ~8000-10,000
wA/m. This resulted in the isolation of a LT component that resembles the present-day GAD
field until ~150°C. The ChRM direction was isolated between ~200-570°C.

TB1

Limestones from the upper Jurassic to lower Cretaceous Bilecik Group were sampled (15 cores)
in the lowermost part of the Bilecik Group, just above the Bayirkdy Formation, implying that
their age is Callovian. Initial intensities ranges from ~100-4000 pA/m. Combined thermal
(until 150°C) and AF demagnetization (8 samples) and thermal demagnetization (5 samples)
was applied on the samples. Erratic behavior however, did not result in the isolation of a ChRM
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direction.

TA1

Limestones from the upper Jurassic to lower Cretaceous Inalt1 Formation. Starting intensities
range from ~25-125 pA/m. Stratigraphic thickness sampled: ~30 meters. 24 cores were taken,
out of which 11 samples were demagnetised thermally and 4 using combined thermal (until
150°C) and AF demagnetisation. The paleomagnetic direction (isolated between ~20°-240°C
and ~15-80 mT') in most samples highly differs, and is therefore not useable.

AC

Uppermost Tithonian to lower Berriasian limestones (dating by D. Altiner) were sampled (43
cores) at site AC. The age is probably lower Berriasian, based on the presence of Calpionella al-
pine, Crassicollaria parvula, Spirillina sp., Globochacete alpine, Calpionella alpine, Spirillina sp.
and Globochaete alpine in the samples. Samples were taken within ~15 meters of stratigraphy.
NRM intensities after heating until 150°C range from ~300-15,000 pA/m. Combined thermal
(until 150°C) and AF demagnetization of 20 cores and thermal demagnetization of 2 cores,
resulted in the isolation of a LT that was present until ~150°C in most samples. The ChRM
direction was isolated between ~150°C plus 20 mT and 80 mT or between ~200-450°C.

AD

Kimmeridgian-Hauterivian (probably Valanginian) limestones, dated on the basis of Cadosina
sp. and Spirillina sp. (dating by D. Altiner), were sampled at site AD (60 cores). The age is prob-
ably Valanginian, based on the facies of the limestones (radiolarian wackestone), that is typical
for this age in the region. Samples were taken within ~20 meters stratigraphy. Intensities after
heating until 150°C range from ~15-100 uA/m. Combined thermal (until 150°C) and AF
demagnetization on 30 samples did not result in the isolation of a characteristic component,
due to erratic and differing sample behavior.

BG8

Callovian (partly dolomitic) limestones (Rojay and Altiner, 1998) from the Vermis village
section were sampled from ~15 meters of stratigraphy (56 cores). Intensities after heating until
150°C range between 150-350 pA/m. Combined thermal (until 150°C) and AF demagnetiza-

tion of 10 samples resulted in the isolation of a ChRM direction between ~150°C plus 30 mT
and 90 mT.

BG9

Callovian-Valanginian macro-fossil rich grainstones were sampled (62 cores) at site BG9 (Rojay,
1995)(B. Rojay, pers. comm.). The samples were taken from ~10 meters stratigraphy. Intensities
after heating until 150°C are ranging from 50-250 uA/m. Combined thermal (until 150°C) and
AF demagnetization of resulted in the isolation of the ChRM between ~150°C plus 25 mT and
55 mT.

BG3

A Liassic ammonitico rosso level (red siltstones, equivalent to the Bayirkdy Formation) was
sampled at site BG3 within ~20 meters of stratigraphy. 82 samples were taken, of which 16
samples were demagnetized using combined thermal and AF demagnetization. Initial intensities
range from ~300-17,000 pA/m. A very steep ChRM component was isolated between ~150°C
plus 15 mT and 90 mT, although thermal treatment of those samples is favored.
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CHAPTER 3

Jurassic arc volcanism on Crimea (Ukraine):
implications for the paleo-subduction zone
configuration of the Black Sea region

The early Cretaceous and younger opening of the Black Sea has obliterated much of
the older subduction record that resulted from Tethyan subduction below southeastern
Europe. The earlier Mesozoic evolution was dominated by opening and closure of the
Tethys oceans between Gondwana and Laurasia and consumption of the Tethys was,
at least in part, accommodated along the southern Eurasian margin. Crimea (Ukraine),
a peninsula in the northern Black Sea, represents the northernmost region of south-
eastern Europe that exposes a record of a pre-Cretaceous Tethyan active margin. To
shed new light on the paleosubduction zone configuration of the southeastern Europe-
an margin in the Jurassic, we report 40Ar/39Ar isotope dating on 10 samples and whole
rock geochemistry on 31 samples from Jurassic magmatic rocks from the Crimean
peninsula. The samples can be subdivided into two age groups: middle Jurassic
(~172-158 Ma) and uppermost Jurassic to lowermost Cretaceous (~151-142 Ma), that
both have a subduction-related geochemical signature. The ages of the younger group
contrast with previously assigned biostratigraphic ages of the units under and overlying
the volcanic complex. This suggests that the latter were possibly juxtaposed by faulting.
We argue that the Crimean volcanics represent a fragment of a long-lived volcanic arc
overlying the southeastern European continental margin. These data this therefore pro-
vides evidence for Jurassic northwards subduction below the Eurasian margin, preced-
ing the opening of the Black Sea as a back-arc basin. We argue that the corresponding
Jurassic trench was already positioned south of the Turkish Pontides and the Caucasus
belt, implying a very shallow slab angle in the Jurassic.

Maud J.M. Meijers, Berend Virouwe, Douwe J.J. van Hinsbergen, Klaudia F. Kuiper, Jan

Wijbrans, Gareth R. Davies, Randell A. Stephenson, Nuretdin Kaymakci, Liviu Matenco
and Aline Saintot
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1. Introduction

Much remains to be understood about the Mesozoic configuration of subduction
zones in the present-day Black Sea region. Fundamentally different views on the
number, as well as the location and polarity of subduction zones in this region in
Jurassic times prevail in the literature (Sengér and Yilmaz, 1981; Robertson and
Dixon, 1984; Kazmin et al., 1987; Kent and May, 1987; Dercourt et al., 2000; Stamp-
fli and Borel, 2002; Barrier and Vrielynck, 2008; Moix et al., 2008). Geodynamic
reconstructions display a complex subduction zone configuration in the present-day
castern Mediterranean region (Figs. 3.1 and 3.2), resulting from two simultancously
interacting large-scale plate tectonic processes: 1) the carly stages of Pangea break-up
by opening of the central Atlantic ocean, imposing a widely dispersed sinistral strike-
slip movement of Laurasia to the north relative to Gondwana to the south (Favre and
Stampfli, 1992; Stampfli and Borel, 2004), and 2) south-to-north motion of blocks
rifting away from Africa, accommodated by subduction of the (Paleo- and Neo-)
Tethys oceans beneath the southern Eurasian margin (Fig. 3.2) (Sengor and Yilmaz,
1981). The Jurassic paleo-position of the subduction zones and continental blocks
along the southern Eurasian margin in the present-day Black Sea region, however,

is poorly constrained, because opening of the Black Sea since the carly Cretaceous

has obscured much of the geological record. A key area in the present-day Black

Sea region is the Crimean peninsula. Here, heavily deformed Triassic-lower Jurassic
turbiditic sediments are covered by an upper Jurassic carbonate platform (Mileyev et
al., 1997; Voznesensky et al., 1998). Magmatic intrusions that are observed within the
Triassic-lower Jurassic sequence are of unknown geochemical composition. Whether
these volcanics along the southern European margin relate to rifting in a back-arc set-
ting or locate the volcanic arc of a Jurassic subduction zone is a matter of debate (Nik-
ishin et al,, 2001; Saintot et al., 2006b; Saintot et al., 2007). Here, we provide critical
constraints on the genesis of Jurassic magmatism on Crimea. To this end, we carried
out 40Ar/39Ar isotope dating and major and trace element X-ray fluorescence (XRF)
analysis on supposedly Jurassic Crimean volcanics. The results will be used to infer the
plate tectonic setting for Crimea during volcanism, and we place this interpretation in

context with respect to the Greater Caucasus and Turkish Pontides.

2. Geological setting

2.1 Main geological units in the circum-Black Sea region

The circum-Black Sea region contains a number of continental terranes and oceanic
units, which are briefly reviewed here.

In northern Turkey, three continental units are combined into the Pontides
m belt. This belt comprises the Strandja Massif and the Istanbul Zone in the west, the
bulk is represented by the Sakarya Zone (Fig. 3.1) (Okay et al., 1996). The Pontides
are bounded in the north by the Black Sea and in the south by the Izmir-Ankara-

Erzincan ophiolitic suture zone. The Istanbul Zone is structurally the highest zone,
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and the Sakarya Zone is structurally the lowest zone (Okay et al., 2001a). The age of
the Pontides basement is Paleozoic (Bozkurt et al., 2008; Okay et al., 2008). For the
purpose of this study, we will only describe the Istanbul and Sakarya Zones.

The Istanbul Zone comprises non-metamorphic Paleozoic, Mesozoic and

Cenozoic sedimentary sequences overlying pan-African/Cadomian crystalline base-
ment (Chen et al., 2002; Ustaémer et al., 2005). The Paleozoic affinity of the Istanbul

zone is debated (Chen et al., 2002), but there is general concensus based on its stratig-

raphy and lack of metamorphism — that in Mesozoic times it can be considered as a

fragment of Moesia that rifted southward during the opening of the western Black Sea
basin in the late Cretaceous (Ustabmer and Robertson, 1993; Okay et al., 1994b).

The Sakarya Zone has a strongly deformed late Paleozoic basement (Topuz

and Altherr, 2004; Topuz et al., 2004; Topuz et al., 2007; Bozkurt et al., 2008; Okay et
al., 2008) and is overlain by the locally metamorphosed Karakaya Complex of Triassic

to carliest Jurassic age, and a younger discordant Mesozoic to Cenozoic (volcano-)

sedimentary cover (Chen et al., 2002; Ustadmer et al., 2005). Blueschists and eclogites
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Figure 3.1 Map showing the most important tectonic blocks and sutures in a present-day
geographical map. Carp= Carpathians, IAE= [zmir-Ankara-Erzincan suture, K= Kargi Massif,
NAFZ= North Anatolian Fault Zone, Rh.= Rhodope, Sr= Srednogorie, TB= Thrace basin.
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have been recovered from the Karakaya complex, marking its affinity with a latest
Triassic subduction zone (Bozkurt et al., 1997; Okay et al., 2002). Triassic deposits
present in the Karakaya Complex are either interpreted as an inverted (back-arc)
rift basin or as a subduction accretion complex (Geng and Yilmaz, 1995; Okay and
Génciioglu, 2004; Pickett and Robertson, 2004).

A window within the Sakarya Zone in the central Pontides (Fig. 3.1) exposes
the Kargi Massif (Fig. 3.1). This massif consists of northwest dipping tectonic slices,
that are separated by post-Jurassic thrust faults. These contain HP-LT metamorphic
sequences consisting of metabasites, metaophiolites, and micaschists. Formerly, the
Kargi Massif was interpreted as a Paleo-Tethyan pre-Jurassic subduction-accretion
complex (Tiiysiiz, 1990; Ustadmer and Robertson, 1997), but on basis of dating of
HP-LT metamorphism at ~105 Ma (early Cretaceous), Okay et al. (2006) reinterpret-
ed the Kargi Complex as a lower Cretaceous subduction-accretion complex resulting
from northward subduction below the Pontides.

The Sakarya and Istanbul zones share a post-Triassic volcano-sedimentary
cover. The eastern part of the Sakarya Zone (i.e. the eastern Pontides) however, has
a different lower to middle Jurassic stratigraphy, consisting of volcanics and volcano-
sedimentary units (Yilmaz et al., 2003; Yilmaz and Kandemir, 2006), interpreted
as related to a volcanic arc (Sen, 2007). These cannot be traced into the western and
central Pontides, where only lower Jurassic continental to shallow marine clastic rocks,
intercalated with ammonitico-rosso levels are exposed (Altner et al., 1991). In the
central and western Pontides, there is no recorded Jurassic magmatism, and therefore
no evidence for subduction. Middle Jurassic (Callovian) to lower Cretaceous platform
carbonates (Inalti Formation) cover the entire Pontides (Gériir, 1997; Tiiysiiz, 1999;
2010).

The Istanbul zone was once separated from the Sakarya Zone by the so-called
Intra-Pontide ocean (Sengor and Yilmaz, 1981; Okay et al,, 1994b; Robertson and
Ustadmer, 2004). The timing of opening and closure of the Intra-Pontide ocean,
however, remains controversial. Interpretations are based on the presence of metamor-
phosed sediments that are assumed to have been deposited in a Triassic rift, and on the
presence of ophiolitic units. Opening of the ocean was proposed to range from Trias-
sic to early Jurassic times, and closure may have started in Aptian-Albian times, coeval
with the incipient rifting of the western Black Sea basin ($engér and Yilmaz, 1981;
Okay et al., 1994b; Robertson and Ustadomer, 2004; Hippolyte et al., 2010). Based on
ophiolite emplacement, the full closure of the Intra-Pontide suture is proposed to have
occurred in late Cretaceous (Turonian) times (Robertson and Ustaémer, 2004). How-
ever, the ophiolitic units have also been interpreted as being part of the ophiolites that
were formed in a single Mesozoic northern Neo-Tethys ocean. Emplacement of those
‘so-called’ Intra-Pontide ophiolites results from left-lateral strike slip according to EI-
mas and Yigitbag (2001). They argue that the similar post-middle Jurassic sedimentary

cover of the Sakarya and Istanbul Zones evidences the juxtaposition of the two zones
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before the late Jurassic.

The eastern and western Black Sea basins are generally regarded as back-arc
basins that opened resulting from Neo-Tethys subduction below the Pontides. Tim-
ing of the opening of the eastern Black Sea basin is not well constrained as a result of
poor stratigraphic exposure, and estimates vary from early Cretaceous (Nikishin et
al., 2003; Kriachtchevskaia et al., 2010) to early Cenozoic (Robinson et al., 1995a;
Robinson et al., 1996) and Eocene (Vincent et al., 2005). The western Black Sea basin
opened in early Cretaceous times (Barremian-Albian) (Robinson et al., 1996; Gériir,
1997; Tiiysiiz, 1999), and the interpretation of the Black Sea as a back-arc basin (Okay
et al., 1994b) would suggest northward subduction below the Pontides in this time
span.

The Anatolide-Tauride block constitutes the whole of Turkey south of the
[zmir-Ankara-Erzincan (IAE) suture zone (Fig. 3.1). It consists of Pan-African base-
ment that rifted away from the Gondwana margin in early Mesozoic times (C)zgﬁl,
1976; Sengér and Yilmaz, 1981; Satr and Friedrichsen, 1986; Sengor et al., 1988;
Kréner and Sengor, 1990; Hetzel and Reischmann, 1996; Loos and Reischmann,
1999; Gessner et al., 2004). The cover mainly consists of Cambrian to Tertiary sedi-
ments, mostly carbonates (Ozgiil, 1976; Monod, 1977; Sengér and Yilmaz, 1981;
Aluner et al,, 1999; Ozer et al., 2004; Mackintosh and Robertson, 2009). Collision
of the Anatolide-Tauride block with the Pontides started in latest Cretaceous to ecarly
Paleocene and continued until the Eocene.

The South Armenian block is also of Gondwana origin (Knipper and
Khain, 1980; Kazmin et al., 1987) and is regarded as the eastern continuation of the
Anatolide-Tauride block (Fig. 3.1). In the Jurassic to carly Cretaceous, intra-oceanic
subduction within the Tethys ocean north of the South Armenian block formed a vol-
canic arc (Rolland et al., 2009). After consumption of the entire oceanic crust south of
the arc by the Cenomanian (~98 Ma), obduction of the arc started. Final shortening
between Eurasia and the South Armenian Block ended when the oceanic crust north
of the arc was entirely consumed by subduction under Eurasia in the Santonian (~83
Ma) (Rolland et al., 2009). Final collision of the South Armenian Block with the
Eurasian margin took place in Paleocene to early Eocene times (Sosson et al., 2010).

The Pontides and the Anatolide-Tauride-South Armenian block are separated
by the east-west trending Izmir-Ankara-Erzincan (IAE) suture zone. Closure of the
ocean once separating the Anatolide-Tauride block from the Pontides, started around
90 Ma evidenced by widespread metamorphic sole ages below ophiolites attributed
to the IAE (Yaliniz et al,, 2000; Celik et al., 2006; Moix et al., 2008). Since that time
Africa-Europe convergence was accommodated south of the Pontides (Sengdr and Yil-
m maz, 1981; Gériir et al., 1984; Dilek and Altunkaynak, 2009; Kaymakei et al., 2009).
This 90 Ma and younger subduction below the Pontides is in good agreement with
the location of the volcanic arc on the Pontides, as proven by deposition of volcanics

and volcanoclastics of the Yemislicay Formation (~89-83 Ma) and younger volcano-
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sedimentary formations (Okay et al., 2001b; Hippolyte et al., 2010).

To the northeast of the eastern Pontides, the prominent Greater Caucasus
fold-and-thrust belt is located (Fig. 3.1). The Greater Caucasus, of which Crimea is the
western prolongation, has basement formed by the Scythian Platform, i.e. the thinned
margin of the East European Platform (Nikishin et al., 1996; Saintot et al., 2006b).
The volcano-sedimentary cover of the Greater Caucasus is of Permian and younger
age. Importantly, the Sinemurian/Pliensbachian to Aalenian are rift-related series,
that include MORB-resembling tholeiitic basalts of Aalenian age (~173 Ma, that may
be comparable to the rift-related sequences in the eastern Pontides (Lordkipanidze
et al., 1989; Okay and Sahintiirk, 1997). Banks and Robinson (1997) envisaged that
this area was occupied by en-echelon sets of thomb-shaped rift basins, situated at the
southern Eurasian margin. The Bajocian is characterized by calc-alkaline lavas, compa-
rable to those in the Transcaucasus area (Fig. 3.1) (Adamia et al., 1981). The Greater
Caucasus middle Jurassic volcanics have a subduction-related signature. However, it
has been proposed that the volcanics resulted from back-arc spreading in the vicinity
of a subduction zone south of the Transcaucasus terrane in the Lesser Caucasus, or
that the volcanic arc encompassed the Greater Caucasus in Bajocian times, due to a
shallowing of the subducting slab, causing arc-volcanism ~200 km from the trench
(Saintot et al., 2006a; McCann et al., 2010).

2.2 Plate tectonic history

There is some consensus as to the subduction zone configuration in the circum-Black
Sea region prior to and following the Jurassic. In the late Triassic, the Anatolide-Tau-
ride-South Armenian block (Fig. 3.1) - a continental terrane of African origin - rifted
from the African margin, leading to the formation of intervening oceanic basins (Fig.
3.2) (Sengdr and Yilmaz, 1981). This movement had roughly a south to north sense.
Apparent polar wander paths display little net S-N convergence between Africa and
Eurasia until 120 Ma (Besse and Courtillot, 2002; Torsvik et al., 2008a), and the rift-
ing of terranes away from the northern African margin must therefore have been ac-
commodated by consumption of the Neo-Tethyan oceanic lithosphere by subduction
along the southern Eurasian margin. The Triassic Karakaya complex, either interpreted
as an inverted (back-arc) rift basin or as a former subduction zone (Geng and Yilmaz,
1995; Okay and Génciioglu, 2004; Pickett and Robertson, 2004), probably represents
this subduction zone. This is further supported by the presence of Triassic blueschists
(Bozkurt et al., 1997; Okay et al., 2002).

In Cretaceous times, there is evidence for northward subduction of Neo-
Tethyan oceanic crust south of the Pontides, from ophiolitic fragments with metamor-
phic soles of 90 Ma and younger ages that are present within, as well as south of the
east-west trending Izmir-Ankara-Erzincan suture zone (Yaliniz et al., 2000; Celik et
al., 2006; Moix et al., 2008). A widespread record of a mid-Cretaceous and younger
volcanic arc record is located in the Pontides (Okay et al., 2001b; Rice et al., 2006;
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Hippolyte et al., 2010). An indication for pre-90 Ma Cretaceous subduction below
the Pontides comes from cooling ages of subduction-accretion material in the Kargi
window (Fig. 3.1) in the central Pontides, suggesting northward subduction below the
Pontides from at least as early as ~105 Ma ago (Okay et al., 2006).

Very different views, however, exist on the subduction zone configuration of
the modern Black Sea region in the Jurassic. For example, Dercourt et al. (1993; 2000)
and more recently Barrier and Vrielynck (2008) place the Pontides at the southern
continental margin of Eurasia in Jurassic times until the Cretaceous initiation of open-
ing of the Black Sea. Alternative reconstructions by Stampfli and Borel (2002), Rob-
ertson et al. (2004) and Moix et al. (2008) separate the Pontides in Triassic to middle
Jurassic times from the continental Eurasian margin by the small oceanic Kiire basin.
Supposedly, this ocean closed during southward subduction in late Triassic-middle

Jurassic times (Stampfli and Kozur, 2006).

2.3 Geology of Crimea

Boreholes indicate that Crimea is underlain by Paleozoic and/or older Eurasian base-
ment (Muratov, 1969; Letavin, 1980; Kruglov and Tsypko, 1988; Mazarovich and
Mileev, 1989; Milanovsky, 1991; Gerasimov, 1994). It is likely part of the Scythian
platform, which is the thinned margin of the East European Platform (EEP) (Gor-
batchev and Bogdanova, 1993; Stephenson et al., 2004; Saintot et al., 2006b). The
basement is covered by a Mesozoic-Cenozoic clastic and carbonate sedimentary series,
locally intruded by minor (sub-)volcanic series. South-vergent thrusting deformed Tri-
assic to middle Jurassic turbidite sequences prior to upper Jurassic carbonate platform
deposition (Koronovsky and Mileyev, 1974; Khain, 1984). The deep-water turbidite
sequences are intruded by magmatic bodies that were previously dated as Bajocian,
based on cross-cutting relationships and faunal evidence (Spiridonov et al., 1990b,
1990a; Latyshev and Panov, 2008; Sysolin and Pravikova, 2008).

The Bajocian magmatism comprises volcanic complexes (with hypabyssal
intrusive and extrusive bodies) and isolated igneous rocks in the Bodrak and Pervo-
maisk-Ayu-Dag areas in western and central Crimean mountains, as well as the Kara-
dag volcanic complex in eastern Crimea mountains (Fig. 3.3a). The Karadag complex
consists of a volcano-sedimentary succession that was dated as Bajocian-Callovian
on the basis of Bajocian fauna that intercalate with the lower volcanic sequence, and
Bathonian to lower Callovian fauna that are present within the overlying sedimentary
sequence (Voznesensky et al., 1998). Page et al. (1998), Latyshev and Panov (2008)
and Sysolin and Pravikova (2008) suggest a tholeiitic island-arc setting for the produc-
tion of these volcanics, based on geochemical analysis. Ages however, have not been
confirmed by isotopic dating. The upper Jurassic to lower Cretaceous (Berriasian)
sequences consist of platform carbonates (Krajewski and Olszewska, 2006), and to the
east comprise conglomerates and turbidite sequences. The conglomerate and turbidite

sequences are of Kimmeridgian age. Zonenshain et al. (1990) proposed that the peb-
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bles of the conglomerates were derived from the Pontides. More recently, it was argued
that the conglomerates were probably sourced from within the basin itself (Hein,
2005). The upper Jurassic to lowermost Cretaceous (lower Berriasian) is folded and
thrusted (Mileyev et al., 1995; Nikishin et al., 1998), and unconformably overlain by
an upper unit of lower Cretaceous (upper Berriasian) to Eocene rift-related sequences

(Zonenshain and Le Pichon, 1986), probably related to the opening of the Black Sea.

3. Analyses & Results
3.1 Sampling

We collected volcanic samples in the Bodrak/Simferopol area and from the Karadag
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Figure 3.3 a) Geological map of Crimea, based on Derenyuk et al. (1984) and Panek et al.
(2009), with our sampling locations indicated. b) Tilted pillows from Karadag (top to the left;
sample 04KAR1). ¢) Verticalized columnar lava flow from Karadag (top to the left). See Ap-
pendix 14
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volcanic edifice for isotopic dating and geochemical analysis (Fig. 3.3a). The samples
were collected from intrusive rocks (plutonic bodies, hypabyssal sills and feeder dykes)
and extrusive rocks (typically pillow lavas, rhyolitic nuées ardentes and columnar lava
flows; Fig. 3.3b and c). Thirty-one samples were collected for XRF major and trace
element analysis, and ten samples were selected for 40Ar/39Ar dating (Table 3.1).

3.2 0Ar/3%Ar dating
The ten freshest samples from the Crimean peninsula were selected for 40Ar/39Ar
dating after microscope inspection (Figs. 3.4 and 3.5, Tables 1 and 2). Groundmass,
plagioclase and biotite were separated using standard mineral separation techniques.
All samples were first crushed and sieved. Plagioclase and biotite crystals (either 125-
250 pm or 200-250 pm fractions, see Table 3.2) were separated using heavy liquid
separation and a Frantz magnetometer, followed by mineral picking under the micro-
scope. For groundmass (samples KA28b and FET4G) the 250-500 pum fraction was
selected for analysis. For the groundmass of sample KA28b we performed heavy liquid
separations using two separate density ranges: 2.70>p>2.66 g/cm?3 and p<2.66 g/cm3.
For sample FET4G we used the density fraction of 2.90>p>2.70 g/cm3. All separated
fractions were leached with 1 N HNOj for one hour in an ultrasonic bath to clean
samples before final re-picking by hand.

From all samples ~18-30 mg of material was wrapped in aluminum foil and
loaded in a 15 mm ID quartz vial. Only for samples KARS01 and KA28b (both

groundmass samples) 6 mgand 3 mg of material was loaded respectively, due to low

KARSO1 nuee ardente vitroclastic; white/green color; >25% pumiceous; fresh plagioclase, low amount
(rhyolite) however
04CRLEB  andesite large fraction fresh hornblende; fresh biotite (large fraction, but less common

than amphibole); porphyritic texture with interstitial calcite; pseudomorph glass?;
pseudomorph augite; fresh plagioclase (common)

KA28b trachyte fresh plagioclase phenocrysts; porphyritic and microlithic texture; some
plagioclase contains calcite
04KAR1 pillow lava porphyritic & finely microlithic texture with vesicles in the glass; augite (slightly
(basaltic) pleochroic); very fresh plagioclase; vesicles probably filled with clay
andesite
IKUCH7 (trachy-) andesite chlorite probably pseudomorph in glass; plagioclase is interfingered with a matrix

of chlorite (pseudomorph); alkali-feldspar grains present (one twin); probaly
phenocrysts of plagioclase; perhaps interstitial quartz; no ferromagnesium

silicate
LBOD16 basalt very fresh plagioclase; a lot of calcite in matrix, in patches; porphyritic and
mirolithic texture; some augite present; maybe some olivine present
FET4G andesitic lava porphyritic and mirolithic texture; calcite is replacing the plagioclase; feldspar not
with columnar very fresh, but twins are visible; phenocrysts of plagioclase; plagioclase
joints microliths; microcrystalline guartz present in vesicles
CUKR3 alkali-syenite- some fresh amphibole present; K-feldspar is more or less fresh; plagioclase;
monzonite ironoxides; interstitial quartz; completely crystalline; probably an intrusion,
because minerals had time to grow over each other; no glass.
Kiz41 andesitic lava phenocrysts of brown amphibole (hornblende) with black rims formed by iron

oxides; biotite; few phenocrysts of zoned plagioclase; porphyritic and microlithic
texture; matrix (~90%) is essentially made of feldspar microcrystals, iron oxides
and calcite.

TRUGBFL andesitic lava almost completely crystalline rock, consists of 80% feldspar (orthose and
plagioclase, sometimes zoned); remaining 20% twinned augites and
iron oxides; porphyritic and microlithic texture

Table 3.1 Mineralogy of the samples selected for 40Ar/39Ar dating, determined from micro-
scope inspection.
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amounts of material available. Between each set of 5 samples and at top and bottom
positions, the in-house Drachenfels sanidine standard (25.26 + 0.03 Ma, modified
from Wijbrans et al. (1995)) was used as neutron fluence monitor. The loaded quartz
vial was irradiated for 18 hours in the Cd-lined RODEO P3 position of the High
Flux Reactor in Petten, the Netherlands. 40Ar/39Ar incremental heating experiments
were carried out at the VU University of Amsterdam, the Netherlands. Standards were
fused using a Synrad 48-5 SOW CO, laser. Samples were spread out evenly in a sample
tray with 6 mm diameter holes and incrementally heated with a Raylase scan head as

a beam delivery and diffuser system. In total, we performed 13 incremental heating
experiments, on cither plagioclase (8), groundmass (4) or biotite (1). For two samples
both plagioclase and groundmass was separated (KA28b and FET4G) to validate the
obtained ages.

After purification the gas was analysed with a Mass Analyzer Products LTD
215-50 noble gas mass spectrometer. Beam intensities were measured in a peak-jump-
ing mode in 0.5 mass intervals over the mass range 40-35.5 on a Balzers 217 second-
ary electron multiplier. After every four steps system blanks were measured. Mass
discrimination was monitored by frequent analysis of aliquots of air. By interpolating
between the individually measured standard using a second-order polynomial fitting
the irradiation parameter J was determined for each unknown sample.

Ages were calculated using the in-house developed ArArCalc software (Kop-
pers, 2002). All 40Ar/39Ar ages were calculated using Steiger and Jiger (1977) decay
constants at the 20 level and include the analytical error and error in irradiation
parameter (J). Correction factors for neutron interference reactions are 2.7 # 0.03 x
10-4 for (36Ar/37Ar)Ca, 6.99 £ 0.13 x 10-4 for (39Ar/37Ar)C4 and 1.83 £ 0.2 x 102
for (40Ar/39Ar)K.

The results of the 40Ar/39Ar analyses are summarized in Table 3.2 and Figure
3.4 and 3.5. Full analytical data are given in the Supplementary Data. All steps yielding
less than 2% 39Ary were excluded in incremental heating spectra, but are included in
the full analytical data tables (Tables 1 and 2). To define a reliable plateau age; i) at
least three successive incremental heating steps should be included for calculation of
a plateau age. ii) The steps that are used to calculate the plateau ages should represent
more than 50% of the total 39Ary released (e.g. Fleck et al. 1977). The mean squared
weighted deviation (MSWD) over the plateau steps is a measure for plateau homoge-
neity, and should ideally range between 1.0 and 2.0, this was, however not always the
case (Table 3.2). We also checked for a relatively constant K/Ca ratio in the succes-
sive included incremental heating steps. The 40Ar/36Ar ratio was monitored to assess
excess argon in the system (i.e. within 2o error of 295.5). If no plateau age could be
calculated or the sample suffered from excess argon, an isochron age was determined.
This was the case for samples CUKR3 and IKUCH?7. For sample KARS01 we de-
cided to use the plateau age, despite the high MSWD value (2.49), because of the poor

determination of the inverse isochron intercept (Table 3.2). The isotopic ages from the
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Figure 3.4 Figure showing the incremental heating 40Ar/39Ar spectra of 11 samples. The
width of the bars/steps represents the 2o analytical error. Weighed mean plateau ages are dis-
played. For all samples, also the K/Ca and inverse isochron diagrams with their ages and inverse
isochron intercept (iii) are shown.
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KA28b -O—
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Figure 3.5 Figure showing the 40Ar/39 Ar ages. There are clearly two age groups that are also
geographically spread over two areas: the Karadag volcanic edifice and the Bodrak/Simferopol
arca. Hett.= Hettangian; Pliensb.= Pliensbachian; Aalen.= Aalenian; Baj.= Bajocian; Bat.= Ba-

thonian; Call.= Callovian; Oxford.= Oxordian; Kimm.= Kimmeridgian; Tithon.= Tithonian;
Berrias.= Berriasian; Valangin.: Valanginian; Haut.= Hauterivian; Barr.= Barremian.

groundmass of both KA28b samples with different densities yielded comparable pla-
teau ages (151 + 3 Ma and 149 + 2 Ma) that are likely to be high estimates of the true
emplacement age because of a high initial 40Ar/36Ar ratio of 315.8 + 6.9 that indicates
the presence of excess 40Ar. The data were combined in a single isochron age of 143 +
2 Ma that we feel dates the emplacement event more reliably. From the remaining elev-
en processed samples, eight plateau ages and a single isochron age were calculated. The
two fractions of groundmass of sample FET4G did not yield geologically meaningful

results.

3.3 Geochemistry

Major and trace elements were determined from 31 samples by XRF measurements
on fused glass beads and pressed powder pellets at the VU University Amsterdam.
International standards are used for calibration and in-house samples run as internal
monitors. Results are displayed in Table 3.3. Loss on ignition (LOI) were determined
at 1000°C to provide an indication of the degree of low temperature alteration. The
LOI vary from 1.1 to 20.1%. The major element compositions of samples with LOI’s
higher than 6% (samples 3, 4, a6 and a16) are not considered further.

From the TAS classification diagram (Irvine and Baragar, 1971; Le Maitre et
al,, 1989) (Fig. 3.6) a subalkaline to tholciitic trend can be observed in the samples,
that range in composition from basaltic andesites to dacites (older age group) and
m dacites to rhyolites (the two yellow triangles; younger age group, Karadag). The most

mafic rock (al) contains 8.6 wt% MgO and is a trachybasalt. Moderately compatible
trace element contents (REE, Sr, Zr etc.) have abundances comparable to E-MORB;
i.e. in the range of 5-10 times that of primitive mantle (Sun and McDonough, 1989).
In contrast, the large ion lithophile element (LILE, e.g. Rb, Ba and K) record signifi-
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Figure 3.6 Plot of magmatic rocks (subdivided in four series, as indicated in the figure) in TAS
classification diagram that displays (Na,O + K,O) versus S$iO, (Le Maitre et al., 1989). Area
above (below) the dotted line indicates the alkaline (subalkaline or tholeiitic) field after Irvine
and Baragar (1971). Legend as for Figure 3.7

cant variations but with most concentrations significantly higher than the E-MORB
and the most mafic samples with >30 times primitive mantle. This general enrichment
in LILE contrasts with that of the high field strength elements (HFSE, e.g. Nb), which
is close to primitive mantle values in the more mafic samples and always below E-
MORB concentrations. The low Nb concentration compared to the LILE and LREE
is a characteristic of subduction-related volcanism. In a Ce/Nb versus Zr diagram (Fig.
3.7a), the elevated Ce/Nb ratios of the entire suite compared to values between 1.8
and 3 for MORB and E-MORB. However, there is no clear trace element difference
between the older and younger age groups of volcanics.

The similarity in the trace element geochemistry between the two volcanic
suites is emphasized in Figure 3.7b. The entire sample suites show a general coherent
differentiation trend in a Zr/Y versus Zr diagram (Fig. 3.7b). The Ce/Y ratio in Figure
3.7c is used as a proxy for REE fractionation. The relatively large range in Ce/Y indi-
cates that either the entire suite has undergone variable fractionation involving some
minor phases or that there have been different degrees of partial melting in the source.

We rule out the possibility of greater fractional crystallization being the dominant

Figure 3.7 a) Ce/Nb ratio versus Zr diagram of all data. The high Ce/Nb ratio is an indica-
tion for subduction related volcanism. b) Zr/Y ratio versus Zr diagram of all data. The high
Zr/Y ratio is an indication for subduction related volcanism. ¢) Ce/Y ratio versus Zr diagram
of all data. Note that the samples of the younger age group have on average a higher Ce/Y ratio,
indicating so a greater LREE/HREE fractionation.
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process because of coherence of diagrams showing Zr/Y, Zr/Nb or Ce/Nb versus Zr.
Therefore, it is more likely that the LREE/HREE fractionation is caused by partial
melting processes in the mantle, possibly resulting from variations in heat or water in

the source or variable amounts of decompression.

4. Discussion

4.1 Nature and age of Crimean volcanism

Our 40Ar/39Ar ages define two age groups: an older age group (middle-late Jurassic
ages, ~172-158 Ma) and a younger age group (late Jurassic-carly Cretaceous, ~151-
142) (Fig. 3.5). The older group comes from the Bodrak/Simferopol area, whereas the
younger group comes from the Karadag volcanic edifice on the southeastern shore of
the island.

Magmatic rocks from both age groups belong to similar magmatic complexes.
The magmatics of the older group (Simferopol area) are present as plutonic bodies,
sills and feeder dykes within the pre-upper Jurassic sedimentary units and as lava flows.
Magmatics rocks from the younger group (Karadag) are present within an isolated
volcanic complex, and have not been seen to interfinger with the Triassic-Jurassic
stratigraphy. From the major and trace element analysis, however, we cannot make a
clear distinction between the younger and older age groups (Figs. 3.6 and 3.7). There-
fore, we conclude that volcanics of both age groups result from the same geological
processes. The geochemistry is in line with a setting above a subduction zone, and the
similarity of the geochemistry between the two age groups leads us to suggest that
Crimea provides a record for a long-lived (~30 Myr), relatively stable volcanic arc.
This places Crimea in this time period in an overriding plate of a subduction zone
that lies to the south of Crimea, because there is no evidence for a suture north of the
peninsula.

The middle Jurassic ages for the Crimean volcanics in the Bodrak area are in
agreement with proposed ages from carlier studies (Spiridonov et al., 1990a, 1990b).
The latest Jurassic to earliest Cretaceous ages (151-142 Ma) from the Karadag volcan-
ics, however, conflict with ages obtained from biostratigraphic dating. Further, no
remnants of volcanics or ashes have been found intercalating with time-equivalent,
uppermost Jurassic platform carbonates.

Muratov (1960) and Voznesensky et al. (1998) reported that the lower part
of the volcanic sequence yields Bajocian (~176.6-167.7 Ma) fauna, and that the
Karadag volcanic complex is overlain by Bathonian to lower Callovian clays (167.7-
161.2 Ma) (Ogg, 2004). Alternatively, if the stratigraphy were properly dated, the
contact between the overlying Jurassic rocks and the Karadag volcanic complex must
be a thrust. This is possible given the tectonized nature of the Karadag complex: the
sequence is heavily folded and faulted (Fig. 3.3b and ¢) (Voznesensky et al., 1998). The
upper Jurassic platform carbonates are much less deformed than the Karadag volcanic

complex. Possibly, the deformation of the Karadag complex is related to its location of
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Karadag at the Black Sea coast. Eocene and younger compression and inversion of the
Black Sea margins could have affected the coastal outcrops.

The fact that no remnants of latest Jurassic to earliest Cretaceous volcanism
can be traced in the upper Jurassic platform carbonates may have three possible expla-
nations: This could imply that either a) the upper Jurassic carbonates or b) the Kara-
dag volcanic complex have an allochthonous origin or that ¢) the volcanics erupted in
intra-Berriasian times, the Berriasian on Crimea being marked by an unconformity.

The first of these possibilities, an allochthonous origin of the carbonate plat-
form — emplaced during the Berriasian — has been proposed by Mileyev et al. (1996).
This however, seems very unlikely, because it would imply that exactly the time-
interval that is covered by the carbonate platform is missing in the entire Crimean
stratigraphy, except for the Kimmeridgian comglomerates (see Geology of Crimea
section). Furthermore, Mileyev et al. (1996) propose a displacement of the carbonate
platform of only 15-20 km, which would still not explain the absence of volcanics in
the carbonate platform. If the carbonate platform would have been transported fur-
ther than the distance proposed by Mileyev et al. (1996), the most likely origin of an
allochthonous carbonate platform would be from the Turkish Pontides. In the Turkish
Pontides however, the carbonate platform covers also the Callovian interval (Altner
etal., 1991; Rojay and Altiner, 1998), in contrast to Crimea. It would therefore be
unlikely that the entire carbonate platform, except for the Callovian part, would have
been transported from the Pontides.

The second possibility is an allochtonous origin of the Karadag aged volcanic
complex, but this only transfers the problem of the presence of uppermost Jurassic to
lowermost Cretaceous volcanics to other areas, because in the Greater Caucasus and
the Pontides there are also no remnants of volcanism present in carbonates of this age.

The third option, the eruption of the volcanics in the middle Berriasian,
instead of the latest Jurassic-carliest Cretaceous, is in agreement with our obtained
ages (Fig. 3.5). This time interval is marked by uplift and erosion on Crimea, followed
by conglomerate deposition in the late Berriasian. Volcanic activity would then occur
during emersion and erosion of the carbonate platform. The third option is the most
likely mechanism to reconcile the ages of the volcanics with the regional biostrati-
graphic constraints. After the cessation of volcanism in the Berriasian, Crimea was
covered with rift-related sediments. The rift sediments are likely associated with the
opening of the Black Sea basins, as a result of back-arc spreading. Crimea was thus in
an overriding plate position in the Jurassic (as earlier proposed by Zonenshain and
Le Pichon (1986)), and remained so after the arrest of arc volcanism, during the carly

Cretaceous and younger development of the Black Sea.

4.2 Implications for the Jurassic circum-Black Sea
paleosubduction zone configuration

The 40Ar/39Ar isotopic dating of Crimean volcanics reveals an age range of ~172-
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142 Ma and our geochemical analyses suggest that volcanism is subduction-related.
Therefore, we conclude that long-lived (~30 Myrs) Jurassic to earliest Cretaceous sub-
duction took place below Crimea (Fig. 3.8a). These results indicate that the distance
between Crimea and the subduction zone was more or less constant, as there is no
major change from tholeiitic basalts to more evolved andesitic-rhyolites.

The presence of a volcanic arc places Crimea on the overriding plate of a
subduction zone. Given the fact that Crimea overlies Scythian basement of the East
European Platform (Stephenson et al., 2004; Saintot et al., 2007), subduction must
have been directed northward (Fig. 3.8a). This contradicts reconstructions of Stampfli
and Borel (2002) who prefer a southward Jurassic subduction zone between Crimea
and the Pontides, with a polarity of subduction below the Pontides. For the southward
subduction of the Kiire ocean below the Pontides, as envisaged by Moix et al. (2008),
we can now conclude that it must have been closed by 170 Ma, for since that time we
can demonstrate northward subduction.

Northward subduction below Crimea from middle Jurassic to early Cretaceous
times thus implies the presence of a northward directed subduction zone south of
Crimea. There are two possible options for the location of an approximately east-
west trending trench: 1) between Crimea, and the Istanbul and Sakarya zones and 2)
south of the Pontides. Because the eastern Pontides also have a volcanic arc record in
the middle Jurassic (Sen, 2007), the trench should be positioned south of the eastern
Pontides, as well as south of the Greater Caucasus and Lesser Caucasus, because of the

subduction-related middle Jurassic volcanics in those areas.

One possible configuration is the presence of a subduction zone between the Sakarya
terrane and Crimea (Fig. 3.1), which would be supported by the lack of evidence for
metamorphism and strong deformation of the western Pontides. However, because
the eastern Pontides were positioned in an overriding plate position, this configura-
tion would require a transform fault between the western and eastern Pontides, which
seems to be precluded by the apparent continuity of the basement terranes from the
western to the eastern Pontides.

It thus secems most likely that the Pontides as a whole were positioned in an
overriding plate position in the Jurassic. An important implication of this inference,
however, is that the volcanic arc in the western and central Pontide segment is located
~500 km to the north of the subduction zone, when correcting for ~100-150 km of
extension related to the opening of the Black Sea (Cloetingh et al., 2003; Starostenko
et al., 2004; Shillington et al., 2008). Comparable estimates would be reached for the
Transcaucasus and Caucasus segment. Although this distance is large, given general
trench-arc distances on the order of 100-200 km, it is not exceptional. Arc-trench
distances of 400 km (e.g. South American Andes) or even 600 km (Aleutian trench)
(Gutscher et al., 2000) are generally attributed to flat-slab subduction (Brocher et al,,
1994; Gutscher et al., 2000; van Hunen et al., 2002).
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¢ Figure 3.8
Proposed paleo-
\ subduction zone
50(‘ Ger configuration for

T = thecircum-Black

Sea region in a)
NTc the middle Jurassic
Str EP, (~165Ma) and b)

WP the carly Creta-
‘,/ N ceous (~120 Ma).
Abbreviations as
for Figure 3.2. See
Appendix 15

a) Bathonian (~165 Ma)

NTc

EBS=eastern Black Sea
WBS=western Black Sea

b) Early Cretaceous (~120 Ma)

A fairly continuous trench south of the Pontides to at least as far east as the
Caucasus region thus seems the most likely configuration in the middle Jurassic to
carly Cretaceous (Fig. 3.8a). In carly Cretaceous times, this subduction zone likely

started to retreat, with the Black Sea basin opening as back-arc basin (Fig. 3.8b).

5. Conclusions
This study shows that the sampled Crimean volcanics - previously assumed to be
middle Jurassic in age - have 40Ar/39Ar ages between 172 Ma and 142 Ma (~middle

Jurassic to carliest Cretaceous, i.c. ~Bajocian to Berriasian) (Fig. 3.8a). Our new geo-
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chemical data suggest that these volcanics were formed in a subduction setting on the
overriding plate, indicating a period of long-lived northward subduction (~30 Myr)
below the Eurasian margin. The trench-arc distance through time appears more or
less constant, as there is no significant change from tholeiitic basalts to more evolved
andesitic-rhyolites. After the period characterized by arc-volcanism, the area is subject
to (back-arc) rifting, with the opening the Black Sea basins (Fig. 3.8b). We propose
that the subduction trench was located south of the Turkish Sakarya Zone and the
Caucasus, as suggested by middle Jurassic arc-volcanics in those regions, placing them
in the overriding plate. This would require flat-slab subduction, because the distance
from Crimea to the trench, prior to Black Sea opening, is estimated at ~500 km.

The area north, south and east of the present-day Black Sea (represented by the
Sakarya Zone, Crimea and the Caucasus terranes) shows a history of middle Jurassic

to earliest Cretaceous arc-volcanism, followed by a period of rifting
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Supplementary data

Table with all individual incremental heating steps for all samples used for 40Ar/39Ar dating.
Missing steps were not interpreted, because the amount of released argon was too high, leading
to peak suppression. 40Ar;: radiogenic amount of 40Ar released in incremental heating step;
39Ark (%): percentage of 3Ark released in incremental heating step; 1s: 1o; 2s: 2. Third col-
umn indicates the steps that are used for age calculation.
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Jurassic arc volcanism on Crimea (Ukraine)
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Jurassic arc volcanism on Crimea (Ukraine)
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CHAPTER 4

Late Cretaceous to Paleocene oroclinal
bending in the central Pontides (Turkey)

The Turkish Pontide fold-and-thrust belt formed since the Paleozoic and is an important
element in the Africa-Eurasia convergence and the resulting closure of the Neo-Tethys
ocean. It has a peculiar arc-shaped geometry in its central part, along the Black Sea
coast, which may have resulted from oroclinal bending. Therefore, we determined

the vertical-axis rotation history of this area using paleomagnetism on Cretaceous to
Eocene rocks from 47 sites, and by critically analyzing published data. We applied the
same reliability criteria to all data.

Our results show that late Cretaceous sites have clockwise and counterclockwise
rotations perpendicular to the structural trend in the central Pontides. In the eastern
Pontides, they show only local rotations. Paleocene to Eocene rocks in the central and
eastern Pontides show no rotation. We conclude that the central Pontide northward
arc-shaped geometry results from oroclinal bending in latest Cretaceous to earliest
Paleocene times. Timing and scale of geological processes that occurred in the region
makes it likely that orocline formation resulted from Neo-Tethys closure between the
Pontides and the metamorphic promontory of the Anatolide-Tauride Block.

Earlier studies on the southerly located Cankiri Basin reveal that clockwise and
counterclockwise rotations occurred in Eocene-Oligocene times. This implies that
the entire region underwent continuous deformation from late Cretaceous to Eocene,
caused by convergence of the Pontides and the Anatolide-Tauride block, with a south-
ward moving deformation front. Deformation was first localized in the northern part of
the central Pontides until the Paleocene, resulting in oroclinal bending, and from at least
Eocene times it shifted toward the Cankiri Basin region.

Maud J.M. Meijers, Nuretdin Kaymakci, Douwe J.J. van Hinsbergen, Cor G. Langereis,
Randell A. Stephenson and Jean-Claude Hippolyte
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1. Introduction

The Turkish Pontides constitute a fold-and-thrust belt that formed since the Paleozoic
as a result of subduction and accretion processes during the closure of the Paleo-Teth-
ys and Neo-Tethys oceans at the southern European margin (Okay et al., 2006; Sengér
and Yilmaz, 1981). The Pontides were separated from Eurasia by the opening of the
Black Sea basin during Cretaceous-Eocene times (Fig. 4.1a) (Gériir, 1988; Hippolyte
et al.,, 2010; Okay et al., 1994; Robinson et al., 1996; Tiiysiiz, 1999). To the south,

the Pontides are separated from the Pan-African Anatolide-Tauride Block by the
[zmir-Ankara-Erzincan (IAE) suture zone, which represents the location of closure

of the Neo-Tethys (Sengér and Yilmaz, 1981). Collision between the Pontides and
the Anatolide-Tauride Block took place in the late Cretaceous to Paleocene, with a
final phase in the Eocene (Goriir et al., 1984; Kaymakci et al., 2009; Rice et al., 2006;
Sengér and Yilmaz, 1981).

The general east-west trend of the Pontide fold-and-thrust belt is disrupted in
its central part by a peculiar northward convex geometry along the central Black Sea
coast (Fig. 4.1b). This central Pontides geometry could be original, having developed
during initial nappe stacking or may represent a younger phase of oroclinal bending
(Carey, 1958). Oroclinal bending would require major, regional deformation of the
pre-existing east-west striking fold-and-thrust belt. Such a distinct deformation event
after a long-lasting process of subduction-accretion along the southern Eurasian mar-
gin may help identifying major changes in the geodynamic evolution of the closure of
the Neo-Tethys and the roles of continent-continent collision and the opening of the
Black Sea.

In this study, we will first test whether the northward convex geometry in the
Pontides can be defined as an orocline. To do this, we have collected paleomagnetic
samples from 47 sites in the central and eastern Pontides from lower Cretaceous to
Eocene rocks to determine the vertical-axis rotation history of the region. In addi-
tion, we will constrain timing of eventual rotations, to enable correlation to large-scale
geodynamic processes, by determining vertical-axis rotations in rocks taken from a
sufficiently large time span (Cretaceous-Eocene). We have also examined paleolati-
tude data from two of our sites and corrected them for inclination error using the E/I
method of Tauxe and Kent (2004) to assess the paleolatitude of the Pontides in the
late Cretaceous with respect to the predicted paleolatitude of the southern Eurasian

margin from the apparent polar wander (APW) path of Eurasia (Torsvik et al., 2008).

2. Geological Setting

The Pontides in northern Turkey are a late Cretaceous to Paleogene fold-and-thrust
belt between the Black Sea in the north and the Izmir-Ankara-Erzincan (IAE) suture
zone in the south (Fig. 4.1a) (Okay and Tiiysiiz, 1999). The IAE suture zone separates
the Pontides from the continental Anatolide-Tauride platform, and marks the former

position of the subduction zone of a branch of the Neo-Tethys ocean. The Pontides
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comprise, from west to east, the Strandja Zone, Istanbul Zone and Sakarya Zone (Fig.
4.1a).

The Strandja Zone comprises Variscan continental basement, which was
deformed and metamorphosed during Jurassic subduction along the southern margin
of the Moesian Platform (Gerdjikov, 2005; Okay et al., 2001). The Strandja Zone is
covered by metamorphosed Triassic to middle Jurassic sequences, tectonically overlain
by allochtonous Triassic sequences.

The Sakarya Zone is structurally the lowest of these zones and underthrusts
the Strandja and Istanbul Zones (Okay et al., 2001). Unlike the Istanbul Zone, it
includes a strongly deformed Variscan basement and the locally metamorphosed pre-
Jurassic Karakaya Complex, which is described either as a mid-late Triassic subduc-
tion-accretion complex, or as an inverted rift basin (e.g. Geng and Yilmaz (1995),
Picket and Robertson (2004), Okay and Gonciioglu (2004)).

The Istanbul Zone is structurally the highest zone and is separated from the
Strandja Zone by a right-lateral strike-slip fault (Okay et al., 2001). It comprises
non-metamorphic Ordovician to Carboniferous sedimentary sequences that were
deformed during the Permo-Carboniferous, and are overlain by Triassic sediments
(Okay et al., 1994). Based on its stratigraphy it is assumed that it is a detached block
of the Moesian Platform that displaced southward during the opening of the western
Black Sea basin (Okay et al., 1994) (Fig. 4.1a).

The Sakarya and Istanbul Zones share a post-Triassic volcano-sedimentary
cover, composed of lower Jurassic continental to shallow marine clastic rocks, with
several ammonitico-rosso levels (Altner et al., 1991). In the eastern part of the Sakar-
ya Zone (in general called the eastern Pontides), the lower and middle Jurassic units
comprise volcanic and volcanoclastic sequences (Yilmaz and Kandemir, 2006; Yilmaz
etal., 2003), which are largely missing in the central and western Pontides. Platform
carbonates of the Inalt: Formation of mid-Jurassic (Callovian) to early Cretaceous
age cover the entire Pontides, except for the Strandja Zone. The entire cover of the
Pontides consists of Cenomanian-Maastrichtian volcano-sedimentary sequences col-
lectively named as Yemislicay Formation in Turkey and Srednogorie Zone in the Bal-
kans (Okay et al., 1994; Sinclair et al., 1997; Zimmerman et al., 2008). The Paleozoic
basement of the Pontides suggests a Eurasian origin (Bozkurt et al., 2008; Okay et al.,
2008), as opposed to the Pan-African origin of the Anatolide-Tauride belt (Hetzel and
Reischmann, 1996; Kréner and $engor, 1990; Satir and Friedrichsen, 1986; Sengér et
al., 1988).

The Pontides have been separated from Europe by the Black Sea since the early
Cretaceous (Goriir, 1988; Hippolyte et al., 2010; Okay et al., 1994; Tiiysiiz, 1999).
The Black Sea comprises two major (western and eastern) sub-basins. Opening of
the western Black Sea basin is generally considered to be early-middle Cretaceous

(Barremian-Albian) in age (Goriir, 1997; Robinson et al., 1996). Timing of opening
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of the eastern Black Sea is still controversial, because of poor exposure of its stratig-
raphy. Early Cretaceous (Kriachtchevskaia et al., 2010; Nikishin et al., 2003) to early
Cenozoic ages (Robinson et al., 1995) and even Eocene ages (Vincent et al., 2005) are
proposed, mainly based on incompatible and independent data sets and geophysical,
stratigraphical, structural and tectonic modeling studies. It is generally accepted that
the Cretaceous to Tertiary units in the Pontides are related to the opening of the Black
Sea basins. Therefore, precise dating of these units is crucial in terms of understand-
ing the ages of these basins. In this study we followed the stratigraphic classification
scheme of Hippolyte et al. (2010), which is the most up-to-date and precise classifi-
cation, based on 165 nannoplankton ages (Fig. 4.1c) belonging to every lithostrati-
graphical unit in the Pontides. The most important difference with respect to former
studies (i.e. Gériir (1997) and Tiiysiiz (1999)) is related to the stratigraphic positions
and ages of the Kapanbogazi/Yemislicay and Akveren formations. The Kapanbogazi/
Yemislicay formations are stratigraphically transitional and now ascribed to the Conia-
cian to Santonian. The Akveren Formation is now considered to be of Campanian to
Maastrichtian age.

The syn-rift deposits of Gériir (1997) of the western Black Sea basin in the
Pontides comprise the Hauterivian-Albian Caglayan/Ulus Group (Hippolyte et al.,
2010). The Cenomanian-Turonian interval is marked by a hiatus: deposition re-
sumed during the Coniacian and gave way to the deposition of red pelagic limestones
(Kapanbogazi Formation) that gradually pass upwards into volcanics and volcanoclas-
tic turbidites (Yemislicay Formation) of Coniacian-Santonian age (Hippolyte et al.,
2010). In Campanian-Maastrichtian times the Akveren/Alapli limestone formations
and siliciclastic turbidites of the Giirsokii Formation were deposited. They are fol-
lowed by deposition of limestones and marls of the Atbagi Formation in the Paleocene.
The turbiditic Kusuri Formation was deposited during the Eocene along the present-
day Black Sea coast, (Ozcan et al,, 2007; Robinson et al., 1995), as well as volcano-
sedimentary units of Eocene age that were deposited along a narrow band along the
IAE suture zone (Keskin et al., 2008). Nummulitic limestones were deposited further
away from the Black Sea coast in shallow water basins, developing over compressional
structures (Kaymakei et al., 2009; Ozcan et al,, 2007; Robinson et al., 1995).

The continental Anatolide-Tauride Block is located south of the IAE suture zone.

The promontory of the Anatolide-Tauride Block in the central part of the bend in the
Pontides and TAE suture zone that forms the present study area is the metamorphosed
Kirgehir Block (Gériir et al., 1984). At the contact between the Pontides and the
Anatolide-Tauride Block, the Cankir1 Basin developed as a late Cretaceous forearc
and Paleogene foreland basin, straddling the IAE suture zone at the northernmost

tip of the Kirgehir Block (Fig. 4.1b). Metamorphism of the Kirgchir Block followed

northward intra-oceanic subduction and southward ophiolite emplacement over the

Kirgehir Block during the Cenomanian to Turonian (Kaymakei et al., 2009; Whitney
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etal.,, 2001; Yaliniz et al., 2000). This was followed by late Cretaceous to Paleocene
northward oceanic subduction below the Pontides, as evidenced by the development
of an upper Cretaceous volcanic arc on the Pontides (Kaymakei et al., 2009; Okay et
al., 2001; Okay et al., 2006; Rice et al., 2006; Tiiysiiz and Tekin, 2007) and the devel-
opment of a forearc basin in the Cankiri region (Kaymakei et al., 2009). Exhumation
of the Kirgehir Block started at the end of the Cretaceous (Boztug and Jonckheere,
2007; Goriir et al., 1984) and continued during the Paleogene (Boztug et al., 2009;
Boztug et al., 2009; Gautier et al., 2002; Isik, 2009). This implies that the Kirsehir
Block may have formed a rigid indenter in the Paleogene, between the Anatolide-
Tauride Block and the Pontides, which led to the development of a foreland basin in
the Cankuri region (Kaymakei, 2000; Kaymakei et al., 2009).

The Pontides were underthrusted during Cenomanian-Turonian times (~100-
89 Ma) by the Kargi Massif, which was interpreted by Okay et al. (2006) as a micro-

continental sliver of Neo-Tethyan origin, north of the Anatolide-Tauride Block.

3. Paleomagnetic sampling, analysis and results

3.1 Paleomagnetic sampling

In total, 1301 cores from 47 sites were sampled in the central and eastern Pontides,
in lower Cretaceous to Eocene deposits, with a minimum of 7 up to as much as 149
cores per site; a single core often provided multiple specimens for paleomagnetic
analysis (see Table 4.1). Samples were collected using a gasoline powered motor drill
or an electric drill with generator, depending on the rock type. Sample orientations
were measured with a magnetic compass, and sample orientations as well as bedding
tilt were corrected for present-day declination, ranging from 4 to 5° W. Ages were as-
signed to formations according to Hippolyte et al. (2010) and those for the trachy-
andesites of site BD4 according to Eyiiboglu (2009).

3.2 Paleomagnetic analysis
Out of 1301 cores, 1064 specimens were demagnetized. The samples were demagnet-
ized using alternating field (AF) and thermal (TH) progressive stepwise demagnetiza-

tion methods. Approximately half of the samples that were AF demagnetized were

Table 4.1 Sampled paleomagnetic sites. Age of the sites according to (2010), formation name,
rock type, latitude and longitude of the site. Number of sampled cores (Nc), polarity of the
ChRM directions (pol, tilt corrected), use of great circle analysis (if used, indicated with Ge)
(McFadden and McElhinny, 1988). Number of samples after application of a variable cut-off
on the VGPs of the ChRM direction (N) (Vandamme, 1994), over the number of samples that
were measured (Na). Declination (D), inclination (I) and declination (AD,) and inclination
(AL) errors determined from the A95 of the poles, with corresponding estimate of the precision
parameter (k) and cone of confidence (a9s) determined from the ChRM directions for in situ
and tilt corrected data. Latitude () and longitude (¢) with corresponding estimate of the preci-
sion parameter (K) and cone of confidence determined from the mean virtual geomagnetic pole
(VGP). Rej.: reason of rejection of site (reason of exclusion of the site (if excluded), according
to criteria mentioned in section 3.3).
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heated until 150°C before AF demagnetization to remove possible stress in magnetite
grains caused by surface oxidation at low temperatures (Van Velzen and Zijderveld,
1995), sce also Gong et al. (2008). The largest part of the samples was demagnetized
by AF demagnetization, and TH demagnetization was applied to test reproducibility
of the AF results.

Orthogonal vector diagrams (Zijderveld, 1967) were used to display demag-
netization of the NRM (Fig. 4.2). Sample ChRM directions were determined using
principal component analysis (Kirschvink, 1980) on approximately five to seven suc-
cessive AF or temperature steps in the majority of the samples. Samples that yielded
NRM directions that were intermediate between two overlapping coercivity or tem-
perature components, were analyzed using the great-circle approach (McFadden and
McElhinny, 1988). With this method, the direction that lies closest on the great circle
to the average direction from well-determined NRM directions can be determined
(e.g. TAS.10B, Fig. 4.2). Usage of the great-circle approach is indicated in Table 4.1
and Figure 4.3.

The majority of the samples has a characteristic remanent magnetization
(ChRM) carried by magnetite, as is evidenced by typical maximum unblocking
temperatures below 600°C or maximum unblocking fields of 60-100 mT. Occasion-
ally, lower temperatures are sufficient to determine the ChRM, typically in the range
360-480°C which suggests that the remanence is mainly carried by greigite (Roberts,
1995; Rowan et al., 2009; Vasiliev et al., 2008). In a number of cases there is also clear
evidence for (additional) hematite as a carrier of the NRM (see below).

Examples of comparable results of AF and thermal demagnetization can be
found in Fig. 4.2 (EK19.A/EK.19B, K8.6/K8.11 and TA2.40A/TA2.137A). In the
pink/red pelagic limestones of the Kapanbogazi Formation (sites TA2 and EK), the
magnetic carrier is magnetite, because the samples reach the origin between ~570°C-
600°C, enabling AF demagnetization (see Fig. 4.2). Examples of rocks wherein the
main magnetic carrier is hematite are sites BG5 and BG7 (Fig. 4.2, BG5.72B and
BG7.37A). Thermal demagnetisation on these samples was carried out until 630°C to
reach the origin. Therefore, AF demagnetization until 90 mT after heating until 150°C
resulted in a relatively small decrease of the NRM (Fig. 4.2, BG5.29A). Since both
sites BG5 and BG7 and sites TA2 and EK were taken from the red pelagic limestones
of the Kapanbogazi Formation, we conclude that the magnetic carrier within this
formation ranges from magnetite to hematite dominated rocks.

From the ChRM directions, site means as well as virtual geomagnetic poles
(VGP) and their means were calculated. A variable cut-off (Vandamme, 1994) was
applied on the VGPs per site and we calculated the error in declination (AD,) and the
error in inclination (Al) separately, following Butler (1992). We favor this approach
because it more realistically describes the directional distributions, that become
increasingly ellipsoidal (elongated) with lower latitudes (Creer et al., 1959). To

determine whether two distributions share a common true mean direction (CTMD),
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we use the test developed by McFadden and McElhinny (1990) and their classifica-
tion (A,B,C, indeterminate) based on the critical angle yc and the angle y between
the means. We use their test with simulation, which effectively is equivalent to using
the Watson (1983) Vw parameter. Sites K5 and K7 were combined, as they shared a
CTMD (Table 4.1).

Data from two sites were corrected for inclination shallowing in sediments, us-
ing the clongation/inclination (E/I) method of Tauxe and Kent (2004). Since a large
number of individual directions is required to apply the model (preferably N>100),
we only applied this method to our sites TA2 and TAS.

On samples from sites TA2 and BG7, measurements to determine the anisotropy of
magnetic susceptibility (AMS) were performed to determine the magnetic fabric of
the sediments and to asses whether they have a mainly sedimentary or tectonic fabric.
This may be indicative for the amount of strain the rocks underwent after deposition
(Hrouda, 1982), since the maximum axis of the AMS tensor (kmax) will start align-
ing with the direction of maximum extension (i.c. perpendicular to the direction of
maximum compression). Jelinek statistics (Jelinek, 1981, 1984) were used for these

calculations.

3.3 Reliability criteria

The new data we present in this study, as well as previously published data, collected
from Cretaceous, Paleocene and Eocene rocks, are obviously subject to many sources
of error. Therefore we have chosen the following reliability criteria, applied to both
our own and published data sets.

Data(sets) with the following characteristics were excluded from further
analyses: 1) Datasets sampled close to/in a major fault zone, 2) samples from da-
tasets that were demagnetized using bulk demagnetization, 3) datasets that do not
have a minimum amount (N = 5) of samples (sediments) or sites (magmatic rocks),
4) datasets with suspect directions (i.e. N/down or S/up directions) that may result
from a (partial) overprint (e.g. K1, see Fig. 4.2, specimen K1.7) or large measuring
errors caused by very low NRM intensities (Fig. 4.2, specimens D1.12, KE1.6 and
KE 8.20), 5) datasets that carry a direction which in geographic coordinates are not
distinguishable from the present-day geocentric axial dipole field direction, 6) datasets
with an inclination that is lower than can reasonably be expected from flattening. The
flattening factor (f) relates the ratio of the observed inclination to the inclination of
the (applied) field (King, 1955). In natural sediments the flattening factor may range
between zero (fully flattened) and unity (no flattening). However, typical values of f
are 0.4-0.6 in sediments, but can be as low as 0.3 in red beds (Tauxe and Kent, 1984).

Figure 2 (next two pages) Orthogonal vector diagrams (Zijderveld, 1967), showing char-
acteristic demagnetization diagrams for all sampled sites. Closed (open) circles indicate the
projection on the horizontal (vertical) plane.
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For all data, we use a lower boundary cut-off of f > 0.3. Finally, we rejected two sites

(F3, F4) with an inclination more than 10° higher than suggested by the APW path

(Torsvik et al., 2008).

1t1es 1in

An overview of previous paleomagnetic studies on 29 sites/local

Cretaceous, Paleocene and Eocene rocks in the Pontides, north of the North Ana-
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tolian Fault Zone (NAFZ) is listed in Table 4.2. Most studies were carried out on
Cretaceous rocks (18 studies), and data from nine Eocene localities were published
(9), especially from the eastern Pontides (Fig. 4.4). Only one study on Paleocene rocks
was published. One site from a study by Van der Voo (1968) was previously assigned a
Cretaceous age, but the most recent Turkish geological map (1:500.000 scale) (Senel
etal., 2001) assigns a lower-middle Cretaceous age to those rocks. Two other sites
from the study by Van der Voo (1968) were also given a new age according to the
geological map (Tabel 4.1). Overall, the study carried out by Channell et al. (1996)
and data from several sites analyzed by Saribudak (1989) and Kissel et al. (2003) were
included for further analysis. In Table 4.2 we indicated which sites were excluded from

further discussion as well as the reason for exclusion.

4. Paleomagnetic results

Examples of orthogonal vector diagrams (Zijderveld, 1967) and equal area projections
of the ChRM directions of all sites are given in Figs. 4.2 and 4.3. After critical analysis
of all measured sites, we have excluded 15 out of the sampled 47 sites (~32%) from
further analysis (Fig. 4.5a-d).

On the basis of this study, combined with literature data, we define four dis-
tinct areas in the Pontides — the western limb, the central zone, the eastern limb, and
the eastern Pontide area — that have distinct rotation patterns (Fig. 4.5¢). From the
rotation patterns in upper Cretaceous rocks, we can conclude that these were rotated
counterclockwise (until ~40°) in the western limb and clockwise (until ~40°) in the
castern limb, whereas no or only local rotations were found in the central zone and
castern Pontides (Fig. 4.5¢,f ). Rocks from the four accepted Paleocene sites contain
no significant rotation in all four segments. Furthermore, none of the eight accepted
Eocene sites show a significant rotation. This means that we can demonstrate little or
no vertical axis rotations in the Paleocene and the Eocene in the northern parts of the
Pontides.

To allow comparison of the paleolatitudinal position from the Pontides with
the APW path, we corrected two of our sample sets (sites TA2 and TAS) for incli-
nation error with the E/I method (Tauxe and Kent, 2004) (Fig. 4.6). Correction is
allowed because of the high quality of the datasets and the large number of analyzed

Table 4.2 Paleomagnetic data from previous studies. No.= site number assigned to the sites.
Numbers correspond to the numbers in Figs 4.4 and 4.5. Site number bold: accepted site.
Description of the sampled site (age and formation sampled). Site latitude (site lat), site lon-
gitude (site lon), age (assigned according to (Luterbacher et al., 2004; Ogg, 2004; Ogg et al.,
2004)), declination (dec), inclination (inc), number of samples (N) from number of sites (Ns)
from magmatic rocks (m), sedimentary rocks (s) or a combination of both (ms). Estimate of
the precision parameter (k) and cone of confidence (295) determined from ChRM directions.
Cited study and calculated paleolatitude from ChRM directions. Remarks refer to site name in

the cited study. Reason of exclusion of the site (if excluded), according to criteria mentioned in
section 3.3.



7

Ny
<

Late Cretaceous to Paleocene oroclinal bending in the central Pontides

ANYANE AR
SSYSPSY,
SN

AN

AN VAN,

ENERVEAR
NPNP TN
ANANZNAR

\ L\l NN

(ol NIV
NS 7NN




Chapter 4

Figure 4.3 Equal area projections of the ChRM directions of all sites (Table 4.1). Open
(closed) symbols denote projection on upper (lower) hemisphere. Large symbols indicate re-
spectively the mean directions and their cone of confidence (a9s). Smaller symbols indicate the
individual directions rejected by the Vandamme cut-off angle (Vandamme, 1994). Black lines
indicate the great circles that were used to calculate the best fitting ChRM directions (McFad-

den and McElhinny, 1988).
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Figure 4.4 Palcomagnetic data from previous paleomagnetic studies. a) Rotation vectors
measured from Jurassic (sites in blue) and Cretaceous (sites in green) rocks of all previous
paleomagnetic studies. b) Rotation vectors measured from Paleocene (sites in red) and Eocene
(sites in yellow) rocks of all previous palcomagnetic studies. ADy envelopes of the rotation vec-
tors shown in grey. Diagrams shown in red indicate rejected sites. Numbers correspond to the
numbers in Table 4.2. See Appendix 17

samples. Site TA2 was sampled in red pelagic limestones of Coniacian-Santonian age,
while the turbiditic volcanoclastics of site TAS have a Santonian age according to Hip-
polyte et al. (2010). Because of the normal paleomagnetic signal in site TA2 and the
reversed paleomagnetic signal of TAS, the latter must be younger and late Santonian
in age, since the magnetization has to be post-Cretaceous Normal Superchron. The
original paleolatitude for site TA2 is 29.7°N, and for TAS it is 25.7°N. Correction
for both sites is small. For TA2 the TKO03 corrected paleolatitude is 40.2° > 31.3° >
29.2°N, for site TAS this is 35.0° > 26.6° > 25.5°N, which is insignificant (within the
95% bootstrap errors) in both cases (Fig. 4.6). Within error, these TK03.GAD cor-
rected inclinations are not significantly different than the inclination expected from
the APW path.

In Figure 4.7, the paleolatitudes with their error (calculated from Alx) are
displayed. The left panel shows the data from the literature review, the right panel
the data from our study. We also show the expected paleolatitudes when a flattening
factor (f=0.3 - 0.9) is applied to sediments (King, 1955). The data distribution clearly
shows the effect of inclination shallowing in sediments: the majority of the data yield

lower values than the expected values from the APW path.
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Figure 4.5 a-d) Palecomagnetic data from our study. ADy errors of the rotation vectors are
shown in grey. Numbers correspond to those in Table 4.2. Diagrams shown in red indicate

rejected sites. Rotations measured from a) early Cretaceous rocks, b) late Cretaceous rocks, ¢)

Paleocene rocks and d) Eocene rocks. See Appendix 18
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Figure 4.5 (continued) ¢) Map showing a compilation of all data from our study and from lit-
erature data from late Cretaceous rocks that pass our quality criteria. ADy errors of the rotation
vectors are shown in grey. Numbers correspond to those in Table 4.2. f) Longitude versus rota-
tion (declination) plot with all accepted datasets included. A clear trend from CCW rotation to
zero rotation to CW rotation can be observed in the central Pontides. See Appendix 19

Figure 4.6 a)-h) Equal-area projections of the individual VGP directions before E/I correc-
tion (a and ¢) and equal-area projections of the individual ChRM directions before (b and

f) and after (c and g) E/I correction (symbols as in Figure 4.5) (Tauxe and Kent, 2004) with
corresponding elongation vs. inclination (d and h, left panels) and fraction (of 5000 bootstraps)
vs. inclination plots (d and h, right panels) for TAS (a-d) and TA2 (e-h). In the elongation

vs. inclination plots the E/I for the TK03.GAD model (green line) and for the datasets (red
barbed line) for different degrees of flattening are plotted. The red barbs indicate the direction
of elongation (horizontal is E-W and vertical is N- S). Also shown are examples (yellow lines)
from 20 (out of 5000) bootstrapped data sets. The crossing points (if the dataset intersects the
model) represent the inclination/elongation pair most consistent with the TK03.GAD model,
given as incgy (in green) above the panel; inc,,, = original inclination, E,, = original elongation
of the dataset, Egy and incgy are the elongation and inclination, respectively. In the fraction/
inclination plot, a histogram of intersecting points from 5000 bootstrapped data sets is shown.
The most frequent inclination (solid red vertical line; dashed red vertical lines denote the 95%
bootstrap error) is given as value (and error range) on top of the panel; the inclinations of the
original distribution (blue vertical line) or the intersection with the model (green vertical line)
are indicated; E = the clongation resulting from the bootstrapped data sets. See Appendix 20
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Figure 4.7

Paleolatitude versus age diagrams showing the expected paleolatitude for Eurasia with its AL
error envelope (in grey) calculated from the AL according to Torsvik et al. (2008). Blue dotted
lines show latitude versus age curve when a flattening of 0.9-0.3 was applied to the values cal-
culated by the APW path (King, 1955). Left panel: large green diamonds (accepted) and small
green circles (rejected) indicate paleolatitude with the AX calculated from the Al that was ob-
tained from A95 using the Creer transformation (Creer, 1962) on ags, usually given in literature
(Table 4.2). Right panel: large red diamonds (accepted) and small red circles (rejected) indicate
paleolatitude with the AX calculated from the AL (using A95) from this study. Blue diamonds
(green circles) showing the paleolatitude of site TA2 ('TAS) before and after correction with
the E/I method of Tauxe & Kent (2004) with their error bars (AX calculated from the Alx for
uncorrected datasets, 95% bootstrap error range for the TK03.GAD corrected datasets).

See Appendix 21

On samples of sites TA2 and BG7, AMS measurements were performed (Fig.
4.8). The alignment of the maximum axis is parallel to the structural trend in the area
(Fig 1b), and perpendicular to the declination measured in the samples (Fig. 4.4).
When back-rotating the anisotropy axes according to the paleomagnetic declination,
the maximum axis (lineation) aligns in an east-west direction, implying EW extension

or NS compression.

5. Discussion
On the basis of this paleomagnetic study we show that the convex northward shape of

the Pontides is reflected in declinations of upper Cretaceous rocks (~90-83 Ma, in one

Latitude (°)



Chapter 4

. o ‘ \ .
15:‘ ‘j t . = S B j
. o 1\ . ’
= TA2 BG7
*‘ J

f»
[
[

+ = decfinc of the ChRM of sites TA2 and BG7

Figure 4.8 Equal-arca projections of the AMS (anisotropy of the magnetic susceptibility) for
sites TA2 (left panel) and BG7 (right panel). Yellow, large symbols indicate the mean of the
tensor mean axes (k. Kine Kinay) and their error ellipses (Jelinek, 1981). Arrows represent
inferred extension/compression directions. Red star indicates the ChRM direction of the rocks
from sites TA2 and BG7. See Appendix 22

case in rocks of ~83-65 Ma (K5-7). The sampled Paleocene and Eocene rocks do not
show significant variations across the region. Hence, we conclude that the Pontides is
an orocline that formed between latest Cretaceous (~83 Ma) and Paleocene (65 Ma).
We suggest that the AMS directions are inherited from an early north-south com-
pressional event and were rotated during orocline formation, because the magnetic
lineations are nearly parallel when their present orientation is corrected for the paleo-
magnetically determined vertical-axis rotations at both sites. This is in contrast to

the conclusions of Scheepers and Langereis (1994) who argued that the end phase of
tectonic rotations (in the southern Apennines, Italy) probably corresponds to a block-
ing of the system. They concluded that the alignment of the magnetic lineation must
have taken place (just) after tectonic rotations. On the contrary, in the Gran Sasso
range (northern Apennines, Italy) Sagnotti et al. (1998) found magnetic lineations
assuming a nearly parallel trend when their orientation is corrected for the vertical axis
rotations. Moreover, their pattern of the magnetic lineation trends does not appear
affected by recent extensional tectonics or by the development of late out-of-sequence
thrusts. Their observations strengthen our interpretation that the magnetic lineation
in the sedimentary sequences of the central Pontides was induced at an early stage of
tectonic deformation, during an early pre-rotational compressional phase. It seems
that neither orocline formation or post-Cretaceous compression re-aligned the AMS
directions (Fig. 4.8).

It is important to note that the magnitude of Coniacian to Campanian
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rotations is longitude-dependent (Fig. 4.5f) and there is no rotation detected in the
Paleocene units. This implies that the orocline formation in the Pontides took place
approximately during the Maastrichtian to carliest Paleocene (70-65 Ma). However,
Kaymakei et al. (2003) and Isseven and Tiiysiiz (2006) have reported that there are
clockwise and counterclockwise rotations during the Eocene-Oligocene interval in
respectively the eastern and western side of the Cankir1 Basin located to the south of
the center of the orocline. In addition, there is general consensus that the convergence
and related compressional deformation between the Anatolide-Tauride Block and the
Pontides was continuous during the late Cretaceous to Eocene (Kaymakei et al., 2003;
Kaymakci et al., 2009; Okay et al., 1994; Okay and Tuystiz, 1999; Robinson, 1997;
Robinson et al., 1996; Sengor and Yilmaz, 1981; Tiiysiiz, 1999; Tiiysiiz and Tekin,
2007).

The rocks from Eocene sites in the northern part of the Pontides contain no
rotation while there are strong clockwise and counterclockwise rotations in the south-
ern part of the Pontides, within the Cankir1 Basin (Kaymakei et al., 2003), and clock-
wise rotations east of the Cankiri Basin and IAE suture zone (Isseven and Tiiysiiz,
2006). This implies southwards migration of the deformation front and shortening
within the heart of the orocline between Maastrichtian to Oligocene. Deformation
caused by ongoing convergence between Africa and Eurasia was more or less evenly
distributed in the region while the shortening was taken up in the south along the

Izmir-Ankara-Erzincan suture zone.

The time constraints on orocline formation now allow us to assess which geodynamic
processes may have caused it. There are several possible candidates that may explain
oroclinal bending in the Pontides. These include 1) opening of the Black Sea basins, 2)
collision of a continental sliver or seamount/oceanic plateau that was located south of
the Eurasian margin within the Neo-Tethys ocean and north of the Anatolide-Tauride
Block, or 3) collision with the Anatolide-Tauride Block. Orocline formation in the
Pontides occurred in latest Cretaceous-carly Paleocene times and, therefore, timing of
the above mentioned three options plays an important role.

There are two main scenarios for the opening of the western Black Sea basin.
According to Gériir (1988) the opening of the western Black Sea basin is early
Cretaccous (Albian to Cenomanian). According to Tiiysiiz (1999), however, the
main opening of the western Black Sea basin took place later, during the Turonian to
Maastrichtian. This discrepancy in timing is mainly caused by imprecise dating and the
fact that a major unconformity between the lower and upper Cretaceous sequences
was underestimated and regarded as a local event. The updated stratigraphy provided
by Hippolyte et al. (2010) (Fig.1c) suggests that opening of the western Black Sea
basin might have taken place in two different phases. The first phase took place from
the Hauterivian to Albian while the main opening took place from the Coniacian to

Santonian. These phases were separated by mid-Cretaceous (Albian to Turonian) up-
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Figure 4.9 Conceptual model explaining the rotational history of the central Pontide orocline
and the Cankir1 Basin. a) Campanian-Maastrichtian: Anatolide-Tauride Block (ATB) ap-
proaches the Pontides, b) latest Cretaceous: collision of ATB with the Pontides causes orocline
formation in the central Pontides, ¢) Eocene-Oligocene: thin-skinned thrusting propagates
southwards, rotation in the central Pontides stops and concentrates in the Cankir1 Basin. See

Appendix 23
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lift and erosion that lasted approximately 10 Myrs. Opening of the eastern Black Sea
basin probably took place in a sense oblique to the margin of the (eastern) Pontides
(Robinson et al., 1996), and opening ages vary from carly Cenozoic to Eocene ages
(Robinson et al., 1995; Shillington et al., 2008; Vincent et al., 2005). We conclude
that the timing of opening of the Black Sea basins does not coincide with oroclinal
bending, because rotation of the limbs certainly occurred after the pre-Santonian
opening of the western Black Sea basin.

The second possible candidate for orocline formation is the accretion of the
Kargi microcontinent. Accretion of Kargi took place in Cenomanian-Turonian times
(Okay et al., 2006), which pre-dates oroclinal bending. The scale of the Kargt complex
in comparison to the scale of the orocline (Fig. 4.1b) raises questions on the feasibility
of this mechanism, and although collision might be responsible for the mid-Creta-
ceous unconformity in the central Pontides, the scale and the early timing of collision
do not make this event a likely candidate to explain the orocline.

The collision of the Pontides and the Anatolide-Tauride Block is the third pos-
sible mechanism. The metamorphosed promontory of the Anatolide-Tauride Block,
the Kirgehir Block, is located just south of the hinge point of the Pontides orocline
(Fig. 4.1b). Part of the collisional history can be reconstructed from the Cankur1 Basin
that straddles the IAE suture zone. The evolution of the Cankir1 Basin can be clearly
subdivided into two phases: a late Cretaceous to middle Paleocene forearc evolution,
and a late Paleocene-early Miocene foreland evolution phase (Kaymakei et al., 2009).
The first phase marks a northward jump of subduction to the southern margin of the
Pontides in the Santonian, leading to the deposition of arc volcanics and volcano-
clastics of the Yemislicay Formation (Kaymakci et al., 2009; Okay et al., 2001). This
period coincides with extension in the Kirgehir Block (Boztug et al., 2009; Gautier
et al., 2008; Isik, 2009), that continued until the Maastrichtian and possibly carly Pale-
ocene. Although this may (partly) overlap with the formation of the orocline, a direct
relationship between extension in the Kirgehir Block and oroclinal bending seems
unlikely, since the Cankur1 forearc basin suggests free subduction of the northern Neo-
Tethys below the Pontides. By the late Paleocene the northern Neo-Tethys separating
the Pontides and the Anatolide-Tauride Block was entirely consumed and collision
between the Anatolide-Tauride Block and the Pontides occurred (Okay et al., 2001).
This was recorded by flysch deposition, unconformable on top of the CACC (Kay-
makei et al,, 2009). The age of collision of the Kirgehir Block and Anatolide-Tauride
Block with the Pontides seems not in conflict with the proposed age of orocline
formation, and therefore is the most plausible mechanism to explain the northward
convex geometry of the Pontides.

A study on the rotational history of the Cankir1 Basin was performed by Kay-
makei et al. (2003). The formation of the striking omega shape of the Cankur1 Basin
was examined by performing paleomagnetic, AMS and paleostress measurements.

Those data suggest that the omega shape of the Cankir1 Basin was caused by ongoing
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indentation of the Kirgehir Block and Anatolide-Tauride Block until the Oligocene,
not affecting the central Pontides orocline (Fig. 4.9). Several paleomagnetic datasets
from Eocene rocks in the study by (Isseven and Tiiysiiz, 2006) are in agreement with
this scenario. The absence of studies on pre-Eocene rocks does not enable constraining
initiation of rotation in the Cankur1 Basin. Therefore, we cannot speculate on the pos-
sibility of simultaneous rotation in the Cankir1 Basin and the Pontides orocline in the
latest Cretaceous to earliest Paleocene times. However, the absence of rotation in the
northern parts of the Pontides during the Paleocene to Oligocene in contrast with the
presence of strong rotations in its southern parts may imply that the shortening and
deformation front migrated southwards since the Paleocene (Fig. 4.9). This scenario
also implies that the Eocene-Oligocene rotations in the southern parts of the Pontides

are related to thin-skinned thrusting within the suture zone.

To assess the position of the Pontides in the late Cretaceous with respect to the Eura-
sian polepath, we corrected two of our sites for an inclination error, from which we
have sufficient individual directions, using the E/I method of Tauxe & Kent (2004).
Figure 4.6 a-h shows that inclination correction for Coniacian-Santonian site TA2
and Santonian site TAS is limited to a few degrees. After correction for inclination
error, the original inclination is within the 95% bootstrap error margin, meaning that
the correction is not significant. Figure 4.6i shows that both sites plot 3 to 7 degrees in
latitude lower than the expected paleolatitude from the Eurasian polepath (~34°N).
We note however, that the A95 error envelope of the polepath (2-3°) overlaps with the
error margins of the TK03 corrected values. Indeed, small differences of only a few
degrees are close to the practical resolution limit (5°) of paleomagnetic studies.

It is obvious that nearly all reported paleolatitudes are much lower than
expected from the APW path, which can largely be explained by flattening. We
calculated expected flattened latitudes from f-factors as low as 0.3 (Fig. 4.7), that
can explain the observed, low paleolatitudes. Paleolatitudes were carlier assessed in a
study by Channell et al. (1996), suggesting a gap in the APW path between Eurasia
and Pontides of approximately 10° in paleolatitude (Fig. 4.7), when compared to the
polepath of Torsvik et al. (2008). However, those data were all taken from sediments
and not corrected for inclination error. Correction for inclination error on those data
would probably result in a smaller gap between the Eurasian APW path and the loca-

tion of the Pontides.

6. Conclusions
Analysis of a large number (47 sites, more than 1000 cores) of paleomagnetic data,
supplemented with published data, from rocks ranging in age from early Cretaceous

to Eocene reveals that the northward convex shape of the central Pontides fold-and-

thrust belt can be defined as an orocline that formed in latest Cretaceous to earliest

Paleocene times. Orocline formation requires a deformation event such that the pre-
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existing structures are bent.

Collision and indentation of the Anatolide-Tauride Block and its metamor-
phic promontory, the CACC, with the Pontides in late Paleocene times seems to be
the most likely mechanism for orocline formation, considering the timing of oroclinal
bending and the timing of collision between the Kirgehir Block and the Anatolide-
Tauride Block with the Pontides. Paleomagnetic data from Eocene to Miocene rocks
from the more southward located Cankir1 Basin (Isseven and Tiiysiiz, 2006; Kaymakci
et al., 2003), show strong rotations from Eocene to at Oligocene times in this area,
suggesting that the shortening and deformation front migrated southward.
Furthermore, the majority of the paleolatitude data from the sampled sites and lit-
erature data show a (much) lower paleolatitude than predicted by the Eurasian APW
path. Inclination error correction with the E/I-method of two of our sites that allow
correction (N = ~100), predicts paleolatitudes that are within error identical to the
Eurasian APW path. This, once more, shows that paleolatitude data from sediments

should be interpreted with care.
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CHAPTER 5

Pervasive Paleogene remagnetization of the
central Taurides fold-and-thrust belt (south-
ern Turkey) and implications for rotations in
the Isparta Angle

The Turkish Anatolide-Tauride block rifted away from the northern margin of Gond-
wana in the Triassic, which gave way to the opening the southern Neo-Tethys. By the
late Paleocene to Eocene, it collided with the southern Eurasian margin, leading to
the closure of the northern Neo-Tethys ocean. To determine the position of the Ana-
tolide-Tauride block with respect to the African and Eurasian margin we carried out a
paleomagnetic study in the central Taurides belt, which constitutes the eastern limb of
the Isparta Angle. The sampled sections comprise Carboniferous to Paleocene rocks
(mainly limestones). Our data suggest that all sampled rocks are remagnetized dur-
ing the late Paleocene to Eocene phase of folding and thrusting event, related to the
collision of the Anatolide-Tauride block with the Eurasia. To further test the possibility
of remagnetization, we use a novel end-member modeling approach on 176 acquired
isothermal remanent magnetization (IRM) curves. We argue that the preferred three
end-member model confirms the proposed remagnetization of the rocks.

Comparing our data to the post-Eocene declination pattern in the central Tauride
belt, we conclude that our clockwise rotations are in agreement with data from other
studies. We then combine our results with previously published data from the Isparta
Angle that includes our study area. We cast doubt on the spatial and temporal extent
of an earlier reported early to middle Miocene remagnetization event. We further
argue that tilt corrected directions of the Triassic data from the southwestern Antalya
nappes (western Taurides) that were earlier reported to be remagnetized, are in good
agreement with other studies from the area that show a primary origin of their charac-
teristic remanent remagnetization. This implies that we document a clockwise rotation
for the southwestern Antalya Nappes since the Triassic that is remarkably similar to
the post-Eocene (~40°) rotation of the central Taurides. For published results that are
clearly remagnetized, we argue that remagnetization has occurred in the Paleocene
to Eocene.

Maud J.M. Meijers, Douwe J.J. van Hinsbergen, Mark J. Dekkers, Demir Altiner, Nuretdin
Kaymakci, Cor G. Langereis and Randell A. Stephenson
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1. Introduction

Rifting and subduction of the Tethys oceans led to the northward drift of continental
blocks, away from the Gondwanan margin, and their accretion to the Eurasian margin
in Mesozoic times (Sengdr and Yilmaz, 1981). Paleomagnetism is a widely used
technique to reconstruct paleolatitudes of accreted terranes and their vertical-block
rotations. Turkey exposes such a terrane — the Anatolide-Tauride block (ATB) - a
continental fragment that rifted away from Gondwana in the early Mesozoic (Fig.
5.1) (Gessner et al., 2004; Hetzel and Reischmann, 1996; Kréner and Sengor, 1990;
Sengdr and Yilmaz, 1981). It collided with the southern margin of Eurasia in late
Paleocene to Eocene times (Kaymakeci et al., 2009; Okay et al., 2001). The analysis of
timing and rates of opening and closing of the Tethys ocean that accommodated the
northward drift of the ATB from Gondwana to Eurasia is essential to reconstruct its
plate tectonic history. The available published reconstruction scenarios rely mainly
on geological interpretations of the relict, intensely deformed rocks and pre-Alpine
basement that are now exposed within the collision zone. Dissimilarity of most of
the proposed models related to the position of the ATB with respect to the African
margin from Permian to Jurassic times (Mackintosh and Robertson, 2009; Moix et
al., 2008; Robertson et al., 2004; Sengér, 1984; Sengér and Yilmaz, 1981; Stampfli
and Borel, 2002) indicate that there is large degree of freedom in the interpretations,
which is mainly due to a lack of reliable data to constrain paleo-positions of the tec-
tonic blocks.

In this contribution, we aimed at constraining the paleolatitudinal position
of the ATB, and its position with respect to the African and Eurasian margins. We
conducted a paleomagnetic study for the Carboniferous to Eocene stratigraphy of the
central Tauride fold-and-thrust belt, to fill the gaps in the existing paleomagnetic data
(Gallet et al., 1996; Gallet et al., 2000; Gallet et al., 1992; Gallet et al., 1993, 1994;
Piper et al., 2002; Van der Voo and Van der Kleijn, 1970). This study must document,
however, that such a paleolatitude reconstruction is not possible due to a regional,
pervasive remagnetization event that resets the magnetic record in the central Taurides
fold-and-thrust belt. We estimate from our data that this remagnetization event took
place in the Paleogene. In addition, we discuss the implications of this finding within
the context of previous discussions related to cause and timing of the remagnetization
event (Morris and Robertson, 1993; van Hinsbergen et al., 2010a), as well as regional
block rotation scenarios of the central Taurides (Kissel et al., 1993; Piper et al., 2002).
We will discuss the implications of our findings for these studies and the regional

tectonic scenarios that were inferred from them.

2. Geological background

The Anatolide-Tauride block (ATB) in southern Turkey is of peri-Gondwanan origin,
indicated by paleontological data and pre-Alpine basement ages (Kroner and Sengor,
1990; Satir and Friedrichsen, 1986; Sengor et al,, 1988). The ATB is separated from
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Figure 5.1 a) Map showing the Taurides in the circum-Black Sea region. IAES=Izmir-Ankara-
Erzincan suture zone. Grey box indicates the position of Figs. 5.2a-c).

the northward located Pontides, of Eurasian affinity, by the [zmir-Ankara-Erzincan
suture zone ($engdr and Yilmaz, 1981). From the African continent it is separated

by the still-subducting Levantine lithosphere (along Hellenic-Cyprian trenches),
which is likely of oceanic nature (Khair and Tsokas, 1999) (Fig. 5.1). It is gener-

ally accepted that after the assemblage of Pangea at the end of the Paleozoic, a large
triangular domain - the Paleo-Tethys ocean — occupied the area between the Eurasian
and Gondwanan margins (Sengor, 1984). Paleogeographic models related to the size,
evolutionary history and subduction polarity of the Paleo-Tethys vary widely (Moix

et al., 2008; Robertson et al., 2004; Sengdr and Yilmaz, 1981). However, subduction
of Paleo-Tethys gave way to rifting off of continental blocks from the northern margin
of Gondwana and gave way to opening of the Neo-Tethys ocean during the Mesozoic.
Estimates on timing of opening of the southerly located Neo-Tethys ocean between
Africa and the ATB vary from late Permian to early Triassic (Moix et al., 2008; Stamp-
fli and Borel, 2002), Triassic (Robertson et al., 2004) to late Triassic (Sengér, 1984;
Sengér and Yilmaz, 1981). There is however a general consensus that from late Jurassic
to late Cretaceous times the stratigraphic units of the Taurides developed as a passive
margin, reflected by platform and shelf carbonates (Gutnic et al., 1979; Monod, 1977;
Ozgil, 1976).

During the late Cretaceous, the ATB was incorporated into the subduction
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system and obducted by ophiolites that originated from northwards subduction of the
Neo-Tethys around 90-80 Ma. During the Paleocene to early Eocene it collided with
the Pontides after northern Neo-Tethys closure. This resulted in the development of a
fold-and-thrust belt that presently forms the Tauride mountain belt (Bage1 and Parlak,
2009; Celik et al., 2006; Elitok and Driippel, 2008; Kaymakci et al., 2009; Okay et

al,, 2001; Robertson et al., 2009; Sengdr and Yilmaz, 1981). The ATB is separated
from the Pontides by two major crystalline massifs — the Menderes Massif in the west,
and the Central Anatolian Crystalline Complex, or Kirgehir Block in central Turkey
(Okay et al, 1996, Sengor & Yilmaz 1981). These two complexes are known as the
Anatolides and are generally accepted as the metamorphosed northern extension of
the ATB which were obducted, metamorphosed and thrusted during the late Creta-
ceous to carly Paleogene (Kaymakei et al.,, 2009; Okay et al., 2001; Robertson et al.,
2009). The degree of metamorphism decreases southwards which indicates southward
obduction and thrusting. The Taurides (sensu stricto) refer to the southern unmeta-
morphosed part of the ATB.

The ATB comprises sedimentary sequences ranging in age from Cambrian to
Tertiary, mostly composed of shallow marine platform type carbonates (Altner et al.,
1999; Dean et al., 1999; Mackintosh and Robertson, 2009; Monod, 1977; Ozer et al.,,
2004; Ozgiil, 1976; Sengor and Yilmaz, 1981). The Taurides consist of several isopic
units (Fig. 5.2) that are overthrusted and stacked as nappe sequences, mainly during
the late Cretaceous to Oligocene (Andrew and Robertson, 2002; Ozer et al., 2004).
Paleogeographically, these isopic zones include (from south to north) the Antalya,
Alanya, Geyikdagi, Aladag, Bolkardagy, and Bozkir units. The Geyik Dag Unit is
structurally the lowest and relatively autochtonous unit (Fig. 5.2). Having the similar
structural position and stratigraphy, the unmetamorphosed and mildly deformed
Beydaglari Unit is generally considered as the lateral equivalent of the parautoch-
thonous Geyikdagt Unit (Ozgiil, 1976). In general, the Geyikdag: Unit is overthrust-
ed by the Aladag, Bolkardag and Bozkir units from the north (Figs. 5.2 and 5.3). The
position and emplacement direction of the Antalya and Alanya units, however, is a
matter of debate. The end member models include; 1) all the nappes originated from
the north (Ricou et al., 1975), 2) the nappes north of Geyikdag: (Aladag, Bolkardag,
and Bozkir nappes) originated from the north and the ones in the south (Antalya and
Alanya nappes) originated from the south (Dumont et al., 1972; Sengér and Yilmaz,
1981), and 3) all the nappes originated from the north, except for the western part of
the Antalya nappes which is thrusted over the Beydaglar1 Units (Fig. 5.2) (Ricou et al.,

Figure 5.2 (next three pages) a-c) Maps showing the nappes in the research area. Locations
of the sites and declinations with their corresponding AD, (grey shading) from published
data are indicated in for four different time intervals. a) Paleozoic-Mesozoic (in dark blue) and
Paleogene (in red), b) carly-middle Miocene (in dark blue) and late Miocene (in red) and ¢)
Pliocene-Pleistocene. Red site codes indicate the sites that are from the shown age interval.
Light blue shading in declination plots indicate the in-situ declinations for sites that are (pos-
sibly) remagnetized. See Appendices 24-26



Chapter 5

N

(3s@myinos)
saddeu
efjejuy

961311
NIV

AO 161311
LN

AL-SL  0siL
NN
6LIML  SLIML 9L
N4

11 LLIIL
sy

Hg 061)1L

S)|ney [ewWIou —ar
sjiney 1snIy} ~—
S)iney esIonsl ~—-

syney dijs-e)uis <=

pajenuaayipun) sjney —

(

(16epxihen~) 1ieiBepheg [ ]
nun eAeuy [

4
\

JASRE]

<

»a

S

1273

‘

VA

<

813

N,

-

as €813

—
ueiBeq saddeu
Aog ueokd

4

w
-

nun 1Bepyiken [ wun efvey | ox
nun Bepery[ ] seyjoydo [ @
nun Bepiejog[ ] Ms saddeu uepA1[ ]| g
nun ayzog[ | o_,_.__/&_m>oo JobunoA pue susboaN [ | @
\ I %% auabosjed
/. h |
a8 i v Ny 210Z0Sd\-210Zz03|ed (B (yuou)

saddeu
eAlejuy

~



N %

SENY SENY
<
Iy

| |
PVET\ foeafe o | _
|
PEINL /«W\
E613IL /mﬁ.% €3
26151 10 23
cld 13y
NV B
Ha e 4 \ % NQ
~ A ‘ O . 5 €13 M
o . .
% / % | T s}jne} [ewIoU —w-
NHA'IS peNy | - begl TRy synejjsniyy —|  zes ov
| L A 1S L s)ney sonal —| N
i S [ ﬂ syney dijs-axys <= :m_umo wm&\m:
e N (perenuaseyipun) syney —| °8  UEAI

o
(16epxife~) LelBepheg [ ]
wun eAejuy [

Pervasive Paleogene remagnetization of the central Taurides

yun 18epyiken [ | | nun eduvery [
nun Bepely [ | | N seyjoiydo 7]
nun Bepieyjog[ ] ﬂ R = Ms seddeu ueA] [ ]
nun ayzog[ | o_h_.__/‘_w>oo JobunoA pue susboaN [ |

a3, /
Rl
a3 oI

Ol

g/

L

auadol| 9)e]
9U3I0II\ 31PP!IN-AMe] (g

152



Chapter 5

ada

Ny %

OVNY LENY 6ENY

w w w N
N X S <
& o o w

S}iney} [ewlou —mr
s)inej }sniy} —
S}|ne} 8SIoAd) v~
syney di|s-ayll}s <~
(pojenuaiayipun) syney —

(1Bepyiken~) Leifepheg [
nun eAepuy [

nun 1Bepyihes ] nun edueyy [

nun Bepey[ | seyjoiydo [
nun Bepuexjog[ ] / ot Ms saddeu ueh7[ ]
nun ajzog[ | o_,_.__/._o>oo JabunoA pue susbosN [ ]

2U820)Ss19]d-9udd0l|d (©

dl nd
—_—

ueibeq saddeu
Aog uepid




Pervasive Paleogene remagnetization of the central Taurides

154

1979).

A long compressive deformation phase that resulted in nappe stacking and
ophiolite obduction initiated in the late Cretaceous and continued into the early
Eocene (~95-50 Ma) (Okay et al., 2001). This resulted in the deposition of Paleocene
to middle Eocene turbidite units on top of the carbonates (Dean and Monod, 1970),
that mark the timing of youngest compression-related sedimentation of the ATB,
contemporancous with the collision of the ATB with the Pontides of northern Turkey
(Kaymakei et al., 2009; Okay, 1984; Sengér and Yilmaz, 1981; Tiiysiiz, 1999). Never-
theless, ophiolites and ophiolitic units share the highest structural position, and have
metamorphic sole ages of ~95-90 Ma, which mark the minimum age for the onset of
(intra-oceanic) subduction north of the ATB (Celik and Delaloyle, 2003; Celik et al.,
2006; Dilek et al., 1999; Dilek and Whitney, 1997; Elitok and Driippel, 2008; Yaliniz
etal., 2000).

After Eocene times, the Tauride fold-and thrustbelt was deformed into a
peculiar, triangular bend that is known as the Isparta Angle (Fig. 5.1). To the west, the
Taurides fold-and-thrust is overthrusted by the Lycian Nappes, over the Bey Daglar
platform. The Bey Daglari platform is overthrusted by the Antalya Nappes from the
cast to southeast (Fig. 5.2) (Poisson et al., 2003; Robertson and Woodcock, 1981).
During the thrusting of the Lycian Nappes over the Bey Daglar1 platform in the early
Miocene, a lower Miocene foreland basin was established in response to southeast-
ward emplacement of the Lycian Nappes (Collins and Robertson, 1998; Hayward,
1984; Kosun et al., 2009; van Hinsbergen, submitted; van Hinsbergen et al., 2010b).
This was followed by a middle to latest Miocene counterclockwise vertical axis rota-
tion episode (Kissel and Poisson, 1987; Morris and Robertson, 1993) that affected
the entire western limb of the Isparta Angle, including the Lycian Nappes and Bey
Daglar1 region, and which was bounded in the east by transpression partitioned along
the Aksu thrust and Kirkkavak strike-slip fault (Fig. 5.2) (Kissel and Poisson, 1987;
Morris and Robertson, 1993; van Hinsbergen et al., submitted; van Hinsbergen et al.,
2010b). This is reflected by strong folding and thrusting of the lower to uppermost
Miocene stratigraphy in the Aksu and Képriicay Basins which are bordered by these
faules (Ciner et al., 2008; Flecker et al., 1995; Glover and Robertson, 1998; Poisson et
al., 2003).

The castern limb of the Isparta Angle (central Taurides), where we conducted
our study, has a significantly different late Cenozoic history. The late Cretaceous to
Eocene compression episode formed the fold-and-thrust belt of the central Taurides,
which is structurally (but not temporarily) equivalent to the Lycian Nappes to the
west. The central Taurides fold-and-thrust belt is unconformably overlain by Miocene
marine and terrestrial deposits in the Beyschir, Manavgat, Ermenck and Mut basins,
which are only very mildly deformed by normal and strike-slip faults (Bassant et al.,
2005; Ciner et al., 2008; Deynoux et al., 2005; Eris et al., 2005). A paleomagnetic

study by Kissel et al. (1993) showed evidence for strong clockwise rotation over an
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angle of approximately 40° measured in Eocene rocks of the fold-and-thrust belt,
whereas available data from the Miocene show no significant rotations here. Hence,
they argued that the eastern limb of the Isparta Angle underwent a clockwise rota-
tion phase sometime during the late Eocene and Oligocene, as opposed to the much
younger middle Miocene rotation with opposite sense that was reconstructed for the

western limb.

3. Paleomagnetic sampling, analysis and rock magnetic
analysis

3.1 Paleomagnetic sampling

The original focus of this study was to reconstruct the paleolatitude position of the
Taurides since the Carboniferous, on the basis of new paleomagnetic data and a reap-
praisal of previous work. Therefore, we sampled Carboniferous to Paleocene sections
and localities in three areas within the Geyik Dag and Aladag units in the central
Taurides: Fele (north of lake Beysehir, middle-Jurassic to late Cretaceous rocks),
Seydischir (west of Sugla lake, late Triassic-Paleocene rocks) and Taskent (south of
Hadim, carly Carboniferous-early Triassic rocks) (Fig. 5.3). All samples were taken
from limestones, except site TT7, which was sampled in siltstones and claystones.
Around the village of Taskent, four sites were sampled (79 cores). Site TV was sam-
pled at the Tournaisian-Visean boundary (Peynircioglu, 2005). Sites TS1,2,3 were
sampled in Changhsingian (upper Permian) limestones (see Supplementary infor-
mation and Payne al. (2007)). Sites TS4 and TS5 were sampled in Spathian (upper
Olenikian, lower Triassic) limestones (see Supplementary information).

The Seydisehir section consists of 22 sites (428 collected cores) and covers a
time span from approximately middle Jurassic to Paleocene. A stratigraphic log with
assigned biostratigraphic ages of the Seydisehir section (TT1, TT2 and TT20-TT39)
is given in Figure 5.4, and covers a time span from middle Jurassic to Paleocene.
Several individual sites that are not part of the section (TT0 and TT3-TT7) were
sampled around the lower part and above the section (159 collected cores). Those sites
yield ages ranging from late Triassic to middle and possibly late Jurassic for the lower
part (TT3-TT5) and Campanian-Paleocene for the upper part (TT6-TT7). Those
ages were taken from the geological map of Senel et al. (2001). The lower Jurassic is
absent in this region.

Near the village of Fele (Fig. 5.3), we sampled a section (9 sites with 200 cores)
covering a time span from middle Jurassic to late Cretaceous, that was previously
biostratigraphically dated (Altiner et al,, 1999; Yilmaz and Altiner, 2006). Samples
were taken from nine regularly spaced sites within the section, that were correlated
to the stratigraphic columns in Altiner et al. (1999) and Yilmaz and Alener (2006).
Samples were collected using a motor drill or an electric drill with generator. Sample

orientations were measured with a compass, and sample orientations as well as bed-

ding attitudes were corrected for present-day declination (~4°W).
g p y
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Figure 5.3 Detailed map of the study area, indicating the nappes and the sampling sites. See

Appendix 27

3.2 Paleomagnetic analysis

Samples were demagnetized using alternating field (AF) and thermal (TH) progres-
sive stepwise demagnetization methods. AF demagnetized samples were pre-heated
until 150°C prior to AF demagnetization to remove possible stress in magnetite grains

caused by surface oxidation at low temperatures (Van Velzen and Zijderveld, 1995).

Many samples however, gave erratic thermal demagnetization behavior owing to their
low NRM intensity, and were therefore only measured thermally until 150°C. The

samples were therefore mostly AF demagnetized on the in-house developed robotized
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Figure 5.4 Schematic sedimentary log of the Seydischir section. Thickness could be an over- or
underestimation of the real thickness, numbers come from field estimates.

2G DC SQUID magnetometer (noise level 10-12 Am2). This procedure appeared to

yield significantly better data on the low-intensity limestones (cf. Gong et al., 2008).
Demagnetization of the NRM is displayed in orthogonal vector diagrams (Fig.

5.5) (Zijderveld, 1967). Magnetization components were determined using principal

component analysis (Kirschvink, 1980), typically on five to seven successive AF or
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temperature steps. Occasionally, a great-circle approach (McFadden and McElhinny,

1988) was used when samples yielded NRM directions that were intermediate be-

tween two components with overlapping coercivity or unblocking temperature spectra

(Fig. 5.5g,h.k,1). This method determines the direction that lies closest on the great

circle to the average direction from well-determined NRM directions. The majority

of the samples, all limestones, have a characteristic remanent magnetization (ChRM)

carried by magnetite, as is evidenced by typical maximum unblocking fields of 60-100

mT. Erratic behavior of samples above ~350°C (Fig. 5.5 d and j), also indicates the

presence of ironsulfides.

Site mean directions as well as virtual geomagnetic poles (VGP) and their

means were calculated from the ChRM directions (Fisher, 1953). Per site, a variable

cut-off (Vandamme, 1994) was applied on the VGPs. The sample directions that were

rejected on the basis of this cut-off are indicated in Fig. 5.6. We calculated the error

b) TS2.8A c) TS4.3B d) TS4.3A
up/wW up/W
J— — N N
32mT
20m
150°C 20°C
TT3.1B f) TT25.16A g) TT36.13A h) TT36.13A
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soec WPV
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35mT
90 mT
24E

150°C + 10 mT

Figure 5.5 Orthogonal vector diagrams (Zijderveld, 1967), showing characteristic demagneti-

zation diagrams for representative sampled sites. Closed (open) circles indicate the projection

on the horizontal (vertical) plane. Alternating field and thermal demagnetization steps are

indicated. All diagrams are displayed after bedding tilt correction.
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Taskent (TS-TV) ~345.3-245.0 Ma

N= 75, A95= 2.3 K=50.9 N= 73, A95= 2.6 K= 40.9
D/I=17.4/18.2 D/I=7.1/41.4
in situ tilt corrected
a)
Seydisehir (TT) ~228.0-55.8 Ma
N= 224, A95= 3.0 K= 10.8 N= 208, A95= 2.5 K= 16.1
D/I= 177.7/-35.5 D/1=194.4/-42.5
in situ tilt corrected

Fele (FE) ~171.6-65.5 Ma

N= 23, A95= 5.4 K= 32.7 N= 24, A95=7.8 K= 15.5
D/l=239.1/-11.2 D/l= 235.7/-54.2
in situ tilt corrected

A=27.6<34.7<43.4

Figure 5.6 Equal area projections of the ChRM directions of all sections (Table 5.1). Open
(closed) symbols denote projection on upper (lower) hemisphere. Large black (blue) symbols
with black circle indicate respectively the mean directions and their cone of confidence (z95)
after (before) tilt correction. Red (small) circles indicate the individual directions rejected after
applying a variable cut-off (Vandamme, 1994). Black lines indicate the great circles used to cal-
culate the best fitting ChRM directions (McFadden and McElhinny, 1988). Red star indicates
the present-day geocentric axial dipole direction at the sampled location. See Appendix 28
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in declination (AD,) and the error in inclination (AL,) following Butler (1992). This
approach is favored because it more realistically describes the directional distributions
that become increasingly elongated with lower latitudes (Creer et al., 1959; Tauxe and
Kent, 2004; Tauxe et al., 2008). For all previously published data we calculated the
A95 from the ays, usually given in literature, using the Creer transformation (Creer,

1962).

3.3 Supporting rock magnetic analyses

Acquisition curves of the isothermal remanent magnetization (IRM)

The palecomagnetic data obtained from this study are most probably subject to
remagnetization. Therefore, isothermal remanent magnetization (IRM) curves were
acquired, to complement the paleomagnetic analysis and to further characterize the
rock magnetic behavior of the samples. We carried out the IRM measurements on
174 specimens from the Seydisehir section, because we intended to run end-member
modeling on this section (Gong et al., 2009; Heslop and Dillon, 2007; Heslop et al.,
2007; Weltje, 1997), that may indicate remagnetization of the rocks. The Seydischir
section consists of many levels and the rock types (limestones, sandy/shaly limestones,
dolomitic limestones, dolomite), compared to Fele and Tagkent localities, and there-
fore had our preference. Before IRM acquisition, the specimens were pre-heated until
150°C in a magnetically shielded oven and all specimens were first demagnetized at
300 mT in three orthogonal directions, to minimize the influence of magnetic interac-
tion and thermal activation on the shape of the IRM acquisition curves guarantee an
IRM curve shape as close as possible to a cumulative log-Gaussian distribution (Hes-
lop et al., 2004). The IRM was acquired in 57 steps until 700 mT, with the in-home
developed robotized magnetometer. IRM component analysis to identify the different
IRM components was done according to Kruiver et al. (2001). In this approach IRM
components are considered cumulative log-Gaussian distributions that are character-
ized by their saturation isothermal remanent magnetization (SIRM), the peak field at
which half of the SIRM is reached (B ,), and the dispersion or width of the cor-
responding distribution (DP) (Kruiver et al., 2001). In practice many IRM acquisi-
tion curves are not entirely cumulative log-Gaussian as a consequence of potentially
present magnetic interaction (although in these weakly magnetic sediments it is antici-
pated to be marginal) and thermal activation characteristic of small magnetic particles
(Egli, 2004; Heslop et al., 2004). The IRM acquisition curves could be interpreted
with either two or three magnetic components, overlapping in coercivity spectrum.
Usually, a low intensity and low coercivity component is observed, a result of slightly
skewed-to-the-left data (Heslop et al., 2004). This component is not assigned a physi-
cal meaning, because it is a consequence of the method only being able to fit symmet-

ric distributions; its contribution is added to the low-coercivity component.
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End-member modeling of the IRM acquisition curves

In a number of cases remagnetization shows up by means of specific magnetic proper-
ties. For example, the so-called ‘remagnetized’ and ‘non-remagnetized’ trends based
on hysteresis parameters are documented for limestones (e.g. Channell and McCabe,
1994). However, many data sets of remagnetized rocks plot in between the two trend-
lines which makes the interpretation rather equivocal (e.g. Katz et al., 2000; Zegers

et al., 2003). In addition, it is technically not straightforward to measure meaningful
hysteresis parameters in weakly magnetic rocks like those in the present investigation.
To circumvent these problematic aspects, Gong et al. (2009) proposed to perform
end-member modeling on IRM acquisition curves to diagnose remagnetization inde-
pendent of paleomagnetic directional information. A chemically precipitated suite of
magnetic particles as a consequence of burial is expected to have magnetic properties
subtly different from a detrital magnetic particle ensemble. IRM acquisition curves
determined with a large number of field steps can visualize such small differences. In

a study on Cretaceous limestones from the Pyrenees, Gong et al. (2009) discrimi-
nated remagnetized and non-remagnetized limestones with a high level of statistical
significance (>> 95%). Van Hinsbergen et al. (2010b) used a similar approach to show
that Miocene limestones from the Bey Daglar: platform (western Turkey) that were
overthrusted by the Lycian Nappes are not remagnetized, and likely carry a primary
NRM.

End-member modeling is a non-parametric inverse technique, meaning that
the model is determined from the data. By iterative minimization the data variability
is described by a linear combination of a number of invariant points, termed end-
members. Both the shape as well as the number of end-members is determined by
so-called bi-linear unmixing, which makes the method powerful. Simultaneously,
it has potential pitfalls: since (almost) everything is possible, the user must have at
least a certain idea about the significance of potential end-members: the solution is
mathematically non-unique and the most reasonable geological solution should be
targeted (cf. Weltje, 1997). It must be reasonably certain that the entire data variability
has been sampled; otherwise the resulting end-members are not representative. We
therefore determined IRM acquisition curves for the limestones, dolomitic lime-
stones, sandy limestones, and shaly limestones of the Seydisehir section. The bi-linear
unmixing algorithm of Weltje (1997) programmed by D. Heslop in MATLAB was
utilized. This algorithm determines the minimum hull around the data space which
ensures geologically most interpretable end-members (Weltje, 1997). It starts with a
configuration within the data cloud which is iteratively enlarged by moving the end-
member compositions minimally, ideally until all data points are included. In practice,
it is accepted that some data points remain outside the calculated hull which makes
the algorithm less sensitive to outliers, a distinct advantage over other bi-linear unmix-
ing approaches. The algorithm dictates that input curves should be monotonously
increasing (Weltje, 1997; Heslop et al., 2007). All IRM curves will be normalized to
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their maximum value, thus forming a closed data set. Therefore, the abundances of
the various end-members will not be independent, i.e. changes in the abundance of an
end-member will affect the abundances of other end-members. The program performs
a maximum of 1000 iterations, unless the maximum convexity level of -6 (a descriptor
of the distance between the data outside the hull and the calculated minimum hull) is
reached earlier. The convexity level at termination is used as a judgment on the quality
of the model for the particular data set.

As mentioned earlier on, the signatures of the individual end-members must
be understood for an optimal analysis. It is likely that end-members should be inter-
preted along the lines of magnetic minerals. Therefore, we plotted all IRM acquisition
curves and analyzed twenty-one IRM acquisition curves (one from each site) using
the cumulative log-Gaussian approach of Kruiver et al. (2001). This is a parametric
approach to identify the different coercivity components which serves as a guideline
for the interpretation of the end-members. The estimation of the number of meaning-
ful end-members is based on the calculation of the coefficient of determination (r2,
ranging from 0 to 1) between the input data and the end-member models (Heslop et
al. (2007)), that are calculated by the program for 2-9 end-members. A low 12 (12 <
0.5) will reflect a non-adequate description of the variance of the input data set. Ide-
ally, the r2 value is high (> 0.8) and addition of extra end-members will provide only
small increase in r2. The shape of the end-members should be sufficiently different to
avoid over-interpretation of end-members. To ensure monotonously increasing IRM
acquisition curves, IRM data were used starting at 8 mT fields. Inspection of the data
revealed that the data from lower (pulse) fields were fairly noisy because of very low

IRM increments.

4. Paleomagnetic and rock magnetic results

4.1 Paleomagnetic results — demagnetization of the NRM
Taskent

The samples of sites TV and TS1-3 have initial intensities of ~350-3000 pA/m, those
of TS4 and TS5 are lower, ~130-600 uA/m. In the majority of the samples, a low
temperature (LT) or low coercive force (LC) component is present until ~200°C or
~150°C plus ~25 mT. The ChRM direction was usually isolated between ~200°C
and 360°C or between ~25 mT and 90 mT in 79 samples (Fig. 5.5). All sites around

Table 5.1 Table showing all data from this study. Lat= latitude of the sites, Long= longitude of
the site, Nc= number of collected cores, N= number of cores after interpretation and applica-
tion of a variable cut-off (Vandamme, 1994), Na= number of analyzed samples, D= declination,
I= inclination, AD,= declination error, Al =inclination error, A= paleolatitude, k=estimate of
the precision parameter determined from the ChRM directions, ags=cone of confidence deter-
mined from the ChRM directions, K=precision parameter determined from the mean virtual
geomagnetic pole (VGP) direction, A95= cone of confidence determined from the mean VGP
direction. AA+ and A)- are the errors in paleolatitude calculated from the A95. All values are
given before and after correction for bedding tilt.
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Tagkent yield very similar paleomagnetic directions (Table 5.1, Figs. 5.6 and 5.7),
which is unlikely for the long time interval between early Carboniferous and late
Permian/early Triassic. Furthermore, all samples show normal polarities, even though
they were deposited in a period of dominantly reversed polarity (Davydov et al.
(2004) and Wardlaw et al. (2004)), including the Permo-Carboniferous Reversed
Superchron (PCRS). We therefore conclude that the Taskent sites must have been

remagnetized at any time after the early Triassic.

Seydisehir

From the Seydisehir section, 28 sites were sampled (TT0-7 and TT20-TT39), with
ages ranging from late Triassic to Paleocene (Fig. 5.4). Ages assigned to the sites, on
the basis of biostratigraphy, (sce Supplementary information and Table 5.1). The lime-
stone samples yield initial intensities of ~100-2000 wA/m, whereas intensities after
pre-heating until 150°C range from ~5-300 pA/m. The silt/claystone samples from
site TT7 yield higher intensities pre-heating of ~450-700 pA/m. An LC component
up to ~30 mT is present in the lowest part of the section (sites TT0-TT3), which
resembles the present-day geocentric axial dipole (GAD) direction. The high coerciv-
ity (HC) component, interpreted to be the ChRM component, was isolated between
~30 mI and 90 mT in 231 samples (Table 5.1, Fig. 5.5). For 10 other samples, we used
the remagnetization great-circle approach (Fig. 5.5g and k). Most samples yielded
reversed polarities (90%). The majority of the sites yielded a reversed polarity, some
sites yielded normal polarities, while in some sites both normal and reversed polarities
were detected. The directions are clearly shallower than the GAD direction before tilt
correction (Fig. 5.6¢). We note that site T'T36, which is taken from an Albian interval,
yielded reversed polarities, in an interval that is part of the Cretaceous Normal Super-
chron (CNS). Moreover, all sites yielded very similar paleolatitudes around 30°N (Ta-
ble 5.1, Fig. 5.6) despite age differences of up to ~200 Myrs. Again, we must suspect
that all rocks in the Seydisehir section are remagnetized. It is important to note here,
that the Paleocene site TT7 (that is significantly younger than the rest of the sites) is
based on only two data points. Although the paleomagnetic directions obtained from
site TT7 are similar to the data from the entire Seydisehir section, we will not include
this site in the discussions. The conclusions on the age of remagnetization based on

this site would be speculative.

Fele

From the middle Jurassic to upper Cretaceous of the Fele section, nine sites (FE1-FE9)
were sampled. Intensities (after pre-heating) typically range ~20-550 pA/m. Intensi-
ties of FE8 and FE9 showed even lower intensities, ranging 20-50 pA/m. For this
reason, these two sites revealed no interpretable results. A characteristic component
was isolated generally between ~35/40 mT and 90 mT (Fig. 5.5i-1) in 22 samples. For

two other samples, we made use of the great-circle approach (Fig. 5.5k). Rocks from
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Figure 5.7 Age versus latitute plots of all Tauride data from this study, without tilt correction
(a) and with tilt correction (b). Purple squares: data from the Tagkent sites, green circles: data
from the Seydischir section, pink triangles: data from the Fele section. Large shaded squares
indicate the average paleolatitude with its error for cach area or site. Grey shaded curves: APW
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ity timescale (Ogg et al., 2008) is indicated. PCRS= Permo-Carboniferous Reversed Super-
chrom, CNS= Cretaceous Normal Superchron, Neo.= Neogene. See Appendix 29
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all sites, recorded a reversed magnetic polarity (Table 5.1, Fig. 5.6¢ and f), including
site FE7 which has a Cenomanian age. Importantly, the Cenomanian is a stage entirely
within the CNS (Ogg et al., 2004). A solely reversed ChRM direction in rocks rang-
ing in age from Bajocian-Maastrichtian, including rocks deposited during the CNS,

implies that also this entire section was subject to remagnetization.

4.2 Rock magnetic results

Acquisition curves of the isothermal remanent magnetization (IRM)

First, we will describe the analysis of the IRM acquisition curves using the log-
Gaussian approach of Kruiver et al. (2001). Results can be found in Figure 5.8 and
Table 5.2. The diagrams show three components: a magnetite component with a By,
ranging ~50-60 mT and a relatively large DP, and a high coercivity mineral. The high
coercivity mineral can be either hematite or goethite, but because the rocks have prob-
ably been buried relatively deep, we assume this is a hematite component. The magnet-
ite component is most dominantly present in (partly) dolomitized rocks, and in the
upper part of the section in site TT39, where the limestones contain some silt. The
hematite component is generally present in non-dolomitic and non-sandy intervals.
The third component (without physical meaning) is not always clearly visible, owing
to the fairly large DP of the magnetite component. This could be caused by a rather
broad grain-size distribution, e.g. resulting from chemical remagnetization where a
second generation of small magnetite particles is formed. End-member modeling can
visualize potentially small differences amongst the samples, and these can be associated
with particular grain-size distributions that must then be explained in terms of the

underlying geological processes.

End-member modeling of the IRM acquisition curves

Inspection of the end-member solutions reveals that the two end-member model has
a high convexity of (-5.0031, after 1000 iterations) and a lower r2 value (0.87) (Figs.
5.9a and b). The three end-member model (Fig. 5.9¢) has an r2 of 0.90 (final convex-
ity of -2.501, after 1000 iterations), well above the lower limit of 0.80. Models with a
number of end-members >3 have only slightly higher r2 values and lower final convex-
ity values (Fig. 5.9a). In the four and five end-member models, virtual duplication of
end-members occurs which makes those models very unattractive form a mathematical
point of view. Moreover those models are difficult to interpret and were discarded. A
two end-member model yields a discrimination in a magnetite (with a remagnetized
nature, see later on) and hematite end-member (Fig. 5.9b).

The three end-member model is preferred because it appears to show lithologi-
cal grouping and it represents the break-in-slope of the r2 vs. number of end-members
curve (Fig. 5.9a). The shape of the three end-members (EM 1, 2, 3) is shown in Fig.
5.9c and their partitioning over the samples in Fig. 5.9d. They are interpreted along

the lines of magnetic minerals. First, we interpret EM3 (yellow) as caused by hema-
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tite. Samples that contain a large amount of the high coercivity component in the

log-Gaussian approach using the log-Gaussian approach of Kruiver et al. (2001), also

contain a substantial portion of EM3 (yellow).

EM1 (blue, in Fig. 5.9¢) is logically interpreted as representing magnetite.

The saturation IRM (SIRM) of this end-member is reached at 500 mT, which is very
high for ‘classic’ magnetite that typically reaches SIRM at 200-300 mT. It is perfectly

compatible, however, with the remagnetized magnetite as described by Gong et al.

(2009) supporting the remagnetized nature of the present rocks. The majority of the

% Am™? mT  mT__ mT % Am™? mT  mT __ mT
TT22.6B TT31.20B
1 77.6 1.80E-05 1.79 61.66 0.29 1 8.7 5.60E-06 1.79 61.66 0.36
2 17.2 4.00E-06 3.00 1000.00 0.30 2 91.3 590E-05 3.15 1412.54 0.36
3 52 1.20E-06 1.12 13.18 0.14 3
TT23.11B TT30.19B
1 26.8 8.40E-06 1.70 50.12 0.32 1 17.9 2.30E-06 1.83 67.61 0.35
2 70.2 2.20E-05 3.20 1584.89 0.40 2 81.8 1.05E-05 2.68 478.63 0.27
3 3.0 9.50E-07 1.00 _10.00 _0.23 3 0.2 3.00E-08 0.99 9.77  0.05
TT0.13B TT25.11B
1 79.8 4.15E-05 1.80 63.10 0.30 1 3.3 240E-06 1.73 53.70 0.31
2 115 6.00E-06 2.88 758.58 0.20 2 96.6 7.00E-05 3.40 2511.89 0.36
3 8.7 4.50E-06 1.10 1259 0.20 3 0.1 1.00E-07 1.20 15.85 0.07
TT39.2B TT36.15B
1 95.0 1.14E-06 1.92 83.18 0.31 1 51.3 2.00E-06 1.75 56.23 0.30
2 2 462 1.80E-06 2.89 776.25 0.30
3 5.0 6.00E-08 1.15 14.13 0.28 3 26 1.00E-07 115 14.13 _0.28
TT38.18B TT35.16B
1 8.0 2.80E-06 1.95 89.13 0.67 1 442 6.10E-06 1.67 46.77 0.30
2 92.0 3.20E-05 2.60 398.11 0.20 2 525 7.25E-06 2.91 812.83 0.36
3 3.3 4.50E-07_1.15  14.13 _ 0.28
TT32.16B TT34.11B
1 20.5 2.70E-06 1.79 61.66 0.36 1 385 2.00E-06 1.76 57.54 0.36
2 795 1.05E-05 2.92 831.76 0.27 2 57.7 3.00E-06 2.99 977.24 0.35
3 3 3.8 2.00E-07 1.00 10.00 _0.30
TT21.20B TT29.12B
1 71.0 7.85E-05 1.79 61.66 0.30 1 15.9 4.20E-06 1.78 60.26 0.35
2 19.0 2.10E-05 2.95 891.25 0.30 2 835 2.20E-05 3.10 1258.93 0.32
3 10.0 1.10E-05 1.12 13.18 _0.20 3 0.6 1.50E-07 1.20 _15.85 _0.20
TT20.1B TT28.17B
1 774 223E-05 179 61.66 0.29 117.0 1.55E-06 1.85 70.79 0.29
2 15.6 4.50E-06 2.48 302.00 0.22 2 81.3 7.40E-06 3.21 1621.81 0.40
3 6.9 2.00E-06 1.15 14.13 _ 0.20 3 1.6 1.50E-07_1.35 22.39 0.20
TT1.9B TT27.17B
1 751 2.65E-05 1.82 66.07 0.31 1 26.6 4.05E-06 1.73 53.70 0.31
2 17.0 6.00E-06 2.88 758.58 0.30 2 724 1.10E-05 3.10 1258.93 0.35
3 7.9 280E-06 115 14.13 _0.20 3 1.0 1.50E-07 1.35 22.39 0.20
TT37.15B TT26.12B
1 12.0 1.30E-05 1.70 50.12 0.38 1 211 2.70E-06 1.74 54.95 0.30
2 88.0 9.50E-05 2.95 891.25 0.36 2 78.2 1.00E-05 3.10 1258.93 0.50
3 3 0.7 9.00E-08 0.90 7.94 0.08
TT33.12B
1 2.6 4.20E-06 1.75 56.23 0.36
2 97.4 1.55E-04 3.28 190546 0.48
3

Table 5.2 Results of the IRM component analysis (Kruiver et al., 2001). In the columns, the
three distinguished components and their contributions are shown: saturation IRM (SIRM),
log(By/»), By /> and DP.
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samples can be seen as mixtures of EM1 and EM3 with only minor contributions of
EM2 (purple). The interpretation of EM2 is more complex than that of the other two
end-members. It can be a mixture of (relatively soft) magnetite with a tail of hematite.
This would be supported by the slightly sandy nature of the limestones with an appre-
ciable EM2 contribution. Alternatively, it could be associated with superparamagnetic
magnetite that does not saturate in 700 mI (Gong et al,, 2009). The EM2/EM3 ratio
is substantially higher in dolomitic limestones and supports this interpretation. In
general, dolomitic limestones are associated with high EM1 and low EM3 contribu-
tions: only site TT39 has the same characteristics, and consists of shaly limestones.

There is no relation between the EM-distribution and the normal or reversed
polarity of the samples. The quality of the demagnetization diagrams does not relate to
the end-members either, although dolomitized limestones have higher intensities, and
therefore higher quality demagnetization diagrams.

For the interpretation in terms of remagnetization vs. non-remagnetization
EM3 is not relevant. EM1 reaches saturation at ~500 mT while EM2 is not yet
saturated at the highest field of 700 mT. Importantly, a magnetite end-member that
reaches SIRM in 200-300 mT fields is not detected in the present data set. This

a) b)
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Figure 5.9 a) Diagram showing the r2 vs. number, b-c) End-member models for the normal-
ized IRM acquisition curves for the two b) and three ¢) end-member models. d) Ternary plot
showing percentages of the three end-members in the end-member model per sample.
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implies that it is unlikely that we have non-remagnetized magnetite (that would reach
SIRM in 200-300 mT (cf. Gong et al., 2009; van Hinsbergen et al., 2010a). Intrigu-
ingly, also in the two end-member model the magnetite EM has a remagnetized nature
(it reaches its SIRM ats ~500 mT'). We conclude that the end-member model inter-
pretation strongly supports the paleomagnetic interpretation of remagnetized rocks in

this transect.

5. Discussion

The main result of this study is that the three localities in the central Taurides,
covering a stratigraphy from Carboniferous to at least upper Cretaceous, underwent
remagnetization. We will discuss the implications of this finding in two topics: firstly
the regional extent, timing and possible causes of remagnetization. Secondly, we will
discuss the implications for the previously inferred vertical axis rotations and paleo-

latitudinal positionof the Taurides in southern Turkey.

5.1 Timing and cause of remagnetization

We base our conclusions for remagnetization of the Taurides on paleomagnetic
(reversed polarities in the CNS and similar inclinations from Carboniferous to Cre-
taceous rocks) and rock magnetic (IRM end-member modeling) arguments. Morris
& Robertson (1993) argued for remagnetization of the Antalya Nappes, based on
paleomagnetic arguments (negative fold tests, the lack of reversed polarity samples
and area-wide consistency of in-situ mean directions). They argued that this remag-
netization event affected also the Bey Daglari region, and that it occurred during
Miocene thrusting of the Lycian Nappes over the Bey Daglar1 platform. In terms of
timing, their interpretation for widespread Miocene remagnetization was recently
tested and debated by van Hinsbergen et al. (2010a; 2010b) for the Bey Daglar1
platform. However, the evidence for remagnetization affecting the Antalya Nappes
presented by Morris and Robertson (1993) remains firm. On the other hand, Gallet et
al. (Gallet et al., 1996; Gallet et al., 2000; Gallet et al., 1992; Gallet et al., 1993, 1994;
Gallet et al,, 2007) reported Triassic magnetostratigraphies from the Antalya Nappes,
suggesting that not the entire nappe stack was remagnetized and does not support the
widespread, regional nature of this remagnetization event.

The common setting of our sites in the central Taurides fold-and-thrust belt
and their close vicinity render it unlikely that remagnetization is widely spaced in
time. Therefore, we will assess the possibility of a common remagnetization process
and timing. The reversed polarities in rocks that were deposited during the Cretaceous
Normal Superchron demonstrate an age of remagnetization younger than approxi-
mately 85 Ma (i.e. the end of the CNS; Ogg et al. (2004)). Results so far reported
from Miocene and younger rocks overlying the Taurides yielded normal and reversed
polarities with positive reversals tests (Kissel et al., 1993; Kissel and Poisson, 1986;

van Hinsbergen et al., 2010a; van Hinsbergen et al., 2010b), which demonstrates that
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there is no reason to assume remagnetization of the Miocene. This brackets the tim-
ing of remagnetization between 85 and approximately 20 Ma, corresponding to the
Burdigalian onset of marine sedimentation on the eastern part of the fold-and-thrust
(Bassant et al., 2005).

As discussed previously, the oldest and structurally the highest nappes in the
Taurides include the ophiolites (Bozkir, Antalya and Lycian nappes) that occur wide-
spread across southern Turkey. The metamorphic soles of the ophiolites are 95-90 Ma,
which is older than the maximum age for remagnetization. After the emplacement of
the ophiolites, folding and thrusting of the ATB eventually lead to the development
of the fold-and-thrust belt in the early Eocene contemporancous with the deposition
of the youngest foreland basin turbidites. This implies that the remagnetization is
possibly related to folding and thrusting during the Paleocene to early Eocene (Ozgiil,
1983) rather than to ophiolite emplacement during the ~95-90 Ma. Folding and
thrusting could also be a candidate for remagnetization in the rocks sampled by Mor-
ris and Robertson (1993) in the Antalya Nappes, which underwent nappe stacking in
the same time interval (Celik et al., 2006; Juteau et al., 1977; Robertson and Wood-
cock, 1981).

Because of very similar tilts in our sampling areas, a fold-test (which would
allow assessing whether remagnetization occurred prior to, during, or after tilting) is
precluded. Another technique to test syn-tilting remagnetisation is through the use
of small circles (Gong et al., 2009; Waldhér and Appel, 2006) Application of this
technique, however, is precluded because our sites are most likely rotated with respect
to each other after remagnetization (see below). Based on the similar inclinations from
all sites after tilt correction, remagnetization probably occured before tilting or during
the early stages of tilting, so in the early stages of folding and thrusting.

If remagnetization occurred after tilting, the in-situ inclinations should coin-
cide with inclinations one can expect for Eurasia since about 85 Ma (i.e. the maximum
age for remagnetization, see above), or they should indicate slightly lower inclinations,
because the ATB had not sutured with Eurasia at that times. However, the paleo-
latitudes calculated from inclinations of our sections for the in-situ coordinates are
much lower than the Eurasian apparent polar wander path (Torsvik et al., 2008), and
even lower than the African APWP at the inferred maximum age of remagnetization
and are therefore precluded (Fig. 5.72). If we apply a full tilt correction, the average
calculated paleolatitudes from Tagkent, Seydischir and Fele (shaded squares, Fig. 5.7b)
suggest a paleolatitude that is close to the latitude of Europe during collision, i.e. dur-
ing the late Cretacaous to early Paleogene. It is therefore most likely that the remag-
netization occurred prior to or in the early stages of folding.

Several mechanisms and settings have previously been invoked to explain
remagnetization, broadly speaking in two main categories: viscous resetting of existing
magnetic minerals at the burial temperature for the burial duration (thermoviscous

remagnetization (Kent, 1985). If prevailing burial temperatures are too low to make
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this model plausible, neoformation of magnetic minerals by chemical remanent
magnetization (CRM) (McCabe and Elmore, 1989) may be an alternative. Fluids are
presumed to have delivered the constituents for the newly formed magnetic miner-
als. Morris and Robertson (1993) suggested that ‘orogenic fluids’ remagnetized the
Antalya Nappes. More recent remagnetization studies, however, are more conservative
and do not invoke (large amounts of ) external fluid (Blumstein et al., 2004; Katz et
al., 2000; Katz et al., 1998; Machel and Cavell, 1999). These latter studies document
that diagenetic reactions deliver iron, required to form magnetite, amongst others by
reactions involving clay minerals obviating the need for external fluids. When dolo-
mitization of the carbonates is occurring, evolved fluid is reported to have migrated

in relation to remagnetization (O’Brien et al., 2007). The role of pressure solution in
remagnetization, although equivocal (Elmore et al., 2006; Evans et al., 2003), could be
a likely mechanism in the case of the Taurides fold-and-thrust belt, because stylolites
are frequently observed.

In other words, it is most likely that the remagnetization was somehow the
result of fluids or pressure-build up reactions invoked by folding- and thrusting. Given
de continuous sedimentation of the Seydisehir section into the Paleocene-lower
Eocene foreland basin deposits, the timing of remagnetization is likely Eocene, and
may have influenced all Eocene and older folded and thrusted rocks in the central
Taurides axis, including those that were used by Kissel et al. (1993) to analyze the

Taurides rotation history.

5.2 Implications for regional rotations

Results from previous paleomagnetic studies on Ordovician to Pleistocene rocks in
the western and central Taurides are listed in Table 5.3. These studies were conducted
for a variety of purposes, including magnetostratigraphy, rotation and paleolatitude
studies. In Figure 5.2a-c we indicate the rotation results from all published sites in
three time slices (Paleogene, early-middle Miocene and Pliocene-Pleistocene). Because
we argue that the rocks of this study were all remagnetized in the late Cretaceous-
Eocene, we displayed them in Fig. 5.2a (Paleogene). Our data are combined in three
group means (FE, TT and TS-TV), since the sampled areas are relatively small.

In our analysis of our new and published data, we excluded data sets that do
not have a minimum number of samples. In sediments, the minimum number of sam-
ples is 5; in the case that volcanic rocks were sampled, the minimum required number
of flows/sites (with a minimum of demagnetized specimens per lava flow 25) that
constitute one locality is 5, to allow averaging of the secular variation. The accepted
sites are indicated in Table 5.3 and their results are displayed in Figs. 5.2a-c and 5.10.
From the published data, ten out of 65 data sets were rejected.

We show the rotational data in three time intervals that were chosen on the
basis of timing of deformational events. The first time interval covers the Paleozoic-

Mesozoic and Paleogene (Fig. 5.2a), and thus includes syn-collisional and younger
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rotations. The second interval (early-middle Miocene and late Miocene; Fig. 5.2b)
marks a post-collisional deformation phase, which relates to the advance of the Lycian
Nappes in the west, and should also include the rotations related to Isparta angle for-
mation. The youngest interval (Plio-Pleistocene; Fig. 5.2c) post-dates the time span of
Isparta angle formation (middle Miocene (Langhian) to latest Miocene; van Hinsber-
gen et al. (2010a).

Morris and Robertson (1993) argue that their Paleozoic-Paleogene data are all
remagnetized (except for sites LE and BA). Therefore, these data should be presented
in Fig. 5.2ain in-situ coordinates. Recently, however, van Hinsbergen et al. (2010a)
showed that remagnetization is most likely not the case fore the datasets presented
by Morris and Robertson (1993) from Bey Daglari. Therefore, we display these data
(CD, DK, FI, DA, YA) after tilt correction. Possibly, also site KO is not remagnet-
ized, considering that the post-tilt direction is very consistent with both BA en LE,
and therefore we display this site after correction for bedding attitude. Sites AN, KA
and Cl are certainly remagnetized and were therefore displayed in in-situ coordinates
(blue in Fig. 5.2a), whereas sites HA and KK1-4 are possibly remagnetized, and
therefore we displayed them in both in-situ and tilt-corrected coordinates. This is of
importance when discussing the Paleozoic-Mesozoic data (Fig. 5.2a), that in general
show a disperse pattern, except for the southwestern Antalya nappes. Here, a general
clockwise rotation of ~40° is visible in the datasets from Morris and Robertson (1993)
and Gallet et al. (2000; 1992; 1994), when they are all corrected for bedding tilt
(with the exception of the Ordovician site KK1 in Fig. 5.2a). This is rather remark-
able, because these clockwise rotations are in agreement with rotations in the central
Tauride belt. In particular, all Triassic sites from the southwestern Antalya nappes,
both those of Gallet et al. (2000; 1992; 1994) (KV, BT1-2, EM1-2) and those of Mor-
ris and Robertson (1993) (HA, KK3), are remarkably consistent, and the calculated
paleolatitudes plot within error on the African apparent polar wander path (Fig. 5.10)
(Torsvik et al., 2008). Site BA, located in the northern Antalya nappes also yields a
paleolatititude that agrees very well with the African apparent polar wander path.

On the contrary, if we do not correct the sites from the southwestern Antalya
nappes (KK2-4 and CI) of Morris and Robertson (1993) for bedding tilt, they show
exactly opposite rotations to the rotations reported by Gallet et al. (2000; 1992;
1994), but they agree very well with the rotation in Bey Daglari and the Lycian Nap-

pes. It is therefore possible that at least the Triassic sites (except CI) are not remagnet-

Table 5.3 (next two pages) Table showing data from previously published studies. Lat=
latitude of the sites, Long= longitude of the site, N= number of samples, D= declination,
I= inclination, k=estimate of the precision parameter determined from the ChRM direc-
tions, ¢gs=cone of confidence determined from the ChRM directions, A= paleolatitude,
K(ygp)=precision parameter determined from the mean virtual geomagnetic pole (VGP)
direction, A95(yp)= cone of confidence determined from the mean VGP direction,
Alx=inclination error, ADx= declination error. Ah+ and A)- are the errors in paleolatitude
calculated from the A95.
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Figure 5.10 Age versus latitute plots of Tauride data from the literature, with tilt correction.
Purple squares: Morris and Robertson (1993), red cross: Van der Voo and Van der Kleijn
(1970), light green circles: Gallet et al. (2000; 1992; 1993, 1994; 2007), blue triangles: Piper
etal. (2002), red diamonds: Kissel et al. (1993; 1987), orange triangles: van Hinsbergen et

al. (2010a; 2010b), dark blue circles: van Hinsbergen et al. (submitted), dark green triangles:
Giirsoy et al. (2003), light blue diamonds: Tatar et al. (2002). Grey shaded curves: APW path
of Torsvik et al. (2008) with its error from 320-0 Ma. Below the curves the magnetic polarity
timescale (Ogg et al., 2008) is indicated. PCRS= Permo-Carboniferous Reversed Superchrom,
CNS= Cretaceous Normal Superchron, Carb.= Carboniferous. See Appendix 31

ized, but a more detailed study on remagnetization is required, for example using the
IRM acquisition end-member modeling approach reported here.

The compilation of the post-Mesozoic data sets at first order confirms the gen-
erally accepted conclusion of Kissel et al. (1993) that the eastern limb of the Isparta
Angle experienced an older clockwise rotation between Eocene and early Miocene
time, followed by a counterclockwise rotation in middle-late Miocene time in the
western limb (see also van Hinsbergen et al. (2010a)). However, as argued above, it is
possible that remagnetization occurred during thrusting of the Taurides. If that is true,
also the lower Eocene rocks used by Kissel et al. (1993) to reconstruct rotations of the
central Taurides may have been remagnetized. This implies that the reported rota-
tions of Kissel and Poisson (1986, 1987) and Kissel et al. (1993) of the Ordovician
to Eocene sites should be regarded as minimum values, as they may have been reset
during rotation. This would have no serious implications for the timing of clockwise
rotation of the eastern limb of the Isparta Angle, sometime between the early Eocene
and early Miocene.

An important implication of an Eocene remagnetization in the early stages of

176 tilting, however, is that the remagnetized declination of our sites could be used to as-

sess the regional rotation pattern of the central Taurides. However, our results do not

Paleolatitude (°)
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concur with a regional 40° clockwise rotation. As can be seen in Figure 5.2a, the rota-
tions in the central Taurides are consistently clockwise. However, the rotation amount
varies strongly. The results from the Seydisehir section give only 1442.7° cw, and for
the Tagkent section even less (742.8°), significantly less than the 40° of clockwise rota-
tion concluded by Kissel et al. (1993). Our result for the Fele section gives 56+9.5°.
This latter rotation is not significantly higher than some of the rotations observed by
Kissel et al. (1993).

The question thus arises whether there is indeed a regional, central Tauride-
wide coherent rotation of 40°. Kissel et al. (1993) report two sites from the Eocene
around the Ermenek basin in the south, which give significantly different clockwise
rotations of 13 and 38°, despite their close vicinity. Add to these sites our information
for a post-remagnetization rotation of 7°, 14° and 56° clockwise from the Tagkent,
Seydischir and Fele sections, and a pattern arises for consistently clockwise rotations,
but with strongly varying rotation amounts. These strong, significantly different rota-
tion values suggest that local rotations between sites have played a role. This is not
surprising, considering the likely influence of local, thrust-sheet, or strike-slip related

rotations, superimposed on a regionally coherent rotation of the central Taurides.

6. Conclusions

The results of our palecomagnetic study on three sections/localities with Carbonifer-
ous to Paleocene sediments from the central Taurides show that the sampled rocks are
remagnetized. This conclusion is based on paleomagnetic results that display reversed
directions in the Cretaceous Normal Superchron as well as remarkably similar post-
tilting paleolatitudes in all samples, regardless of their age. Remagnetization directions
yield both normal and reversed polarities, proving that the remagnetization was not a
short and single event, but likely has occurred throughout a longer time interval. We
show additional evidence for remagnetization from a novel end-member modeling ap-
proach of IRM acquisition curves from the Seydisehir section. The shape of the end-
member that we interpret as the magnetite end-member indicates remagnetization.
The remagnetization is likely of chemical origin, caused by internal fluids (because of
calcite pressure solution), in line with the presence of stylolites and dolomites in the
area.

The close vicinity and common setting of the sampled rocks in the central Tau-
ride fold-and-thrust belt suggests that remagnetization occurred not in a single event
but in a time interval that covers both normal and reversed polarities. Reversed remag-
netization directions and reliable Burdigalian (~20-16 Ma) data form previous studies
bracket the remagnetization event between ~85 and 20 Ma. Furthermore, the similar
paleolatitudes after tilt correction agree well with the late Cretaceous to Eocene appar-
ent polar wander path, and suggest that remagnetization took place during this time

span, just prior to or during the early stages of folding. Continuous sedimentation

in the Seydigehir area until the Eocene would likely place the remagnetization in the
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Eocene.

Comparison of our results to published data shows that the rotation observed
in our remagnetized data agrees well with the general and consistently clockwise trend
in the central Taurides. The slightly divergent pattern in rotations, however, show that
rotations are not regionally coherent, but are likely and at least in part influenced by
local faulting. The post-tilting remagnetization reported by Morris and Robertson
(1993) in the southwestern Antalya nappes, is likely not valid for a number of sites
of their study. Interestingly, the Triassic tilt-corrected data of Morris and Robertson
(1993) agree very well with rotations found by Gallet et al. (2000; 1992; 1994) in
Triassic magnetostratigraphic sections. These clockwise rotations coincide with the
rotation pattern of the central Taurides, and contrast with the counterclockwise rota-
tions in Bey Daglart and the Lycian Nappes. The paleolatitudes from the Triassic sites
also correspond very well to the Triassic apparent polar wander part. An additional
study, for instance using the end-member algorithm on IRM acquisition curves, would
be required to reevaluate the remagnetized nature of the rocks sampled by Morris and

Robertson (1993).
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Supplementary data
Biostratigraphic ages

Seydisehir section

SE-1 Dolomite.
Fossil ?

Age?

SE-3 Dolomite.
Fossil ?

Age?

SE-7 Oncoidal packstone.
Selliporella donzellii
Riyadella sp.
Redmondoides lugeoni
Earlandia’sp.
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Timidonella ? sp.
Siphovalvulina sp.
Bajocian

SE-9 Dolomite
Fossil ?

Age?

SE-11 Bioclastic and peloidal grainstone (with echinoids, pelecypods and sponges ctc)
Conicospirillina’ basiliensis

Redmondoides ? sp.

Miliolidae

Cladocorapsis ? sp.

Kimmeridgian-Berriasian interval.

SE-13 Bioclastic and intraclastic packstone to peloidal bindstone
Miliolidae
Textularidae

No age-diagnostic fossil.

SE-15 Oncoidal modstone to packstone. Partly dolomitic
Miliolidae

Cayeuxia ? sp.

No age-diagnostic fossil.

SE-17 Partly oolitic and peloidal mudstone to packstone
Cayeuxia ? sp.
No age-diagnostic fossil.

SE-19 Oncoidal and gravelly mudstone to packstone
Belorussiella sp.

Earlandia’ sp.

Miliolidae

Ataxophragmiidae

Cayeuxia ? sp.

Kimmeridgian-Valanginian interval.

SE-21 Oncoidal and partly peloidal mudstone to packstone
Belorussiella sp.

Miliolidae

Cayeuxia ? sp.

Probably Kimmeridgian-Valanginian interval

SE-23 Oncoidal and partly peloidal mudstone to packstone
Ataxophragmiidae

Cayeuxia ? sp.

No age-diagnostic fossil.
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SE-25 Mudstone to wackestone
Salpingoporella annulata
Belorussiella sp.

Miliolidae (Quingueloculina-like)

Most probably Valanginian-Hauterivian interval

SE-27 Mudstone to wackestone
Praechrysalidina infracretacea
Belorussiella sp.

Miliolidae (Quingueloculina-like)
Salpingoporella annulata
Valanginian-Hauterivian interval.

SE-29 Mudstone (partly bindstone) with large gastropods and oncoids
Cayeuxia ? sp.

Miliolidae

Older than Valanginian, repetition.

SE-31 Mudstone to wackestone
Praechrysalidina infracretacea
Haplophragmoides joukowskii
Belorussiella sp.

Miliolidace (Quinqueloculina-like)
Salpingoporella annulata
Valanginian-Hauterivian interval

SE-33 Peloidal bindstone
Miliolidae

No age-diagnostic fossil

SE-35 Peloidal and foraminiferal mustone to packstone

Praechrysalidina infracretacea

Nummeoloculina sp.

Miliolidae (thin and thick shells)

Barremian to Lower Albian interval (most probably Upper Aptian to Lower Albian)

SE-37 Bindstone
Fossil ?

Age?

SE-39 Mudstone

Rotorbinella scarsellai

Scandonea ? sp.

Miliolidae

Senonian

SE-41 Mudstone to wackestone with Calcisphacrulidae
180 Pithonella sp.

Calcisphacrulidae



Rotorbinella ? sp.
Discorbidae
Senonian

SE-43A Planktonic foraminiferal wackestone
Pseudolmst{gerim micra
Morozovelloides coronotus
Morozovelloides cf. lehneri
Morozovella spp.

Acarinina bullbrooki
Acarinina psendosubspherica
Acarinina mcgowrani ?
Acarinina spp.

Turborotalia cerroazulensis
Subbotina sp.
Globigerinatheka sp.
Middle Eocene

SE-43B Planktonic foraminiferal wackestone
Morozovelloides coronatus

Morozovelloides spp.

Acarinana spp.

Subbotina sp.

Middle Eocene

Taskent

TS-1 Algal wackestone
Retroseptellina decronezae
Paradagmarita ? sp.
Midiella sp.
Nodosinelloides sp.
Geinitzina sp.

Midiella sp.
Changhsingian ?

TS-2 Algal wackestone
Paradagmarita monodi
Retroseptellina decrouezae
Globivalvulina vonderschmitti
Globivalvulina ex gr. cyprica
Dagmarita chanakchiensis
Multidiscus sp.

Hengardius guvenci
Staffellidae

Mizzia sp.

Gymnocodium bellerophontis
Changhsingian
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TS-3 Algal wackestone
Paradagmarita monodsi
Louisettita elegantissima
Paraglobivalvulina mira
Seproglobivalvulina sp.
Nodosinelloides sp.
Glomomidiella sp.
Staffella sp.
Gymnocodium sp.
Permocalculus sp.

Changhsingian

TS-4A Peloidal mudstone

Meandyospira pusilla

Nodosaria sp.

Most probably Spathian (Upper Olenckian)

TS-4B Peloidal and foraminiferal grainstone
Hoyenella ex gr. shengi

Hoyenella ex gr. sinensis

Cornuspira parapriscus

Meandrospira sp.

Pilammina ? sp.

Spathian (Upper Olenekian)

TS-SA Mudstone
Fossil ?

Age?

TS-5B

Sandy and peloidal mudstone
Hoyenella ex gr. sinensis
Meandrospira ? sp.

Spathian (Upper Olenekian)
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contacten aan overgehouden!

Thanks also to Yann Rolland and Marc Sosson for encouraging me to write a research
proposal to start working in Armenia and surrounding areas! Great that the proposal

is granted, see you in Nice!

Come, thanks for your endless support and patience during my last year. It was
certainly not the easiest year, but it was great, largely because of the good times (also
in Turkey!) with you! Thanks also to all my friends and jaargenoten for the neces-
sary support! Speciaal aan Anne, Christien, Annemick, Mich en uiteraard Sander.
Hopelijk zien we elkaar weer wat vaker nu! Hopefully not, but most probably I forgot

some people in this long list, so thanks to any of you I forgot!

Pap en mam, super dat ik zo relaxed heb kunnen studeren, en dat jullic me steunden
om een PhD te gaan doen, ook al bleef het waarschijnlijk nogal vaag wat ik nu echt
deed op cen dag! Ik heb het best lang volgehouden voor iemand die vanaf zijn zevende
al riep niet meer naar school te willen gaan.... Marijn, allerliefste zus, bedanke voor je
interesse! Ik hoop dat je over een jaar ook ongeveer klaar bent met jouw proefschrift!

Dankje dat je mijn paramimf wilde zijn! Opa & oma en oma: ik ben eindelijk afgestu-

deerd!
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Appendices

Appendix 1 Chapter 1, Figure 1.3 (p. 31)
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Appendix 2 Chapter 1, Fig. 1.4 (p. 35)
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Appendix 3 Chapter 1, Fig. 1.6 (p. 39)
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Fig. 1.7 (p. 40)
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Appendix 5 Chapter 1, Fig. 1.8 (p. 41)
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Appendix 6 Chapter 2, Fig. 2.1b (p. 54)
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Appendix 7 Chapter 2, Fig. 2.2 (p. 59)
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Fig. 2.5 (p. 69)
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Appendix 10 Chapter 2, Fig. 2.6 (p. 70)
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Appendix 11 Chapter 2, Fig. 2.7 (p. 73)
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Appendix 12 Chapter 2, Fig. 2.8 (p. 75)
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Appendix 13 Chapter 3, Fig. 3.2 (p. 88)
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Appendix 14 Chapter 3, Fig. 3.3 (p. 93)
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Appendix 15 Chapter 3, Fig. 3.8 (p. 107)
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Appendix 16 Chapter 4, Fig. 4.1 (p. 121)
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Appendix 17 Chapter 4, Fig. 4.4 (p. 134)
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Appendix 18 Chapter 4, Fig. 4.5a-d (p. 135)
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Appendix 19 Chapter 4, Fig. 4.5e-f (p. 136)
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Appendix 20 Chapter 4, Fig. 4.6 (p. 137)
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Appendix 21 Chapter 4, Fig. 4.7 (p. 138)
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Appendix 22 Chapter 4, Fig. 4.8 (p. 139)
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Appendix 23 Chapter 4, Fig. 4.9 (p. 141)
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Appendix 24 Chapter 5, Fig. 5.2a (p. 151)
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Appendix 25 Chapter 5, Fig. 5.2b (p. 152)
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Appendix 26 Chapter 5, Fig. 5.2¢ (p. 153)
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Appendix 27 Chapter 5, Fig. 5.3 (p. 156)
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Appendix 28 Chapter 5, Fig. 5.6 (p. 159)
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N= 23, A95= 5.4 K= 32.7 N=24,A95=7.8 K= 155
D/I=239.1/-11.2 D/I= 235.7/-54.2
in situ tilt corrected

* ,
1=27.6<34.7<43.4

o0® g /
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Appendix 29 Chapter 5, Fig. 5.7 (p. 165)

a)
Before tilt correction
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Appendix 30 Chapter 5, Fig. 5.8 (p. 167)
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Appendix 31 Chapter 5, Fig. 5.10 (p. 176)
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