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Kurzfassung

Der Ubergang zwischen tropischer und temperater Karbonatprovinz verlauft in den heutigen Meeren gra-
duell entlang eines E-W gerichteten Langsgurtels, der weite Flachen auf den Schelfen einnimmt. Trotzdem
ist das Wissen uber die geologischen Merkmale dieser Zone gering.

In dieser Arbeit wird erstmalig ein ober-miozéanes Karbonatsystem von der Insel Kreta (Griechenland)
beschrieben, das sowohl Merkmale tropischer als auch temperater Karbonatsysteme enthalt. Stratale Ge-
ometrien und Faziesmuster belegen flr das Arbeitsgebiet (Westrand des Heraklion Beckens) ein aktives
Halbgrabensystem mit ausgepragtem submarinen Relief, das durch synsedimentdre Bewegungen zahl-
reicher Kippschollen kontrolliert wurde. Die bereinstimmenden coastal onlap Muster in den untersuchten
Aufschlissen belegen jedoch, dass die tektonischen Bewegungen zu gering waren, um das eustatische
Meeresspiegelsignal (3. und 4. Ordnung) zu Uberdecken.

Niedrigdiverse Korallenriffe und andere riffartige Strukturen, die von Porites und Tarbellastrea mit ge-
ringer Beteiligung von Acanthastrea und Siderastrea aufgebaut werden, sind durchgangig tber die unter-
suchte Schichtenfolge des normalmarinen Ober-Miozans verbreitet. Lang anhaltende Phasen in den das
Riffwachstum vollig zusammenbrach, wie fir das westliche Mittelmeergebiet nachgewiesen, sind nicht
dokumentiert. Die Riffe kommen entlang eines schmalen Kistensaumes in der Umrandung einer ,Zen-
tralkretischen Landmasse* in gemischt karbonatisch-siliziklastischen Sedimenten vor, die auf flach einfal-
lenden, dip-slope Rampen abgelagert wurden. Zeitgleich inkrustierten Korallenriffe aulRerdem steile Kiliffs
an footwall scarps von herausgehobenen Halbhorsten, die der Kuste vorgelagert und vor klastischem Ein-
trag geschutzt waren. lhre flach einfallenden dip-slope Rampen nehmen sehr weite Flachen im Becken
ein und die auf ihnen abgelagerten Rotalgen-Bryozoen-Foraminiferen-Karbonate sind deshalb im Gelande
sehr prominent. In den flacheren Abschnitten dieser Rampen enthalten die Rotalgen-Bryozoen-Foramini-
feren level-bottom Gemeinschaften auflerdem isolierte Porites- und Tarbellastrea-Kolonien, die niedrige-
nergetische Verhaltnisse in groRerer Wassertiefe (verglichen mit den Riffgemeinschaften) abbilden. Das
Faziesmodel legt eine Oberflachenwassertemperatur (SST) am kritischen Schwellenwert fiir Korallenriffe
(~17.5°C) nahe, die mit zunehmender Tiefe rasch unterschritten wurde.

Eine anhaltende Aridisierung, die oligotrophe Verhaltnisse forderte ist durch die sukkzessive Abnahme
des terrigenen Sedimenteintrags dokumentiert. Dieser Trend ist zeitgleich Gberall im Mittemeerraum wider-
zufinden und wird deshalb als mégliche Ursache fur die Ausbreitung sowohl tropischer, als auch temperater
Flachwasserkarbonate in der Umrandung von aufsteigenden, alpidischen Gebirgsziigen vorgeschlagen.

In dem Skelett riffbildender Korallen sind Informationen Uber die Umweltverhaltnisse gespeichert, die
wahrend seines Wachstums vorherrschten. MeRreihen von stabilen Isotopen (5'0, &'*C), die an 10 Mio
Jahre alten, massiven Porites-Kolonien in aussergewdhnlicher Aragoniterhaltung gemessen wurden, spie-
geln saisonale Schwankungen von SST, Salinitédt und Photoautotrophie wider. Die Spektralanalyse eines
69 Jahre umfassenden 8'80-Datensatzes zeigt auRerdem eine signifikante Varianz bei 5-6 Jahren, die
auch firr das heutige Mittelmeergebiet gilt und durch die Arktische Oszillation/Nordatlantische Oszillation
(AO/NAOQ) verursacht wird. Diese atmospharische Variabilitat dominiert heute das Klima im Nordatlantik
und den angrenzenden Gebieten und ist bislang erst ab dem Eem-Interglazial belegt, wahrend das Klima
im Mittelmeerraum im Miozan als Monsun-beeinfluft gilt. Die Annahme einer solchen AO/NAO-Beinflus-
sung des ostlichen Mittelmeergebietes bereits im Unter-Torton, wird durch Simulationen mit einem komple-
xen atmospharischen Zirkulationsmodel unterstutzt.

Im Regelfall sind miozane Korallen allerdings vollstandig rekristallisiert und fir geochemische Analysen
ungeeignet. Rekristallisierte Korallen zeigen aber fast immer deutliche Geisterstrukturen der urspringlichen
Wachstumsrhytmizitat (Hell-/Dunkel-Banderung). Aus dem Arbeitsgebiet liegen alle Ubergénge von Porites-
Korallen in unveranderter Aragoniterhaltung bis vollstandig in Sparit transformiert vor. Die Analyse der
diagenetischen Ubergangsstadien zeigt, dass die sichtbare Hell-/Dunkel-Béanderung in rekristallisierten
Korallen mit massiver Wuchsform auf der bevorzugten Lésung des high density-Bandes beruht und
tatsachlich ein primares Wachstumsmuster abbildet.

Variationen in der Dicke der Wachstumsbanderrelikte spiegeln deshalb auch wechselnde Umweltver-
haltnisse im Korallenhabitat wider. Systematische Messungen der Dicken transformierter Wachstumsin-
cremente erfolgten an massiven Porites-Stocken aus verschiedenen Korallenbiotopen und Lokalitaten
Uber die gesamte untersuchte Schichtenfolge. Diese Daten dokumentieren einen gleichmalig geringen
jahrlichen Zuwachs von durchschnittlich 2-4 mm/a fiir den Zeitraum Unter-Torton bis Unter-Messin. Das
entspricht in etwa den jahrlichen Kalzifikationsraten massiver Porites-Stocke in heutigen Riffen, die auf
héheren Breitengraden liegen und weist auf eine SST im Winter nicht unterhalb von 19-21°C. Die Geringe
Variationsbreite der mit dem ,Porites-Thermometer® ermittelten SST-Daten Uber die Zeit deutet auf einen
E-W gerichteten Temperaturgradienten wahrend kihler Phasen, in denen das Korallenwachstum im west-
lichen Mittelmeergebiet infolge von Einstrom kalten Atlantikwassers aussetzte und lasst auf einen ,Eastern
Mediterranean Warm Pool“ schlie3en, der dann als Korallenrefugium diente.



Abstract

In modern oceans, the transition zone between the tropical and temperate carbonate province is gradual
and covers a wide latitudinal belt. Little knowledge exists regarding the geological signatures of this zone.
The present study describes a Late Miocene (early Tortonian - early Messinian) transitional carbonate sy-
stem that combines elements of tropical and cool-water carbonate systems (Irakleion Basin, island of Crete,
Greece). As documented by stratal geometries, the submarine topography of the basin was controlled by
tilting blocks. Coral reefs formed by Porites and Tarbellastrea occurred in a narrow clastic coastal belt along
a ,central Cretan landmass® and steep escarpments formed by faulting. Extensive covers of level-bottom
communities existed in a low-energy environment on the gentle dip-slope ramps of the blocks that show
the widest geographical distribution within the basin. Isolated colonial corals were present in the shallow
segments of the ramps. Consistent patterns of landward and basinward shift of coastal onlap in all outcrop
studies reveal an overriding control of 3 and 4" order sea level changes on sediment dynamics and facies
distributions over block movements. An increasingly dry climate and the complex submarine topography of
the fault block mosaic kept sediment and nutrient discharge at a minimum. The skeletal limestone facies
therefore reflects oligotrophic conditions and a sea surface temperature (SST) near the lower threshold
temperature of coral reefs in a climatic position transitional between the tropical coral reef belt and the
temperate zone. It is suggested, that the recognition of an overall Late Miocene aridification trend helps to
explain the Mediterranean-wide distribution of shallow-marine carbonates, both cool-water and warm-water
in settings adjacent to uplifting mountain ranges (intramontane basins).

The environmental information stored in the skeleton of reef corals is a unique source of information
that resolves seasonal to interannual climate variability. Stable isotope records (580, 8'°C) from massiv,
exceptionally preserved Late Miocene aragonite coral skeletons reflect seasonal changes in sea surface
temperature and symbiont autotrophy. Spectral analysis of a 69 years coral 6'®0 record reveals signifi-
cant variance at interannual time scales (5-6 years) that matches the present-day eastern Mediterrane-
an climate variability controlled by the Arctic Oscillation/North Atlantic Oscillation (AO/NAQO), the Northern
Hemisphere’s dominant mode of atmospheric variability. Supported by simulations with a complex atmos-
pheric general circulation model coupled to a mixed-layer ocean model, it is suggested, that climate dyna-
mics in the eastern Mediterranean and central Europe reflect atmospheric variability related to the Icelandic
Low 10 million years ago.

Usually, Miocene corals are transformed in calcite spar in geological time and isotope values are reset
by diagenetic alteration. However, ghost structures of annual growth rhythms have a high potential to be
retained in the transformed skeleton.

Annual growth bands in the colonial coral Porites in a perfect (aragonite and microstructures retained)
and fully recrystallized (sparry calcite mosaic) style of preservation are described from sediments of Late
Miocene age (Crete, Greece). Analysis of a continuous spectrum of transitional preservational stages show,
that in Miocene Porites preservation of the growth banding was controlled by preferential dissolution of the
high density band associated with cementation by drusy calcite spar during freshwater diagenesis/shallow
burial diagenesis.

It is demonstrated that the relicts of growthbands represent an intriguing source of information for the
growth conditions of fossil corals. Recrystallized growth bands were measured systematically in massive
Porites from Crete that were found in biostromes, patch reefs and level-bottom associations of attached
mixed clastic environments as well as in isolated offshore carbonate environments. The Late Miocene co-
rals were growing slowly with 2-4 mm/yr', compatible with present-day Porites from high latitude reefs, a
relationship that fits the position of Crete at the margin of the Miocene tropical reef belt. Over Late Miocene
time (Tortonian - early Messinian) growth rates remained remarkably constant, and if the modern growth
temperature relationship for massive Porites applies to the Neogene, minimum (winter) SST did not exceed
19-21°C. Therefore, the ,Porites-thermometer” data supports the idea of an ,Eastern Mediterranean Warm
Pool“ as a refuge for corals during phases when coral reefs collapsed in the western Mediterranean due to
inflow of cold Atlantik water.



Einflihrung

In der jungeren, erdgeschichtlichen Vergangenheit fuhrte die schrittweise globale Abkuh-
lung Uber das Kanozoikum zur Umgestaltung der Erde von einer greenhouse Welt ohne
Eiskappen an den Polen (Oberkreide, Alttertiar) zu der icehouse Welt, wie wir sie heute
kennen (Zachos et al., 2001). Fur die Zukunft wird dagegen mit dem zunehmenden An-
stieg von Treibhaus-Gasen in der Atmosphare, infolge der Industralisierung ein gegenlau-
figer Trend erwartet. Moderne Klimamodelle sagen fur die nachsten Jahrhunderte einen
Anstieg der globalen Temperatur um 1-2K (IPCC, 2001) und ein mogliches Abschmel-
zen des Gronlandeisschildes (Gregory et al., 2004) voraus. Dieses Szenario entspricht
etwa den Bedingungen wahrend des Tortons, einer Zeit warmeren Klimas in dem sich
im Mittelmeer Korallenriffe ausbreiteten und die nordliche Hemisphare letztmalig in der
Erdgeschichte ohne Eisbedeckung war (Crowley & Zachos, 2000). Die genaue Kenntnis
um das Klimageschehen zu dieser Zeit kann daher wichtige Hinweise auf das zukunftige
Klima geben und helfen die moglichen Auswirkungen eines globalen Temperaturanstiegs
abzuschatzen.

Aufgrund seiner damaligen Lage am Nordrand des tropischen Riffgurtels, ist das Mittel-
meer ein geeignetes Gebiet fur die Erforschung des Klimas im Ober-Miozan. In kalten
Perioden verschob sich die Grenze zwischen tropischen und temperaten Klimasystem
nach Suden, wahrend warmerer Perioden nach Norden. Solche extremen klimatischen
Veranderungen haben Einflul auf die Wasserqualitadt des Meeres und da die meisten
marinen Organismen keine abrupte und/oder drastische Veranderung der Temperatur
oder chemischen Zusammensetzung des Meerwassers tolerieren, spiegeln sie sich in
der Zusammensetzung von Flachwasserlebensgemeinschaften deutlich wider (Brachert
et al.,, 1996). Wechselnde Assoziationen von Faziesfossilien in Karbonaten, sind insbe-
sondere im westlichen Mittelmeer fur die Zeitscheibe Ober-Miozan gut untersucht (Bra-
chert et al., 1998, 2001, 2002; Betzler et al., 1997; Martin et al., 1996). Karbonate mit
level-bottom communities (sensu Brenchley & Harper, 1998), die durch Bivalven und/
oder Bryozoen, Corallinaceen, Foraminiferen, Echinodermen und Balaniden charakteri-
siert sind (Bryomol-/Foramol-Assoziation sensu Lees & Buller, 1972; Nelson et al., 1988)
und lockere Bestande von isoliert stehenden zooxanthellaten Korallen enthalten kdnnen
werden als Bildungen der warm-temperaten oder subtropischen Klimazone interpretiert,
wahrend gerustbildende Korallengemeinschaften und verkalkte Grunalgen (Chlorozoan-
Assoziation sensu Lees & Buller, 1972) als Anzeiger fur tropisches Klima gelten. Der zeit-
liche Wechsel dieser Biofazies-Typen dokumentiert demnach Klimaschwankungen, aus
denen N-S gerichtete Verlagerungen des tropischen/temperaten Klimagurtels verbunden
mit der Uber- bzw. Unterschreitung der Temperaturschwelle beider Organismenassozia-
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tionen resultierten (Brachert et al., 1996). Das Auftreten von Korallenriffen ist aber nicht
nur durch die Wassertemperatur, sondern auch durch Nahrstoffeintrag und Wassertribe
kontrolliert (Hallock & Schlager, 1986; Halfar et al., 2004). Einige Bearbeiter sehen des-
halb im Wechsel von Korallenriffkalken und Kalksteinen mit level-bottom communities
Anderungen im Nanhrstoffgehalt des Mittelmeerwassers, die entweder die Ausbreitung
von Suspensionsfressern (Bryozoen, Mollusken) oder photoautotrophen Biota (Korallen,
Grol¥foraminiferen) forderten (Pomar et al., 2004).

Fur den ostlichen Mittelmeerraum existieren nur wenige vergleichbare Untersuchungen
(Kroeger, 2004), obwohl auch hier Karbonate mit temperater und tropischer Biofazies
vorkommen (Buchbinder, 1996). In den intramontanen Neogenbecken Zentralkretas (He-
raklion Becken, Messara Becken) nehmen Flachwasserkarbonate besonders mit Rotal-
gen-Bryozen-Foraminiferen-Mollusken-Echinodermen level-bottom communities aber in
geringerem Umfang auch mit Korallenriffen weite Flachen ein (ten Veen & Postma, 1999;
Pomoni-Papaioannou et al., 2002; Kroeger, 2004). In dem stark reliefierten Heraklion
Becken kommen Korallenriffe und level-bottom communities parallel sowohl auf kiste-
nahen Rampen in gemischt siliziklastisch-karbonatischen Systemen vor, als auch in rein
karbonatischen Ablagerungsraumen auf isolierten Hochgebieten im Beckeninneren, die
vor terrigenem Eintrag geschutzt waren. Wegen der unterschiedlichen Ausbildung der
Korallengemeinschaften in den verschiedenen sedimentaren Systemen ist das Heraklion
Becken ein geeignetes Studienobjekt, um zu klaren inwiefern das Vorhandensein oder
Fehlen von Korallen und die Verteilungsmuster von level-bottom communities und Koral-
lenriffen neben der Wassertemperatur auch auf andere Umweltfaktoren, etwa wechseln-
de Wassertiefe, Nahrstoffeintrag oder hohe Sedimentationsraten zurtickgeht.

Erschwert werden palaoklimatische Analysen von kanozoischen Flachwasserabla-
gerungen im Mittelmeerraum durch unvollstandige stratigraphische Uberlieferung und
ungenaue Altersmodelle (Schlager, 1992, 1999). Fir Kreta liegen hochauflésende bio-
stratigraphische und astronomische Giederungen bislang nur fur die feinkdrnigen Be-
ckenablagerungen vor (Benda et al., 1974; Zachariasse, 1975; Frydas et al., 1999; Frydas
& Keupp 1992, 1996; Santarelli et al., 1998; Krijgsman et al., 1999). Flachmarine Sedi-
mentgesteine sind dagegen uberwiegend lithostratigraphisch gegliedert und ihre exakte
chronostratigraphische Parallelisierung scheint im Einzelnen recht problematisch (Meu-
lemkamp et al., 1979; ten Veen & Postma, 1999). Ursachen sind das Fehlen in, bzw. die
schwierige Gewinnung von Leitfossilien aus den Gesteinen, sowie die starke tektonische
Fragmentierung der Becken, bereits wahrend des Ober-Miozéans, in zahlreiche Kipp-
schollen, die je nach Physiographie und Position im Becken individuelle Faziesmuster
aufweisen konnen. Nur fur die flachmarinen, obermiozan-zeitlichen Sedimentgesteine



EINFUHRUNG

Sudkretas existiert eine Chronostratigraphie, die auf Sr-Isotopenverhaltnissen in Scha-
len von pectiniden Bivalven basiert (Kroeger, 2004). FlUr das Arbeitsgebiet (Westrand
des Heraklion Beckens) ist darum eine coastal onlap Kurve als chronostratigraphisches
GeruUst erstellt worden, die an der Sr-Kurve fur Stdkreta geeicht ist. Zusammen mit einer
Analyse der paldaogeographischen Muster in dem strukturell kontrollierten Becken uber
die Zeit erlaubt sie die Ausweisung und Korrelation chronostratigraphischer Einheiten
und bildet die Grundlage fur ein Faziesmodel der ober-miozanen Flachwasserkarbonate
Zentralkretas.

Zooxanthellate Korallen sind haufige Bestandteile in den Flachwasserablagerungen heu-
tiger und vergangener tropischer Meere und ihr Skelett stellt wegen seines jahreszeit-
lichen Zuwachsmusters und der relativ langen Lebensdauer einzelner Kolonien (einige
100 Jahre) ein zeitlich hochauflésendes und langfristiges Klimaarchiv dar (Grottoli, 2001).
Wahrend Biofazieswechsel nur die Uber- oder Unterschreitung von Schwellenwerten der
jeweiligen Organismenassoziation anzeigen und deshalb nur qualitative palaoklimatische
Aussagen erlauben (Brachert et al., 1996, 2001), geben die im Skelett von Flachwas-
serkorallen konservierten Verhaltnisse von stabilen Isotopen quantitativ Auskunft Gber
saisonale bis interannuelle Schwankungen von Wassertemperatur, Salinitat und Photo-
autotrophie. Fur die notwendigen geochemischen Analysen ist jedoch ein unverandertes,
aragonitisch erhaltenes Korallenskelett erforderlich (McGregor & Gagan, 2003). Wegen
der schnellen Diagenese von Korallen (Constantz, 1986; Dullo & Mehl, 1989) bleibt die
Anwendung dieser Methodik deshalb hauptsachlich auf Material aus dem jingeren Quar-
tar beschrankt, gewinnt aber zunehmend an Bedeutung fur das Holozan.

Demgegenuber beruhen paldoozeanographische Modelle fur das Tertiar im Wesent-
lichen auf der Isotopen-Zusammensetzung von planktonischen Organismen in Tiefsee-
sedimenten und erreichen nur eine geringe zeitliche Aufldsung (Frakes et al., 1993; We-
fer & Berger, 1991).

Eine Besonderheit ist deshalb der Fund einer groRen Porites-Kolonie in teilweise unver-
anderter, aragonitischer Erhaltung aus dem unteren Torton des NW-Messara Beckens
(Zentralkreta). Ihre augenscheinlich gute Erhaltung kann mit verschiedenen analytischen
Methoden bestatigt werden. Trotz der guten Erhaltung zeigt die Koralle eine schwache
aber bereits mit bloRem Auge sichtbare Hell-/Dunkelbanderung, wahrend ,frische® re-
zente Korallen im Auflicht keine Hell-/Dunkelbander, daftr aber eine Dichtebanderung
im Rontgenbild (Wachstumsbanderung) aufweisen. An fossilen, vollig rekristallisierten
Korallen ist ebenfalls haufig eine Hell-/Dunkelbanderung zu beobachten, die analog zu
heute lebenden Korallen als Wachstumsbanderung interpretiert wird und deshalb auch
als palaoodkologischer und -klimatischer Proxy Verwendung findet (Ali, 1984; Geister,
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1989; Insalaco, 1996; Nose, 1999; Helmle & Stanley, 2003). Die Genese dieser Bander
ist aber nur teilweise geklart und hangt auRerdem von der Skelettarchitektur ab, die bei
unterschiedlichen Taxa variieren kann. Rontgenographische Aufnahmen des aragoni-
tisch erhaltenen Korallenskeletts aus dem Miozan zeigen, dass die im Auflicht schwach
sichtbare Banderung mit der Dichtebanderung korrespondiert und erlauben deshalb die
sichere Identifizierung von Sommer- und Winterbandern. Da von Zentralkreta Porites-
Kolonien in allen Stadien und Ubergéngen der Erhaltung von aragonitisch bis vollstandig
geldst oder rekristallisiert vorliegen, kann ein Diagenese-Model der Wachstumsbander
fur Korallen mit poritidem Skelettaufbau entwickelt werden.

Neben Informationen zum Alter und zur Wachstumsgeschwindigkeit der Koralle, gibt
die Banderung das chronologische Gerust fur eine hochaufldsende Beprobung vor. Ge-
messen wurden 680 als Proxy fir Oberflachenwassertemperatur und Salinitat und 'C
als Proxy fur Photoautotrophie. Da Korallen der Gattung Porites Uberwiegend bei ahn-
lichen Rezentstudien verwendet werden (Patzold, 1984; Felis et al., 2000; Rimbu et al.
2001; Rosenfeld et al., 2003), ergibt sich eine gute Vergleichbarkeit der Daten. Das er-
moglicht die Rekonstruktion saisonaler und interannueller Schwankungen von Oberfla-
chenwassertemperatur, Salinitdt und Photoautotrophie im unteren Torton flr ein Zeitfen-
ster von 69 Jahren.

Weil aragonitische Erhaltung die Ausnahme darstellt und geochemische Untersuchungen
aulderdem einen hohen analytischen und finanziellen Aufwand bendétigen und daher nur
in begrenztem Umfang maoglich sind, stellt das Diagenese-Model der Wachstumsbander
die Grundlage fur weiterfUhrende sklerochronologische Untersuchungen an gebanderten
aber vollstandig rekristallisierten Korallen dar, die langere geologische Zeitraume (Unter-
Torton - unterstes Messin) abdecken. Porites ist wegen ihrer Dominanz im mediterranen
Miozan, sowie ihrer weiten 6kologischen Bandbreite (Veron, 1995) hierfur hervorragend
geeignet. Aullerdem durfte Porites die am besten untersuchte, rezente Korallengattung
sein, da sie weltweit in den Tropen verbreitet ist und ihr massives Skelett ein ausge-
zeichnetes Datenarchiv fur Palaoumweltanalysen darstellt. Dieser Umstand gewahrt eine
gute Vergleichbarkeit mit Rezentstudien. Deshalb wurden Banderdicken in vollstandig
rekristallisierten, massiven Porites-Kolonien von verschiedenen Lokalitaten, Palaomili-
eus und stratigraphischen Niveaus vermessen und mit dem jahrlichen Kalzifikationsra-
ten von rezenten, massiv wachsenden Porites des tropischen Indopazifiks verglichen,
fur die eine klare Beziehung zur umgebenden Wassertemperatur vorliegt (Lough & Bar-
nes, 2000). Dieser Ansatz erlaubt es Variationen der Oberflachenwassertemperaturen in
einem grof3eren Zeitrahmen zu quantifizieren und soll helfen eventuelle Temperaturande-
rungen des Oberflachenwassers zu erkennen, bei denen der Schwellenwert fur Porites
nicht unterschritten wurde.
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Die Arbeit ist in 5 Teile gegliedert. Kapitel 1, 3, 4 und 5 sind in der vorliegenden Form als
Beitrage in englischsprachigen, geowissenschaftlichen Schriftenreihen eingereicht und
deshalb auf Englisch abgefasst:

(1)

3)

(4)

®)

Reuter, M., Brachert, T.C. and Kroeger, K.F. (2006) Shallow-marine carbonates
of the tropical-temperate transition zone: effects of hinterland climate and basin
physiography (Late Miocene, Crete/Greece). In: Cool-water Carbonates: Depositi-
onal systems and environmental controls (Eds. H.M. Pedley, S. Carannante), Ge-
ological Society Special Publication, 255, 159-180. Geological Society Publishing
House, London.

Reuter, M., Brachert, T.C. and Kroeger, K.F. (2005) Diagenesis of growth bands
in fossil scleractinian corals: identification and modes of preservation. Facies, 51,
146-159.

Brachert, T.C., Reuter, M., Felis, T., Kroeger, K.F.,, Lohmann, G. Micheels, A.
and Fassoulas, C. (submitted) Late Miocene corals (10Ma) from Crete (Greece)
document interannual climate variability controlled by the Icelandic Low. Earth and
Planetary Science Letters.

Brachert, T.C., Reuter, M., Kroeger, K.F. and Lough, J. (submitted) Coral growth
bands: an efficient and easy to use paleothermometer in paleoenvironment analy-
sis and paleoclimatology, Paleooceanography.

Die einzelnen Kapitel sind darum in sich geschlossen und enden jeweils mit Ergebnissen
auf die nachfolgend verwiesen wird. Sie sind zu der vorliegenden Studie zusammenge-
fasst worden, um deutlich machen, welchen Beitrag die Analyse von flachmarinen Kar-
bonatsystemen und Biota flr das Verstandnis von Palaoozeanographie und Paldoklima
im Neogen leisten kann. Die Arbeit ist um ausfuhrliche Beschreibungen wichtiger Koral-
lenfundstellen (Apomarma, Psalidha) aus dem Unter-Torton des NW-Messara Beckens
erweitert worden (Kapitel 2), auf die in den Kapiteln 3-5 Bezug genommen wird.
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1 Shallow-marine carbonates of the
tropical-temperate transition zone:
effects of hinterland climate and basin
physiography (Late Miocene, Crete/
Greece)

Non-reefal, carbonate producing marine communities living on a flat sea floor (horizontal,
parallel bedding, production in situ, zoned according to depth) and covering large areas
termed “level-bottom carbonate communities” (Brenchley & Harper, 1998). They repre-
sent the common type of carbonate factories in shallow water areas and shelves of the
temperate realm and the temperate-tropical transition zone. Extensive work has been
carried out in modern oceans in order to understand processes that determine the distri-
bution of sites of carbonate production and accumulation in such environments (James,
1997; Lees & Buller, 1972; Nelson, 1988). In open shelves exposed to oceanic swell, the
level-bottom factory is located mostly above a deep storm wave abrasion depth (WAD)
and correspondingly has a low net sediment preservation potential. Sediment grains are
continuously redistributed into locations outboard below WAD or to some degree inboard,
to accumulate as coastal carbonate sand prisms (Betzler et al., 1997; Brachert et al.,
2003; James 1997; James et al., 2001; James et al., 1994; James & von der Borch,
1991). In marginal seas and embayments, sites of carbonate production and accumu-
lation may coincide because the WAD is only a minor factor in controlling the sediment
accommodation potential, or because carbonate production extends below the reaches
of the shallow WAD (Betzler et al., 1997b; Carannante et al., 1988; Kroeger, 2004; Lu-
kasik et al., 2000; Pomar, 2001). At the interface of the tropical and temperate carbonate
provinces, level-bottom and framework forming coral communities coexist on a very local
scale as the maximum depth of active reef growth becomes increasingly shallow with la-
titude or decreasing water temperature (Perry, 2003; Rosen, 1977). A classic example is
the western Australia continental shelf, where framework forming communities occur as
“islands” within vast areas dominated by level-bottom carbonate communities (Collins et
al., 1991; Hatcher, 1991). Towards the south, in the more transitional temperate zone, co-
ral growth represents isolated incrustations without any significant sea floor relief (Betzler
et al., 1997b; Playford, 1988).
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TrANSITIONAL CARBONATES

With regard to the geological record, previous analyses of the sedimentary facies fo-
cussed on either the warm-water or cool-water end-members of the continuous climatic
spectrum (Brachert et al., 1998; Franseen et al., 1996; James, 1997; Martin et al., 1996),
whereas so far studies on transitional systems are lacking. In this chapter, Late Miocene
shallow marine carbonates are described, composed of level-bottom communities with
occurrences of isolated colonial corals (Porites, Tarbellastrea) in the intramontane Iraklei-
on Basin, central Crete (Greece). The laterally extensive, horizontally bedded coralline
algal-bryozoan carbonates merge punctually into coral reefs composed of low-diversity
framework forming coral associations (Porites, Tarbellastrea, Acanthastrea) without any
ecological zonation. These reefs are interpreted to represent “tropical islands” in the level-
bottom sediments of the tropical-temperate climate transition zone. The omnipresence
of a temperate-type level-bottom carbonate skeletal association and the rare occurrence
of isolated coral growths or frameworks may mislead interpretations of the sedimentary
system. This case study thus aims at separating the effects of surface water temperature
(SST) and hydrological balance, sea floor physiography and relative sea level as factors
controlling the distribution of biotic associations and limestone facies at the scale of a
multi-kilometre-sized intramontane basin, and at giving clues for identifying carbonates
formed in the temperate-tropical transition zone. Shallow-water carbonates of Late Mio-
cene age exist also in many other intramontane basins of the alpine chain (Franseen et
al., 1996). The model suggests, that they were formed preferentially in response to con-
tinuing aridification in oligotrophic, cool- and warm-water environments.

1.1 Miocene carbonate sediments of the Mediterranean area

The Late Miocene paleogeography of the Mediterranean was similar to the present-day
configuration. It represented a marginal sea of the Atlantic Ocean without any connec-
tion to the Indopacific. An ephemeral sea strait linked the eastern Mediterranean via
the Aegean and Black Sea with the Paratethys to the north of the alpine orogen system
(Meulenkamp & Sissingh, 2003; Rogl & Steininger, 1984). During the Late Miocene, co-
ral reefs were widespread over the Mediterranean area except for its northern segments
(Gulf of Lyons, Adriatic Sea, northern Aegaen), were no reefs are documented. Reef
growth appears to have been episodical and ephemeral, and constructional coral com-
munites were intermittently replaced by level-bottom benthic communities of temperate
carbonate systems in some areas (Brachert et al., 1996; Martin & Braga, 1994). This
spatio-temporal pattern and a low reefal coral diversity has been used to infer a position
at the northern limit of the global coral reef belt (Esteban, 1996), because even subtle
climate changes (Zachos et al., 2001) have had a high potentiality to fluctuate across
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TrANSITIONAL CARBONATES

critical threshold temperatures for colonial coral growth and coral reef systems (Brachert
et al., 1996).

Late Miocene tropical carbonate environments (in terms of sea surface temperature) from
the Mediterranean area have been described with regard to sequence architecture and
stacking patterns, facies distributions, and paleoceology (Franseen et al., 1996) and re-
ferences therein), (Brachert et al., 2001, 2002; Pomar, 2001). Sediment dynamics, pa-
leoecology and taphonomy of Mediterranean temperate carbonate systems have been
documented by Martin et al. (1996), Betzler et al. (1997a, 2000), Brachert et al. (1996,
1998), and Franseen et al. (1997).

1.2 The Neogene basins of Crete

In the eastern Mediterranean, subduction of the African plate beneath the Euroasian plate
has been active since the pre-Neogene. During the late Oligocene and early Miocene,
subduction zone roll-back towards the south caused rapid extension and subsidence of
the Aegean landmass (Rahl, 2004). Neogene basins related to this process are scattered
all over the island of Crete and show a high degree of similarity with regard to sedimen-
tary architectures and lithofacies (Meulenkamp et al., 1979; Keupp et al., 1994; Frydas
et al., 1999; ten Veen & Postma, 1999; Pomoni-Papaioannou et al. 2002). In a first step,
systems of east-west trending graben subsided from the Early or Middle Miocene onward
(Fassoulas, 2001). Maximum extensional stress leds to a rotation in an east-west direc-
tion during the Late Miocene (Messinian; Fassoulas, 2001). On from the middle Pliocene
until the present, a multidirectional extension system has been established (Fassoulas,
2001).

Framed by the |lda Mountains in the west, the Dicti Mountains in the east (2500 m ele-
vation above sea level), and the Messara Plain in the south, the intramontane Irakleion
Basin in central Crete dips into the Cretan Sea to the north. The pre-Neogene substrate
of the basin is formed by Mesozoic limestone (Tripolitza Unit, Plattenkalk Unit) and Pa-
leogene sandstone and mudstone with large incorporated blocks of Mesozoic limestone
(flysch sediments of the Tripolitza Unit). Situated at the western margin the Irakleion Ba-
sin, the area studied herein bis located between the cities of Kroussonas to the north and
Agia Varvara to the south (Fig. 1.1).

The Neogene sediments of the western Irakleion Basin formed during the late Middle

Miocene through early Pliocene (Meulenkamp et al., 1979). The Upper Miocene section
has been assigned to two lithostratigraphic groups, the Tefeli Group and the Vrysses
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Group (Meulenkamp et al., 1979). The Tortonian segment of the Tefeli Group comprises
siliciclastics deposited in various marginal marine environments (Ambelousos Formati-
on (Meulenkamp et al., 1979; ten Veen & Postma, 1999). Shallow-marine carbonates
(Pirgos Member), calcareous mudstone and evaporites of Messinian age (Varvara For-
mation) have been included in the Vrysses Group (Meulenkamp et al., 1979; ten Veen
& Postma, 1999). A general overview of the tectono-sedimentary evolution of Irakleion
Basin is given by ten Veen & Postma (1999) and ten Veen & Kleinspehn (2000). High-re-
solution stratigraphic analyses of deep-water sediments have provided a robust stratigra-
phic framework and revealed a record of high-frequency climate fluctuations (Krijgsman
et al., 1999; Santarelli et al., 1998; ten Veen & Postma, 1996). Using a detailed biofacies
approach, climate oscillations have been documented also in shallow water sediments
(Kroeger, 2004).

In this chapter, a stratigraphic model is presented that is based on the stratal geometries
of the shallow water sediments (Fig. 1.2). The stacking pattern of seven discrete strati-
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Fig. 1.1. Simplified geological map and location of the outcrops studied in central Crete (simplified from geological map
of Crete, IGME). Light grey arrows show inclinations of dip-slope ramps as inferred from stratigraphic geometries.
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graphic units defines three stratigraphic sequences. Two anchor points have been used
to tie in the stratigraphic framework into the global chronostratigraphy: coral reefs equi-
valent to Unit 1 were dated as 10 Ma old (Kroeger, 2004), and base-of-slope deposits at
the contact of the Ambelousos and Varvara Formations (Unit 7) were found to mark the
Tortonian/Messinian boundary (ten Veen & Postma, 1999). Consequently, major events
of a basinward displacement of coastal onlap that occur at the transition from Units 3
and 4 and Units 6 and 7 have been interpreted to represent global 3™ order sequence
boundaries (Haq et al., 1988; Hardenbol et al., 1998) during the Tortonian and Tortonian/
Messinian transition (Fig. 1.2).

Chronostratigraphy Central Crete| Coastal Onlap 3" Order Fluctuations Global Chrono-
(Proximal distal Central Crete of Sea Level stratigraphy
ault block fault block

Messinian

HIAT Varvara Fm.

JS ||||lll'
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@ not docu. @
not docu.
4 £
) £
1 [ 500m
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Fig. 1.2. Chronostratigraphy of shallow-water sediments in central Crete based on stratal geometries. Numbers in
schematic transects refer to depositional units described in the text. 3 order sea level curve from Hardenbol et al.
(1998) as a reference frame.
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1.3 Facies, submarine topography and depositional envi-
ronments in the western Irakleion Basin

The paleogeography and distribution of sedimentary facies of the Late Miocene Irakleion
Basin was controlled by movements of tilted fault blocks. The physiography of the fault
blocks represents a gently inclined ramp formed by the tilted surface of the block and dips
away from a steep scarp formed by normal faulting. This steep footwall scarp continues
into the adjacent hangingwall basin (terminology sensu Leeder & Gawthorpe, 1987; Ga-
wthorpe & Leeder, 2000). Additionally, steep slopes may exist associated with transfer
faults orientated orthogonally to the master faults and compensating for individual tilt
rates and orientations of the blocks.

In the western Irakleion Basin, an array of kilometre-sized tilted blocks bounded by an
orthogonal system of ESE-WNW and NNE-SSW striking faults is mapped out (Fig.1.1).
ESE-WNW trending normal faults reflect north-south extension due to roll-back of the
Hellenic subduction zone during the late Serravallian through early Messinian (Meulen-
kamp et al. 1994, Fassoulas, 2001). The system of NNE-SSW striking faults forming
transfer faults in between blocks, became rejuvenated and preferentially active as normal
faults during the Messinian through early Pliocene in a context of east-west extension
related to activation of the North Anatolian fault (Fassoulas, 2001).

Stratigraphic geometries of shallow water sediments covering the fault blocks permit to
reconstruct the geometry and history of movement of the blocks within the basin and re-
lative sea level changes. Four transects have been selected to document the submarine
physiography of the basin, the facies distribution in relationship with relative sea level
changes, and the position of the blocks relative to a central Cretan landmass (new term)
to the west located in the present-day Ida Mountain area (Tab. 1.1). The location of the
transects is shown in fig. 1.1. Units in transects are numbered according to the chrono-
stratigraphic framework presented in fig. 1.2. A detailed account of the geometries, facies,
stratigraphic thicknesses and environmental interpretations is summarised in tables 1.2-

Name of transect Position on block Position within basin Description
Patéla dip-slope ramp distal Table 1.2
Moni Gorgolaini-North and South | dip-slope ramp proximal, attached to Table 1.3,
coast A5-6
Road from Asites to Kroussonas | hangingwall basin proximal Table 1.4
Agios Thomas dip-slope ramp, footwall | distal Table 1.5
scarp, hangingwall basin
Agios Antonios footwall scarp distal Table 1.6

Tab. 1.1. Stratigraphic transects, western Irakleion Basin, central Crete
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1.6. This account of the sedimentary evolution of western Irakleion Basin starts with the
documentation of Patéla transect, because it is an characteristic representation of the
Late Miocene level-bottom communities.

1.3.1 Patéla transect

ndeleimonas

. chapel \

-

PRE-NEOGENE
SUBSTRATE

Fig. 1.3. Field photograph of Patéla transect. Beds of skeletal limestone wedge out in a northward direction, docu-
menting a gently inclined dip-slope ramp.

The eastern escarpment of Patéla mountain is formed by a 13 m thick sequence of paral-
lel bedded, skeletal floatstone and rudstone (Unit 4 and 5; fig. 1.3). The contact surface
to the pre-Neogene is not fully parallel to the internal stratification of the limestone unit,
because the lowermost limestone beds wedge out at a very low angle in a northerly di-
rection against a marine conglomerate that covers the pre-Neogene substrate (Unit 3).
Within the limestone, skeletal grains are embedded in a micritic matrix and mostly intact
and do not exhibit any preferences according size, shape or orientation.

The conglomerate in Patéla transect reflects rapid transgression. The limestone sequen-
ce on top of the conglomerate was formed in shallow water, as indicated by the presence
of a level-bottom coral-coralline algal community. Because lithoclasts are absent and
effects of waves or storms are not documented by discrete sedimentary structures (cross
bedding) or fabrics (graded beds), this community lived in a calm water environment, eit-
her too deep for effective wave influence or protected from the open ocean.

The near horizontal dip of the limestone section and the small angles of onlap reflect a
very gentle dip of a dip-slope ramp (Fig. 1.3). Although the climbing pinch-out relationship
of the limestone units on the top of the conglomerate may not represent a true coastal
onlap geometry, we infer a relative rise of sea level subsequent to a relative fall for the
onset of limestone deposition (Units 3-5).
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N Max.
2 Geometry of Lithofacies, depositional thick- ) :
i‘_-’ sediment body textures and bedding ness o] e IR e
5 (m)
sheet-like; covers Tri-| grain-supported, poorly-sorted (peb- coralline red algae, Clypeas-| shallow marine; tur-
3 politza flysch (tilted | bles to boulder size), conglomerate 05 ter, pectinid bivalves bulent water
sandstone-mudstone | with well-rounded lithoclasts (Paleo- ’
couplets) gene sandstone); rudstone matrix
low-angle wedge; on-| skeletal limestone (floatstone); ske- coralline red algae, celle-| calm, moderately
laps Unit 3 letals are mostly intact and embed- poriform bryozoans, Hete-| shallow marine; no
ded in a micritic matrix with no pre- rostegina, pectinid bivalves, | sediment import
4 ference regarding to shape, size and 3.0 Clypeaster, decapods (e.g.| from the shallow
orientation; massive beds; large-sca- Petrochirus) high-energy zone
le concordant parallel stratification
sheet-like; covers Unit | skeletal limestone (floatstone); ske- coralline red algae, cellepo-| calm, moderate-
4 letals are mostly intact and embed- riform bryozoans, Heteroste-| ly shallow marine,
ded in a micritic matrix with no pre- gina, bivalves (Spondylus,| warm; no sediment
ference regarding to shape, size and pectinids), isolated in situ | import from the
5 . LY . . 9.5 . . .
orientation; massive beds; large-sca- colonial corals (massive Po-| shallow high-energy
le concordant parallel stratification rites and Tarbellastrea co-| zone
lonies with ragged margins
(Fig. 5.6d), Clypeaster
Tab. 1.2. Patéla transect (Fig. 1.3). Stratal geometries, facies, stratigraphic thickness and fossil content. N

35.17075° E 025.00845°.
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The Moni Gorgolaini-North transect (Fig. 1.4) is orientated in NE-SW direction, which re-
sembles the dip direction of the original Late Miocene paleogeography (Fig. 1.1). Using
stratigraphic architecture and sedimentary facies, the transect is divided into two seg-
ments separated by a distinct sedimentary surface. The lower segment is composed of a
stack of six wedges all pointing towards the southwest, i.e. in a landward direction (Units
1-6). The six units represent depositional systems including coastal clastics, coral reefs
(Figs. 1.5, 5.6a-c) and offshore calcareous mudstone deposits. Stratigraphic patterns
reflect two episodes of rapid landward shift of coastal onlap (Units 1-3, 4-6), separated
by a basinward displacement of onlap. The backstepping (drowning) of the coastal sand
facies and reefs was accompanied by an overall fining upward trend and reflects a rapid
long-term relative sea level rise and deepening of a ramp-type basin margin in northeast-
ward direction. Upward, the coastal facies change from conglomerate to sandstone with
coral constructions (patch reefs) and finally merges into carbonate rocks (skeletal ruds-
tone with quartz sand and coral constructions), suggesting a decrease of continental
sediment discharge.

SKELETAL
LIMESTONE

PRE-NEOGENE
SUBSTRATE

PRE-NEOGENE
SUBSTRATE

Fig. 1.5. Field photographs of a mound-shaped coral buildup showing facies distributions and geometric relationships
highlighted by white lines. Unit 3, Moni Gorgolaini-North (A) View from the north, (B) view from the south.

23



TRANSITIONAL CARBONATES

The upper segment of the transect do-
cuments a change of the depositional
environment of the basin. A wedge of
rhythmically bedded deep water marl
and calcareous mudstone with inter-
vening beds of debrites (Fig. 3.3c)
and calciturbidites were formed in a
toe-of-slope setting, affected by episo-
dical sediment import from a shallow
water source area. Intervening beds
of debrites and calciturbidites show a
successively more landward encroach-
ment along a discrete stratigraphic in-
terval (Fig. 1.6a). It is interpreted as a
surface of sediment bypass in a slope
setting oriented in a 065°E direction.
Large reworked shallow water biota,
such as coralline red algae, zooxan-
thellate corals (Porites, Tarbellastrea)
(Fig. 3.3c) and fragments of vermetid
trottoirs (Fig.1.6c) document extensive
carbonate production with little clastic
dilution in the neritic zone. Benthic car-
bonate production, however, also took
place in the slope environment as in-
dicated by small in situ bioherms for-
med by the green algae Halimeda (Fig.
1.6b).

Fig. 1.6. Lithologies in a proximal fault block setting, Moni Gorgolaini-North transect. (a) Debrite beds and calciturbi-
dites of Unit 7 wedge out upslope along a bypass surface. (b) Lense-shaped Halimeda buildup (HB) colonizing a debris
flow deposit (D) of Unit 7. The buildup is intercalated with light grey marl. Hammer for scale. (¢) Allochthon block of
vermetid framestone intercalated with light grey marl of Unit 7. Large botryoidal cements cover the walls of caverns
and vermetid tubes. Such blocks are very common in slope deposits of Unit 7. They could reach a length of several
metres and are interpreted to be derived from vermetid trottoirs that encrusted the rocky shoreline. Acomparable facies
is described from the Messinian of Salento Peninsula in Italy (Bosellini et al., 2002). Fingertip for scale.
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Unit (Fig. 2)

Geometry of
sediment body

Lithofacies, depositional
textures and bedding

Max.
thick-
ness

(m)

Fossil content

Interpretation

wedge pointing to the SW;
covers pre-Neogene sub-
stratum (Tripolitza flysch)

grain supported conglomerate with
well-rounded lithoclasts (gravel
to cobbles) of pre-Neogene rocks
(Mesozoic limestone; Paleogene
sandstone); beds with poor and
good sorting; fining basinward and
upward into an alternation of well-
sorted conglomerate and sands-
tone

12

conglomerate: bival-
ve and sponge borings
in limestone lithoclasts,
oysters, rare coral frag-
ments (Porites)

sandstone: pectinids
(e.g. Amussium), oysters,
Conus, biotubation

coastal sediments

wedge pointing to the SW;
covers Tripolitza flysch
(SW) and Unit 1 (NE)

brown, poorly-sorted sandstone,
composed of coarse grained angu-
lar lithoclasts and quartz (pre-Ne-
ogene rocks). Small coral buildup
(1.4 m thick); framestone compo-
sed of large (up to 1 m) massive
corals; matrix: marl with bioclasts
and quartz

sandstone: Clypeaster,
pectinids

coral buildup: Porites,
Tarbellastrea

coral patch reef and
coastal sands

3 (Fig.4)

isolated lense (reefs and
flanking beds); situated on
pre-Neogene substratum
(Tripolitza flysch). Reef
showing  progradational
geometry. Unit 5 onlaps
lense

coral framestone composed of large
(up to 1 m) massive corals; matrix:
marl with bioclasts and quartz. In-
terfingers with poorly-sorted sand-
stone, composed of coarse grained
angular lithoclasts (pre-Neogene
rocks) and quartz in lower part; up-
per part interfingers with bioclastic
rudstone and quartz sand.

coral buildup: Porites,
Tarbellastrea, Acantha-
strea (rare)

sandstone: isolated in
situ colonial corals with
massive growth form
(Porites, Tarbellastrea),
coralline red algae

rudstone: cidarid echi-
noids, oysters, Clypeas-
ter, coral clasts (Porites,
Tarbellastrea)

coral patch reef and
coastal sands

wedge pointing to the SW;
covers Units 1, 2 (SW)
and Tripolitza flysch (NE).
More basinward position
as compared to Unit 3

brown sandstone, composed of
coarse grained angular lithoclasts
(pre-Neogene rocks), quartz and
large fossils; grades distally into
grey, fossiliferous marl with a abun-
dant dark angular lithoclasts (sand-
size, pre-Neogene)

4.5

sandstone: Clypeaster,
celleporiform bryozoans,
bivalves (e.g. pectinids),
Heterostegina, rhodoliths

marl: bivalves (e.g. pecti-
nids, cardiids, veneroids,
Spondylus, small ostrei-
ds), gastropods (e.g. As-
traea, Cyprea, Cerithium,
Turritella, Natica, verme-
tids), scaphopods, coral-
line red algae, cellepori-
form bryozoans, isolated
Porites and Tarbellastrea
colonies (nodules up to
40 cm consisting of cm
thick concentric coral la-
yers and coralline algae
around a sediment nucle-
us), Clypeaster, cidarid
echinoids,  terebratulid
brachiopods, solitary
corals (Flabellum), fish
teeth (Sparus, sharks)

coastal clastics gra-
ding into offshore
silt

25



TRANSITIONAL CARBONATES

wedge pointing to the SW;
covers Unit 4 (NE) and Tri-
politza flysch (SW); onlaps
Unit 3.

bioclastic rudstone with quartz
sand and retrogradational reef (co-
ral framestone composed of large
(up to 1 m) massive and subordi-
nate branching corals (Figs. 5.6b,
c); matrix: marl with bioclasts and
quartz sand); interfingers distally

rudstone: rhodoliths,
celleporiform bryozoans,
molluscs (e.g. pectinids,
Glycimeris, oysters), Cly-
peaster, coral fragments
(Porites, Tarbellastrea)

coral buildup: Porites,

coastal sands and
patch reef grading
into offshore silt

mestone clasts up to 4 m); large
particles protrude from the base
and deform the underlying beds;
erosive base, flute marks

calciturbidites: mm to cm thick
elongated lenses or discrete beds
of bioclastic packstone; normal
grading

5 with sandstone, siltstone and marl; Tarbellastrea, Borelis
quartz decreases up-section. )
Units | sand- and siltstone:
5+6 | pectinids,  Glycimeris,
Glossus, Natica, archae-
110 ogastropods
marl: octocorallia (Isidi-
dae)
wedge pointing to the SW | Alternating beds of laminated and laminated marl: terrestri- | distal offshore envi-
homogeneous light grey marl al plants, fish remains ronment with recur-
6 homogeneous marl: bi- | rent bottom water
valves, gastropods, echi- | stagnation
noids, bioturbation
wedge pointing to the SW; | Alternating beds of laminated and laminated deposits: | bypass slope and
intercalated mass flow de- | homogeneous bedded light grey sponge spicules, terre- | toe-of slope envi-
posits wedge out up-dip | marl and calcareous mudstone; strial plant remains, fish | ronment; recurrent
along a discrete common | intervening beds of debrites and remains bottom water sta-
surface (Fig. 1.6a) on top | calcitubidites gnation
of Unit 6 homogeneous depo-
debrites (Fig. 3.3c): dm to m thick sits: sponge spicules,
mud supported breccias compo- bivalves, gastropods
sed, poorly-sorted (size of particles: (e.g. Aphorrais), echino-
mm-dm) bioclasts and lithoclasts ids, small brachiopods
(Mesozoic limestone, Paleogene (Mergelia, Terebratulina),
7 sandstone, single vermetid-fra- >4 Discospirina italica, bio-

turbation

mass flow deposits:
Halimeda, vermetids,
sponge spicules, coralline
red algae (rhodolithes,
protuberances), coral
fragments (Porites, Tar-
bellastrea), bryozoans;
sometimes aragonitic
preservation of Halimeda
and corals (Fig. 3.3c)

Tab. 1.3. Moni Gorgolaini-North transect (Fig. 1.4). Stratal geometries, facies, stratigraphic thickness and fossil content.

N 35.20277°, E 024.9807°.
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1.3.3 Road from Kato Asites to Kroussonas

Fig. 1.7. Photomosaic and line diagrame showing tilted section of marl and breccia (Unit 7). Circle marks synsedimen-
tary fault (E060°-E070° strike). Road from Kato Asites to Kroussonas.

The public road from Kato Asites to Krousonas cuts through a tilted section of yellowish-
brown homogeneous marl and laminated calcareous mudstone, that is assigned to Unit
7. A series of breccias is intercalated in the fine-grained sediment. Some of the breccias
wedge out rapidly in an eastward direction, or have been affected by faults orientated at
NO60°E- NO70°E. The youngest bed of breccia in outcrop seals a synsedimentary fault
(Fig. 1.7).

Laminated calcareous mudstone and laminated marl were formed in a deep environment.
The angularity of the lithoclasts in the breccias implies little reworking in a high-energy en-
vironment, either alluvial or coastal, before redistribution into the basin. The breccias are
interpreted to represent submarine rockfall deposits in a submarine debris cone environ-
ment sourced from a steep escarpment. The presence of synsedimentary faults in Unit 7
suggests that the escarpment was formed by faulting during the earliest Messinian.
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ﬁ_ £ Max.

2 CETiEiy @ Lithofacies, depositional thick- : :

w sediment . Fossil content Interpretation

= textures and bedding ness

= body (m)

)
faulted section of rhythmically bedded ho- homogeneous marl: | toe-of-slope  environ-
mogeneous and laminated marls and in- small brachiopods (Tere- | ment; talus breccia
tercalated breccias (Fig. 1.12d); gentle dip bratulina, Mergelia), iso- | sourced from a steep
of beds towards NE; some breccia-beds lated, broken branches of | escarpment;  faulting
wedge out within outcrop towards NE or are coralline red algae, bry- | corresponds with ac-
cut by faults orientated NO60°E-NO70°E; the ozoan-nodules (Calpen- | cumulation of breccias,

7 ? youngest bed of breccia exhibits an erosio- >5 sia), irregular echinoids which suggests the
nal base and seals fault escarpment formed by
marl: light grey; contains single angular li- laminated marl: terre- | faulting; entry of bio-
thoclasts (<10 cm) of Mesozoic limestone strial plant remains, fish | clasts from a shallow
breccia: grain-supported; poorly sorted, an- scales water source area; re-
gular lithoclasts (Mesozoic limestone) up to current stagnation of
10 cm; matrix: light grey marl bottom water

Tab. 1.4. Road from Kato Asites to Kroussonas (Fig. 1.7). Facies, stratigraphic thickness and fossil content. N

35.21469° E 024.97892°.

1.3.4 Agios Thomas transect

Agios Thomas transect is divided into two segments according to the presence of an
uplifted block in the north and stratigraphic geometries. The southern segment is formed
by fossiliferous sandstone, skeletal limestone (Figs. 1.9a-c), and marl (Fig. 1.9d). The
stratigraphic relationships of the sandstone and limestone at the base of the section are
not clear because of a thick alluvial covering. However, the presence of Crassostrea-bi-
ostromes in the lower part of the sandstone section is characteristic for the Ambelousos
Formation, whereas the presence of abundant coralline red algae, pectinids and Cly-
peaster echinoids in the upper part of the sandstone section tipify the Pirgos Member
(ten Veen & Postma, 1999). In outcrops further to the east, both units are separated by
an angular unconformity (Fig. 1.9e), and, according to IGME 1:50.000 “Archanes” geo-
logical map sheet, the distribution of the Ambelousos Formation is limited to the north
by an east-west trending fault that can be considered the master fault forming the Mio-
cene cliff observed in Agios Thomas transect (Fig. 1.1). Both units, sandstone (Units 1-2)
and limestone/marl (Units 4-6), therefore, most probably show an angular contact in the
southern segment of the transect. Stratifications in the limestone and marl, however, are
concordant and parallel. Towards the northern segment of the transect and fault zone,
stratifications within these units terminate or drape over a terraced surface formed on
top of Mesozoic limestone. This extensively perforated (bivalves, sponges) transgressive
surface (Fig. 1.9f) is interpreted as a sea cliff, shaped by coastal erosion. It was originally
formed through tectonic uplift. An isolated conglomerate and a coral reef on the northern
flank of the transect may represent erosional remnants of originally more widespread
highstand deposits (Unit 3). These highstand deposits were destroyed by erosion prior to
the accumulation of the skeletal limestone. The stepwise retreat of the cliff and deepening
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Fig. 1.9. Lithofacies of a distal fault block setting, Agios Thomas area. (a) Skeletal rudstone with Clypeaster echinoids
(C), large pectinids (P) and celleporiform bryozoan nodules (CB). Unit 4, hammer for scale. (b) Isolated massive Porites
coral in a level-bottom carbonate. Ragged margin of colony documents growth keeping up with sediment accumulation.
Unit 5. (c) Coralline red algal floatstone. Unit 6, coin for scale. (d) Rhythmic alternation of homogeneous and laminated
marl from the southern segment of Agios Thomas transect. Unit 6, hammer for scale. (e) Angular unconformity separa-
ting tilted sandstone (Units 1-2) and horizontal skeletal limestone (Unit 4). Hammer for scale. (f) Close-up of abrasion
surface perforated by bivalves and sponges, and filled with bioclastic limestone. Hammer for scale.
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upward trend suggests that these limestones are equivalent with Units 4 and 5. The fact
that the skeletal limestone drapes over the cliff without facies change, and the absence
of any distinct lithoclast accumulations or physical sedimentary structures implies, that
it was formed at some distance from the coast in moderately deep water not affected by
any significant wave reworking when the cliff was drowned. Agios Thomas transect thus

is interpreted to document movements of an east-west extensional fault between Units 3

and 4, and a drowning of the cliff due to rapid relative sea level rise taking place during
deposition of Units 4-6.

> S =
LIE_” Geometry of Lithofacies, depositional textures and £ E . .
w ] . ) Fossil content Interpretation
= sediment body bedding X8
= § =
)
section partially co-| sandstone; coarse-medium grained; Crassostrea-biostromes marginal marine
vered by scree (in-| brown; well-sorted
1 | visible geometry); >10
2 | tectonic contact with
Mesozoic limestone
to the NE
wedge on footwall | grain supported, conglomerate with limestone block: surface | coastal conglo-
scarp and/or dip-| bioclasts and well-rounded lithoclasts densely bored by sponges and | merate and fring-
slope ramp; onlaps | (gravel to cobble size; single blocks up bivalves ing reef attached
substrate formed of [ to 3 m; Mesozoic limestone and pre- to sea cliff
Mesozoic limestone | Neogene sandstone); matrix: rudstone conglomerate: coral clasts
3 and folded pre-Ne-| with quartz sand. Coral buildup on top 10 (Porites, Tarbellastrea), pecti-
ogene  mudstone-| of conglomerate and Mesozoic limes- nid bivalves, Borelis
sandstone couplets | tone: framestone constructed by mas- coral buildup: Porites (mas-
sive (<1 m) and branching (40 cm high) sive), Tarbellastrea (massive,
colonies; matrix: bioclastic marl branching), rare Acanthastrea
(massive), coralline red algae,
cidarid echinoids, Borelis
sheet-like; covers | basal sandstone, well-sorted (1.5 m). coralline red algae, cellepori-| calm, moderately
Units 1 and 2 (angu-| Covered by skeletal rudstone or float- form bryozoans, Heterostegina, | shallow  water;
lar unconformity?); | stone (Fig. 1.9a); large-scale parallel pectinids, Clypeaster drowned cliff; no
4 blunt vertical contact | horizontal stratification; 10 sediment import
with protruding block | skeletals are mostly intact and embed- from the shallow
of Mesozoic limes-| ded in a micritic matrix with no prefe- high-energy zone
tone in the NE rence regarding to shape, size and
orientation
low-angle  wedge; | skeletal or floatstone; large-scale paral- coralline red algae, cellepo-| calm, modera-
drapes over Unit 4 | lel horizontal stratification; riform bryozoans, Heteroste-| tely shallow and
and terraced sur-| skeletals are mostly intact and embed- gina, bivalves (Spondylus,| warm water;
face on protruding | ded in a mikritic matrix with no prefe- pectinids), isolated in situ co-| drowned cliff; no
5 : ) . 9 : . . ; ;
block of Mesozoic | rence regarding to shape, size and lonial corals (massive Porites | sediment import
limestone in the NE | orientation and Tarbellastrea colonies | from the shallow
with ragged margins, fig. 1.9b, [ high-energy zone
3.3e), Clypeaster
sheet-like; drapes | alternating beds of laminated and ho- marl (laminated beds): ter-| moderately shal-
over Unit 5 mogeneous light grey marl (Fig. 1.9d); restrial plant remains, fish re-| low water envi-
intercalations of two massive beds of mains ronment, deepe-
corallinacean floatstone (Fig. 1.9c) at ning upward into
6 the base; skeletals of floatstone are | >15 marl (homogeneous beds): | distal offshore
mostly intact and embedded in a micri- bivalves, gastropods (e.g. | environment with
tic matrix with no preference regarding Aphorrais), Discospirina italica, | recurrent stagna-
to shape, size and orientation bioturbation tion
floatstone: coralline red algae

Tab. 1.5. Agios Thomas transect (Fig. 1.8). Stratal geometries, facies, stratigraphic thickness and fossil content.
N 35.16174° E 025.02760°.
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1.3.5 Agios Antonios transect

A steep, NE-SW oriented gorge at Agios
Antonios chapel near the town of Kato
Asites cuts trough a section of pre-Neo-
gene sandstone and limestone forming
a Miocene coastal cliff covered by three
sedimentary sequences of Late Miocene
reefal limestone (Units 4-5) and level-bot-
tom carbonates (Unit 6).

The surface forming the coastal cliff is
perforated by various borings and displays
the original late Miocene submarine topo-
graphy. In Unit 4, conglomerates cover the
cliff where it was vertical. Seaward, but
at the same water depth, the conglome-
rate grades into reef limestone formed by
massive Porites and Tarbellastrea, inter-
fingering basinward with coral breccia and
marl of a forereef environment. Unit 5 has
a more landward distribution due to back-
stepping of the cliff as a consequence of
relative sea level rise. Two thick bioherms
(30 m) present in Unit 5 do not exhibit any
significant synoptic relief as compared to
the interreef areas, that housed extensive
carbonate producing level-bottom com-
munities, and that received only minor
amounts of reef debris. Basinward from
the reefs, a steep progradational slope
was present, that downlaps onto Unit 4
and grades into calcareous mudstone and
marl. Synchronous, with a third pulse of
coastal backstepping through relative sea
level rise, coral reef growth stopped by the

Fig. 1.10. Photo mosaic and line diagrame of Agios An-
tonios transect showing stratal geometries and facies
distributions in a fault scarp setting. Numbers refer to de-
positional units described in the text.
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end of Unit 5, and was replaced by level-bottom communities forming pure carbonate

sediments without any contribution by zooxanthellate corals (Unit 6). These relationships

imply that Units 4, 5 and 6 can be assigned to individual high-order depositional sequen-

ces formed in a context of long-term relative sea level rise. Further, from the stratal ge-

ometries a steep depositional gradient is infered in northern directions related to a fault

scarp setting. In this reconstruction, Agios Antonios transect was located on the uplifted

footwall block. However, uplift rates were slow as compared to eustatic sea level rise.

dant parallel stratification

’NT Max.
2 Geometry of Lithofacies, depositional thick- . .
;J_.‘f sediment body textures and bedding ness ol e InGngrE e
5 (m)
low-angle wedge, | coral buildup; framestone with in situ co- Porites and Tarbellastrea with | sea cliff, co-
terminates  with | rals (massive growth form), grades to NE massive growth forms, coralline | vered with
vertical blunt | into grain-supported coarse coral breccia red algae, echinoids; horizontal | marine  con-
contact against | with chaotically arranged coral clasts and and vertical surfaces of Meso-| glomerate and
pre-Neogene | toppled colonies. Breccia interfingers zoic limestone densely perfora-| fringing  reef
4 | substratum (Me-| with light grey marl. Coarse, grain-sup- 10 ted by sponges and bivalves complex
sozoic limestone) | ported, poorly-sorted conglomerate with
well-rounded lithoclasts (pebble to boul-
der size) along vertical contact with pre-
Neogen substrate; gradational into coral
framestone
thick sheet; co-| two coral buildups interfinger with ho- coral buildup: Porites, (mas-| sea cliff, co-
vers Unit 4 and | rizontally, parallel bedded interreef se- sive, branching), Tarbellastrea | vered with
pre-Neogene | diments; north-eastern buildup exhibits (massive); coralline red algae,| marine  con-
substrate; pro- | clinostratification cidarid echinioids glomerate and
grades to the NE. fringing  reef
Unit wedges out | coral buildups: coral framestone com- interreef sediments: coralline | complex
tothe E posed of massive and branching (rare) red algae, celleporiform bryo-
corals; matrix is a bioclastic marl or float- zoans, isolated colonial corals
stone. Subdued submarine topography. (massive, in situ) and coral
Prograding clinobeds consits of a coarse, clasts (Porites, Tarbellastrea),
5 grain-supported coral breccia with chaoti- 30 bivalves (e.g. Spondylus, pec-
cally arranged coral fragments and topp- tinids), gastropods (e.g. Strom-
led colonies (matrix: marl) interfingering bus, Conus), echinoids (Cly-
with light grey marl; downlap surface at peaster, cidarids), decapods
the base of the clinobeds with concen- (e.g. Petrochirus), shark teeth
tration of pebbles (Mesozoic limestone; (Odontaspidae), bioturbation
Paleogene sandstone)
interreef sediments: skeletal floatstone or
rudstone with broken and intact skeletal
grains embedded in a micritic matrix
sheet-like; drapes | marly corallinacean floatstone grades corallinacean floatstone: co-| drowned cliff;
over Unit 5 vertically into bright marl; skeletal grains ralline red algae, pectinids depth: mode-
in the floatstone are mostly intact and rate (limes-
6 embedded in a micritic matrix; concor-| >10 marl: Neopycnodonte tone) - deep

(marl); no se-
diment import
from shoals

Tab. 1.6. Agios Antonios transect (Fig. 1.10). Stratal geometries, facies, stratigraphic thickness and fossil content.
N 35.20067° E 025.07734°.
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1.4 A mosaic of fault blocks: key to the facies model for the
transitional carbonates (Fig. 1.11)

Western Irakleion Basin was formed by an array of fault blocks during the Late Miocene,
bounded by the central Cretan landmass in the west (Fig.1.1). Such a tectonic setting
is comparable with other examples of shallow-water carbonates of Late Miocene age
described from the western and eastern Mediterranean (Brachert et al., 2001, 2002; Ka-
rabiyikoglu et al., 2005). Tortonian stratigraphic geometries and sedimentary facies at
Moni Gorgolaini reveal a narrow coastal system characterized by clastic beaches and
coral reefs, and a steep ramp-type slope into the basin to the east (Units 1-6). In the more
distal positions, documented at Agios Antonios, Patéla, and Agios Thomas, carbonate
sediments predominate, whereas clastic sediments are minor and present only in Units 1
and 2 of early Tortonian age. In this area, carbonate production and accumulation (Units
3-6) was controlled by fault blocks dipping to NNE or SSW that corresponded with normal
faults and steep escarpments orientated ESE-WNW (Fig. 1.1). From alternating orien-
tations of dip-slope ramps observed in the transects the movements of transfer faults
orientated NNE-SSW are inferred (Fig. 1.1). The complex topography of the sea floor,
therefore was an efficient barrier for the dispersal of continent-derived clastics during the
Tortonian. Correspondingly, coarse shallow-water carbonates formed in situ are widely
distributed over the distal fault blocks. However, although isolated colonial corals (Porites,
Tarbellastrea) may occur from place to place in the skeletal carbonates, coral reefs are
uncommon in this setting and were encountered at one steep footwall scarp position only
(Agios Antonios).

proximal fault block distal fault block
Moni Gorgolaini Ag. Antonios] Patéla, Agios Thomas
A 4“ ‘ - ‘
'bb—b ’.‘:An
e ‘~'“‘“-'--A
T T e n
@ ~\_~\ R el LR L Py N A'-A

, aprox. scale ™
: 0.5km_

HINTERLAND
(lda Mts )

+—»
HANGINGWALL BASIN

[ pre-Neogene substrate [ Ambelousos Formation [0] Pirgos Member [__] Varvara Formation

\w coral debris a2 framework forming coral community & & non-framework forming coral community
@ depositional unit sandstone/ [ skeletal limestone |:| marl breccia
(Fig. 2) conglomerate

Fig. 1.11. Stratigraphic and sedimentary model of the Tortonian - early Messinian western Irakleion Basin. During the
Tortonian, a complex mosaic of fault blocks controlled the distribution of shallow water facies. Proximal ramps were
covered by coastal clastics and coral reefs. In settings protected from clastic input, pure carbonates spread over the
ramps of tilted blocks. Level-bottom communities occurred on laterally extensive dip-slope ramps, whereas coral reefs
were confined to fault scarps of shallow blocks. Later, in the Messinian the shallow ramp systems drowned, but coral
reef growth persisted along a newly emerged steep escarpment slope of the western margin of Irakleion Basin. Numb-
ers refer to depositional units described in the text.
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Moni Gorgolaini-North transect documents a marked change in the depositional style
from the Tortonian coastal system (Units 1-6) into a submarine debris cone environment
(Unit 7) of Messinian age. Shallow-water biota of Messinian age are present only as
clasts in gravity flow deposits along the present-day margin of the basin (Figs. 1.12a-b,
3.3c). These deposits may co-occur with chaotic slump masses and breccias formed
through slope collapse (Fig. 1.12c). The section at the road Asites - Kroussonas docu-
ments isochronous (Unit 7) marine rockfall sediments associated with synsedimentary
faulting (Figs. 1.7, 1.12d). This provides evidence for reorganisation of the Tortonian mar-
ginal ramp system into a deep hangingwall basin bounded by fault scarps orientated N-S
and an uplifted hinterland during the early Messinian. An analogous scenario of tectonic
reorganisation has been presented by Fassoulas (2001).

Fig. 1.12. Sediments of a deep submarine debris cone environment, proximal hangingwall basin adjacent to a steep
escarpment; Unit 7. (a) Bright laminated marl and coarse, poorly classified conglomerates with single displaced corals
(Tarbellastrea). Corals and rounded lithoclasts within the conglomerates indicate a shallow and high-energy source
area. (a-b) NW of Agios Haralambos chapel (N 35.18519°, E 024.97892°). Hammer for scale. (b) Proximal facies:
conglomerate with single boulders of extreme size (highlighted by white circles) that could reach a length of nearly 10
m. This facies is interpreted to represent a submarine rockfall deposit sourced from a coastal cliff via steep escarpment
slope. Person for scale. (¢) Densely packed breccia. Lithoclasts derive from Neogene marl. NW of Agios Haralambos
chapel (N 35.18530°, E 024.98165°). (d) Thin bed of poorly classified breccia in laminated marl. Road from Asites to
Kroussonas.

35



TrANSITIONAL CARBONATES

1.4.1 Nutrient budget: clues from continental climate

In addition to a topographical control of the dispersal patterns for clastic sediments within
the basin, coastal sediments on the proximal ramps of the basin exhibit a gradual change
from clastics to carbonates over the course of the Late Miocene (Fig. 1.4). Although such
a pattern suggests hinterland subsidence, stratal geometries document subsidence of
the basin and relative uplift of the hinterland. The change in sediment character, there-
fore, reflects a continuous climatic aridification (Postma et al., 1993) as documented in
various Tortonian and Messinian paleobotanical records from Crete (Benda et al., 1974;
Sachse, 1997; Sachse & Mohr, 1996; Zidianakis et al., 2004). In addition to the paleobo-
tanical data, a thick unit of laminated gypsum present in Irakleion Basin may be consi-
dered the acme of climatic aridity and clastic sediment starvation of the basin during the
Messinian. A minimum of continental weathering and sediment flux, on the other hand, is
suggested to reflect a declining input of dissolved and particulate organic nutrients from
the hinterland into the basin. Coral reef growth in the most turbid clastic marginal envi-
ronments therefore is a clear indication of low nutrient concentrations or light levels in
shallow water were at no stage critical as to shut down growth of colonial corals or other
mixotrophs (larger foraminifers) and to favour the thriving of heterotrophic biota and algae
in carbonate communities adapted to high trophic resources in warm-water environments
(Hallock & Schlager, 1986). The pure carbonate environments, therefore have been inter-
preted to reflect a highly oligotrophic system. It is suggested, that the Late Miocene trend
of climatic aridification observed elsewhere along the alpine chain (Quade et al., 1995;
Krijgsman et al., 2000) may have advanced the occurrence of oligotrophic shallow-water
carbonate systems, both, warm-water and cool-water, in otherwise clastic intramontane
basins of the Mediterranean area (Brachert et al., 2001, 2002; Franseen et al., 1996) and
the existence of a modern-type ocean surface circulation (Meijer et al., 2004).

1.4.2 Facies distributions in the transitional carbonate system

Fault scarps: The steep fault scarps of tectonic blocks reaching the shallow water zone
show narrow rims of coral bioherms (Fig. 1.10) formed by massive Porites and Tarbel-
lastrea with minor contributions of binding biota. Bioherms do not exhibit any visible stra-
tification or zonation although clinoforms document the forereef prograding over talus
deposits and older reef terraces. This indicates a steep topographical gradient along the
fault scarp. The horizontal bedding of the interreef sediments continues into the bioherms
without any significant slope, thus implying a subdued submarine topography of the bi-
oherms (stratigraphic reef sensu Dunham, 1970). Correspondingly, interreef sediments
received little reef debris and formed in a slightly deeper water than the reef crest, were
carbonate production by a coralline red algal-bivalve-bryozoan community was roughly
equal to that within the reef.
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Dip-slope ramp and hangingwall basin: Horizontally bedded limestone formed by co-
ralline red algal-bivalve-bryozoan-foraminiferan communities are widely distributed on
ramps (Figs. 1.3, 1.5), fault scarps of drowned tilt blocks (Fig. 1.10) and hangingwall
basins (Fig. 1.8). Skeletal grains are mostly intact and embedded in a micritic matrix with
no preference according to shape, size and orientation (Figs. 1.9a, c). These depositional
textures do not exhibit signs of physical disturbance by waves and storms, reflecting ac-
cumulation in a protected sedimentary environment below WAD and beyond the reaches
of any carbonate sediment input from the shallow high-energy zone. Individual beds of
skeletal limestone may contain isolated, massive corals in life position (Porites, Tarbel-
lastrea; figs. 1.9b, 5.6d). Ragged margins of the colonies indicate that sedimentation ra-
tes were lower than, or equal to coral growth. Toppled colonies and coral fragments were
not observed, thus excluding a potential shallow, high-energy environment or import from
a shoal area. The coral facies is taken to infer calm, moderately shallow and warm water
in a soft substrate environment. A protected shoal area with a low wave energy level is
discarded because of the open and unsheltered setting of the dip-slope ramps.

1.4.3 Depth zonations and production rates: evidence from sea level
changes

Stratal patterns of landward and basinward shift in coastal onlap are consistent in all tran-
sects and thus document sea level changes. These geometrically defined units comprise
three phases of long-term relative sea level rise that are considered equivalent to 3™ or-
der eustatic sea level changes (Haq et al., 1988; Hardenbol et al., 1998; fig. 1.2). Coral
bioherms present in ramps (proximal transects) or fault scarps (distal transects) do not
exhibit any vertical or lateral ecological zonations within a given unit. Thus, they kept up
with sea level rise but did not develop significant sea floor relief and ecological zonations.
Within the same units, in a more distal position, skeletal carbonates formed by level-
bottom communities, however, exhibit vertical (and horizontal) drop-out sequences of
photoautotrophic biota related to water depth changes (Fig. 1.13). In such a drop-out se-
quence, lower units exhibit a corallinacean-Porites-Heterostegina association that lived in
shallow water which passes upwards (and outwards) into a corallinacean-Heterostegina
association from intermediate depths, and finally into an association consisting entirely of
corallinacean algae in the deepest water setting of the in situ formed skeletal carbonates.
The alveolinid Borelis occurs in coral reef environments. The zonation and distributions
patterns of both foraminiferan taxa (Borelis, Heterostegina) fits their modern depth and
substrate relationships (Langer & Hottinger, 2000). The deepening upward sequences
formed by the level-bottom carbonate systems imply, that net sediment accretion (pro-
duction and accumulation) in this setting did not keep up with relative sea level rise (4"
order) and was, therefore, not as efficient as in the shallow reef systems.
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1.4.4 Temperature: a true tropical-temperate transitional system
The existence of true coral reefs over the Tortonian and Messinian in the western Ira-

kleion Basin documents “tropical” sea surface temperatures (SST) above 18°C in winter
(Abram et al., 2001). Correspondingly, associated skeletal carbonates formed by level-
bottom communites do not likely reflect cool water conditions or high trophic resources
(Hallock, 1987; Hallock & Schlager, 1986; Carannante et al., 1988). However, extensive
carbonate production takes place in modern reef systems below the zone of active reef
growth by level-bottom coralline algal-bryozoan and foraminiferan communities (Dullo et
al., 1990). In the Late Miocene carbonates of the western Irakleion Basin, the restricted
geographical distribution of reef frameworks do not exhibit any ecological zonation, and
the coexistence of the reef and level-bottom systems on very small spatial scales (i.e.
stratigraphic reefs and level-bottom systems of Agios Antonios transect) suggests a shal-
low transition depth for the reef and level-bottom carbonate systems. Because a turbid
muddy water loaded with nutrients can be discarded from the low clastic content of the
carbonates, the shallow transitional depth of the two carbonate systems found for the
Late Miocene carbonates is not an effect of low light penetration or high nutrient concen-
trations (Hallock & Schlager, 1986). It is concluded to be an effect of SST near the lower
threshold temperature of reef systems were the base of the reefs emerges into very shal-
low water (Betzler et al., 1997b). Such an interpretation supports SST reconstructions
based on coralline red algal communities that document moderate SST variation around
the reef threshold level for the Late Miocene of southern Crete (Kroeger, 2004).
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1.5 Conclusions of chapter 1

(1) Laterally extensive level-bottom carbonate production and accumulation took place
in the Tortonian and early Messinian Irakleion Basin, Crete (Greece). These coralline
algal -mollusc-bryozoan carbonate sediments may be easily confused with cool-water
carbonates, because coral reef growth was sporadic and confined to the marginal zone
of the basin and of uplifted blocks.

(2)  Analysis of stratal geometries along continuous outcrops provides the basis for the
chronostratigraphy of the shallow water sediments. Although the geometries of the sedi-
ment bodies were controlled by active fault blocks, consistent patterns of shifting coastal
onlap reveal a dominant control by 4" and 3" order eustatic sea level changes.

(3) Late Miocene sea floor topography of the basin created by active fault blocks pre-
vented the dispersal of clastics imported from the central Cretan landmass. Increasing
aridity and decreasing continental weathering, sediment discharge and continental nutri-
ent flux (dissolved and particulate organic matter) led to an oligotrophic and clear water
column forming an ideal environment for carbonate production. Also, the Late Miocene
trend of aridification may have effected the widespread occurrence of shallow-water car-
bonate systems over the whole Mediterranean province.

(4) Drop-out sequences of phototrophic biota in vertical section define three relative
water depth zones for the shallow water carbonates. Massive colonial corals (Porites,
Tarbellastrea) and the foraminifer Borelis occured in the shallow zone, the foraminifer
Heterostegina persisted into the intermediate zone, whereas coralline red algae were still
present in the deepest zone.

(5)  Small coral reefs formed principally by massive Porites and Tarbellastrea did not
develop any vertical nor lateral zonations and significant submarine topography. On a
short distance/shallow water depth, the reefs were replaced by level-bottom carbonate
systems (horizontal and parallel stratification, in situ production) dominated by coralline
red algae, molluscs and bryozoans present in dip-slope ramps and hangingwall basins.
The low diversity of reef corals and the shallow transitional depth from the reefs into the
level-bottom systems reflects surface water temperatures that were close to the lower
threshold level of the tropical carbonate systems.
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2 Early Tortonian coral growth patterns
in central Crete (NW Messara)

The patterns of early Tortonian coral growth have been studied in the northwestern Mes-
sara Basin near the towns of Ambelousos and Gergeri, Rouvas municipality (Fig. 2.1).
Here, laterally extensive beds formed by branching (Fig. 2.8b) or massive (Figs. 2.8c,
3.3a, d) corals (Porites and Tarbellastrea) intercalate and interfinger with conglomerate
and sand- or siltstone of the Ambelousos Formation deposited in coastal environments
(Meulenkamp et al., 1979). The coral beds overlie dark grey lagoonal shales. Changing
compositions of mollusc faunas in the shales indicate repeated salinity shifts from bra-
ckish to marine. The coastal clastics border the margins of the Ida Mountains and a fault-
block north of Agia Deka. Both coastal sediment bodies are separated by an area with a
thick succession of offshore deposits.

Although, this region exhibits extensive outcrops of coral biostromes, outcrop condi-
tions are not good enough to document stratal geometries for the specification of deposi-
tional units and detailed correlation with the western Irakleion Basin.
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Fig. 2.1. Location of Apomarma and Psalidha fossil reef sites, Rouvas Municipality, Central Crete (Greece). (A) Ge-
ological overview map; inset shows location of geological map shown in fig. 2.6. Modified from Meulenkamp et al.
(1979).
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2.1 Apomarma locality

In the surrounding of Apomarma, Porites-
biostromes consits of sheet-like, metre-
thick piles composed of poorly classified,
randomly arranged branch fragments of
Porites and toppled Porites-bushes (Fig.
2.3c; allobiostromes sensu Kershaw,
1994). They are intercalated with coastal
sandstones and conglomerates (Figs.
2.3a, 3.2B) and show no internal lateral
facies zonation, even in outcrops with
100 m lateral exposure (Fig. 2.3a). Inter-
stital sediment is sandy silt and marl that
contain spins of cidarid echinoids (abun-
dant), small gastropods (rare), small bi-
valves (rare), decapods (abundant) and
bryozoans (common).

Rarely, ramose branching Porites in
live position occur. They are found pre-

Fig. 2.2. Corals from the pioneer coral community of the
Apomarma coral rubble fields (Ambelouzos Fm, NW Mes-
sara). (A) A Porites with flat platy growth form encrust two
Porites branch pieces. By doing so, the coral bound loose
coral debris and stabilized the substratum. (B) Mushroom-
shaped Porites. This growth form developed from a bran-
ched coral fragment that proceeded its growth after de-
position as a flat overlying colony and points to the high

ferentially at the roof of a coral rubble
pile (Fig. 2.3b), or occasionally also as
layers or patches encased in coral rub-
ble. Some outcrops show areas with di-
agonal growing Porites, that all point to

regeneration potential of Porites (van Woesik, 1998; Henry
& Hart, 1999). (C) Flat Acanthastrea colony. The small size
of the colony reflects the unfavourable living conditions for
this taxa. In other Late Miocene coral locations in central
Crete that are associated with a more pure carbonate fa-
cies, this coral is more common and build up massive co-
lonies up to 0.5 m in diametre. (D) Pebble from a coastal
conglomerate colonized by Siderastrea.

the same direction similar to a cornfield,

allocated by storm. Characteristic for this

corals are rootlike, platy extensions at their base that interfinger with the surrounding
sediment.

The broken coral pieces are encrusted with flat Porites plates that overlay the se-
diment surface (Fig. 2.2A). Some of them developed at the end of a branch fragment
with still living tissue that continued its growth with platy morphology after breakage (Fig.
2.2B). Siderastrea (Fig. 2.2D; small nodules, <10 cm) is also very common in this facies.
Small (15 cm diametre), in situ Tarbellastrea and Acanthastrea appear sporadically with
thin platy growth forms (Fig. 2.2C). Encrusters (vermetids, bryozoans, serpulids, small
oysters) and borers (bivalves, polychaets) in/on corals are very rare, while prasitic, coral
inhabiting barnacles (Pyrogomatinae) are abundant.
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Fig. 2.3. Coral rubble accumulations from the Apomarma area (Amblousos Fm., NW Messara Basin; N 35.11420°, E
024.96412°). (a) Sheet-like accumulations of coral debris (allobiostrome) with intercalated coastal sandstone. Field
aspect of geological section B (Fig. 3.2). (b) Relict of in situ thicket-framework on top of the lower coral rubble pile in
fig. 2.3a. Vertical, dense standing Porites branches are capped by the overlying sandstone. At its base, the sandstone
abundantly contain coral fragments. (c) Inner texture of a coral rubble pile showing chaotically distributed, elongated
coral pieces and toppled coral bushes in a muddy matrix. Hammer for scale.
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Because of their uniform branch-form and poorly classification, the coral pieces are in-
terpreted to be derived from Porites-biostromes with thicket-like framework that regularly
had become destroyed and has been deposited on site. The vast stratiform and uniform
extension of the coral debris deposits (Fig. 2.3a) points to a flat, gentle sloping sea floor
relief.

A pioneer coral community with platy Porites and Siderastrea stabilized the loose coral
rubble and provided the base for restarted thicket growth (Fig. 2.2; Rasser & Riegl, 2002).
Other binding agents are absent (e.g. coralline red algae) or not preserved (e.g. sea-
grass). The rarity of borings and biogene encrustations in/on coral clasts indicates that
the maijority of coral debris was not exposed for long time and therefore must have been
formed by rapid catastrophic events that were intermitted by episodes with framework
regeneration. The climax situation is represented by vertically orientated, dense Porites-
thickets on top of the rubble piles. Weakening of the framework is displayed in areas with
dense stands of diagonal growing Porites. Here, the framework was allocated by strong
currents as shown by the adjusted alignment of colonies. But because of their dense
stand, corals are interlocking and base upon each other. Additionally, platy outgrowths at
their base anchored the corals after tilting. Both stabilized the framework and hampered
its total destruction. Because of the minor affection by boring and encrusting biota, but
high abundance of coral inhibiting barnacles, free standing parts of the corals must have
been completely covered by tissue. In deeper regions of the thicket, trapped sediment
covered dead colony parts instead of living tissue. Bioerosion was therefore only a ne-
glecting factor for framework destruction.

Each rubble pile represents several of the ecological successions described above as in-
dicated by intercalated relicts of in situ thicket framework and the presence of platy corals
in growth position over the full section. The composition of coral fauna demonstrates, that
the setting was unconfortable for Acanthastrea and Tarbellastrea, prefering a calcareous
environment with low terrigenous supply. In contrast, Siderastrea is very common. Mo-
dern Siderastrea species are charactristic inhabitants of mobile substrates and tolerate
even complete spillage for some time (Lirman et al., 2002).

Towards offshore, coastal sandstones and conglomerates pass into marl with abundant
molluscs (e.g. Ancilla, Aphorrais, Cerithium, Clavilithes, Conus, Cyprea, Lemintina, Tur-
ritella, Turris, Vittularia vindobonula, Xenophora, cassoidea, naticidae, muricidae, Gly-
cimeris, Crepidula, Chama, cardidae, veneridae, scaphopods). At the distal edge of the
coastal sediment body (sandstone/conglomerate), in situ thicket framework composed
of vertical standing Porites-branches (Fig. 2.4a) is preserved that is situated directly on
coarse coastal clastics. Interstitial sediment is sandy marl. It grades on a short distance
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(10 m) in a talus, build up by elongated Porites-fragments, that is attached on foot of the
thicket-facies and interfingers with the offshore marl. This thicket-type is interpreted to
represent an equivalent of the rubble fields in a deeper, more calm environment, where
Porites-thickets are better protected against wave destruction. The rapid facies change
from in situ thicket to talus and offshore deposits indicate a highly inclined slope.

Besides, coral biostromes occur on top of coastal clastics or older Porites-thickets. They
are mainly composed of massive corals in life position (Figs. 2.5A, 3.3d). The corals
form lateral extensive, sheet-like biostromes without any facies zonation, indicating a flat
topography of the seaground. Porites and Tarbellastrea are dominating. Ancillary, Acan-
thastrea occurs. Some colonies reach a length of 1.5 m. Interstitial sediment is bioclastic
rudstone with coral fragments, bryozoans, corallinaceans, molluscs, cidarid spines, which
implies a high water turbulence.

Branching corals in life position dominate distally in more calm environment at the edge
of the coastal sandbody (Porites; fig. 2.5B). The corals are situated on reef derived rub-
ble (rudstone), that interfingers with the offshore marl (Fig. 2.4b). Massive corals occur
only subordinatley ingrown between the Porites-branches. More abundant are reworked,
massive corals that are imported from a
shallower source area.

Fig. 2.4. (a) Branching Porites in life position at the di-
stal edge of the coastal sedimentbody in the Apomarma
area. N 35.12436°, E 024.96802°. (b) Coral breccia in
front of the coastal sediment wedge interfingering with
offshore marl. Older breccia beds contain only Porites-
branches (not in the picture), younger beds includes ad-
ditionally massive corals. This reflects a transition from
siliciclastic evironment with Porites-thickets to a more
carbonate-dominated environment with higher diverse
coral constructions composed of predominantly mas-
sive growth forms. Apomarma area, early Tortonian.
The distance between locations of outcrops of figs. 2.4a
and 2.4b is 40 m. Hammer for scale.
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Fig. 2.5. Measured sections of biostromes in carbonate
facies. from the Apomarma area. (A) Proximal setting (N
35.12128°, E 024.96757°): The biostrome is situated on
a nearshore conglomerate. Drowning of the biostrom is
indicated by reef derived bioclastic detritus that covers
the corals and interfingers with offshore marl. Coral Site
1.1 of chapter 5 (B) Distal setting (SE Nivritos): A pro-
grading talus of reef rubble is colonized by deeper water
coral association, dominated by branching Porites in life
position. See fig. 2.9 for key of signatures.

2.2 Psalidha locality

Near Psalidha (Figs. 2.1, 2.6), corals form sheet-like bodies of metre thickness (bio-
stromes). Thicket-like biostromes, constructed by branching Porites with a muddy silicic-
lastic matrix (sandy marl or silt) alternate with biostromes composed of massive corals
(Porites, Tarbellastrea, minor Acanthastrea) and carbonate interstitial sediment (poorly
classified rudstone). The biostromes are stacked vertically, forming a carbonate buildup
with a layer-cake stratigraphy (Figs. 2.8a, 2.9). At the base (Fig. 2.8b) and at the top (Fig.
3.3a) of the buildup, biostromes with preserved framework exist (autobiostromes sensu
Kershaw, 1994). Otherwise, toppled and in situ corals coexist (Fig. 2.8c; parabiostromes
sensu Kershaw, 1994).

Offshore, in deeper water a talus with bioclastic debris (packstone and rudstone) is
attached at the bioherms (Fig. 2.9).

The buildup developed on a gentle inclined dip-slope ramp, that dips to NW and is bor-
dered by NE-SW trending normal faults that divided the buildup in 4 tectonic blocks (Fig.
2.6).

At the base of the structure, an erosional surface exists that documents emersion (Fig.
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Fig. 2.6. Detailed geological map of Psalidha coral buildup with locations of Coral Sites 1.3A & B of chapter 4, mea-
sured sections and course of the schematic transect in fig. 2.9.

2.9). It is cut in coastal sands that contain a coral community with predominantly platy
encrusting Porites (Fig. 2.8d) and subsidiary ramose branching Porites that are mostly
toppled and broken. This facies indicate a turbulent, very shallow environment by intense-
ly interlocking of corals with coarse coastal clastics (conglomerates and sandstones) and
the streamline shape of the dominant sheet-like encrusting growth form, resulting in a
high resistance against wave agitation.

Some channels that protuding from the erosional surface are populated by massive
Tarbellastrea and branching Porites in live position (Fig. 2.7). Others are completly filled
with coral rubble, sandstone and conglomerate. Mostly, corals populated only the chan-
nel margins. Here it is conspicious that massive and branching colonies show flattened
top sides at the time when they reach the upper edge of the channel. Instead, corals that
grew in deeper parts of the central channel have convex top sides (Fig. 2.7).

It is suggested, that in active channels coral growth did not take place or was restricted
to the channel margins and inactive channels were colonized by corals in total. This pat-
tern is well-known from other fossil (Santisteban & Tarberner 1988; Hayward 1982) and
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Fig. 2.7. Schematic line drawings showing zonation of coral morphologies in channels at the base of Psalidha buildup
(sections 1-3 are slightly tilted). (1-3) In deeper position of the channel center, higher convex colonies developed.
Vertical growth at the channel margins was limited by the sea level as indicated by planar top sides of corals. In the
shallowest areas between the channels, thin, platy colonies developed, which gave wave action little working surface.
The presence of corals at the channel margins as well as in the channel center shows, that no deposition took place
during coral growth. (3) A massive Tarbellastrea is encrusted by thin platy Porites colonies. In protected settings, e.g.
in lee of the large coral, the encrusting Porites produced fan-shaped outgrowths, which loomed in the open water. (4)
Branching Porites, situated at the channel margins and trapped coarse gravel that was transported in the middle of
the channel during growth. Because current velocity and abrasion was highest in the channel center, fragile branching
Porites favored higher areas at the channel margins that are less affected by transport processes, whereas platy en-
crusting Porites populated also the center of the channel. They build up massive coral heads, that consists of adnate
Porites-plates with ingrown pebbles. Finally, the channel were filled with sandy mudstone and covered with coral debris
that drowned the corals.

recent reefs (Perry 2003, Riegl 2001) and is interpreted as an adaption to avoid sedimen-
tation rates and abrasion that are highest in the center of the channels (Riegl 2001).
The shallowest areas between the channels were populated by platy encrusting Po-
rites only (Fig. 2.7/1). From the observation that higher colonies are restricted to depres-
sions while shoals are occupied by lower, platy corals that gave wave action little working
surface, it is inferred that the distribution of coral growth forms are related to water depth.
This is further indicated by planar coral surfaces from neighboured colonies (branching,
massive) that always correlate to a distinct level that is equivalent to the channel surface
and therefore must tag a former sea level pointing to a water depth shallower than 5 m.
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The backstepping geometries of the biostrome units above the erosional surface do-
cument a relative sea level rise and the layercake-like growth pattern of the biostrome
stack demonstrate, that coral growth was inline with newley created accomodation space
(Fig. 2.9). From the large size (1x1x2 m) and massive growth forms of Porites and Tar-
bellastrea, a maximum water-depth of 10 m is inferred for massive corals (Pomar et
al., 1996; Perrin et al., 1995). Analogue, this is also assumed for massive corals in the
Apomarma area. The development of a Porites-thicket directly on the erosional surface
(oldest biostrome unit) and the backstepping of the younger biostrome units implies that
such thickets established themselves in even shallower water. Generally, branching Po-
rites are thought to occur in deeper water than their massive counterparts, due to their
higher susceptibility against breakage in turbulent water. The apparently invers zonation
pattern that branching Porites occur in shallower water than the massive growing Po-
rites is also documented in many Late Miocene examples of the Mediterranean realm
(Spain, Almeria Province: Dabrio et al., 1981; Riding et al., 1991; Braga & Martin, 1996);
Spain, Fortuna Basin: Santisteban, 1981; Algeria: Saint Martin, 1990; Sicily and Pelagi-
an Islands: Grasso & Pedley, 1989; Pedley, 1996; Italy, Salento Peninsula: Bosselni et
al., 2002) and has been explained as a fast growth response to relatively rapid sea level
changes or to increasing cooler and high-nutrient level, or as a morphological adaption to
withstand high levels of fine-grained clastic sedimentation (Bosselini et al., 2002). The lat-
ter is suggested for the Apomarma area, where coral biostromes constructed by massive
and branching corals developed in the same setting, as shown in the geographically con-
gruent facies-belts (biostrome-facies, slope-facies, talus-facies) of biostromes with mud-
dy (branching corals) and carbonatic matrix (massive corals). Discrepancy between both
biostrome-types consists only in the predominantly coral growth form and the amount of
terrigeneous supply from the hinterland.

Synsedimentary block movement produced a backreef lagoon on the subsided block
south to Psalidha buildup (Fig. 2.9). It is filled with light grey marl that contains abundant
molluscs (burrowing bivalves, Pinna, Spondylus, Conus, Turritella, archaeogastropods),
rare isolated manatee bones and Siderastrea corals (nodules, < 10 cm). Other in situ
corals are oberserved only exceptionally and occur on secondary hardgrounds (e.g. a

Fig. 2.8. (next page) Field aspects of Psalidha locality, NW Messara Basin, Unit 1. (a) A layercake-like stack of hori-
zontally lying biostromes is continuous over hundreds of metres. The coral buildup is dissected by normal faults and
distributed over different tectonic blocks (see fig. 2.6). Double arrow marks position of measured section B. Boxes b,
c and d refer to locations of figs. 2.8b, c, d. Circles mark Coral Sites 1.3 A, B of chapter 4. (b) Biostrom with dense
thicket-like framework, constructed by ramose branching Porites in live position. Interstitial sediment is sandy muds-
tone. (c) Parabiostrome composed of massive corals (predominantly Porites and Tarbellastrea, minor Acanthastrea).
Growth-framework pores are filled with bioclastic rudstone. Coral Site 1.2 of chapter 4. (d) Sheet-like encrusting Porites
in coastal conglomerate. Earliest growth stage of Psalidha buildup (below the erosion surface). Hammer for scale (e)
Reef wall facies: branching Porites in live position. Hammer for scale.
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Fig. 2.8. Field aspects of Psalidha locality
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thin Tarbellastrea colony on a Spondylus shell). During the stage before the last bioherm
developed, synsedimentary faulting formed a steep escarpment slope at the northern
margin of the builup that was populated by a coral association of branching (dominant;
Porites) and massive (minor; Porites, Tarbellastrea, Acanthastrea) corals in situ (reef wall
facies; figs. 2.8e, 2.9). Coral fragments and intact toppled colonies deposited between
them. This facies is assigned to a deeper, more calm environment with import of coral
debris from the shallow zone (Pomar et al., 1996; Perrin et al., 1995). The high amount
of coral debris give evidence that the coral framework became periodically destroyed in
the shallow water. But the large size of some massive corals (in situ and toppled) points
to relative long time intervalls (some hundreds of years) with constructive coral growth
between the destruction phases. Before the last growth stage of the buildup, faulting stop-
ped, as indicated by the vast expansion of the youngerst biostrom (Fig. 2.9). Its fabric and
topography is well preserved by a drape of poorly classified sandstone and conglomerate
with a high amount of silt (Fig. 3.3a). The sandstone contains a bed with allocated and
often broken Crassostrea shells.

Whereas most of the corals have been transformed into calcite, some corals of the up-
permost biostrome, situated along the contact with the hangingwall sandstone/conglome-
rate, have fully retained their original aragonite mineralogy, microstructure and skeletal
porosity (see chapters 3-4). Here, a Sr-isotope age of 10 Ma has been assigned (Kroe-
ger, 2004). Contrary, in the interstitial bioclastic rudstone in carpets with predominantly
massive corals, aragonitic constituents are selective solved, so that the limestone has a
characteristic high moldic porosity.
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2.3 Influence of climate and synsedimentary block movement
on sediment entry and biostrome composition

The apperance of biostromes shows a strong dependence to the surrounding sediment
type. In a siliciclastic environment, coral buildups are composed of branching Porites,
while in a carbonatic environment massive Porites and Tarbellastrea prevailed. Potential
mechanisms that managed sediment supply are block uplift and precipitation rates.

Similar to in the western Irakleion Basin, coastal clasics border the margin of the Ida
Mountains, which corresponds to a Late Miocene central Cretan landmass (see chapter
1) that prevailed the siliciclastics. Uplift and subaerial exposure of an isolated distal fault
block north of Agia Deka providing siliciclastics is documented in its border by shallow
marine siliciclastics. The activity of NE-SW trending normal faults is linked to the block
uplift and displayed in the sedimentary development of Psalidha buildup. Both coastal
sedimentbodies are separated by an area with thick filling of offshore deposits. They in-
terfinger with the nearshore shallow water sediments and indicate continuous drawdown
by their enormous thickness and deep water facies.

At the Psalidha and Apomarma localities, the facies of all biostromes point to a persistent
shallow water depth below 10 m for the biostrome facies. Measured sections and map-
ping of coral facies show that facies-belts (talus-facies, slope-facies, biostrome-facies) of
biostromes build-up by massive and branching corals remained at geographically nearly
fixed positions over the time of coral growth in the nortwestern Messara Basin. Inde-
pendently from the predominantly growth form of corals, the biostromes at the bottom
(branching Porites, high amount of clastics) and at the top (massive corals, low amount of
clastics) of Psalidha buildup were not affectetd by synsedimentary block movements.

Consequently, quantitative changes in the siliciclastic fraction are neither a proximal-di-
stal effect nor triggered by synsedimentary tectonic that may have been isolated the more
calcareous biostromes from siliciclastic supply by uplift. Despite of regional differences
in sea-floor relief and uplift history (Apomarma: vast steep sided coastal platform; Psa-
lidha: gentle inclined ramp, stepped by synsedimentary tectonic) that had affected the
biostrome facies, both biostrome-types are recognized in the Apomarma and Psalidha
area. Therefore, a superior, probably climatic controlled mechanism must have been as-
signed responsible for quantitative transitions in terrigenous input and the two different
biostrome-types reflect changes in precipitation (Porites-thickets = wet; biostromes com-
posed of massive corals = dry).
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2.4 Conclusions of chapter 2

(1)  The distribution of coastal clastics with intercalated coral constructions reflects the
early Tortonian paleogeography in the northwestern Messara Basin. Shallow marine cla-
stics with intercalated coral buildups follow the coastline of the central Cretan landmass
(Apomarma locality) and a preliminary isolated fault-block (Psalidha locality).

(2) At both localities, two types of coral buildups developed:

(@) thicket-like Porites-biostromes dominated by branching corals in silicicla-
stic environment (Figs. 2.3, 2.8b, 3.3b)

(b)  sheet-like Porites-Tarbellastrea biostromes constructed by massive corals
in carbonatic environment (Figs. 2.8c, 3.3d)

Porites-thickets are interpreted to have been developed during wet stages with high terri-
genous input from the mainlands. In contrast, the more calcareous biostromes with pedo-
minantly massive growth forms are supposed to represent more dry episodes with clastic
sediment starvation of the basin.

(3) Differences in facies and composition of type (a) and (b) coral buildups from pro-
ximal (Apomarma locality) and distal (Psalidha locality) fault blocks are triggered by regi-
onal variations of the sea floor topography, created by synsedimentary block movement
due to north-south extension of the basin.
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3 Diagenesis of growth bands in fossil
scleractinian corals: identification and
modes of preservation

The massive skeletons of colonial corals represent high-resolution archives of past sea
surface temperatures, salinity and productivity (Grottoli, 2001). The coral record has the-
refore proven to be an important source of information for studying seasonality and cli-
matic oscillations on inter-annual to inter-decadal timescales in historic and prehistoric
time (Druffel, 1997). However, coral skeletons are susceptible to mineralogical and ge-
ochemical alteration, and corals older than Pleistocene are frequently recrystallized and
transformed from original aragonite into secondary calcite (Constantz, 1986; Dullo, 1986;
Dullo & Mehl, 1989; McGregor & Gagan, 2003). Nonetheless, conspicuous light-dark
banding couplets are commonly present in many Cenozoic and Mesozoic hermatypic co-
rals such as Porites and Thamnasteria, Isastrea, Fungiastrea or Microsolena. Although
fully recrystallized and cemented, general agreement exists that the banding visible in
these corals reflects annual growth cyclicity. These banding patterns have been in wide
use for estimates of carbonate production and reconstructions of climatic gradients du-
ring the Jurassic (Geister, 1989; Insalaco, 1996; Nose, 1999). The presence of growth
bands interpreted as annual density bands has been taken to suggest that the Triassic
constructional coral Ceriostella variabilis was already a photosymbiotic zooxanthellate
coral (Helmle & Stanley, 2003).

Paradoxically, couplets of light and dark bands interpreted to reflect annual growth incre-
ments are conspicuous in recrystallized skeletons, both visible on weathered surfaces
and polished slabs, whereas in fresh materials from modern reefs, the growth bands
remain mostly invisible and require radiographs for proper documentation. This circum-
stance raises the question of the origin and significance of the distinct bandings in fossil
corals. In this chapter, banding patterns in colonial Porites from the Late Miocene of the
island of Crete (eastern Mediterranean Sea) are described. Some of the skeletons have
fully retained their original aragonite mineralogy and microstructures, whereas others
are transformed into secondary calcite and are fully cemented. Documentation of transi-
tions from unchanged to altered Porites allows to identify annual growth bands and the
mechanism of how they have been produced in recrystallized skeletons. The style of
the banding, however, is not restricted to the poritid skeletal architecture (Miocene), and
exists also in microsolenid corals (Jurassic). Further, the pathway of diagenetic alteration
and two principal mechanisms of how growth bands get recorded in recrystallized skele-
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tons are demonstrated here. Preservation of annual growth bands strongly depends on
the preferential dissolution of the high-density band during freshwater or shallow burial
diagenesis. A second type of growth rhythm originates from concentrations of marine
micropelletoidal cements along tabulate dissepiments. The latter potentially formed on
a lunar basis, both in Cenozoic and Mesozoic hermatypic corals, and therefore gives an
example of the potential pitfalls when interpreting growth rates of corals for the purpose
of paleoclimatology and paleoecology.
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3.1 Material and Methods

Porites corals with massive and branching N
growth morphologies in different stages of
alteration were sampled from upper Mio-
cene sections in central Crete (Figs. 3.1,
) o ] [l o< Neogene basement
3.2). Corals with the original aragonite [ vedterancan sea
skeleton preserved derive from the top of
the Psalidha coral buildup (Ambelousos IDA MTS.
Formtion, northwestern Messara basin; fig.
3.2A; see chapter 2.2 for details of location),
whereas partially recrystallized massive
Porites skeletons (coral fragments) were
taken from a debris flow deposit (Varvara
Formation, western Irakleion Basin, Moni
Gorgolaini-North locality; fig. 3.2C; see
chapter 1.3.2 for details of locality), and Eir%'ts'w)-‘jf;;ir‘r’]’;r;;C(ﬁrz'sf;tggzﬁf‘séeg;'fg(sg‘gggf‘t{;‘;
totally recrystallized massive Porites colo- Psalidha (N 35.08424°, E 024.96094°), (3) Moni Gorgo-
nies were sampled from lower segments of ~ 'aini (N 35.20535°% E 024.98190%)
Psalidha buildup and patch reef localities
in the area of Kroussonas (Pirgos Member, Western Irakleion Basin; see chapter 5 for
details of locations). Recrystallized Porites-branches originate from a Porites-debris bi-
ostrome (Ambelousos Formation, northwestern Messara Basin, Apomarma locality; see
chapter 2.1 for details of location; fig. 3.2B).

Samples of microsolenid corals were taken from the Korallenoolith (Oxfordian, Hain-
holz-Member), NW-Germany (Hainholz quarry; see Reuter et al., 2001 and Helm et al.,
2003 for details of location).

Fragile aragonite coral skeletons were embedded in polyurethane foam in the field to
prevent disintegration during transport. Slabs and thin-sections were stained with Feigl’s
solution to reveal the distribution of aragonite and calcite. Radiographs from selected
coral slabs (thickness 6 mm) were prepared at the Research Center for Ocean Margins,
University of Bremen (T. Felis). Growth increments were measured parallel to the axis of
maximum growth. In SEM view, broken and polished surfaces of the corals were analy-
sed for ultrastructures. X-ray diffraction for the determination of aragonite and calcite was
carried out at the Institut fir Geowissenschaften, Mainz (H.-D. Werner) using a Seifert
XRD 3000 diffractometer. Samples were scanned from 2® of 20° to 60°. In all samples
from aragonite corals, calcite concentrations remained below the detection limits of the
method (1-2%).

One aragonite coral specimen was selected according to visibility and thickness of the
growth bands for stable isotope analysis (sample P1). Sampling was performed along a
continuous transect following the growth axes of the colony. Stable isotope analysis was
performed by M.M. Joachimski (Erlangen University, Germany). Carbonate powders were
reacted with 100% phosphoric acid at 75°C using a Kiel Ill online carbonate preparation
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line connected to a ThermoFinnigan 252 mass spectrometer. All values are reported in
per mil relative to V-PDB by assigning a 8*C value of +1.95%0 and a 680 value of -2.20%o
to NBS19. Reproducibility was checked by replicate analysis of laboratory standards and
is better than £0.03%. (10). Determined isotope values are documented in A1.
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Fig. 3.2. Geological sections of (A) Psalidha, (B) Apomarma and (C) Moni Gorgolaini, Central Crete. (A-B) Early
Tortonian, (C) Early Messinian.
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3.2 Paleogeographical setting of the island of Crete

The Late Miocene paleogeography of the Mediterranean Sea was similar to the present
situation: it formed a marginal sea of the Atlantic ocean, not connected with the Indopa-
cific. A sea strait temporally linked the eastern Mediterranean via the Aegean with the
Paratethys epicontinental sea to the north of the alpine orogen system (Rdgl & Steininger,
1984). In contrast to the present situation, extensive coral reef growth occurred almost
everywhere in the Mediterranean area. This biogeographic pattern and the remarkably
low diversity of reef corals is generally believed to reflect a warmer-than-present climate
and a position of the Mediterranean area at the northern margin of the global coral reef
belt (Brachert et al., 1996; Esteban, 1996).

3.3 The Late Miocene section of central Crete: distribution and
preservation of corals

The Late Miocene section of central Crete starts with clastics of the Ambelousos Fm. of
Tortonian age (Meulenkamp et al., 1979). Depositional environments range from brackish
lagoons to marginal marine environments. Coarse clastics formed along the coastline
and were intermittently colonized by laterally extensive coral biostromes and patch reefs.
Coral biostromes composed of large massive colonies of Porites and Tarbellastrea with
minor contributions of Acanthastrea (Figs. 3.3a, d) developed during episodes of low ter-
rigenous input, whereas thicket-like coral biostromes constructed by ramose branching
Porites formed during episodes of high siliciclastic influx (Fig. 3.3b). At a single locality in
northwestern Messara Basin, a stack of biostroms (autobiostromes and parabiostromes,
sensu Kershaw, 1994), constructed either by massive or by ramose branching corals
form a coral buildup of 15 m thickness (Psalidha locality; see chapter 2.2 for detailed
information).

The sediments of the Ambelousos Formation are covered by marl and finely bedded
calcareous mudstone of the Varvara Formation of late Tortonian - early Messinian age
(Fig. 1.9d; Meulenkamp et al., 1979; Moisette et al., 1993). At the basin margin and on
uplifted fault blocks, the Varvara Formation sediments grade into coralline algal-bryozoan
skeletal limestone of the Pirgos Member (Figs. 1.9a, c). Locally, the Pirgos Member is
formed by small patch reefs build up by massive corals (Porites, Tarbellastrea) with mi-
nor contributions of branching Porites (Fig. 5.6a-c). In more distal settings, the reefs are
replaced by non-framework coral communities formed by large (>1 m), massive Porites
and Tarbellastrea colonies that are often preserved as empty molds (Fig. 3.3e; see chap-
ter 1.4 and 4.4 for detailed information). The Pirgos Member is compositionally identical
with calciturbidites and debrites with coral blocks intercalated with the laminated marl of
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the lower Varvara Formation (Fig. 3.3c). Some down-slope carbonate buildups exist in
the Varvara Formation, formed by the green alga Halimeda (Fig. 1.6b) and bryozoans.
The Late Miocene sequence terminates with laminated gypsum that interfingers with the
Varvara Formation mudstone and was deposited in distal parts of the basin.

Fig. 3.3. Weathering aspects of massive and branching Porites, Late Miocene, central Crete. (a) The growth topography
of the buildup is very well preserved by a drape of poorly classified sandstone and conglomerates. Psalidha, early
Tortonian, Unit 1, Coral Site 1.3B of chapter 4. (b) Weathering aspect of a coral biostrome formed by interlocking
branches of Porites. Psalidha, early Tortonian. Unit 1. (¢) Mud supported breccia (debrite flow deposit) with angular coral
fragments (Porites) and fine grained bioclastic debris. The base is erosional with protuding particles. Moni Gorgolaini,
early Messinian. Unit 7. Coral Site 7.2 of chapter 5. (d) Coral biostrome composed of massive colonies (highlited by
white lines) of Porites and Tarbellastrea with minor contribution of Acanthastrea; all fully recrystallized. Unit 1. Coral
Site 1.1 of chapter 5. Apomarma, Tortonian. Unit 1. (e) Mold formed after massive Porites colony in skeletal limestone,
Agios Thomas,late Tortonian. Unit 5.
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3.4 Rhythmic banding in Late Miocene Porites corals

Although preserved at various stages of transformation from aragonite into calcite, ce-
mentation and recrystallization, all corals analysed show a rhythmic banding. In massive
“aragonite corals” this banding is a representation of the annual growth bands, whereas
in recrystallized corals the banding is either due to preferential dissolution of the high
density band (annual rhythmicity) or is an effect of micropelletoidal marine carbonate
cement concentrated along tabulate dissepiments (monthly rhythmicity).

3.4.1 Banding in “aragonite corals”
The aragonitic coral skeletons were easily identified in the field by their conspicuous white
colour and very low weight due to retention of the original porosity. Slabs of the massive
aragonite Porites exhibit a faint banding on a millimetre scale (~4.0 mm). It is formed
by alternating “light” (1-2 mm thickness), and thick “dark” laminas (2-5 mm thickness)
(Figs. 3.4a, d). The laminations reflect growth of the colony formed by laterally linked
convex upward laminations. X-ray radiographs from coral slabs show a very prominent
wavy banding, that is fully equivalent with density bands described from modern Porites
(Knutson et al., 1972; figs. 3.4b-c). Between individual areas of convex upward growth of
the colony, a narrow zone of low X-ray density exists (Figs. 3.4b-c). Such a zone of low
skeletonization also is present in modern corals (Grigg, 1982; Felis et al., 2004), which
can be taken as an indication of the pristine state of preservation of the skeleton, because
no later dissolution has occurred. The zone of low density is where most late fractures
have formed. Some of the fractures have been filled with cryptocrystalline carbonate,
whereas a second generation has remained open (Fig. 3.4b). However, the X-ray radi-
ographs show, that carbonate infills of fractures or weathering crusts do not extend into
the skeleton.

In thin-section, the banding is hardly visible. However, as shown by Patzold (1984), the
coral skeleton of the coenosteum and calyces is more massive in the high density bands

Descriptive Aspect in Aspect in Aspect on Stable iso-
. : transmitted X-ray radio- tope Interpretation
terminology reflected light . o o
light graphs (positive) | composition
Llight band* high reflection | dark dark positive 5'®0 | ,high density
(light) negative 5'°C | band”
cool and/or dry
season
,<dark band* low reflection light light (X-ray trans- | negative »low density band*
(dark) parent) 6"®0 warm and/or wet
positive 8'°C | season

Tab. 3.1. Terminology used in this study for growth bands in “aragonite corals”
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Fig. 3.4. Polished surfaces and X-ray radiographs from “aragonite Porites”. Psalidha, early Tortonian. (a) Large frag-
ment of a massive Porites showing couplets of “light” and “dark” bands. (b) X-ray radiograph (positive print) showing
density bands and abundant fractures. Microcrystalline calcite in fractures appears dark in the radiograph. The skele-
ton immediately adjacent to the calcite veins remains unchanged. A second system of fractures is still open and unfilled
(white). (c) Close-up from fig. 3.4b showing density banding. Contact zone of individual convex upward growth zones
is X-ray transparent, which reflects reduced skeletonization. Positive print. (d) Detailed view of coral slab showing
couplets of “light” and “dark” bands.
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as compared to the low-density bands. In addition, the trabecular fans appear darker
(i.e. more fine) in the “light” bands (“light” in reflected light) tend to have central micritic li-
nings and clots composed of smaller crystallites than within the “dark” bands (in reflected
light) (Figs. 3.5a-b). For the purpose of consistency, the terms “light” and “dark” bands
always refers to the aspect of the corals in reflected light, although in thin-section the
“light bands” appear dark, the “dark” bands light (Tab. 3.1). The micritic lining and clots
represent the centres of calcification. However, according to their unusual large size in
some bands, they must have been affected by recrystallization or dissolution (Figs. 3.5d,
4.4c; McGregor & Gagan, 2003). Thus, the conspicuous banding visible in slabs and
some thin-sections reflects incipient diagenetic alteration, which preferentially affected
the bands appearing “light” in reflected light.

In SEM view, the radial trabecular fibres do neither show significant signs of dissolution
nor recrystallization (Figs. 3.5c-f). The surface of the skeleton is either smooth and for-
med by crystal aggregates with blunt crystal terminations (Figs. 3.5e, 4.4e), or ragged
due to acute tips of trabecular fans and crystal aggregates (Fig. 3.5f). Both surface types
have been found in a close spatial relationship and are normally separated by thin menis-
cate bridges within the skeleton (Figs. 3.5d, f). In growth direction, the meniscate bridges
exhibit a smooth upper and ragged lower surface due to tiny crystals (Fig. 3.5f). In direct
contact with the coenosteum and calyces, the crystals of the meniscate bridges are in a
clear structural continuity with trabecular fans (Fig. 3.5d). The microstructure of the me-
niscate bridges therefore reflects an original growth fabric (the dissepiment) and is not a
secondary cement. In living corals, the dissepiments form along the lower surface of the
calcioblastic tissue. It is concluded that smooth surfaces of the skeleton formed in contact
with the calcioblastic tissue of the coral, and were not overgrown later by cement (Figs.
3.5e-f, 4.4e). However, syntaxial early marine cement overgrowths formed deeper in the
coral, after withdrawal of the calcioblastic tissue from the skeleton during growth, forming
the ragged undersides of the dissepiments and syntaxial cements of the deeper skeleton
(Fig. 3.5f). All in all, these observations rule out the possibility of significant structural mo-
difications of these skeletons during diagenesis.

Stable isotopes of oxygen (880 V-PDB) and carbon (5'*C V-PDB) exhibit a mean com-
position of -2.76%0 and -1.54%. respectively. Both isotope systems show a cyclic signal,
which systematically reflects the growth bands. In 880, the high density bands are more
positive, at -2.0 to -2.5%., whereas the low density bands are at -3%o.. The cyclic carbon
isotope signatures (8'*C) are phase-shifted relative to §'®0O: minima in (-2.0%0) coincide
with the high-density bands, whereas the maxima (0 to -1.0%o) coincide with the low-den-
sity bands of the couplets. A sharp decrease in 8"*C occurs at ~13 years and synchro-
nous with a distinct plateau in 880 (Fig. 3.6). From a compatible rhythmic 'O pattern in
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Fig. 3.5. Microscopic aspects of “aragonite corals”. Psalidha, early Tortonian. (a) Thin-section view of the coral ske-
leton. Dissepiments (DI) forming meniscate bridges and the centres of calcification (CC) are clearly visible. Micrite
envelopes cover most of the skeleton, but diagenetic overgrowths are volumetrically not significant. Bright circles re-
present air bubbles within epoxy resin. Plane light. (b) Same picture as in fig. 3.5a, crossed nicols. (c) Overview of the
pristine aragonite texture with well preserved dissepiments (DI), SEM micrograph from fresh fracture. (d) The skeleton
formed of trabecular fans is well preserved; the centres of calcification (CC) are affected by some dissolution. The
dissepiments (DI) form diaphragms in continuity with trabecular fans (circle). SEM micrograph. (e) Smooth surface of
the skeleton formed by blunt crystal terminations. (f) Dissepiments (DI) mark the boundary of smooth skeletal surfaces
and surfaces covered by early marine cement (MC).
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modern corals it is inferred that the thin high-density bands formed during the suboptimal
season (winter), whereas the thick high density bands during the optimal season (sum-
mer). Rosenfeld et al. (2003) also found that the phase-shift of the carbon and oxygen
isotope cycles common in many modern corals can be referred to seasonal changes in
photosynthesis, i.e. less photosynthesis in winter. The highly consistent relationship of
growth banding and isotope variations documents seasonal growth and is evidence of a
pristine state of preservation, because diagenesis tends to homogenize isotopic compo-
sitions (McGregor & Gagan, 2003). Consequently, the marked decrease in 6'°C at ~13
years (internal chronology) and the rather negative plateau in '®0 can be considered the
expression of diagenetic alteration of the skeleton related to a small fracture.
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Fig. 3.6. Stable isotope record (5'®0 and 5'*C, V-PDB) resolved for the density bands of a massive Porites. The oxygen
isotope signal shows a pronounced plateau at 13-15 years related to diagenetic alteration of the skeleton extending
from a small fracture. Gray bars mark the “dark” bands (= summer) of the annual couplets. Sample P1, Psalidha loca-
lity, early Tortonian.
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3.4.2 Banding in recrystallized corals
The vast majority of corals from the Am- |

belousos and Varvara Formations are lea-
ched (Fig. 3.3e) or transformed into coarse
blocky calcite (Figs. 3.3b, d). This is the
typical state of preservation of zooxan-
thellate corals from Neogene sediments
(Martin et al., 1989; Brachert et al., 2001).
In the aragonite corals from Psalidha out-
crop, skeletons with a perfectly preserved
outer zone (50-100 cm) may coexist with a
fully recrystallized nucleus along a narrow
chalky zone (10 mm). Beyond this zone,
the original aragonite textures of the coral
skeleton have been entirely transformed
into calcite spar and/or empty voids. Adja-
cent to the chalky zone, original intraskele-
tal void space of the coral skeleton is filled
with coarse blocky calcite spar (size 100-
150 um). Thin-sections stained with Feigl’s
solution reveal that fibre-shaped aragonite
relicts of the skeleton (trabecular fibres)
may be present preferentially along the pe-
riphery of the skeletal elements, whereas
centres represent open voids formed by
dissolution (Fig. 3.7a). Leaching, therefore,
started along the centres of calcification and
continued to form a hollow canal system
within the skeleton (Figs. 3.7b-c). However,
in a sub-millimetric spatial relationship, no

Fig. 3.7. Microscopic aspects of recrystallized massive Porites. Psalidha, early Tortonian. (a) Thin-section micrograph.
To the left of a veinlet, the skeleton is fully transformed into blocky calcite spar. Intraskeletal porosity is sealed by blo-
cky calcite cement, leaving ghost structures of the original skeleton. To the right of the veinlet, the skeleton shows the
same type of preservation. However, relicts of the original aragonite exist at the periphery of the skeleton as visible by
the black stain of Feigl’s solution. Crossed nicols. (b-c) SEM micrograph of recrystallized skeleton impregnated with
epoxy resin (polished surface etched with dilute HCI). Blocky calcite spar seals skeletal porosity (SP) and molds (MP)
formed by solution enlargement of the centres of calcification. Light grey fibrous elements tracing relicts of the skeleton
and dissepiments (DI) represent moulds filled by epoxy resin. Mechanical compaction of the skeleton took place prior
to cementation by calcite cement (white circles).
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aragonite is present due to dissolution, lea- @ j LR b Y
ving irregular empty skeletal molds with no \
documentation of the skeleton. Such voids I s 3 N ’

are elongate bands (1-2 mm thickness), |.
being a perfect reflection of the growth fa-
brics, where the skeleton have been prefe-
rentially destroyed by dissolution (Fig. 3.8).
The pattern of centrifugal dissolution ob-
served in thin-section is confirmed by SEM
observation. In specimens impregnated
with epoxy resin, some skeletal void space
has been cemented by sparry calcite spar
prior to final dissolution of the last arago-
nite relicts (Figs. 3.7b-c). Here, collapse of
the skeleton weakened by dissolution (Fig.
3.7b) implies that both, skeletal molds and
intraskeletal porosity remained unfilled pri-
or to cementation by blocky spar. In a last
stage after cementation, residual aragonite
fibres were dissolved (Figs. 3.7b-c). Howe-

ver, the skeleton is not uniformly preserved

or documented as ghost in calcite spar.
Fig. 3.8. Polished slabs of massive Porites. (a) Narrow,

Ramose corals show additional, altena-
tive growth rhythms. Polished slabs exhi-
bit stacks of convex upward light and dark
bands formed of micrite and sparry calcite,
or crescent-shaped empty voids (Fig. 3.8b).

sheet-like empty voids (HD) resulting from preferential
dissolution of the “light” bands. Moni Gorgolaini area, ear-
ly Messinian. Unit 7. (b) Ghost structures of growth bands
in a fully recrystallized Porites result from preferential dis-
solution and cementation of elongate void spaces inter-
preted to represent the original high density bands. Agios
Antonios reef, Kroussonas area, Tortonian. Unit 5.

The micritic bands peripherally merge with

an outer micritic envelope (few millimetres

wide) which reflects the general growth form of the colonies. The convex micritic bands
are laterally discontinuous and tend to become progressively thinner towards the centre
of the colonies, which may be formed entirely of sparry calcite, or may even exhibit an
open void lined by blocky calcite cement (Figs. 3.8b, 3.9a, d). Although, according to
staining experiments of thin-sections with Feigl’s solution, no original aragonite is left,
the architecture of the skeleton is clearly visible in the outer zones, because it is fully
encased in micrite (Figs. 3.9c-e). The clear banding results from intercalations of micrite
and micro-pelletoidal carbonate, which show a clear cut base and an irregular top (Figs.
3.9a-b). The pelletoidal layers tend to become thinner inward (Figs. 3.9a, c), because
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the fine-grained carbonate may have filtered into the skeleton as a sediment (Fig. 3.9¢e)
or may have formed as a micropelletoidal cement (Fig. 3.9b; cf. Macintyre, 1977, 1985;
Lighty, 1985). The structure of the skeleton may be enhanced by thin micrite envelopes
separating drusy granular spar formed within intraskeletal pore space and skeletal molds
(Fig. 3.9b).

Fig. 3.9. Growth banding in recrystallized branching Porites. Apomarma outcrop, Tortonian. (a) Thin-section micro-
graph showing growth banding produced by alternating micropelletoidal micrite and sparry calcite cement. Intraske-
letal void space at the periphery of the branch is filled with micrite (upper margin of photograph). The center of the
branch is formed by open void space (lower margin of micrograph). Plane light. (b) Close-up from fig. 3.9a showing
concentrations of micropelletoidal carbonate along tabulate dissepiments (DI). Thin section micrograph, plane light.
(c) Longitudinal section of a branching Porites colony. Conspicuous ghost structures of growth banding are present
within the center of a branch. The growth bands merge at the periphery of the branch to form a homogeneous layer.
Thin-section micrograph, plane light. (d) Detail from peripheral zone of a Porites branch. Micrite occurs within the
marginal intraskeletal void spaces only. Some segments of the skeleton are open void space (moldic porosity), prefe-
rentially along the outer surface of the colony (upper margin of picture). The center of the branch (lower half of picture)
is formed by a mosaic of anhedral calcite cement increasing in size towards the center of the stick (drusy cement).
Thin section micrograph, crossed nicols. (e) Thin section micrograph from peripheral zone of Porites branch. Skeleton
replaced by drusy calcite spar. Plane light.
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3.5 Retention of the original aragonite

The “aragonite corals” show some conspicuous banding, which is also visible on radi-
ographs from coral slabs (Figs. 3.4b-c), and coincides with stable isotope signatures
(Fig. 3.6). It resembles to annual density bands known from modern Porites (Knutson et
al., 1972). According to the isotopic composition of unaltered specimens (Fig. 3.6), the-
se bands represent the high density bands (Rosenfeld et al., 2003). “Aragonite Porites”
were found in two specific geological settings: (1) blocks in debris flow deposits embed-
ded in marl (Moni Gorgolaini), or (2) along the top surface of Psalidha builddup. In the lat-
ter, corals protruding into poorly classified sandstone have retained the original aragonite
mineralogy, whereas all aragonite fauna has been dissolved and recrystallized in the well
drained carbonate mass below. From these observations an inactive “stagnant” meteo-
ric to shallow burial diagenetic environment with little/no pore water movement (sensu
Longman, 1980) is inferred for the zone of aragonite preservation (no dissolution and
cementation). Isolated fragments of aragonite corals encased in gypsum have been de-
scribed from the Fortuna Basin (SE-Spain). Here, preservation of the original aragonite
skeleton was suggested to result from its inclusion in evaporite minerals (Santisteban &
Taberner, 1983).
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3.6 Origin of the banding in recrystallized Porites

Relicts of the original aragonite skeleton encased in calcite cement at various stages
of destruction by dissolution imply that preservation of the skeleton must have been a
function of a high rate of cementation versus a lower rate of dissolution of the original
skeleton, and that dissolution and cementation took place largely at the same time. It
will be demonstrated, that retention of growth bands in the overall recrystallized skeleton
is controlled by two independent processes: (1) dissolution processes dominating over
cementation in the freshwater phreatic diagenetic/shallow burial environment (Fig. 3.10)
and/or (2) growth rhythms expressed by tabulate dissepiments and cryptocrystalline ma-
rine cements.

3.6.1 Growth banding in massive Porites related to dissolution
processes

The skeleton of massive and branching Porites from coral buildups in central Crete are
generally recrystallized and transformed into calcite. Preservation of the growth banding
in these corals appears to follow a basic scheme related to dissolution. Dissolution star-
ted at centers of calcification within the trabecular network. Corals that are only mode-
rately affected by diagenesis document a preferential dissolution of the light band, i.e.
the high density band (Fig. 3.8a). Increased dissolution rates in the high density bands
as compared to the low density bands is interpreted to be a consequence of the smaller
crystal forming the “light” high density band. With ongoing dissolution, many of the corals,
therefore, display open, elongate voids (left over from dissolution), which are parallel to
the growth bands and more or less filled with calcite cement (Fig. 3.8b). The presence
of a banding formed by dissolution loss of the high density bands implies, that the first
generation of micrite rims/micropelletoidal carbonate was not pervasive over the whole
skeleton, and preservation of skeletal moulds is a function of relative dissolution rates
vs. relative cementation rates in the marine and freshwater diagenetic environment (Fig.
3.10). Depending on the relative rate of cementation, the skeleton may be encased as
a whole in a mosaic of sparry calcite (high relative cementation rate) or may be docu-
mented by stack of alternating couplets of voids skeletal layers filled by sparry calcite
(Fig. 3.8b). The recrystallized corals exhibit ghost structures of the original skeleton (low
relative rate of precipitation of calcite) formed by drusy calcite cement crystallized within
molds of the original skeleton. Dissolution occurred through enlargement of the centers
of calcification as evident from various stages of dissolution of aragonite and subsequent
precipitation of blocky calcite. Prior to dissolution, the skeleton was encased in micrite
envelopes or drusy calcite cement or a mixture of both. In this scenario, the bands with
ghosts represent the high density bands. According to the type of cement formed (equant
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blocky spar), cementation took place in a freshwater phreatic/shallow burial environment
(cf. Folk, 1974; Longman, 1980).

Central parts of coral colonies tend to be empty voids, because no fine-grained car-
bonate reached/crytallized in the central segments of the colonies nor did any fibrous or
blocky cements form within this zone before dissolution. Some segments of the moldic
porosities were subsequently filled by blocky cement (Figs. 3.9a, d, 3.10).
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Fig. 3.10. Schematic representation of diagenetic pathways in Porites skeletons controlled by relative rates of dis-
solution and cementation in a freshwater/shallow burial environment. Marine sediment and micropelletoidal cements
preferentially occur at the margins of the colonies.
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3.6.2 Growth banding in ramose Porites controlled by dissepiments

In the more marginal zones of the colonies, infiltration of fine-grained sediment into the
skeleton, or precipitation of pelletoidal cement was controlled and dammed by the pre-
sence of laterally continuous dissepiments (Figs. 3.9a-b). Marine microcrystalline car-
bonate occurs preferentially along the outer rims of the corals (Fig. 3.9¢) or peripheral
to borings and within discrete levels because connectivity of the intraskeletal porosity
is partitioned by laterally continuous dissepiments (basal plates). Rhythmic changes of
micropelletoidal carbonate and sparry calcite controlled by the presence of dissepiments
must therefore mimic original growth increments. In modern Porites, dissepiments form
according to lunar cycles (Barnes & Lough, 1993; Cohen & Sohn, 2004), which helps to
explain the narrow spacings at ~1.8 mm. Nonetheless, the annual growth rates in ramose
Porites remain difficult to reconstruct, because coral growth may have been strongly sea-
sonal and, therefore, subannual, lunar cycles may have an incomplete record.
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3.7 Banding in microsolenid corals (Late Jurassic)

Couplets of light and dark bands in mesozoic corals interpreted to represent annual grow-
th bands, have been described from various taxa, including the Triassic Ceriostella and
the Jurassic genera Microsolena, Isastrea and Thamnasteria (Ali, 1984; Geister, 1989;
Insalaco, 1996; Nose, 1999). Microsolenid corals were chosen for comparison with Po-
rites, because the complex 3D skeletal network of the microsolenids formed by confluent
and porous septa, synapticulothecate corallites, and tabulate dissepiments has some
general similarity with the poritid skeleton (Figs. 3.11b-c).

The corals investigated form massive, head-like colonies. Polished slabs show conspi-
cuous black, grey and light grey patches and bands, which represent an almost perfect,
but smaller, representation of the outer surface of the colonies (Fig. 3.11a). The cons-
picuous banding visible in polished slabs results from losses of skeletal documentation
(black bands formed by mosaics of coarse calcite spar, no micrite linings present), from
ghosts of the skeleton encased in fine drusy calcite spar (grey bands), and from elongate
patches or bands made of micropelletoidal carbonate caught in the intraskeletal network
along tabulate dissepiments (light grey bands; fig. 3.11a). The thickness of individual
light/dark couplets (<5 mm) and their lateral continuity, however, is highly variable, and
tends to decrease outward. In thin-section (Figs. 3.11b-c), the coral skeleton turns out
to be fully transformed into calcite and no original aragonite is left. Thin micritic envelo-
pes almost entirely cover the former skeleton, giving a perfect representation of skeletal
architecture, including septa, synapticles and dissepiments, whereas the skeleton itself
is replaced by drusy equant spar. This calcite cement nucleated along both sides of the
micrite envelope as a cement, on the outer surfaces and in voids left from dissolution of
the entire skeleton. Wherever the linings are not present, no trace of the original skeleton
is left in an overall mosaic of coarse blocky calcite, which appears black in polished slabs
(Fig. 3.11a). Patches of cryptocrystalline carbonate preferentially occur along the outer
margin of the colony and along borings or other discontinuities. They may fuse laterally to
form bands parallel to the growth fabrics of the skeleton, which show a distinct cut base
and an irregular top, because the micropelletoidal carbonate accumulated along tabulate
dissepiments (Figs. 3.11b-c). The cryptocrystalline carbonate accumulations represent
early diagenetic precipitates of peloidal Mg-calcite (marine), because they do not contain
any bioclasts and are fully equivalent with those described from modern scleractinian co-
rals in terms of fabric and dimension (Lighty, 1985; Macintyre, 1985). In the microsolenid
skeleton the most continuous accumulations of pelletoidal carbonate occur immediately
above bands formed of coarse blocky spar without traces of the skeleton (interpreted to
represent the high density band removed by dissolution) which further enhances the pro-
minence of the banding. The reason for this rhythmic precipitation of marine cement re-
mains obscure. However, it is tentatively suggested that it may correspond with a warmer
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water temperature during summer. In analogy to the diagenetic scenario developed for
Miocene Porites, the dark bands (reflected light) formed through preferential dissolution
along discrete layers and subsequent cementation by coarse sparry calcite (no ghost

structures preserved) represent the high
density band.

In other Jurassic corals (Thamnasteria con-
cinna, Fungiastrea arachnoides, |sastrea
explanata) Ali (1984) found that the ban-
ding results from alternating regions with
thicker and more numerous skeletal ele-
ments (septa, dissepiments = high density
band), and regions of a thinner and less well
developed skeleton (septa, dissepiments =
low density band). This vertical variation
in skeletonization was suggested to have
been enhanced by differential diagenesis,
leading to more intense recrystallization in
high density bands and less recrystalliza-
tion in low density bands, where relicts of
the original skeleton are preferentially pre-
served in cryptocrystalline carbonate in-
filling intraskeletal void spaces (Ali, 1984;
Insalaco, 1996). Although this study sup-
ports earlier identifications of high and low
density bands, the observations obtained
from various stages of diagenetic alterati-
on in Porites show, that the banding is not
an effect of more intense recrystallization
of the high density bands. It is suggested,
that the high density bands have little pre-
servational potential, because dissoluti-
on rate of the skeleton is enhanced when
compared to the low density band. During
subsequent cementation, the skeleton may
image stacks of elongate dissolution voids
(representing the high density bands) filled
by coarse blocky spar and bands formed
by relicts of the skeleton encased in calcite
spar (representing the low density band)
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Fig. 3.11. Banding in a Late Jurassic microsolenid coral.
Oxfordian, Hainholz Quarry, NW-Germany (see Helm et
al., 2003 for location). (a) Polished slab. Dark bands with
white spots are coarse blocky calcite. Ghost structures of
the skeleton exist in the medium grey bands (fine blocky
spar) and light grey bands (micropelletoidal carbonate).
(b) Thin-section view (plane light) of a microsolenid co-
ral. Subsequent to the formation of a micrite envelope,
the original skeleton has been leached and replaced by
equant spar. Micropelletoidal carbonate settled or for-
med within skeletal cavities; it preferentially accumulated
along tabulate dissepiments. Thin section micrograph,
plane light. (c) Detail of fig. 3.11b. Thin-section micro-
graph, plane light.
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3.8 Conclusions of chapter 3

(1)  Coral limestone of Late Miocene age from the island of Crete (Greece) exhibits the
typical pattern of preservation of the hermatypic coral skeleton: moldic porosity related to
leaching of the original aragonite skeleton and partial or full replacement by sparry calcite
cement. In some marl deposits and poorly classified sandstone/conglomerate, however,
coral skeletons underwent no significant non-marine diagenesis and, correspondingly,
have fully retained their original mineralogy, microstructures and porosity (stagnant di-
agenetic environment). Conspicuous couplets of “light” and “dark” bands in coral slabs
represent annual growth increments because they are fully compatible with prominent
density bands detected in X-ray radioographs and stable isotope variations (580, 8'3C).

(2)  The conspicuous “light” and “dark” annual bands in corals result from slight varia-
tions in skeletonization and crystal size of the skeleton. In the active diagenetic environ-
ment, alteration and dissolution of the skeletons is induced at the centers of calcification,
however, at higher rates in the “light” bands (the high density bands) because of the re-
duced crystal size. This process favours the formation of sheet-like voids, that reflect the
growth bands. Were dissolution rates do not fully exceed cementation rates, leading to
formation of a large mold, annual banding in massive, recrystallized Porites may be pre-
served in the freshwater/shallow burial diagenetic environment. Thickness of the banding
is equivalent to the “aragonite Porites” (~4 mm), which demonstrates the potential use
of growth bands in paleoclimatology and paleoecology. For instance, vertical extension
rates of few millimetres per year in massive Porites are known from high latitude reefs
in modern oceans only, and appear to be typical for the periphery of the present global
tropical reef belt (Grigg, 1982; Lough & Barnes, 2000). In terms of the Late Miocene pale-
ogeography, the Mediterranean area can be considered the ,outpost® of the global coral
reef belt in the northern hemisphere (Esteban, 1996).

(3) Branching Porites exhibit growth banding formed by concentrations of pelletoidal
micrite along tabulate dissepiments. The narrow spacing of this type of banding (~1.8
mm) and its association with dissepiments implies the possibility of reflecting a subannu-
al, lunar rhythmicity (Lough & Barnes, 2000; Cohen & Sohn, 2004). Estimates of vertical
extension rates in fossil corals, therefore, require proper documentation of the high and
low density bands, whereas the existence of rhythmic growth bands alone is insufficient
to detect annual growth and a possible photosymbiotic lifestyle.

(4)  Conspicuous, millimetric couplets of light and dark bands are also present in

Mesozoic corals. In the microsolenid skeleton continuous accumulations of pelletoidal
carbonate along dissepiments immediately above bands formed of coarse blocky spar
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(interpreted to represent the high density band removed by dissolution). The prominent
banding present in these massive corals, therefore, results from the superposition of
monthly and annual growth rhythms. This interpretation agrees with the reconstructed
high latitude position for the sampled Late Jurassic (Oxfordian) coral reef from NW-Ger-
many (Lower Saxony Basin), located at a transitional position between the warm Tethys
and the temperate boreal faunal provinces during the Oxfordian (Helm et al., 2001).
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4 Late Miocene corals (10 Ma) from
Crete (Greece) document interannual
climate variability controlled by the
Icelandic Low

The present knowledge of the global climate evolution during the Cenozoic era was un-
locked principally from deep sea sedimentary archives using environmental proxy data
reflecting global ice build-up (Miller et al., 1991, Zachos et al., 2002), water temperature
(Billups et al., 2002), weathering history (Raymo et al., 1992), and carbonate patterns
(Lear et al., 2003a). For the Neogene period, this record allows to identify insolation
changes as pacemakers of paleoenvironmental changes (Sierro et al., 2003) and to es-
tablish a quantitative chronostratigraphic framework on orbital time scales (Hilgen et al.,
1995). In shallow water environments, carbonate secreting biota are highly sensible to
sea surface temperature (SST), salinity and nutrient concentrations (Lees & Buller, 1972)
and, therefore, have potential to document climate changes in the geological record (Betz-
ler et al., 1997b; James, 1997). However, systematic application of the method in palae-
climatology is limited, because upon crossing certain critical environmental thresholds,
the shallow water systems tend to switch from one stable condition into an other, and the
paleoclimatic record of shallow water carbonates remains largely qualitative (Brachert et
al., 1996, 2001). In addition, Cenozoic carbonate platform data suffers from a disconti-
nuous sedimentary record and limited precision in age models (Schlager, 1992, 1999).
Notwithstanding these limitations, the environmental information stored in the skeleton of
large scleractinian corals may add a new dimension to the understanding of the Cenozoic
climate system, because the massive skeletons of colonial corals represent archives of
past SST, salinity (SSS) and productivity that resolve up to interannual to subannual time-
scales. In historic and prehistoric time, the coral record has therefore proven to be an
important source of information to study seasonality and climatic variations on interannual
to interdecadal time scales (Druffel, 1997; Gagan et al., 2000; Grottoli, 2001; Felis et al.,
2004). However, the aragonite coral skeletons are susceptible to various types of mine-
ralogical and geochemical alteration, and corals older than the Pleistocene are generally
recrystallized and transformed from original aragonite into secondary calcite (Constanz,
1986; Roulier & Quinn, 1995).
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In chapter 4, seasonally-resolved environmental proxy records using fossil Porites corals
found in sediments of early Late Miocene age (10 Ma, Tortonian) on the island of Crete
(eastern Mediterranean Sea) are presented. The massive coral skeletons have retained
their original aragonite mineralogy, microstructure and skeletal porosity. In cross sec-
tions, and X-ray radiographs, conspicuous growth increments represent annual density
bands known from modern Porites (see chapter 3). Growth rates were ~4 mm/year' and
similar to massive Porites from modern high-latitude reefs (Abram et al., 2001), which
reflects the position of Crete at the northern margin of the Late Miocene reef belt (Este-
ban, 1996), and the warmer than present Late Miocene greenhouse climate (Zachos et
al. 2001). Although the Late Miocene paleoceanography and paleoclimatic evolution of
the Mediterranean is well known on geological time-scales (Hilgen et al., 1995; Lourens &
Hilgen, 1997; Schenau et al., 1999), little information exists with regard to the subannual
and interannual climate variability. A Miocene tree ring record from central Europe has
revealed highly significant variance at periods of 5-6 years (Kurths et al., 1993). For the
eastern Mediterranean and Middle East, the Arctic Oscillation/North Atlantic Oscillation
(AO/NAOQ), the Northern Hemisphere’s dominant mode of atmospheric variability (Hur-
rell, 1995; Thompson & Wallace, 2001), exerts not only a major impact on the present-
day climate, but has also played a critical role during the Holocene and last interglacial,
preferentially on interannual time scales of 5-6 years (D Arrigo & Cullen, 2001; Rimbu et
al., 2001; Felis et al., 2000, 2004). In order to evaluate the significance of the Miocene
interannual climate signal from the terrestrial archive, and to put it into a large-scale cli-
matic context, a marine coral stable isotope record (6'80) from the Miocene of Crete that
covers a time span of 69 years is analyzed. The combined approach based on the coral
proxy data and model simulations for the Tortonian using the ECHAM4/ML climate model
for a world without Greenland ice shield (Micheels, 2003; Steppuhn et al., 2004) provides
new insights into atmospheric variability at interannual time scales in the European/Me-
diterranean region 10 Ma ago.
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4.1 Geological context

Following the greenhouse climate of the Middle Miocene, stepwise cooling and incipi-
ent glaciation of the northern hemisphere took place during the Late Miocene (Zachos
et al., 2001). During this period, 10-5 million years ago, the global paleogeography and
plate mosaic arrived at the main traits of the present-day situation. Although situated at
a somewhat more southward position (1-3° latitude; Perrin, 2002), the general paleoge-
ography of the Mediterranean Sea was similar to the present-day: it formed a marginal
sea of the Atlantic Ocean framed by uplifting mountain ranges. An ephemeral sea strait
intermittently linked the eastern Mediterranean via the Aegean with the Paratethys to
the north of the alpine orogen system (Rogl & Steininger, 1984). Coral reef growth over
most shallow water zones of the ancient Mediterranean Sea and a subtropical vegeta-
tion (Sachse & Mohr, 1996), is the obvious local expression of a globally warm climate
(Zachos et al., 2001). During the earliest Tortonian, in the central Mediterranean provin-
ce, almost no true reefs but only isolated non-framework communities of Porites and
Tarbellastrea occurred. Neither zooxanthellate corals nor reefs existed to the west of
the Betic-Rifan chain in the Atlantic, nor in the northernmost Mediterranean Sea and the
Paratethys, whereas coral reef growth only has been documented in the western and
eastern Mediterranean area. This biogeographic pattern and the remarkably low diversity
of reef corals (dominance by Porites and Tarbellastrea) are generally supposed to reflect
a position of the Mediterranean at the northern limit of the global coral reef belt (Brachert
et al., 1996; Esteban, 1996).

On astronomical time scales, the eastern Mediterranean oceanography was repeatedly
affected by monsoon (Schenau et al., 1999; Hilgen et al., 2003). However, with regard
to the overall similarity of the paleogeography with the present-day situation, there might
have been a marked influence of the Atlantic domain on eastern Mediterranean climate
via atmospheric teleconnections and ocean circulation patterns (D Arrigo & Cullen, 2001;
Felis et al., 2000, 2004; Rimbu et al., 2001; Meijer et al., 2004; Cullen & deMenocal,
2000).
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4.2 The island of Crete during the Late Miocene

The Tortonian rock section of central Crete starts with clastics of the Ambelousos For-
mation (Fig. 4.1; Meulenkamp et al., 1979). Depositional environments were brackish
lagoons and marginal marine environments. Coarse clastic sediments formed along the
coastline, which were intermittently colonized by corals forming isolated reef patches and
laterally extensive biostromes (see chapters 1-2). The coral constructions are taken as an
indicator of winter SST not colder than 18°C (Abram et al., 2001). Coral