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ABSTRACT
Two Palaeogene carbonate platforms were studied in the Eastern Mediterranean (Egypt) and Western
Mediterranean (Spain) in order to reconstruct the evolution of the shelves during times of high climatic
and tectonic variability. Reconstructions are based on field observations, high-resolution microfacies
(e.g., larger benthic foraminifera, corals) and geochemical data (e.g., bulk carbon isotopes).
The Paleocene to Early Eocene succession of the Galala Mountains in the Eastern Desert (Egypt)
represents an excellent example for an isolated carbonate platform at the SE Tethyan shelf.
Deposition at the platform is controlled by syn-depositional tectonism, climate and sea-level changes.
Microfacies and geochemical analyses reveal repeated phases of tectonic uplift during the Early
Eocene, which are linked to the massive deposition of siliciclastics and an increasing restriction of the
Egyptian shelf. The termination of tectonic uplift is indicated by the shift to pure carbonate deposition
and the recovery to open ocean conditions in the latest Early Eocene. Increased nutrient availability at
the Galala platform throughout the Early Eocene is interpreted as a coupled effect of climaticallyinduced nutrient discharge from the African continent and tectonically-controlled eutrophication.
Carbon isotope data document three significant negative carbon isotope excursions in the Galala
succession. Those excursions are related to transient global hyperthermal events. The most
prominent hyperthermal event, the Paleocene-Eocene Thermal Maximum (PETM), witnesses a
prominent turnover of the larger benthic foraminifera species and a shift from coral-dominated
assemblages to larger benthic foraminifera-dominated assemblages at the platform. During the Early
Eocene corals are not recorded in the Galala succession, which has been attributed to the coupled
impact of global warming and local nutrient excess.
Further post-PETM hyperthermal events were documented in the Galala succession for the first time
in a shallow-marine tropical environment. The negative carbon isotope excursions of Eocene Thermal
Maximum 2 and 3 show a significantly smaller magnitude and do not demonstrate a biotic impact to
shallow-benthic assemblages.
In a second study, a compiled Paleocene – Early Oligocene succession of the Prebetic platform in SE
Spain has been used to document the distribution of larger benthic foraminifera and corals during the
Eocene global cooling interval. High resolution microfacies data reveal a recovery of the Prebetic coral
fauna during the Late Eocene. The comparision with other Tethyan carbonate successions
demonstrates that coral recovery is strongly dependend on latitude: Global cooling yielded to the
recovery of coral communities in the northern Tethyan realm during the Bartonian. A prominent
cooling event at the Bartonian-Priabonian boundary, associated with a demise of many symbiontbearing larger foraminifera causes the proliferation of coral reefs in the northern Tethys and the
recovery of corals in the southern Tethys. The massive temperature drop related to the Oi-1 glaciation
at the Eocene-Oligocene boundary caused a transient decline in coral abundance, followed by the
Tethyan-wide proliferation of major coral built-ups. Local differences regarding the timing of coral
recovery are amongst others related to syn-depositional tectonic activity or temporal nutrient excess.
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ZUSAMMENFASSUNG
Die vorliegende Studie beschäftigt sich mit der Rekonstruktion zweier paläogener Karbonatplattformen
im östlichen und westlichen Mittelmeerraum (Ägypten und Spanien). Das Paläogen repräsentiert
dabei ein Zeitintervall in der Erdgeschichte, das durch starke klimatische und tektonische Umwälzung
gekennzeichnet ist. Die Rekonstruktion der vorherrschenden Umweltbedingungen basiert auf
hochauflösender Mikrofaziesdaten (z. B. Großforaminiferen und Korallen) sowie geochemischen
Analysen (Kohlenstoffisotopie).
Sedimentationsprozesse und Plattformentwicklung an der Paleozänen bis frühen Eozänen isolierten
Karbonatplattform der Galala Berge (östliche ägyptische Wüste) wurden vor allem durch tektonische
Prozesse,

Meeresspiegelschwankungen

und

Klimaänderung

gesteuert.

Mikrofazies

und

geochemische Analysen weisen auf wiederholte tektonische Hebungsereignisse während des frühen
Eozäns hin, die an die verstärkte Sedimentation von siliziklastischen Ablagerungen und die
zunehmende Restriktion der Galala Plattform und des ägyptischen Schelfs gekoppelt sind. Das Ende
der tektonischen Hebung ist durch den Übergang zu rein karbonatischer Sedimentation und offenmarinen Verhältnissen im späten Frühen Eozän gekennzeichnet. Das verstärkte Auftreten von
Organismen, die erhöhte Nährstoffgehalte anzeigen, wurde als gekoppelter Effekt klimatisch
gesteuerten

Nährstoffeintrags

vom

afrikanischen

Kontinent

und

tektonisch

verursachtem

Nährstoffeintrag durch Hebung interpretiert.
Stabile

Kohlenstoffisotopendaten

der

Galala-Abfolge

weisen

auf

drei

signifikante

negative

Exkursionen hin, die als hyperthermale Ereignisse interpretiert werden. Das bedeutendste
hyperthermale Ereignis, das Paleozäne-Eozäne Temperatur Maximum, definiert die Paleozän-Eozän
Grenze

und

ist

durch

einen

bedeutenden

spezifischen

Übergang

innerhalb

der

Großforaminiferenfauna gekennzeichnet. Ferner lässt sich ein Übergang von Korallen-dominierten zu
Großforaminiferen-dominierten

Faziesassoziationen

auf

der

Plattform

feststellen.

Weitere

aufgenommene hyperthermale Ereignisse wurden zum ersten Mal im flachmarinen Milieu
nachgewiesen, zeigen jedoch keinerlei Einfluss auf die Organismen der Galala-Plattform.
Im zweiten Teil der Studie wurden vier Profile der Prebetischen Karbonatplattform in Südost-Spanien
aufgenommen, um die Verteilung von Großforaminiferen und Korallen während der globalen
Abkühlung und dem Übergang vom Treibhaus- zum Eishausklima zu dokumentieren. Hochauflösende
Mikrofaziesdaten zeigen ein Wiederkehren der Korallenfauna auf der Prebetischen Plattform im
späten Eozän. Der Vergleich mit anderen Karbonatplattformen verdeutlicht, dass das Wiederkehren
der Korallenfauna in der Tethys stark durch die geographische Breite beeinflusst wird. Während in der
nördlichen Tethys bereits im Barton erste Korallen gefunden wurden, konnten sie in der südlichen
Tethys erst nach einem massiven Abkühlungsereignis an der Barton-Priabon Grenze nachgewiesen
werden. Dieses Abkühlungsereignis führte ebenso zu einem massiven Rückgang photo-autotropher
Großforaminiferen. Größere Tethys-weite Korallenassoziationen werden dagegen erst nach einem
weiteren Abkühlungsereignis (Oi-1 Vereisung) im frühen Oligozän gefunden. Regionale Unterschiede
im zeitlichen Ablauf der wiederkehrenden der Korallenfauna gehen auf wiederholte tektonische
Aktivität während der Ablagerung sowie zeitweisem Nährstoffüberangebot zurück.
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I.

PROLOGUE

Carbonate platform systems are known as excellent depositional archives, which help to
understand the dynamics and processes of long-term climate change and transient
environmental perturbations. During the Palaeogene the Mediterranean realm has been
influenced and controlled by global, regional and local factors, which strongly vary with
respect to the prevailing climatic conditions, the syn-depositional impact of tectonic
processes, sea-level fluctuations and the availability of nutrient resources (Wilson and
D'Argenio, 1982; Hallock and Schlager, 1986; Bosellini, 1989; Crevello et al., 1989; Masse
and Montaggioni, 2001; Bosence, 2005; Fournier et al., 2005). This strongly heterogeneous
evolution is, however, underexplored with respect to its impact on Mediterranean carbonate
platforms and the prevailing platform organisms.
The presented study helps to understand the controlling mechanisms of deposition at
shallow-marine marginal shelves, focussing on the linked impact of long-term and transient
climate change and syn-depositional tectonic perturbations. Two carbonate platforms in the
southern Mediterranean (Egypt) and in the northern Mediterranean realm (Spain) with crucial
differences regarding regional climate, prevailing platform organisms and local tectonic
regime are studied.
The project focusses on platform-to-basin transects to achive a broad data set of different
environments and bathymetries. The investigation of the platform systems includes high
resolution microfacies and geochemical data. Stable carbon isotope data will highlight the
evolution of the long-term carbon cycle and transient carbon cycle perturbations in shallowmarine settings.

I.1 Climatic evolution and carbon cycle perturbations during the
Palaeogene
Environments on Earth underwent fundamental long-term and transient climatic changes
during the Palaeogene, resulting in the transition from global greenhouse to icehouse
conditions. The Early Palaeogene is characterized by global greenhouse conditions and
rising temperatures (Fig. I.1; Zachos et al., 2001). Anomalous warm poles and low latitudinal
temperature gradients caused weakened ocean circulations, oligotrophic open ocean
conditions and very low Mg/Ca-ratios (“sluggish ocean”; McGowran, 1989). This Early
Palaeogene

“hothouse”

is,

however,

superimposed

by

multiple transient

climatic

perturbations, which are attributed to significant negative shifts in the global carbon cycle
(“hyperthermals”; Thomas and Zachos, 2000). Those hyperthermal events are characterized
by negative carbon isotope excursions (CIEs), explained by the mass release of isotopically
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light carbon (12C). The trigger mechanisms of this mass release are manifold and may be
related to the degassing of methane hydrates (Dickens et al., 1995; Katz et al., 1999),
volcanic gas expulsion in the North Atlantic (Storey et al., 2007; Nisbet et al., 2009) or the
global conflagration of peatlands (Fig. I.2; Kurtz et al., 2003). The most prominent carbon
cycle perturbation is the Paleocene-Eocene Thermal Maximum (PETM), resulting in a global
transient temperature increase of 4 – 8°C, a shallowing of the calcite compensation depth
(CCD), as well as major environmental turnover and ubiqitous biotic extinctions in nearly all
environments on Earth (Kennett and Stott, 1991; Zachos et al., 1993).
Further Eocene Thermal Maxima (ETM) with minor negative į13C shifts and less severe
biotic impact were recorded in the deep sea and at the deeper continental shelf (Thomas and
Zachos, 2000; Cramer et al., 2003; Lourens et al., 2005; Nicolo et al., 2007; Agnini et al.,
2009). Two of the most important post-PETM hyperthermals are the ETM2 or Elmo-event
(Eocene layer of mysterious origin; according to Lourens et al., 2005) at 53.6 Ma and the
ETM3 or x-event at 52.5 Ma (Fig. I.1; Röhl et al., 2005). The impact of those hyperthermals
to the shelves is still under debate. John et al. (2008) argues, that the shelves represent
large carbon sinks, which are probably decoupled from the global carbon cycle during
hyperthermal events. Especially the enhanced hydrological cycle with increased nutrient and
carbon fluxes from the continents to the shelves refer to a higher environmental impact of
hyperthermal events to marginal shallow-marine basins (Fig. I.2).
The global warming trend during the Early Palaeogene culminated during the Early Eocene
Climatic Optimum (EECO) between 53 – 49 Ma (Zachos et al., 2001). The post-EECO
cooling affected especially higher latitudes, whereas the tropics remained warm (Pearson et
al., 2007; Jovane et al., 2009; Creech et al., 2011). Increasing latitudinal temperature
gradients in the Middle and Late Eocene strengthened global ocean currents, causing the
upwelling of cooler deep ocean waters and the eutrophication of the oceans (McGowran,
1989). The Oi-1 glaciation at the Eocene-Oligocene boundary represents a major break in
global climate with a sharp temperature drop of >5 °C, associated with a significant
deepening of the CCD, a ~1 ‰ positive excursion in the global carbon cycle and major biotic
turnovers and extinctions (Fig. I.1; Ivany et al., 2000; Zanazzi et al., 2007; Eldrett et al.,
2009).

Figure I.1 (next page) – Overview of selected Paleocene – Lower Oligocene environmental proxies,
including stable isotopes, sea surface temperatures (SST), eustatic sea level, climatic- and biotic
events, as well as main tectonic events (modified after Höntzsch et al., in press). Abbreviations: O. –
Oligocene, CIE – carbon isotope excursion, PETM – Paleocene-Eocene Thermal Maximum, ETM –
Eocene Thermal Maximum, EECO – Early Eocene climatic optimum, MECO – Middle Eocene climatic
optimum.
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Figure I.2 – Terrestrial, marine and atmospheric carbon reservoirs and their interaction with the
shallow-marine shelf. The grey rectangles indicate major carbon fluxes and their impact on į13C
ratios of shelf deposits. Major trophic resources, which cause nutrient fluxes to the shelf, are added in
order to demonstrate the certain link between eutrophication and carbon input to the oceans.

I.2 Tectonic-climate coupling and reorganization of the
Mediterranean realm during the Palaeogene
Long-term and transient climatic evolution is strongly influenced by the reorganization of
continental plates, causing the opening and closure of ocean basins and the uplift of major
mountain belts during the Palaeogene (Fig. I.1; Bohaty and Zachos, 2003). Increasing
volcanic activity and the initial rifting of the North Atlantic have been associated with the
release of strongly depleted carbon to the atmosphere and to the onset of the PETM (Fig. I.1;
Zachos et al., 2001; Storey et al., 2007). The initial collision of India and Asia between ~55 –
50 Ma caused the closure of the Neo-Tethys and the eastern Tethyan seaway (Searle et al.,
1987; Clementz et al., 2011). The continuing convergence between the African-Arabian
craton, India and Eurasia resulted in the multi-phase uplift of the Alpine-Himalayan orogenic
system ranging from the Pyrenees to the Himalayas (Verdel et al., 2007). Coeval North
Atlantic divergence and African-Eurasian convergence resulted in the reactivation of ancient
fault systems (e.g. Syrian Arc-Fold Belt, Azores-Gibraltar fracture zone), which are
associated with complex tectonic deformation and frequent arc-related volcanism in the
Mediterranean realm (Forster et al., 1972; Verdel et al., 2007).
Uplift, subaerial exposure and denudation of pre-orogenic carbon-rich sea floor probably
forced the global cooling during the late Palaeogene. A major factor causing the isolation of
Antarctica and the onset of permanent Antarctic ice sheets is demonstrated by the increasing
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spreading rates between Antarctica and Australia and the rifting of the Kerguelen Plateau
between 46 – 41 Ma (Bohaty and Zachos, 2003). The isolation of Antarctica yielding to the
onset of a circum-Antarctic pathway was triggered by the opening of the Tasmanian-Antarctic
Gateway between 41 – 31 Ma (Exon et al., 2000; Wei, 2004; Sijp et al., 2009) and the
opening of the Drake Passage at 41 Ma (Scher and Martin, 2006).

I.3 Tethyan carbonate platform evolution during the Palaeogene
The evolution of circum-Tethyan carbonate platforms is strongly controlled by three major
parameters: a) the occurrence of carbonate platforms in areas of high tectonic activity with
strongly varying subsidence levels, causing emergence, drowning and subaerial exposure of
carbonate platforms (Bosellini, 1989), b) the long-term climatic evolution during the
Palaeogene, including latitudinal variations and variations in the local environmental
parameters and, c) long-term and transient eustatic sea-level fluctuations. The distinct
heterogeneity of the global and regional controlling mechanisms on carbonate platforms
hampers an integrated classification of circum-Tethyan platform systems for the Palaeogene.
However, many regional classifications on carbonate platform evolution have been
established in the last decades (Spain: e.g., Pujalte et al., 2009; Egypt: e.g., Scheibner et al.,
2003). A consistent model for the circum-Tethyan carbonate platform evolution based on the
distribution of the main platform organisms has been established by Scheibner and Speijer
(2008) for the Early Palaeogene.
Thus, the distribution of platform building biotic assemblages is strongly dependent on
temperature and nutrient availability. Increasing global temperatures during the Early
Palaeogene (58 – 49 Ma) with low latitudinal gradients and generally low Mg/Ca-ratios in the
oceans hamper the growth of larger coral built-ups, while larger benthic foraminifera
proliferate (Scheibner and Speijer, 2008). The transition from coral-dominated assemblages
to larger benthic foraminifera-dominated assemblages can be observed throughout the
Tethys. Timing and distribution is, however, strongly dependent on latitude. Thus, Scheibner
and Speijer (2008) arranged three major circum-Tethyan platform stages from the Late
Palaeocene to the Early Eocene.

Platform stage I (58.9 – 56.2 Ma)
Platform stage I is characterized by the dominance of circum-Tethyan coralgal assemblages
at the platform margin, while smaller benthic foraminifera and calcareous algae dominate
shallow-marine platform interior. Western Morocco (oyster dominated) and NE India (benthic
foraminifera dominated) represent an exceptional facies. The onset of platform stage I is
strongly connected to the prominent sea level fall at 58.9 Ma (Hardenbol et al., 1998).
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Platform stage II (56.2 – 55.5 Ma)
Platform stage II represents a transitional episode between coralgal and larger foraminifera
dominance in the Tethyan realm. In the northern Tethyan and Peri-Tethyan realm coralgal
assemblages still dominate the platfrom margin, whereas in lower latitudes (0 – 20°) first
larger foraminifera communities, composed of ranikothalids and miscellanids, proliferate.

Platform stage III (55.5 Ma – ?)
The onset of the most prominent platform stage is represented by the Paleocene-Eocene
boundary and the fundamental environmental and biotic impact of the PETM. Throughout the
Tethys larger foraminifera dominate the shallow-marine platform communities. Corals are
either rare or completely absent. Paleocene ranikothalids and miscellanids are replaced by
Eocene nummulitids and alveolinids, which developed a significant larger shell size and an
adult dimorphism. This evolutionary trend, known as Larger Foraminifera Turnover (LFT), is
directly coupled to the negative CIE of the PETM (Orue-Etxebarria et al., 2001; Scheibner et
al., 2005).
The demise of coral-dominated platforms is rather an effect of coupled long-term climatic
evolution and multiple transient environmental perturbations. With the pronounced seasurface temperature rise at the PETM and the coeval eutrophication of shelf areas, the living
conditions of corals have probably excessed a critical threshold. The timing of the recovery of
the circum-Tethyan coral fauna and thus, the end of platform stage III is still under debate.

Figure I.3 – Circum-Tethyan platform evolution during the Early Palaeogene with respect to the
dominating platform biota (modified after Scheibner and Speijer, 2008). The timing of the termination
of the larger benthic foraminifera (LBF) dominated interval during the Eocene is under debate.
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II.

OBJECTIVES

Numerous case studies on Tethyan carbonate platforms have shown the complex evolution
of shallow-marine environments during the Palaeogene. However, coherant platform models,
which consider climate, tectonic and local controlling mechanims are still rare. Especially the
impact of Early Palaeogene hyperthermals to carbonate platform has not been tested so far.
In this study two Palaeogene carbonate platform systems in different palaeogeographic
settings and geotectonic regimes are analyzed in order to reconstruct the impact of long-term
climate change, syn-depositional tectonism and complex local environmental perturbations to
shallow-marine carbonate platforms. High-resolution microfacies, stable carbon isotopes and
geochemical data as well as the comparison of the recorded successions with other Tethyan
carbonate platforms will help to understand the controlling mechanims and the timing of
Palaeogene platform evolution.

The main aims of this study are in detail:
- How do carbonate platform organisms respond to multi-source environmental stress
(tectonic vs. climatic stress)? Causes environmental stress during the Palaeogene
transitions in the shallow-marine benthic assemblages or on the diversity of single
organism groups (e.g. LBF)?
- Previous studies demonstrated a link between the evolution of LBF and corals as well
as the dramatic climatic change during the Late Paleocene – Early Eocene. Can we
link the Palaeogene greenhouse-icehouse transition to changes in the LBF-coral ratio
at the platforms? What are the ecological expression and the timing of this transition
along a latitudinal transect?
- Tectonic activity is a major controlling mechanism of carbonate platform evolution. Can
we recognize periods of increased tectonic activity in the successions and can we
connect these periods to shifts in the biotic assemblages (e.g. increased
eutrophication)?
- Can we record post-PETM carbon cycle perturbations (ETM2, ETM3) in shallowmarine platform environments? Is there a significant environmental impact of those
perturbations? Are there differences regarding the impact along a platform-to-basin
transect?
- Previous studies have shown that marginal shelf areas are decoupled from the global
carbon cycle during times of increased environmental stress. What is the response of
the studied carbonate platforms to repeated environmental perturbations?
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STUDY AREA

III.1 Working area and geological setting
Galala Mountains (Eastern Desert, Egypt)
The Galala Mountains represent a Maastrichtian – Early Eocene isolated carbonate platform
at the northern margin of the African-Arabian continental shelf (Figs. III.1, III.3). The
mountain range is situated in the Eastern Desert of Egypt ~100 km S of Suez and comprises
three main tectono-sedimentary units: a) the Northern Galala Plateau, b) Wadi Araba and, c)
the Southern Galala Plateau. The fault-bounded Northern Galala Plateau or Northern GalalaWadi Araba High (NGWA) represents the shallow-marine inner ramp and comprises of high
fossiliferous limestones and dolomites. The Southern Galala Plateau is composed of
fossiliferous limestones, sandstones and marls, which indicate a mid- to outer ramp setting.
The rocks of the southernmost part of the Galala Mountains are dominated by marls and
chalky marlstones, which represent the northern branch of the Eastern Desert Intrashelf
Basin (EDIB) or Southern Galala Subbasin (SGS) (Fig. III.3; Kuss et al., 2000).

Prebetic platform (SE Spain)
The Prebetic carbonate platform is represented by a NE-SW tending facies belt north of
Alicante, which comprises shallow-marine limestones, dolomites and marls (Fig. III.2). The
platform demonstrates the NE branch of the Betic Cordillera, an alpine mountain belt, which
is arranged in two main tectono-stratigraphic domains: a) the external zone comprises the
autochthonous deposits of the South Iberian margin and, b) the internal zone, is
characterized as allochthonous unit of highly metamorphous rocks (Alonso-Chaves et al.,
2004).
The External Zone is represented by a heterogenous suite of Mesozoic and Early Cenozoic
passive continental margin deposits (Garcia-Hernandez et al., 1980; Everts, 1991). The
deposits of the External Zone are subdivided into two units with respect to their position at
the shelf: a) the Prebetic domain represents the shallow-marine shelf of the South Iberian
margin and, b) the Subbetic domain is characterized by deeper shelf deposits without
terrigenous influence. The contact between the shallow-marine Prebetic platform (External
Prebetic) and the hemipelagic Prebetics (Internal Prebetic) is represented by the Franja
Anomala, a major palaeogeographic barrier (de Ruig et al., 1991; Martin-Chivelet and
Chacon, 2007). The contact between Prebetic and Subbetic domain points to a major thrust
fault (Garcia-Hernandez et al., 1980).
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Figure III.1 – Location of the Galala Mountains and the studied sections (red circles) in the Eastern
Desert of Egypt. Five areas and nine sections have been studied along an inner platform-to-basin
transect. Shallow-marine inner platform deposits are recorded in area 1 at the Northern Galala-Wadi
Araba High (NGWA). A transitional facies with mixed hemipelagites and shallow-marine deposits is
present along the slope of the Southern Galala Plateau (areas 2, 3 and 4). Area 5 represents a
hemipelagic succession of the Southern Galala Subbasin (SGS) (modified after Höntzsch et al., in
press). Variations in the names of the sections result from different descriptions in the field and for
publication. For example, D5 is the field description of section 4a, which has been renamed for
publication.
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Figure III.2 – Location of the Prebetic platform and the studied section (red circles) in SE Spain
(modified after Höntzsch et al., to be submitted). The Crevillente Fault Zone belongs to a palaeofault
system that is related to extension along the SE Iberian continental margin (Nieto and Rey, 2004). The
External zones summarizes Subbetic, Prebetic platform and the Prebetic hemipelagic realm. The
palaeotectonic and palaeogeographic significance of the Franja Anomala, representing the transition
of Prebetic platform and Prebetic hemipelagic realm, is still under debate.

III.2 Palaeogeography
The Mediterranean realm (or Western Tethys) is characterized by significant variations in the
prevailing tectonic regime and the dimension of the northern and southern Tethyan shelves
during the Palaeogene. The southern Tethyan passive continental margin of Africa is
characterized by wide shelves, which extend between ~1000 km in the SE Mediterranean
and up to ~3000 km in the SW Mediterranean (Fig. III.3). In contrast to the southern
Mediterranean margin, the northern Mediterranean margin demonstrates a complex
framework of isolated terranes, microplates and fault-bounded continental margins with
narrow and patchy shelves.
The Palaeogene Galala platform represents an isolated carbonate platform ~800 km N of the
African shoreline, whereas the Prebetic platform is attached to the Iberian Massif (Fig. III.3).
However, both carbonate factories are influenced and controlled by syn-depositional tectonic
activity in a compressional regime.
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Galala platform (Eastern Desert, Egypt, ~20° N palaeolatitude)
During the Palaeogene, the Egyptian shelf demonstrates a heterogeneous framework of NESW tending ridges and graben structures along the African and Arabian plate margins (Fig.
III.3; Moustafa and Khalil, 1995; Kuss et al., 2003). Platform evolution in those areas is
strongly controlled by the syn-depositional tectonic activity along the Syrian Arc-Fold Belt, a
system of en-echelon arranged, NE oriented fold-thrust structures, which extend from the
Egyptian Western Desert to Syria (Fig. III.3; Krenkel, 1925; Shahar, 1994). The Syrian ArcFold Belt represents a complex framework of intraplate tectonic lineaments, which evolved
as a result of compression during the post-Cenomanian closure of the Neo-Tethys and the
coeval rifting of the North Atlantic. A main phase of compression, causing the reactivation of
the Mesozoic Syrian Arc faults has affected the Egyptian shelf during the Palaeogene
(Shahar, 1994; Moustafa and Khalil, 1995; Hussein and Abd-Allah, 2001).

Prebetic platform (SE Spain, 32° N palaeolatitude)
The South Iberian continental margin underwent repeated changes and deformation since
the Mesozoic, culminating with the uplift and deformation of the Betic Cordillera in the Early
Miocene (Fontboté and Vera, 1983; Blankenship, 1992; Geel et al., 1998; Alonso-Chaves et
al., 2004). During the Palaeogene, the southern passive margin of the Iberian Craton
(External Betic domain) is represented by a narrow shelf, composed of a heterogeneous
framework of patchy, fault-bounded carbonate platforms (Prebetic platform; Geel et al.,
1998). Towards the South, the shallow-marine deposits of the Prebetic platform pass into
hemipelagic deposits of the Subbetic realm.

Figure III.3 – Early – Middle Eocene palaeogeography of the Mediterranean realm (modified after
Blakey: http://www2.nau.edu/rcb7/eocenemed.jpg), including detailed illustrations of the Western
Mediterranean realm (Figure III.3 a) and the Eastern Mediterranean realm (Figure III.3 b). The study
areas are represented by red circles: 1 – Galala platform, Eastern Desert (Egypt); 2 – Prebetic
platform, SE Spain. Abbreviations: SGS – Southern Galala Subbasin, EDIB – Eastern Desert
Intrashelf Basin.
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Highly unstable tectonic conditions with frequent subaerial exposure of the platforms
prevailed during the Early Paleocene. A major sea-level rise during the Late Paleocene
favoured the seaward progradation and the stabilization of platform (Alonso-Zarza et al.,
2006). The largest extension of the platform is observed during the Middle and Late Eocene.

IV. METHODS
IV.1 Field work
During three field campaigns (February and November 2008: Egypt, April 2010: Spain) 13
sections were recorded and more than 1500 samples were taken (Tab. IV.1). The rock
record includes a suite of hemipelagic marls, fossiliferous limestones, sandstones and
dolomites. In the measured sections, depositional structures (channels, load casts, bedding),
bioturbation as well as general lithological features were recorded. All recorded samples
were analyzed for bulk rock carbon isotopes, total organic carbon and calcium carbonate.
Limestones, sandstones and dolomites were sampled with respect to their state of
preservation and fossil content in order to reconstruct microfacies evolution through time.

Table IV.1 – List of the recorded sections, including GPS coordinates, number of samples and
stratigraphic range. Abbreviations: TS – samples for thin sections, loose – loose marl samples. The
bold numbers indicate the total number of recorded samples.

Section

Northing

Easting

Samples

Stratigraphic range

Galala Mountains (Eastern Desert, Egypt)
1a (W1)
1b (W2)
2 (K8)
3 (B1/5)
4a (D5)
4b (D6)
4c (D2)
4d (D4)
5 (T3/4)

N 29°32,971'
N 29°33,700'
N 28°52,054'
N 28°57,650'
N 28°43,313'
N 28°42,920'
N 28°39,605'
N 28°40,911'
N 28°27,335'

E 32°21,134'
E 32°20,873'
E 32°17,214'
E 32°28,894'
E 32°23,657'
E 32°27,569'
E 32°23,585'
E 32°33,515'
E 32°13,983'

54 (54 TS)
21 (21 TS)
59 (51 TS, 8 loose)
153 (106 TS, 47 loose)
230 (109 TS, 121 loose)
134 (48 TS, 86 loose)
99 (22 TS, 77 loose)
103 (18 TS, 85 loose)
144 (8 TS, 136 loose)

Paleocene - Lower Eocene
Lower Eocene
Lower Eocene
Latest Paleocene - Lower Eocene
Latest Paleocene - ?Middle Eocene
Latest Paleocene - upper Lower Eocene
Latest Paleocene - upper Lower Eocene
Latest Paleocene - upper Lower Eocene
Latest Paleocene - ?Middle Eocene

79 (67 TS, 12 loose)
75 (75 TS)
131 (131 TS)
223 (121 TS, 102 loose)

Paleocene - Lower Eocene
Lower Eocene - Middle Eocene
Middle Eocene - Lower Oligocene
Upper Eocene - Upper Oligocene

Prebetic platform (SE Spain)
Ascoy
Onil *
Ibi *
Relleu *

N 38°16,250'
N 38°37,934'
N 38°38,499'
N 38°38,633'

W 1°22,417'
E 0°39,942'
E 0°34,725'
E 0°19,407'

* recorded by G. Wiemer and J. Brock

26

Palaeogene carbonate platforms under climatic and tectonic stress

IV.2 Biostratigraphy
Strongly varying lithologies in the recorded sections require a biostratigraphic approach,
which includes marker species from deep- and shallow-marine environments.
Biostratigraphy in the hemipelagic marls of the Galala platform is based on the occurrence
and distribution of calcareous nannoplankton. The Palaeogene assemblages are
characterized by a great variety of different nannoplankton species and are therefore
excellent biostratigraphic markers. A coherent nannoplankton zonation (NP) was compiled by
Martini (1971) and Bukry (1973). Redefined NP zones based on the classification of Aubry
(1995).
Planktic foraminifera biostratigraphy was performed at a basinal section in Egypt (section 5
or T3/4). Palaeogene planktic foraminifera biostratigraphy is based on the studies of
Berggren (1995) and Berggren and Pearson (2005). Biostratigraphy in the sections of the
Prebetic platform is also based on planktic foraminifera but was adapted from previous
studies.
Shallow-marine environments without suitable marl intervals were analyzed for larger benthic
foraminifera, which represent the dominant shallow-benthic species during the Palaeogene.
Their occurrence throughout the Tethys and their high diversity enables a sufficient
biostratigraphic classification. Hottinger (1960, 1974) introduced a biostratigraphic scheme
based on alveolinids. Schaub (1960) presented a biostratigraphic classification of
Palaeogene nummulitids. A standardized classification was achieved with the help of the
Tethyan Paleocene-Eocene Shallow Benthic Zonation (SBZ) of Serra-Kiel et al. (1998). A
correlation of the SBZ and open-marine biozonations (calcareous nannoplankton, planktic
foraminifera) is still under debate.

IV.3 Microfacies and fossil assemblages
A key approach of the presented study is represented by the quantitative and qualitative
analysis of the main platform organisms. Many shallow-benthic organisms at the platform are
adapted to specific light conditions, depth- and trophic regimes, as well as to a well defined
temperature range. The classification of the main organisms into fossil assemblages and
microfacies types helps to reconstruct the prevailing environmental conditions, long- and
short-term environmental perturbations, as well as sea-level changes through time.
Limestones, dolomites and sandstones were prepared for geostatistical and qualitative thin
section analysis via light microscope (sensu Flügel, 1978, 2004).
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Larger benthic foraminifera (LBF)
In this study LBF were used as palaeoenvironmental indicators and as proxy for sea level
fluctuations at the platform. LBF are one of the most common fossil groups in the shallowmarine Tethys during the Palaeogene. Their adaption to distinct photic and energetic
regimes as well as their ability to host photo-autotrophic algal symbionts (Lee, 1998; Hallock,
1999, and references therein) favours a palaeoenvironmental reconstruction regarding
palaeobathymetric and energetic constraints (Hohenegger, 2004, 2005). Transient climatic
perturbations also show a significant impact on LBF (e.g., the LFT at the PETM). The
dominating species during the Palaeogene are nummulitids, alveolinids, assilinids,
discocyclinids,

lepidocyclinids,

soritids,

miliolids,

acervulinids,

heterosteginids

and

operculinids.

Corals
Hermatypic corals play an important role in the palaeoenvironmental framework of Tethyan
carbonate platforms during the Palaeogene. Their adaption to well-defined environmental
conditions, with respect to light, nutrients, temperature and depth reveals the timing of
Palaeogene warming and subsequent cooling. Scheibner and Speijer (2008) have shown
that the coral reef demise affected first lower latitudes during the Paleocene (e.g., Egypt),
whereas intermediate and high latitudes remained rather unaffected until the PETM. The
record of coral built-ups in different latitudes will help to recognize the recovery of the
Tethyan coral fauna during the post-EECO cooling.

Calcareous algae
Calcareous green algae proliferate especially in the restricted platform interior and are
suitable palaeoenvironmental indicators for eutrophication, light regime and water depth.
Kuss and Herbig (1993) established a facies scheme for the distribution of Early Palaeogene
green algae from the southern Mediterranean.
Coralline red algae have been used as palaeoenvironmental indicators especially in mid- and
high latitudinal Tethys (e.g., Rasser, 2000; Rasser and Piller, 2004). In intermediate and low
latitudes, red algae only occur in minor portions. However, global cooling in the Upper
Palaeogene favours the increasing significance of red algal limestones in the geological
record (e.g., Geel, 2000).
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IV.4 Carbon isotopes
Fluxes between the major carbon reservoirs on Earth are expressed in the global carbon
cycle (Fig. I.2). Transient shifts in the ratio of stable carbon isotopes (į13C) indicate major
environmental perturbations and indicate stratigraphic intervals, which are decoupled from
the global carbon cycle (Zachos et al., 2005; John et al., 2008).
Furthermore, the long-term evolution of į13C ratios supports classical biostratigraphic
timescales and helps to reveal orbital-paced cyclicity (e.g., Zachos et al., 2001; Lourens et
al., 2005). Bulk rock carbon isotopes are determined with a Finnigan MAT 251 mass
spectrometer in the Marum Bremen.

IV.5 Calcium carbonate content and total organic carbon
Variations in the bulk rock calcium carbonate content may indicate intervals of CaCO3
dissolution or dilution, caused by transient environmental perturbations. Bulk rock total
organic carbon (CTOC) pinpoints intervals with increased carbon burial at the shelf. Bulk rock
total carbon (Ctotal) and CTOC are determined with a Leco CS-300 analyzer at the University of
Bremen (precision of measurement ±3 %). The bulk rock carbonate content is expressed in
the formula CaCO3 [%] = [(Ctotal – CTOC) x 8.33].

IV.6 X-ray diffraction (XRD)
Selected sandstone samples from the Lower Eocene Galala succession were analyzed with
a special focus on clay minerals, in order to reconstruct the source area of the sandstones.

IV.7 Eventstratigraphy
Eventstratigraphy represents an important tool for the correlation of transient local, regional
or global perturbations to the depositional system. The recorded sections in Egypt and Spain
reveal three different types of event beds: a) the increasing occurrence of quartz-rich
deposits at the platforms is linked to periods of massive tectonic uplift; b) negative carbon
isotope excursions are linked to transient hyperthermal events on a global scale and, c)
significant transitions of the biotic assemblages are related to global climatic events.
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THESIS OUTLINE

The results of this study are presented in three manuscripts, which are briefly introduced
below. Preliminary results of the project were presented and discussed on international
conferences, workshops and graduate courses. At the end of the dissertation, a summary of
the main outcomes and further reasearch perspectives are presented.
1) Tectonically driven carbonate ramp evolution at the southern Tethyan shelf –
The Lower Eocene succession of the Galala Mountains, Egypt
The Upper Palaeocene – Lower Eocene succession of the isolated Galala platform
(Eastern Desert, Egypt) is studied in order to reconstruct carbonate platform evolution
in a low latitude setting. Nine sections along a platform-to-basin transect are
recorded, focussing on field observations and the analysis of shallow-marine benthic
biota. Microfacies data highlight the spatial distribution of the biotic assemblages and
indicate intervals of syn-depositional tectonic activity by means of frequent siliciclastic
deposition. The definition of local platform stages, based on the prevailing biota, sealevel fluctuations and tectonic activity summarizes the evolution of the Galala
platform.
Höntzsch S, Scheibner C, Kuss J, Marzouk AM, Rasser MW (2011) Tectonically
driven carbonate ramp evolution at the southern Tethyan shelf: the Lower Eocene
succession of the Galala Mountains, Egypt. Facies 57, pp. 51-72.
2) Increasing restriction of the Egyptian shelf during the Early Eocene? – New
insights from a southern Tethyan carbonate platform
The isolated Galala platform is studied with respect to the impact of syn-depositional
climatic and tectonic perturbations during the Early Eocene. Microfacies data, carbon
isotopes and geochemical data highlight the impact of repeated Early Eocene
hyperthermal events at the Galala platform. Causes and consequences of increasing
nutrient supply and the climatically- and tectonically-controlled restriction of the
Egyptian shelf are discussed. The major outcomes are summarized in a
palaeogeographic model, which reveals the impact of selected depositional
processes at the shelf during the Early Palaeogene.
Höntzsch S, Scheibner C, Guasti E, Kuss J, Marzouk AM, Rasser MW (2011, in
press) Increasing restriction of the Egyptian shelf during the Early Eocene? - New
insights

from

a

southern

Tethyan

carbonate

platform.

Palaeogeography,

Palaeoclimatology, Palaeoecology, pp. 1-18, doi:10.1016/j.palaeo.2011.01.022.
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3) Circum-Tethyan carbonate platform evolution during the Palaeogene – the
Prebetic platform as test case for climatically-controlled facies shifts
High-resolution microfacies data from four Paleocene – Late Oligocene sections
along the Prebetic carbonate platform in SE Spain are compiled in order to
reconstruct the evolution of shallow-marine benthic assemblages and their response
to repeated tectonic perturbations. The distribution of the main platform organisms
(LBF and corals) at the Prebetic platform are compared with other circum-Tethyan
carbonate platforms in order to demonstrate latitudinal- and climatically-controlled
facies shift during the Palaeogene.
Furthermore, high-resolution carbon isotopes from the Upper Eocene – Oligocene
Relleu section are used to highlight the isotopic variations in shallow-marine
limestones and hemipelagic marls as well as the increasing isolation of the Prebetic
realm.
Höntzsch S, Brock JP, Scheibner C, Kuss J (to be submitted to Palaeogeography,
Palaeoclimatology, Palaeoecology) Circum-Tethyan carbonate platform evolution
during the Palaeogene – the Prebetic platform as test case for climatically-controlled
facies shifts.
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VI. TECTONICALLY DRIVEN CARBONATE RAMP EVOLUTION AT THE
SOUTHERN TETHYAN SHELF – THE LOWER EOCENE SUCCESSION
OF THE GALALA MOUNTAINS, EGYPT

Abstract The succession of the Galala Mountains at the southern Tethyan margin (Eastern
Desert, Egypt) provides new data for the evolution of an isolated carbonate platform in the
Early Eocene. Since the Late Cretaceous emergence of the Galala platform, its evolution is
strongly controlled by eustatic sea-level fluctuations and the tectonic activity along the Syrian
Arc-Fold-Belt. Previous studies introduce five platform stages to describe platform evolution
from the Maastrichtian (stage A) to the latest Paleocene shift from a platform to ramp
morphology (stage E). A first Early Eocene stage F was tentatively introduced but no
described in detail. In this study we continue the work at the Galala platform, focussing on
Early Eocene platform evolution, microfacies analysis and the distribution of larger benthic
foraminifera on a south-dipping inner ramp to basin transect. We redefine the tentative
platform stage F and introduce two new platform stages (stage G and H) by means of the
distribution of 13 facies types and syn-depositional tectonism. In the earliest Eocene (stage
F, NP 9b – NP 11), facies patterns indicate mainly aggradation of the ramp system. The first
occurrence of isolated sandstone beds at the mid ramp reflects a post-Paleocene-Eocene
Thermal Maximum (PETM) reactivation of a Cretaceous fault system, yielding to the tectonic
uplift of Mesozoic and Palaeozoic siliciclastics. As a consequence, the Paleocene ramp with
pure carbonate deposition shifted to a mixed carbonate-siliciclastic system during stage F.
The subsequent platform stage G (NP 11 – NP 14a) is characterized by a deepening trend at
the mid ramp, resulting in the retrogradation of the platform. The increasing deposition of
quartz-rich sandstones at the mid ramp reflects the enhanced erosion of Mesozoic and
Palaeozoic deposits. In contrast to the deepening trend at the mid ramp, the deposition of
cyclic tidalites reflects a coeval shallowing and the temporarily subaerial exposure of inner
ramp environments. This oppositional trend is related to the continuing uplift along the Syrian
Arc-Fold-Belt in stage G. Platform stage H (NP 14a - ?) demonstrates the termination of
Syrian Arc uplift the and recovery from a mixed siliciclastic carbonate platform to pure
carbonate deposition.

34

Palaeogene carbonate platforms under climatic and tectonic stress

VI.1 Introduction
The evolution of circum-Tethyan carbonate platform systems during the Early Paleogene
greenhouse has been intensively studied in the last decades with respect to environmental
conditions (e.g., Luterbacher, 1984; Kuss, 1986; Rasser, 1994; Wielandt, 1996; Pujalte et al.,
1999; Scheibner et al., 2001a; Cosovic et al., 2004; Özgen-Erdem et al., 2005; Rasser et al.,
2005; Adabi et al., 2008), shallow-benthic biostratigraphy (e.g., Schaub, 1992; Serra-Kiel et
al., 1998; Scheibner and Speijer, 2009), oil potential (e.g., Loucks et al., 1998; Ahlbrandt,
2001; Baaske et al., 2008) and the response to long- and short-term palaeoclimatic change
(e.g., Scheibner et al., 2005, 2007; Pujalte et al., 2009; summary by Scheibner and Speijer,
2008, and references therein). Major biotic platform contributors (e.g., corals, larger benthic
foraminifera, calcareous green and red algae) play an important role in terms of the
interpretation of environmental conditions and the evolution of the platform through time.
Scheibner et al. (2005) compare various early Palaeogene Tethyan carbonate platforms and
arrange three circum-Tethyan platform stages (stage I - III) with respect to the main biotic
contributors: In the Late Paleocene platform stage I (58.9 – 56.2 Ma) corals and calcareous
algae dominate carbonate platforms all over the Tethys (coralgal platforms). Platform stage II
(56.2 – 55.5 Ma) is characterized by the first occurrence of larger benthic foraminifera shoals
at low latitudes (below 20° N), while coralgal assemblages prevail at high latitudes (above
30° N). In platform stage III (55.5 Ma - ?) corals were replaced by larger benthic foraminifera
(LBF) as major platform contributors in nearly all circum-Tethyan shallow-marine
environments. The onset of platform stage III is strongly coupled to the environmental and
sedimentological impact of the Paleocene-Eocene thermal maximum (PETM) at 55.5 Ma,
resulting in the rapid radiation and proliferation of LBF species. This larger foraminifera
turnover (LFT) also demonstrates the transition from Paleocene LBF assemblages (e.g.,
Ranikothalia, Miscellanea) to Eocene LBF assemblages (e.g., Nummulites, Alveolina,
Operculina, Orbitolites), which are characterized by larger test sizes and adult dimorphism
(e.g.; Hottinger and Schaub, 1960; Hottinger, 1998; Orue-Etxebarria et al., 2001; Scheibner
and Speijer, 2009). Despite the well-known onset of platform stage III, its duration is still
under debate. Multiple local circum-Tethyan studies are needed to reveal timing and trigger
mechanisms with respect to the termination of platform stage III.
Additionally, the circum-Tethyan platform stages proposed by Scheibner et al. (2005)
exclusively based on climatically-controlled biotic changes, while individual platform
environments are affected by multiple regional factors, regarding their position on the shelf
and local tectonic constraints. The importance of tectonically-controlled carbonate platform
evolution has been described for various environments throughout the Phanerozoic (e.g.,
Lee Wilson and D’Argenio, 1982; Burchette, 1988; Bechstädt and Boni, 1989; Bosence,
2005). In the early Eocene, especially the Egyptian shelf is strongly affected by tectonism,
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which is related to the northward movement of the African craton towards Eurasia as well as
the reactivation of Mesozoic fault systems (e.g., Shahar, 1994; Moustafa and Khalil, 1995;
Hussein and Abd-Allah, 2001). Thus, the evolution of carbonate platforms at the Egyptian
shelf is controlled by those tectonic constraints and requires a regional approach beyond the
general platform stages of Scheibner et al. (2005).
The Galala Mountains (Eastern Desert, Egypt) represent a key area of Cenozoic carbonate
platform research. Since the mid-1980s, investigations in the Galala Mountains focused on
Cretaceous to Paleocene microfacies, platform evolution, palaeoecology and the impact of
the PETM (e.g., Kuss, 1986; Bandel and Kuss, 1987; Strougo and Faris, 1993; Kuss et al.,
2000; Scheibner et al., 2001a, 2003; Morsi and Scheibner, 2009).
The evolution of the Galala platform is strongly coupled to the activity of the Syrian Arc-FoldBelt, which demonstrates a NE-SW striking framework of horst and graben structures at the
southern Tethyan shelf. The Syrian Arc-Fold-Belt was formed as a result of the initial collision
of the African and Eurasian Plates in the Late Turonian (e.g., Moustafa and Khalil, 1995;
Scheibner et al., 2003). The emergence of the Galala platform has been documented for the
Campanian/Maastrichtian (Scheibner et al., 2003). Multiple pulses of tectonic uplift, which
are related to the temporarily reactivation of Cretaceous fault systems caused the repeated
reconfiguration of the platform morphology. A major interval of tectonic uplift along the Syrian
Arc-Fold-Belt is demonstrated for the Early Eocene (e.g., Shahar, 1994).
Scheibner et al. (2003) discriminates five regional platform stages (stage A - E) from the
Maastrichtian emergence of the platform system (stage A) to latest Paleocene prior to the
PETM (stage E). Scheibner and Speijer (2008) introduced a sixth platform stage F, which is,
however, neither defined in detail nor biostratigraphically classified.
Here we present new data from the Galala Mountains, which help to reveal the evolution of
the platform system in the Early Eocene. We focus on detailed microfacies analyses, larger
foraminifera assemblages and the effects of syndepositional tectonic activity on carbonate
platform sedimentation. Following the studies of Scheibner et al. (2003) and Scheibner and
Speijer (2008) we redefine and reevaluate the tentative introduced platform stage F.
Furthermore, we introduce two new platform stages (stage G and H), which delineate the
evolution of the Galala carbonate platform in the Early Eocene. Both stages G and H
demonstrate major incisions in platform evolution, characterized by varying tectonosedimentary and biotic conditions, as well as the transition from global greenhouse climate to
increased cooling at the end of the Early Eocene Climatic Optimum (EECO).
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Figure VI.1 a – Simplified location map of the working area. VI.1 b – Detailed map with location of the
sections, tectono-topographic features as well as the general facies belts of the carbonate platform
(modified after Scheibner et al. 2001a). Tectonic elements are added according Moustafa and El-Rey
(1993), Moustafa and Khalil (1995) and Schütz (1994).

VI.1.1 Geological setting
The Galala Mountains are located in the Eastern Desert of Egypt and range from Ain Sukhna
near Suez 100 km to the SE (Fig. VI.1). The mountain complex represents an isolated Late
Cretaceous (Maastrichtian) to Eocene carbonate platform at the southern margin of the
Tethys which is referred to the unstable shelf of northern Egypt (Youssef, 2003; Fig. VI.2b).
The evolution of the platform is closely connected to the tectonic activity of the ENE-WSW
striking Wadi Araba Fault, which is a part of the Syrian Arc-Fold-Belt (e.g.; Krenkel, 1925;
Moustafa and Khalil, 1995; Hussein and Abd-Allah, 2001). During the Early Eocene a major
phase of tectonic activity occurs along the Syrian Arc-Fold-Belt (Shahar, 1994). Regional
uplift and subsidence triggered the formation of ENE-WSW striking basins, submarine swells
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and subaerially exposed plateaus on the unstable shelf (Said, 1990; Schütz,1994;
Fig. VI.2b). Major plateaus are situated in the Cairo-Suez- and Kattamiya area as well as at
the present-day coast of the Mediterranean Sea. The regional basins had a width of few tens
to hundreds kilometres with a palaeobathymetry of about 100 m (Salem, 1976). However, the
basinal succession of the stable shelf S of the study area comprises a palaeobathymetry of
up to 600 m (Speijer and Wagner, 2002).

Figure VI.2 a – Palaeogeographic overview of the western Tethyan realm in the earliest Palaeogene
using the maps of Blakey (http://jan.ucc.nau.edu/~rcb7/latecretmed.jpg). VI.2 b – Simplified map of the
Early Eocene southern Tethys margin in Egypt showing the location of the Northern Galala/Wadi
Araba High (NGWA) and the Southern Galala Subbasin (SGS). The Wadi Araba Fault (WAF) forms
the southern part of the Syrian Arc-Fold-Belt (dashed lines). Submarine swells and plateaus are added
according to Said (1990). The position of stable and unstable shelf was estimated by Meshref (1990)
and was modified for the Early Palaeogene by Scheibner et al. (2001) and Speijer and Wagner (2002).
The red line (NS) represents an NS directed cross-section shown in figure VI.2 c. VI.2 c – Crosssection of the Galala Mountains including the working areas (numbers 1, 2/3, 4 and 5) and main
formations (modified after Schütz, 1994). Palaeozoic to Lower Cretaceous siliciclastics are
represented by the Nubia Series. The Upper Cretaceous is dominated by siliciclastic marls, shales
and (dolomitic) limestones (Wata, Raha, Matulla). The Sudr Formation represents the uppermost
Cretaceous in the study area. Palaeogene formations (Dakhla, Tarawan, Esna, Southern Galala,
Thebes) are diachronous. Their stratigraphic range is discussed in figure VI.3.

38

Palaeogene carbonate platforms under climatic and tectonic stress

The Early Eocene Galala Mountains represent one of the southernmost plateaus of the
Egyptian unstable shelf (Fig. VI.2b). According to the regional tectono-sedimentary
constraints, three major depositional units can be distinguished (Fig. VI.1b): The Northern
Galala/Wadi Araba High (NGWA), a transitional slope zone and the Southern Galala
Subbasin (SGS). The NGWA represents shallow-marine to probably subaerially exposed
inner platform environments. Due to the synsedimentary monoclinal uplift and following
erosion along the Wadi Araba Fault since the Late Cretaceous, major inner-ramp deposits
were eroded or intensively altered (Moustafa and Khalil, 1995). Furthermore, rocks of the
northern platform interior are intensively affected by secondary dolomitization and tectonic
displacement, which is a result of the Miocene opening of the Gulf of Suez. The connection
between the NGWA and the Southern Galala Subbasin (SGS) is represented by a
transitional slope zone (mid ramp to outer ramp). The Galala Mountains are tectonically and
depositionally linked to the monoclinal structure of Gebel Somar on west-central Sinai
(Moustafa and Khalil, 1995). Both structures were separated during the rifting of the Gulf of
Suez in the Late Oligocene and Miocene.

VI.1.2 Lithostratigraphy
The Lower Eocene succession in the Galala Mountains encompasses three major
lithostratigraphic units, which differ in their stratigraphic range and varying depositional
setting within an inner platform to basin transect (Figs. VI.2c, VI.3): The Esna Formation
(Beadnell, 1905) represents an interval of uppermost Paleocene to Lower Eocene basinal
marls and shales (lower NP 9 to NP 12). The deposits lack shallow-marine influence and
represent a palaeo-depth of 200 m in average (Speijer and Schmitz, 1998; Scheibner et al.,
2001a; Fig. VI.1b). The Esna Formation is followed by alternating chalky marls, cherts and
sandstones of the Thebes Formation (Hermina and Lindenberg, 1989), which represents a
deep-water facies. Lithostratigraphically, the Thebes Formation is defined by the first
appearance of cherts in the mid ramp to basinal sections, coinciding roughly with the initial
occurrence of chalky marls in the Lower Eocene succession of the Galala Mountains (see
Fig. VI.1b).
Marly sediments are rare or absent in the shallow-marine inner- to mid-ramp environments of
the study area. The succession consists of platform-related, shallow-marine limestones,
sandstones and conglomerates, which are represented by the Southern Galala Formation
(Abdallah et al., 1970; Kuss and Leppig, 1989). Thebes Formation and Southern Galala
Formation show distinct facies similarities and interfinger at different areas on the mid ramp
(Scheibner et al., 2001a).
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Figure VI.3 – Lithostratigraphy and biostratigraphy of the Palaeogene formations and groups in the
Galala Mountains along a N-S transect (after Scheibner et al., 2001a, b; see Fig. VI.2c). The working
areas (1-5) refer to Fig. VI.1b; position of PETM and EECO according to Zachos et al. (2008). TW
Tarawan Formation. The vertical bold lines illustrate the stratigraphic range of the recorded sections.
Dashed lines indicate an uncertain range.

VI.1.3 Methods
Nine stratigraphical sections, located on a platform to basin transect between Ain Sukhna
and Ras Ghareb in the Galala Mountains were measured in detail (Fig. VI.1): Two exposures
in the NGWA (area 1), four exposures covering the slope (area 2, 3 and 4) and three
exposures in the SGS (area 4 and 5). The distance between the studied sections at the
Southern Galala Plateau varies between 5 km and 20 km. The thickness of the sections
ranges 70 m (section 3a) to 250 m (section 4a). The vertical sample distance varies between
20 cm in well-exposed marls and more than 1 m in sandstones, respectively, which was
depending on the general condition of the outcrop and the degree of alteration. About 600
samples were taken for detailed thin section analysis of mainly litho- and biofacies. Thirteen
facies types (FT) were defined according to the distribution and the assemblages of the
bioclasts (smaller and larger benthic foraminifera, planktic foraminifera, calcareous green
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and coralline red algae), the matrix composition (micrite, sparite, dolomite) and the quartz
content. The classification of FT and facies belts (FB) follows previous studies of Paleocene
successions (e.g., Scheibner et al., 2001a). The quantitative analysis was performed by
estimation of components, using the comparison charts of Baccelle and Bosellini (1965) and
Schäfer (1969), which provide reasonable quantitative results.
The detailed biostratigraphic assessment of the sections is based on calcareous
nannoplankton (nannoplankton zonation of Martini, 1971; Aubry, 1995 and Aubry et al.,
2000). Shallow-platform biostratigraphy was supported by alveolines according to the
classification of Hottinger (1974) and the shallow-benthic zonation (SBZ) of Serra-Kiel et al.
(1998) and Scheibner and Speijer (2009).

VI.2 Results and facies interpretation
VI.2.1 Description and biostratigraphic range of the sections
The nine studied sections represent different depositional environments along a NNE-SSW
striking ramp (Figs. VI.1, VI.2c). A clear proximal-distal zonation is evident from the northern
inner ramp (area 1) to the southern ramp-basin transition (area 4) and finally to the southern
most basinal area 5.
The Paleocene-Eocene boundary is defined by the transition from NP 9a to NP 9b and the
transition from SBZ 4 to SBZ 5 and coincides with the carbon isotope excursion (CIE) of the
PETM (Scheibner et al., 2005; Scheibner and Speijer, 2009). The studied sections range
from NP 9 to NP 14a whilst the lowermost Middle Eocene ones within NP 14b. A continuous
biostratigraphic assessment of the respective shallow benthic zones (SBZ 6 to SBZ 13) was
hindered by poorly preserved specimen in all intervals.
Area 1: The deposits of the inner ramp are characterized by alternating limestones and
reworked dolostones. Marls are rare or absent. The thickness of the individual sections
ranges from 110 m (section 1a) to 125 m (section 1b). The biota are dominated by larger and
smaller benthic foraminifera (smaller miliolids, soritids, nummulitids, alveolinids) and green
and red algae. The basal part of section 1b shows an alternating succession of LBF
floatstones and fine-grained dolostones, which become more dominant towards the middle
interval of the section. The upper portions of section 1b are represented by the cyclic
deposition of fossiliferous dolostones (soritids, green algae, and molluscs), birdseyes
limestones and reworked limestone conglomerates (Fig. VI.7). Stratigraphically, section 1a
ranges from the Paleocene to NP 10. The basal 40 m of section 1b cover the lowermost
Eocene (NP 9b – NP 10). A biostratigraphic assessment of the subsequent 85 m of dolomitic
rocks was not possible due to lacking biostratigraphic markers.
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Area 2/3: The proximal mid ramp deposits of the northern margin of the Southern Galala
Plateau are represented by a mixture of highly fossiliferous sandstones and limestones,
marls and dolostones. Section 2a is composed by quartz-rich allochthonous peloidal
limestones

with

intercalated

sandstones

and

marls.

Quartz-rich

sandstones

and

conglomerates of section 2a are poorly sorted and show high amounts of limestone and
sandstone extraclasts. Strong bioturbation is common as well as sharp contacts with the
underlying beds. The lower 140 m of section 3a are composed of a marly sandstonelimestone succession. Sandstones prevail as sheet-like beds or as channelized structures
with strongly varying thickness. Dolostones prevail in the upper 110 m of section 3a with
monotonous and almost non-fossiliferous mud- to wackestones as well as massive beds of
dolomitized nummulitic float- to rudstones. Stratigraphically, section 3a ranges from the
uppermost Paleocene (NP 9a) to the upper Lower Eocene (NP 13/14). Section 2a covers the
lowermost Eocene NP 9b – NP 10/11).
Area 4: The four studied sections of area 4 (4a, 4b, 4c and 4d) are dominated by marls (up to
45 m thick) with intercalated sandstones and limestones. The thickness of the sandstones
varies between 1 cm and more than 3 m (section 4a). The greyish to bluish marls of the
lower part of the sections (Esna Formation) are replaced by white chalky marls with frequent
chert nodules towards the top of the succession (Thebes Formation). Intercalated limestone
beds, which are present in the lower part of the succession, decrease towards the top.
Dominant components are represented by LBF, benthic green algae, shell fragments and
planktic foraminifera. Biostratigraphically, the sections of area 4 range from the uppermost
Paleocene (NP 9a) to the uppermost Lower Eocene (NP 14a).
Area 5: The rocks of section 5a are characterized by greyish marls and shales in the lower
interval (NP 9a – NP 11) and white chalky marls with high amounts of planktic foraminifera
and radiolaria as well as intercalated chert bands in the upper part of the succession (NP 11
– NP 14). Limestones or sandstones as well as larger benthic biota are absent. The total
thickness of section 5a is about 90 m.

VI.2.2 Facies types
The studied rocks are attributed to 13 facies types (FT), reflecting depositional settings on a
ramp from shallow-marine (FT 1) to deep-marine environments (FT 13). For the distinction of
FT, microfacies data as well as field observations of sedimentary structures are used (Tab.
VI.2). Description and interpretation of the FT is mainly based on the high-diverse fauna of
the shallow-marine, low-latitude succession of the Galala platform (Fig. VI.4). All 13 FT were
attributed to five major facies belts (FB) on an inner ramp to basin transect (Fig. VI.5): (1)
restricted lagoon, (2) inner lagoon, (3) outer lagoon and shoal, (4) slope, (5) basin.
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Reworked dolostones (FT 1)
Description: FT 1 is represented by a suite of massive to parallel-bedded light grey
dolostones with layers of dark grey to black birdseyes and fenestral textures (Figs. VI.4a,
VI.4q), followed by coarse-grained crystalline dolostones with reworked birdseyes
mudstones, which are arranged in a coarsening upward succession. The individual beds
have a thickness of a few centimetres up to more than 2 m. Biogenic remains are generally
rare or absent. Occasionally extraclasts enriched in corals and gastropods, as well as
stromatolithic textures occur in the reworked beds (e.g., bed W2-12). Desiccation cracks are
present in bed W2-14 (Fig. VI.4q). The thickness of the individual cycles varies between 50
cm and more than 10 m. The thickness of the conglomerates on top of each cycle ranges
from 5 cm to 20 cm; rarely up to 2 m. FT 1 is only present in section 1b and covers the upper
70 m of the succession.
Interpretation: FT 1 reflects the shallowest part of the restricted Galala platform. The
succession of fossil-barren, completely altered birdseyes mudstone followed by reworked
conglomerates indicates cyclicity of a tidal flat facies (Keheila and El-Ayyat, 1990).
Desiccation cracks reveal periodically subaerial exposure.

Dolomitized mudstones to wackestones (FT 2)
Description: FT 2 is either represented by massive, grey dolostones with almost no
macroscopic textures and by reworked nodules with remains of corals, gastropods and
stromatolithic textures within FT 1 (Fig. VI.4b). Dolomite is present as inequigranular and
non-rhombic crystals. Relics of miliolids and ostracods are rare. Fragments of alveolinids and
smaller nummulitids are intensively affected by dolomitization. Siliciclastic material is
generally absent; only few samples contain up to 20 % of well-sorted, sub-angular quartz
grains (e.g., bed W2-10). Massive and coarsely recrystallized wackestones often occur in the
northern part of the study area (area 1).
Interpretation: Dolomitized mudstones with very rare faunal elements occur in restricted
environments of the inner ramp. Stromatolites indicate very shallow water conditions with
temporarily subaerial exposure. Dolomitization is supposed to be late diagenetic and related
to hypersaline brines of a tidal flat (Keheila and El-Ayyat, 1992). Samples with quartz and
extraclasts probably reflect reworking by occasional storm events.

Peloidal packstones to grainstones (FT 3)
Description: Light to dark grey peloidal pack- to grainstones occur as massive or parallelbedded limestones with sharp contacts to adjacent beds. Lumps densely packed peloids
dominating this FT, the latter with volume percentages of 25 % to 50 % (Fig. VI.4c).
Dominant components are miliolids (> 15 %) and micritized green algal fragments. Smaller
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lenticular nummulitids, alveolinids, red algae, corals and textulariids are subordinate. Quartz
is generally from rare to common. The matrix consists of xenotopic microsparite and rarely
blocky sparite. Micritic parts of the matrix occur in isolated patches. Peloidal packstones to
grainstones often interfinger with other facies types (e.g., nummulitid-bioclast wackestones to
packstones). This FT occurs in all sections of the study area except in area 5.
Interpretation: FT 3 reflects shallow inner ramp environments. The common sparry matrix
with patches of micrite and the good sorting of the components indicates high-hydrodynamic
conditions and reworking. Most peloids are interpreted as micritized fragments of green
algae or smaller benthic foraminifera (e.g., miliolids). Recent miliolids dominate shallowmarine lagoonal environments (e.g., Murray, 1991). It is reported, that those foraminifera are
capable in tolerating high salinities and also proliferate as epiphaunal benthos within
seagrass communities (e.g., Davis, 1970; Murray, 1991). Palaeoenvironmental studies on
miliolid assemblages attribute the low diversity of the detected foraminifera associated with
common green algal fragments to nutrient-enriched conditions in a restricted environment
(e.g., Geel, 2000; Zamagni et al., 2008).

Gastropod-rich bioclastic wackestones to packstones (FT 4)
Description: The wacke- to packstones of FT 4 are present as massive light grey to bluishgrey limestones with a thickness of a 10 cm to 50 cm. Besides the frequent gastropods,
fragments, alveolinids, peloids, serpulid worm tubes and miliolids occur with various ratios
(Fig. VI.4d). FT 4 occurs occasionally in area 1 and 3. In section 3a (bed B5-31) quartz and
peloids occur as major components. In section 1b traces of microbial stromatolithic textures
are present (bed W2-12).
Interpretation: The faunal assemblage of FT 4 reflects inner ramp environments with close
relations to FT 3 and FT 5. Gastropod-rich bioclastic wacke- to packstones represent shallow
lagoonal conditions with moderate water circulation above fair-weather wave base
(Scheibner et al., 2007). Quartz and peloids are probably storm-derived.

Nummulitid-bioclastic wackestones to packstones (FT 5)
Description: Nummulitic-bioclastic wacke- to packstones are represented by parallelbedded or massive, grey to yellow rocks with a thickness between 10 cm and more than 1 m.
This FT is characterized by an inhomogenic assemblage of smaller lenticular Nummulites
sp., miliolids, textulariids, alveolinids, benthic green algae and peloids (Fig. VI.4e). Smaller
quartz grains are present with minor amounts (< 10 %). The matrix consists of micrite or
microsparite; in section 1b, FT 5 is strongly dolomitized. FT 5 occurs frequently in area 1, 2,
3 and 4.
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Interpretation: FT 5 represents inner ramp environments above fair-weather wave base.
The faunal assemblage reflects semi-restricted lagoonal conditions with a moderate water
circulation. The occurrence of peloids and quartz grains indicates a mixture with other FT.
Thus, FT 5 either occurs as in situ deposit at the inner ramp or as allochthonous remains in
deeper realms of the ramp (e.g., section 4b).

Dasyclad-rich soritid floatstones (FT 6)
Description: Floatstones of FT 6 are represented by micritic grey to bluish-grey limestones
with a bimodal distribution of elongated soritids (Orbitolites sp., Opertorbitolites sp.) and oval
to round green algal fragments (mostly Dasycladacean algae). Both components make up to
55 % of the whole rock volume (Figs. VI.4f, VI.4p). Other biogenic components, as shell
fragments are generally rare. FT 6 occurs only on top of section 1b (area 1).
Interpretation: The low-diverse assemblage of benthic green algae and elongated soritids,
as well as the absence of quartz suggest low-hydrodynamic conditions in well-flushed
backreef or backshoal environments (Hottinger, 1973, 1997; Geel, 2000). Zamagni et al.
(2008) interprets the patchy cooccurrence green algae and soritids as evidence for the
existence of algal meadows. Recent relatives of Palaeogene soritids proliferate in sheltered
environments with 0 – 40 m water depth (Geel, 2000).

Red algae bindstones (FT 7)
Description: FT 7 occurs in dark grey to bluish-grey limestones with a stromatolitic texture.
Fossil remains are represented by non-geniculate coralline red algae (Sporolithon sp. >50 %)
as well as rare shell and green algal fragments. Red algal thalli accumulate in laminated
beds with a thickness between 500 ȝm and 2 mm (Fig. VI.4g). FT 7 is only present in section
3a as extraclasts within a 160-cm-thick interval of alveolinid sandstones (FT 8, bed B1-50).
Interpretation: Coralline red algae bindstones occur as small patch reefs in the deeper
protected inner ramp below fair-weather wave base (e.g., Gietl, 1998; Scheibner et al.,
2007). The occurrence of FT 7 as extraclasts within a suite of coarse-grained alveolinid-rich
sandstones suggests a deposition in the vicinity of the inner- to mid ramp transition. Gietl
(1998) describes red algal patch reefs at the southern margin of the Northern Galala Plateau,
reflecting an inner ramp environment. The erosion of inner ramp material containing coralline
red algal bindstones is possibly related to local tectonic displacement or dramatic storm
events, resulting in isolated debris flows or large-scale slumps.

Alveolinid-green algal wackestones to floatstones (FT 8)
Description: FT 8 is arranged in massive to parallel-bedded grey to bluish-grey lime- and
sandstones with a thickness between 20 cm and 150 cm. Alveolinids (up to 50 %) and
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benthic green algae (up to 40 %) are the dominant components (Fig. VI.4h). Peloids and
miliolids are generally common and occur in various ratios and assemblages. Nummulitids,
red algae (e.g., Distychoplax biserialis), shells and echinoderm fragments as well as
Orbitolites are present in a minor extent. Quartz is frequent in the upper mid ramp sections
(area 3, up to 40 %) but rare in the NGWA (area 1).
One sample (B1-4, Fig. VI.4o) shows a limestone conglomerate with oval-shaped extraclasts
enriched in peloids and green algal fragments. Between the individual extraclasts strongly
abraded alveolinids occur. The matrix is primarily sparry with local patches of micrite.
Interpretation: Alveolinids and benthic green algae are typical components of the proximal
low-energetic inner ramp (Scheibner et al., 2007). The occurrence of soritids supports an
environment within sheltered lagoonal or backshoal settings (Hottinger, 1973; Zamagni et al.,
2008). High amounts of quartz in the vicinity of the platform margin possibly represent an
allochthonous equivalent of this facies, which was reworked and transported into deeper
settings (e.g., Papazzoni and Trevisani, 2006).

Nummulitid-alveolinid wackestones to floatstones (FT 9)
Description: Yellow-grey limestones, which occur as massive beds with sharp but
undulating base and top surfaces, are summarized in FT 9. Stratification is generally rare,
whereas fining-upward gradation occurs occasionally. Nummulites sp. and Alveolina sp.
dominate this FT reaching 20 % to 40 % volume percentage (Fig. VI.4i). Other components
are benthic green algae and quartz (5 % to 30 %); one sample is enriched in peloids.
Miliolids, serpulid worm tubes, discoclyclinids and echinoderm fragments are present with
lower percentages. The tests of all foraminifera are abraded. Especially alveolinids are often
broken or squeezed. Few specimen show a strong abrasion of the outer whorls and probably
lack their adult stages. Other LBF specimen show partial silicification. The poorly sorted
quartz grains are generally sub-angular to sub-rounded. Micrite is the prevailing matrix of FT
9, which is replaced by sparite in a few samples. In section 1a FT 9 is frequently dolomitized
with idiotopic euhedral dolomite crystals. Generally, FT 9 is one of the most frequent facies
types in the study area. Floatstones occur mostly in area 1, whereas wacke- to packstones
are common in the southern study areas (area 3 and 4).
Interpretation: FT 9 represents high-energy shoals (backshoal) formed at the inner/mid
ramp transition. This is also evidenced by the co-occurrence of alveolinids and nummulitids,
reflecting a mixing of inner- and mid ramp environments (Hohenegger et al., 1999). Immature
quartz grains indicate only minor transport fractionation, whereas the eroded tests of larger
foraminifera and patches of sparry cement indicate stronger currents. However, the
occurrence of FT 9 at the mid ramp sections of area 4 (e.g., section 4a) is related to the
transport by major mass-flows. The silicification of LBF results from diagenetic alteration
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(Papazzoni and Trevisani, 2006), when calcite is replaced by autigenic silica (mostly
microcrystalline quartz). Silica originates from the dissolution of biogenic material (e.g.,
radiolarians; see FT 13b).

Nummulitid floatstones to sandstones (FT 10)
Description: The massive, yellow-grey beds of FT 10 show commonly a sharp basis. Larger
elongated nummulitids with particularly high amounts of quartz dominate this FT (Fig. VI.4j).
In contrast to other FT, miliolids and alveolinids are rare or absent. Quartz grains are poor to
moderately sorted; the sub-angular to sub-spherical grains are up to 5 mm in diameter.
Discocyclinids, smaller rotaliids, alveolinids, echinoderm and bivalve shell fragments as well
as other biogenic remains are present in varying amounts and preservations. Partial damage
and deformation of larger foraminiferal tests is common and occurs intensified with
increasing quartz content. The matrix consists of micrite or microsparite. In a few samples,
quartz grains are overgrown by radial fibrous cements (bed D5-149; Fig. VI.3n). Nummulitid
floatstones to sandstones are common in area 3 and 4. Lenticular beds with a thickness of a
few metres are present in area 1.
FT 10 shows various microfacies types: 10a – dominated by Nummulites sp., 10b –
dominated by Ranikothalia sp. and Miscellanea sp., 10c – dominated by Assilina sp. and
Operculina sp.
Interpretation: FT 10 represents mixed-energetic deposits of the upper mid ramp, which
were probably transported due to occasional storm events below fair-weather wave base.
However, the bad sorting indicates only minor transport. Discocyclina sp., Assilina sp. and
Operculina sp. point to a neritic environment with a water depth between 50 m and 80 m
(subtype c, Beavington-Penney and Racey, 2004). True convex-shaped or lenticular shoal
deposits, which are typical at the platform margin, are only present in the NGWA (area 1).
Radial fibrous cement indicates high agitation and low sedimentation rates (Lighty, 1985). In
the Paleocene interval of section 4a the dominating major nummulitids are represented by
Ranikothalia sp. and Miscellanea sp. (subtype b), which indicate the same environment as
Nummulites sp. (subtype a).

(Conglomeratic) quartz sandstones (FT 11)
Description: FT 11 is represented by a suite of light grey to yellow, mostly monomineralic
quartz sandstones with a varying maturity (Fig. VI.4k). Rocks are massive or parallel bedded
and cross stratification is rare. The thickness of the individual beds varies between 2 mm
(e.g., section 4c) and several metres (e.g., section 3a). The basis of the beds is frequently
undulated but sharp. Rip-up clasts of subsequent beds are common (e.g., marls).
Occasionally, fining-upward is present in parallel-bedded sandstones. The sorting of the
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siliciclastics is generally moderate to good; the sphericity of the quartz grains is poor to
moderate. The size of the individual grains ranges from 100 ȝm to 3 mm. A decrease in
maturity is noticeable in rocks with higher amounts of coarser grains. The matrix contains
mud or is completely washed out. Relics of glauconite and weathered feldspar, as well as
peloids are rare. Nummulitids, alveolinids, planktic foraminifera, bivalve shells and green
algal fragments are generally rare and occur abraded or fragmented. Low fossiliferous quartz
sandstones occur in a wide range in almost all sections of the study area. FT 11 is only
absent in area 1 and area 5.
Interpretation: Massive to parallel bedded sandstones indicate moderate to highhydrodynamic conditions. High amounts of siliciclastic material were probably eroded due to
uplift along the Wadi Araba Fault. Sediment transport was possibly triggered by storm events
or local tectonic activity (e.g., earthquakes). Massive bedding results from intensified
bioturbation (Reineck and Singh, 1980), dewatering of the sediment during diagenesis
(Förstner et al., 1968) or the intensified activity of microorganisms (Werner, 1963). The lack
of biogenic material indicates either the transport of fossil-barren material from a point source
or

an

intensified

destruction

of

larger

shelled

biota.

However,

the

lack

of

palaeoenvironmental indicators hinders the classification of FT 11 at the ramp. The
occurrence of quartz sandstones at the upper and lower mid ramp suggests a source area in
the vicinity of the NGWA. The repeated deposition of sandstone beds probably reflects the
transport in existent distal channels or incised valleys at the mid ramp.

Bioclastic wackestones to packstones (FT 12)
Description: Bluish-grey to dark grey micritic limestones of FT 12 (Fig. VI.4l) demonstrate
an inhomogeneous assemblage of densely packed aggregated grains and smaller bioclasts
(miliolids, smaller rotaliids, green and red algal fragments, discocyclinids and planktic
foraminifera). Peloids are present in minor amounts (rarely 25 %). Well-sorted, sub-angular
to sub-sphaeric quartz grains are common in section 4a (10 % - 20 %) and occur
occasionally in the area 3 as major component (bed B5-31, ~30 %). The size of the quartz
grains varies between 50 ȝm and 300 ȝm. Elongated nummulitids, assilinids and
discocyclinids “float” as larger components in the fine-grained matrix. The matrix consists of
mud or microsparite. FT 12 is recorded in all studied areas, with the exception of area 1 and
area 5.
Interpretation: Multicomponent bioclastic wackestones to packstones are interpreted as
distal debris flows or turbidites, which consist of reworked material from the inner ramp (e.g.,
miliolids, green algae) as well as authochthonous deeper ramp biota (e.g., discocyclinids).
The co-occurrence of planktic foraminifera and discocyclinids point to a deposition at the
dysphotic lower mid ramp. Bassi (1998) describes large Discocyclina assemblages across

48

Palaeogene carbonate platforms under climatic and tectonic stress

the inner and mid ramp transition. Good sorting and the small size of the major components
indicate an advanced fractionation by transport.

Planktic foraminiferal and radiolaria-rich wackestones to packstones (FT 13)
Description: FT 13 shows two subtypes: FT 13a - Light to bluish grey planktic foraminiferal
wackestones are represented by massive or parallel bedded limestones and chalky marls.
The individual beds have a thickness between 30 cm up to 1 m and show no or only vague
parallel stratification. FT 13a is enriched in planktic foraminifera (up to 30 %); other fossil
groups like radiolarians or ostracods are generally rare (Fig. VI.3m). Biogenic material is
enriched in layers of a few millimetres to centimetres or in clotted aggregates. FT 13a occurs
particularly in the southern part of the study area (area 4 and 5), as well as in extraclasts in
debris flow deposits in area 3.
FT 13b – Parallel bedded, laminated or massive white chalky marls and limestones represent
another subtype of FT 13. The rocks are dominated by radiolarians and planktic foraminifera.
A micritic matrix is generally absent. The occurrence of nodular to banded cherts with
accumulated radiolarian and planktic foraminiferal remains characterizes this subtype of FT
13. Chert nodules show an elongated oval shape with a thickness of 5 cm to 20 cm.
Limestones and marls, which are dominated by radiolarians occur in area 4 and area 5.
Interpretation: Planktic foraminiferal and radiolaria-rich wackestones to packstones are
interpreted as typical low-hydrodynamic deep water deposits of the lower mid- to outer ramp
with no or minor terrigenous input. Beds with accumulated planktic organisms indicate more
condensed conditions or transient blooms. Clotted nests of planktic foraminifera and
radiolarians reflect bioturbation. Chert nodules of the Lower Eocene Drunka and Thebes
Formation are interpreted as product of post-depositional meteoric alteration due to shelf
progradation in the Early Eocene (e.g., Keheila and El-Ayyat, 1990; McBride et al., 1999).
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Table VI.2 – Summary of the facies types (FT) for the studied sections, including occurrence, main
components, texture, quartz content and interpretation of the environment.

VI.2.3 Foraminiferal assemblages
The following six foraminiferal assemblages are arranged on a palaeobathymetric profile,
ranging from the shallow-marine inner ramp to the deep-marine basin (Fig. VI.5): (1) miliolid
assemblage,

(2)

alveolinid assemblage,

nummulitid assemblage,

(5)

(3)

nummulitid-alveolinid

assemblage,

nummulitid-discocyclinid assemblage and (6)

(4)

planktic

foraminifera assemblage.
The transitions between the individual foraminiferal assemblages are gradual and
occasionally interfere with each other.
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Figure VI.4 a – r (previous page) – Facies types (FT) of the studied Eocene strata: a Reworked
dolostones (FT 1), b Dolomitized mudstones to wackestones (FT 2) with well-sorted quartz grains and
rare bioclasts, c Peloidal packstones to grainstones (FT 3) with abundant smaller lenticular
nummulitids and miliolids, d Gastropod-rich bioclastic wackestones to packstones (FT 4), e
Nummulitid-bioclastic wackestones to packstones (FT 5) with peloids and rare serpulid worm tubes, f
Dasyclad-rich soritid floatstones (FT 6), g Red algal bindstones (FT 7) consisting almost exclusively
of non-geniculate red algae Sporolithon sp., h Alveolinid-green algal wackestones to floatstones (FT
8) with common silicified Alveolina sp. specimen, i Nummulitid-alveolinid wackestones to floatstones
(FT 9). Note the common eroded outer whorls of the Alveolina specimen. Nummulites are only rarely
affected by erosion. Scale bar is 1 mm, j Nummulitid floatstones to sandstones (FT 10) with abundant
immature quartz grains, k (Conglomeratic) quartz sandstones (FT 11) with a high maturity and a
muddy matrix, l Bioclastic wackestones to packstones (FT 12) dominated by planktic foraminifera and
smaller bioclasts, m Planktic foraminiferal radiolaria-rich wackestones to packstones (FT 13), n radial
fibrous cements in FT 4, o subtype of FT 6 with infraformational conglomerate composed of
alveolinids, p weathered surface texture showing soritids and green algal relics (FT 8 in section 1b), q
fenestral texture within dolomitized mudstones (FT 2, section 1b), r fining upward sequence of a
debris flow in section 4a, note the high abundance of LBF. Scale bar is 1 mm

Figure VI.5 – Semi-quantitative distribution of the main microfossils combined with six foraminiferal
assemblages and facies types (FT 1 – 10, 12, 13) on the Galala platform. PFo planktic foraminifera,
Radio radiolarians, Bio bioclastic, Dis discocyclinids, Ass assilinids, Num nummulitids, Opc
operculinids, Alv alveolinids, GA green algae, RA red algae, Sor soritids, Gastro gastropods, Mil
miliolids, Pel peloids, Dol dolomite, lenti. lenticular. FT 11 (conglomeratic quartz sandstone) is not
plotted and is supposed to occur on a wide range of nearly all palaeo-environments in the study area.
The discrimination of inner-, mid- and outer ramp environments with the help of different bioclasts and
larger foraminifera is only roughly demonstrated due to the lack of in situ deposits in the study area.
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Assemblage 1: Miliolid assemblage
Description: This assemblage is dominated by smaller porcellaneous miliolids and small
lenticular nummulitids. Assemblage 1 is associated with benthic red and green algae (e.g.,
dasycladaceans), textulariids and smaller alveolinids. Rare faunal components are
echinoderm and bivalve shell fragments, as well as gastropods. The miliolid facies is
common in area 2 and 3, as well as in sections 4a and 4b of area 4.
Interpretation: The dominance of miliolids and the absence of larger flattened foraminifera
indicate a very shallow-marine setting of a restricted lagoon (inner ramp). Recent miliolid
species prefer euryhaline, low-hydrodynamic environments on soft substrates (e.g., Murray,
1991). The association with abundant green algae fragments and smaller rotaliids reflect the
occurrence of algal meadows and elevated nutrient levels in the shallow lagoon (Davies,
1970).

Assemblage 2: Alveolinid assemblage
Description: The alveolinid assemblage is characterized by the major occurrence of larger
miliolid foraminifera (e.g., Alveolina sp.). Assemblage 2 is associated with soritids, benthic
green algae and smaller miliolids. Minor bioclasts are represented by bivalve shell fragments,
gastropods, discocyclinids, nummulitids, echinoderm remains and planktic foraminifera. The
tests of the LBF are generally well preserved and show only occasionally abraded adult
whorls. Assemblage 2 occurs in sections 2a, 3a, 4a and 4b.
Interpretation: Assemblage 2 represents illuminated shallow-water environments at the
open-marine inner to upper mid ramp, characterized by low water turbulence. Dominant LBF
(Alveolina sp., Orbitolites sp., Opertorbitolites sp.) proliferate in algal meadows (e.g., Dill et
al., 2007). The occurrence of green algae and heterotrophic grazers (e.g., gastropods)
indicates elevated nutrient levels.

Assemblage 3: Nummulitid-alveolinid assemblage
Description: Assemblage 3 is dominated by the cooccurrence of Nummulites sp. and
Alveolina sp. Nummulites occur as large flattened specimen as well as small lenticular forms.
Benthic green algae occur occasionally as major component. Other bioclasts are generally
rare. In the Paleocene intervals of the studied sections, foraminiferal assemblage 3 is
characterized by the dominance of Ranikothalia sp., Miscellanea sp. and Glomalveolina sp.,
which demonstrate the precursors of Nummulites sp. and Alveolina sp. This assemblage
occurs in sections 1a, 1b, 2a and 3a and occasionally in section 4a.
Interpretation: Most of the recent alveolinids and nummulitids prevail in various
environments on a carbonate ramp (Hohenegger et al., 1999). Alveolinids proliferate on the
protected inner ramp within seagrass communities, whereas nummulitids can occur on a
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wide range at the platform. Large-flattened fossil nummulitids dominate the deeper parts of
the ramp or occur at the seaward side of shoals, whereas small-lenticular forms live together
with alveolinids in more protected inner ramp environments (e.g., Geel, 2000). The coeval
occurrence of large-flat nummulitids and alveolinids, reflecting two different environments
either point to an offshore transport of alveolinids (Adabi et al., 2008) or to a shoal-to-inner
ramp transport of nummulitids.

Assemblage 4: Nummulitid assemblage
Description: The nummulitid assemblage is characterized by the cooccurrence of largeflattened and small, lenticular forms of Nummulites sp. Occasionally, forms of Assilina sp. are
present as a major component. Operculinids, discocyclinids and smaller bioclasts are rare or
absent. Nummulitid-dominated rocks occur in sections 3a, 4a and rarely in section 4b.
Interpretation: Small, lenticular nummulitids reflect favourable environmental conditions,
resulting in a high and quick reproduction rate but small test size (Hallock and Glenn, 1986;
Beavington-Penney and Racey, 2004). Favourable conditions prevail in well-lighted shallowmarine (< 20 m) inner ramp environments with good food supply and moderate- to high water
agitation. Larger flattened nummulitids are adapted to unfavourable light or food conditions at
deeper parts of the ramp (Hallock, 1985). Quick reproduction is replaced by a continuing
growth of the tests. The co-occurrence of small-lenticular and larger-elongated specimen
concludes the post-depositional transport of shallow inner-ramp forms (small-lenticular)
towards deeper realms of the ramp.

Assemblage 5: Nummulitid-discocyclinid assemblage
Description: Foraminiferal assemblage 5 is dominated by large and flat orthophragminids
(Discocyclina sp.) and various species of nummulitids (Operculina sp., Nummulites sp.,
Assilina sp.). Planktic and agglutinated foraminifera, smaller miliolids and rotaliids as well as
green and red algal fragments occur in variable amounts. The tests of the LBF show a
moderate to good preservation. Adult whorls are only occasionally abraded. Assemblage 5 is
present in area 4 and rarely in area 2 and 3.
Interpretation: Large flat nummulitids and orthophragminids reflect an environment in the
lower euphotic to upper dysphotic zone up to 130 m water depth (Racey, 1994; Cosovic and
Drobne, 1995; Zamagni et al., 2008) where decreasing light intensity requires larger test
surfaces to host photo-autotrophic organisms. Flattened LBF indicate an environment with
marly to sandy substrates (Zamagni et al., 2008). Notwithstanding, assilinids, operculinids
and Nummulites can occur in the same environment, they are supposed to be dominant in
different depths in the water column. Their cooccurrence in few mid ramp sections (area 4)
indicates the relocation of shallower deposits towards deeper realms. Summarizing,

54

Palaeogene carbonate platforms under climatic and tectonic stress

foraminiferal assemblage 5 was deposited in the euphotic to dysphotic mid ramp below fairweather wave base.

Assemblage 6: Planktic foraminifera assemblage
Description: Assemblage 6 consists nearly exclusively of planktic foraminifera and
radiolaria. Ostracods and smaller benthic foraminifera are rare. The low-diverse community
of foraminiferal assemblage 6 occurs in all studied areas.
Interpretation: High amounts of planktic organisms and the coeval absence of stormderived

inner

ramp-related

bioclasts,

indicate

distal

authochtonous

depositional

environments below the storm wave base. The absence of photo-autotrophic benthos (LBF,
green algae) reflects aphotic conditions at the sea-floor. For tropical marine environments
without major terrigenous input a depositional palaeo-water depth below 100 m, which
corresponds to the distal mid- to outer ramp is suggested (Hohenegger, 2005; Renema,
2006).

Figure VI.6 (next page) – Summary of all investigated sections, including the general lithofacies,
foraminiferal assemblages and the biostratigraphic correlation based on calcareous nannoplankton.
The arrangement of the sections on the lateral inner ramp to basin transect is shown in the small map
right to the legend. The basis of all sections is the PETM/LFT interval (NP 9a – NP 9b boundary). A
correlation of the NGWA (area 1) and the section of the Southern Galala Plateau (area 2 to area 5) is
in question, due to the assumed asymmetric tectonic activity of the Wadi Araba horst and due to
erosion of major upper environments. The block diagram below the sections illustrates the regional
palaeogeographic context and the position of the sections at the ramp. Generally, autochthonous inner
ramp habitats (lagoon, tidal flat) are only present in area 1. Area 3 and area 4 represent environments,
which are dominated by hemipelagic marls and allochthonous relocated platform allochems. Area 5 is
not represented in this figure due to no significant changes in facies and foraminiferal assemblages in
section 5a.
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Figure VI.7 – Four selected sections of the lower mid ramp (sections 4a and 4b), the upper mid ramp
(section 3a) and the inner ramp (section 1b) regarding FT changes during five stratigraphic intervals
with the PETM (red line) as base of correlation. Major lithofacies (coloured), grain size, macrofossils
and depositional textures are added. Detailed microfacies records of the mid ramp sections indicate a
shift from shallow marine environments (FT 1 to FT 5) to deep marine environments (FT 9 to FT 13)
between NP 11 and NP 12/13 (black arrows). However, the FT of the inner ramp area indicate a shift
from open lagoonal environments (FT 8) to more restricted settings with temporarily subaerial
exposure (FT 1). Both diametral facies shifts are probably related to the tectonic uplift of inner ramp
environments (area 1) and a coeval sea-level rise, which is represented by a deepening upward in the
tectonically uninfluenced mid- and outer ramp areas (area 3 and 4).
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VI.3 Discussion
VI.3.1 Platform evolution
Formation and evolution of carbonate platform systems are strongly controlled by eustatic
sea-level changes and the activity of adjacent tectonic provinces (Bosellini, 1989; Everts,
1991). Based on the Paleocene record of the Galala platform, Scheibner et al. (2003)
assume a platform evolution that is more affected by local tectonic displacements than by
eustatically controlled sea-level changes. Thus, the tectonic activity along the Wadi Araba
Fault system triggered the initial growth of the Galala platform as a coupled effect of sealevel drop and local tectonic uplift. Furthermore, geometry and architecture of platform and
slope underwent repeated changes since the Cretaceous due to the varying tectonosedimentary constraints on the unstable Egyptian shelf (Meshref, 1990; Schütz, 1994;
Youssef, 2003).
Scheibner et al. (2003) documented five platform stages regarding progradation and
retrogradation of the platform margin, which encompasses the evolution of the study area
from the Maastrichtian to the earliest Eocene (stages A – E, Fig. VI.8). Stages A and B
describe the transition between hemipelagic and slope deposition, reflecting the initial stages
(Maastrichtian to Late Paleocene, NP 5). The first progradational phase of the Galala
platform is documented in the Late Paleocene (NP 5 to NP 6, stage C), which is related to
uplift along the Wadi Araba Fault and a major sea-level drop. A second progradational phase
(stage D) occurred during NP 7 to NP 8. Massive debris flows filled up the accommodation
space at the platform rim and forced a southward shift of the platform margin. Stage E
represents platform retrogradation within the latest Paleocene (NP 9) up to the PETM,
reflecting a sea-level rise. Retrogradation is accompanied by the widespread deposition of
marls and the onset of LBF shoals on the platform margin. Within NP 9 the slope gradient
decreased, due to the subsidence of the platform interior and the coeval uplift of the SGS.
Scheibner and Speijer (2008) introduced a sixth platform stage F, which is characterized by
the first occurrence of Nummulites and Alveolina in the Galala succession. The base of stage
F is represented by the PETM interval, which coincides with the larger foraminifera turnover
and the Paleocene – Eocene boundary (boundary NP 9a – NP 9b). The post-PETM evolution
of the Galala platform is characterized by a transitional phase of aggradation. Marls and
allochthonous marly limestones dominate the deposition at the slope. In NP 10 the
deposition of siliciclastics increased significantly, which indicates a reactivation of the Wadi
Araba Fault.
Platform stage F is terminated within NP 11, due to several fundamental shifts regarding the
tectonic constraints and the trophic regime in the depositional record of the Galala
Mountains. Thus, we are introducing a seventh platform stage G. The initiation of stage G
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coincides approximately with the onset of the Thebes Formation in area 4 (~ NP 11/12). The
evolution of the Galala platform in the newly introduced stage G is characterized by the
ongoing retrogradation with a coeval significant increase of the tectonic activity along the
Wadi Araba Fault. At least five major tectonic pulses, which are related to the uplift along the
Wadi Araba Fault, are detected by means of the massive relocation of siliciclastic material
and intervals with large slumping structures at the mid ramp. However, the lateral extension
and distribution of siliciclastics at the ramp is highly heterogeneous, probably related to
erosion and amalgamation of individual sandstone beds on the one hand, and undulating
slope topography, that resulted from local tectonic uplift and subsidence, on the other. The
frequent occurrence of sandstone and conglomerate beds at the ramp margin (area 2 and 3)
probably reflects the filling of ancient channel structures, which were initialized during prior
progradational stages (stage C and D). Large-scale slumps and frequent mass flows at the
mid ramp (area 3 and 4) may indicate the onset of a distally steepened ramp, either within
stage G or upper part of stage F. A continuing deepening in stage G that coincides with
retrogradation of the southern ramp margin is demonstrated by the increasing deposition of
widespread chalky marls with chert nodules and increasing amounts of planktic foraminifera
and radiolaria at the former slope (area 4). Furthermore, a significant shift in the microfacies
composition from shallower to deeper signatures is evidenced for areas 3 and 4 within NP 11
(Fig. VI.7).
In contrast to the described scenarios for the areas 3 and 4, inner ramp sections (area 1) do
not show any evidence for a major sea-level rise during the same intervals (Fig. VI.7). This
contradiction possibly results from a coeval tectonic uplift of a horst structure (NGWA), which
represents the inner ramp and a continuing sea-level rise prior to the Early Eocene Climatic
Optimum (EECO: ~ NP 12/13, 52 – 50 Ma, Zachos et al., 2001). Tidal related loferite cycles
in area 1 indicate very shallow and temporarily subaerial exposed conditions in the restricted
platform interior (Bandel and Kuss, 1987). Thus, the shallow inner-ramp areas widen during
the sustained sea-level rise, while the mid ramp start to drown. However, the gradient of the
slope does not show any evidence for steepening during the Early Eocene. Palaeo-water
depths for Paleocene intrashelf basins in Egypt (e.g., the SGS) were interpreted between
100 m and 200 m (Salem, 1976; Speijer and Wagner, 2002). A homoclinal carbonate ramp
with a slope of 100 km length would imply an average slope gradient of 0.02°. Thus, the
increased deposition of mass-flows (debris flows, turbidites, slumps) must be related to local
(tectonic) swells associated with steeper gradients or to a distally steepened ramp
configuration. Furthermore, the facies signature of the mid ramp sections (area 4) indicate a
deepening upward from the earliest Eocene (NP 10) to the uppermost Lower Eocene (NP
14a), which is manifested by decreasing proportions of inner- to mid ramp-related bioclasts
(e.g. miliolids, peloids), forming mass-flow deposits. This deepening corresponds to the
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global transgression in the Early Eocene, which terminates in the highest sea level in the
Cenozoic (e.g., Haq et al., 1987; Rea et al., 1990; Zachos et al., 1994; Miller et al., 2005). In
contrast to Scheibner et al. (2000), who interpreted the occurrence of Paleocene mass-flows
as a consequence of a major sea-level drop and ramp progradation, similar processes can
be excluded for the Early Eocene. An evidence for the tectonic control of the shallowing at
NGWA is the continuing deposition of siliciclastic material at the mid ramp throughout stage
G.
The termination of stage G is evidenced within NP 14a (uppermost Early Eocene), due to a
significant decrease in the tectonic related deposition of siliciclastics. Especially in area 4
(sections 4a and 4b) the deposition of monotonous chalky chert-bearing marls without major
sandstone and limestone beds demonstrates a reversal in the tectonic regime and the onset
of a new platform stage, which we call stage H. Thus, sediments provided from the Wadi
Araba horst were almost completely eroded and no inner ramp deposits are transported
towards the SGS. Quartz-free mass flow deposits are rarely observed on top of the sections
4a and 4c. Here, well-sorted nummulitic pack- to floatstones probably indicate allochthonous
equivalents of upper mid ramp LBF shoals. The exact stratigraphic range of stage H will be
subject to further studies.
The dominance of larger benthic foraminifera as major platform contributing organisms
suggests the continuation of the circum-Tethyan platform stage III of Scheibner et al. (2005)
until NP 14a (~ 49 Ma). Our data do not indicate a recovery of major coral assemblages,
which is related to a continuing warming trend throughout the Early Eocene, culminating
during the Early Eocene Climatic Optimum (EECO; 53 – 49 Ma). A post-EECO cooling
favours the recovery of temperature-controlled coral proliferation. However, post-EECO
cooling has particularly affected high latitudes, whereas equatorial ocean basins remained
warm throughout the Eocene (Tripati et al., 2003; Pearson et al., 2007). Thus, additional
studies from Tethyan carbonate platforms at higher latitudes (e.g., Spain) are needed to
demonstrate the impact of post-EECO cooling on platform organisms and to reveal the
duration of circum-Tethyan platform stage III.

Figure VI.8 (next page) – Tectono-sedimentary evolution of the Galala platform from the Late
Cretaceous (Maastrichtian) to the latest Early Eocene illustrated in six block schemes, which refer to
eight platform stages (A-H). Platform stages A to E were described by Scheibner et al. (2003),
platform stage F was introduced by Scheibner and Speijer (2008). The stages G and H are newly
introduced in this paper. The initiation of the platform and its Early Eocene evolution were controlled
by the tectonic activity along the Wadi Araba Fault, which superimposed sea-level fluctuations.
However, the Paleocene evolution of the platform was controlled by major sea-level fluctuations.
Stage G is again controlled by renewed tectonic activity along the Wadi Araba Fault. In contrast to
stage G, the activity of the Wadi Araba Fault is terminated in stage H. The stratigraphic range of stage
H will be explored. For a legend of the used icons see figure VI.7.
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VI.3.2 Tectonic constraints and the source of quartz
Quartz is generally rare in the Cretaceous and almost absent in the Paleocene of the Galala
succession. Quartz-free carbonate mass-flow deposits were reported for the Late Paleocene,
reflecting a massive sea-level drop during nannoplankton zone 5 (Lüning et al., 1998;
Scheibner et al., 2000; Figs. VI.8a-d). Scheibner et al. (2003) describe first siliciclastic
deposits in the latest Paleocene (NP 9a) and assume a source in the hinterland. During the
Early Eocene, the abundance and frequence of sandstones and quartz-rich limestones
increases, especially in the Southern Galala mid ramp sections (area 2, 3 and 4). Siliciclastic
deposits from the NGWA are reported from few sections at the southern margin of the
Northern Galala Plateau (Gietl, 1998). At the northern margin of the NGWA pure carbonate
deposition prevailed throughout the Lower Eocene (area 1). The dominance of siliciclastic
material at the Southern Galala Plateau and the coeval pure carbonate deposition at the
NGWA suggest a source area of the siliciclastic material north of the Wadi Araba Fault.
Furthermore, major sandstone intervals at the Southern Galala mid ramp indicate the major
transport direction of quartz-rich deposits towards the South.
The deposition of siliciclastics at the isolated Galala platform is related to tectonically induced
uplift and erosion of older sandstones along the Wadi Araba Fault. This was confirmed by
Hussein and Abd-Allah (2001), who described increased Lower Eocene oblique convergence
at the unstable Egyptian shelf resulting in the reactivation of Mesozoic fault systems and the
uplift along the Syrian Arc-Fold-Belt. This tectonic reactivation resulted in an uplift of
Palaeozoic and Mesozoic sandstones with a vertical displacement of more than 500 m
(Schütz, 1994). Hence, the sandstones, which belong to the Nubia Series (Late
Carboniferous – Early Cretaceous) were subaerial exposed and eroded in the Early Eocene
(Fig. VI.8g).
The onset of a mixed carbonate-siliciclastic depositional system at the Southern Galala
Plateau during the Early Eocene is reflected by increasing contents of terrigeneous quartz
grains, either as distinct beds of sandstone or as disseminated components in marls and
limestones. Sandstone beds accumulate in intervals of several metres to tens of metres,
which are traceable throughout area 2, 3 and 4. Generally, the correlation of the siliciclastic
units on the platform to basin transect is difficult, due to highly variable thicknesses of the
beds and assumingly various point sources of the siliciclastic material in the vicinity of the
Wadi Araba Fault (Figs. VI.6, VI.7). For this reason, the impact of various tectonic pulses is
supposed to be a major trigger for the relocation of quartz-rich sediments. Major tectonic
activity of the Wadi Araba Fault is estimated within NP 11 and NP 14a when thick quartz-rich
packages were deposited (Fig. VI.6). Within NP 14a, the system shifted towards pure
carbonate deposition (Fig. VI.8h).
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VI.4 Conclusions
The biotic and abiotic evolution of the Early Eocene Galala platform is strongly influenced by
regional tectonic uplift along the Wadi Araba Fault, superimposing the effects of eustatic sealevel fluctuations. The definition and interpretation of 13 facies types and six foraminiferal
assemblages as well as qualitative analyses of dominating platform biota are demonstrated
in the following results:
-

The Early Eocene monoclinal uplift along the Wadi Araba Fault intensified with
respect to the Paleocene and Late Cretaceous. Amalgamated intervals of siliciclastic
material as well as slumps and coarse-grained debris flows indicate multiple tectonic
pulses and local steep slope gradients. The heterogeneous distribution and irregular
lateral extension of siliciclastics probably reflect a complex ramp topography, which is
influenced by local uplift and subsidence, as well as pre-existent swells and troughs.
The origin of those swells is probably related to pre-Eocene progradational platform
stages. Although the overall ramp gradient does not indicate any steepening, frequent
mass flow deposits at the lower mid ramp support the onset of a distally steepened
ramp in the Early Eocene.

-

Following previous studies of Scheibner et al. (2003) and Scheibner and Speijer
(2008), we complete and expand the platform model with respect to the Early Eocene
succession. Platform stage F, introduced and described by Scheibner and Speijer
(2008) ranges from NP 9b to NP 11 and demonstrates a period of platform
aggradation with the reactivation of the Wadi Araba Fault.

-

We introduce two new platform stages regarding varying biotic and tectonosedimentary constraints: Stage G (NP 11 – NP 14a) is characterized by the repeated
activity along the Wadi Araba Fault and the massive input of Mesozoic siliciclastic
material towards the S. The retrogradation of the platform is demonstrated by a shift
in the microfacies signature of the mid- and outer ramp succession (~ NP 11/12).
However, the antithetic evolution of inner ramp environments reflects a sea-level drop
and the onset of tidal-related loferite cycles. This contradiction is related to the uplift
of a horst structure along the Wadi Araba Fault, which formed a palaeogeographic
barrier between inner- and mid ramp environments.

-

In contrast to stage G, the following stage H (NP 14a) reflects the termination of
tectonic activity along the Wadi Araba Fault. The horst structure initiated in stage G
was completely eroded during that stage. The system shifts to pure carbonate
deposition, dominated by chalky, chert-rich marls at the mid- and outer ramp. The
stratigraphic range of platform stage H will be subject to further studies.
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VII. INCREASING RESTRICTION OF THE EGYPTIAN SHELF DURING
THE EARLY EOCENE? – NEW INSIGHTS FROM A SOUTHERN

TETHYAN CARBONATE PLATFORM

Abstract The evolution of the isolated Galala carbonate platform has been studied
intensively with respect to the Paleocene-Eocene Thermal Maximum (PETM) and the strong
climatic variability from the Late Paleocene to the Early Eocene. In this study, we compare
the results of different approaches which deal with the Early Palaeogene evolution of the
Egyptian shelf, including new data from the Galala platform. Microfacies analyses along a
platform to basin transect reveal a sedimentological response to a massive tectonic uplift
along the Syrian Arc-Fold Belt in the Early Eocene. This uplift triggered the restriction of the
Egyptian shelf by modulating and weakening Tethyan onshore currents from the North. The
increasing deposition of quartz and proliferating gastropods, green algae and radiolaria,
which indicate elevated nutrient levels, reflect an intensified eutrophication of shallow-marine
platforms and deeper-marine shelf environments. Strongly depleted carbon isotope ratios in
the sediments of the Galala succession strongly suggest the presence of restricted
conditions throughout the Early Eocene. We assume that a strong climatic divergence with
arid conditions on the shelf and humid conditions at the African hinterland triggered
intensified chemical weathering at the Nubian-Arabian Craton. The enhanced riverine
transport of terrestrial organic material to the North African shelf caused the increased
availability of trophic resources and a strong negative shift of carbon isotope ratios between
NP10 and NP14a. The recovery to open ocean conditions is linked to the termination of
tectonic uplift along the Syrian Arc-Fold Belt in the latest Early Eocene and to stronger ocean
currents, caused by increasing latitudinal temperature gradients.
Additionally, the post-PETM carbon isotope evolution at the Galala platform indicates at least
two further negative carbon isotope excursions, which reflect hyperthermal events on a
global scale. The associated reorganization of shallow-marine assemblages as described for
example for the Larger Foraminifera Turnover at the PETM boundary event is, however,
missing. We assume that the absence of a foraminiferal reorganization in this region can be
linked to an increasing robustness of the major Early Eocene platform organisms (larger
benthic foraminifera) and their adaption to unfavourable conditions and repeated
environmental shifts.
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VII.1 Introduction
The Early Palaeogene Tethys is represented by a tropical ocean basin with broad
epicontinental shelf areas in the South (Bolle et al., 2000). Open seaways in the West and in
the East enabled a nearly circum-tropical halothermal-driven water circulation, which kept the
Tethys uniformly warm during times of global greenhouse climate (Lawver and Gahagan,
2003). This circulation pattern persisted until the collision of Greater India with southern Tibet
and the continuing northward movement of Arabia resulting in the closure of the eastern
Tethyan seaway in the Early Eocene (Lawver and Gahagan, 2003). As a consequence, the
western Tethys, forming now the Proto-Mediterranean Sea, became more restricted and
sensitive for the impact of global and regional environmental perturbations. In contrast to the
open ocean, marginal shelf areas (e.g., the North African shelf) reveal complex regional
environmental conditions regarding ocean circulations and local climate.
In the Early Palaeogene, major environmental perturbations are related to carbon isotope
shifts, regional climate variability and tectonic uplift at the southern Tethyan shelf. Earlier
studies proposed various mechanisms that affected environments at the southern Tethyan
shelf with respect to the biotic and geochemical shifts of the Paleocene-Eocene Thermal
Maximum (PETM; Speijer et al., 1996; Charisi and Schmitz, 1998; Speijer and Morsi, 2002;
Berggren and Ouda, 2003; Alegret et al., 2005; Scheibner and Speijer, 2009) and regional
climatic variations based on mineralogical investigations (Hendriks et al., 1990; Strouhal,
1993; Bolle et al., 2000; Bolle and Adatte, 2001; Ernst et al., 2006).
The main objective of this paper is the reconstruction of the Egyptian Tethyan shelf during
the Early Palaeogene global greenhouse period (Zachos et al., 2001), focusing on the impact
of Early Eocene carbon isotope perturbations on tropical carbonate platform development, as
well as on causes and consequences of enhanced nutrient discharge and the local tectonic
activity at the southern Tethyan shelf. We created a new palaeogeographic model, which reevaluates the function of the Syrian Arc-Fold Belt (SAFB) regarding the increasing restriction
of the Egyptian Tethyan shelf in the Early Palaeogene (Speijer and Wagner, 2002; Scheibner
et al., 2003).
Previous studies dealing with the environmental response of post-PETM carbon isotope
perturbations mainly focus on deep-sea environments (Lourens et al., 2005; Nicolo et al.,
2007; Stap et al., 2009), whereas shallow-marine shelf areas and carbonate platform
systems are still underrepresented in the geological record. The Upper Paleocene to late
Early Eocene succession of the Galala Mountains (Eastern Desert, Egypt) provides new data
for the geochemical and environmental evolution on a tectonically controlled isolated
carbonate platform at the marginal southern Tethys. We link and compare our results with
previous studies on Eocene hyperthermals, focussing on larger benthic foraminifera and on
other benthic organisms.
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VII.1.1 Early Palaeogene climate and carbon cycle perturbations
The early Cenozoic is known as a period in Earth’s history which underwent repeated
changes with respect to global climate variations. During the Middle Paleocene to the Early
Eocene continuing global warming culminated in the Early Eocene Climatic Optimum (EECO,
~ 53 – 48 Ma) with the highest temperatures in the Cenozoic (Tripati et al., 2003; Zachos et
al., 2008; Fig. VII.1). This global warming trend is superimposed by transient temperature
perturbations (hyperthermals; Thomas and Zachos, 2000). The most prominent hyperthermal
event is the Paleocene-Eocene Thermal Maximum (PETM; also Eocene Thermal Maximum
1, ETM1, ~ 55.5 Ma; Kennett and Stott, 1991; Zachos et al., 1993), which is a brief period
(~170 k.y.) with a severe impact on many environments on Earth (Fig. VII.1). The PETM
resulted in a transient rise in global temperature of 5°C (Zachos et al., 1993, 2003; Tripati
and Elderfield, 2005) and enhanced continental runoff due to the major reorganization of the
global hydrologic cycle (Ravizza et al., 2001; Zachos et al., 2006; Giusberti et al., 2007;
Nicolo et al., 2007). Major biotic turnovers were recognized (i) in the deep sea (Benthic
Extinction Event; Kaiho, 1991; Thomas and Shackleton, 1996), (ii) in shallow-marine realms
(Larger Foraminifera Turnover; Orue-Etxebarria et al., 2001; Scheibner et al., 2005), (iii) at
the sea surface (nannoplankton turnover and poleward migration of subtropical plankton:
Kelly et al., 1996; Monechi et al., 2000; Gibbs et al., 2006); and (iv) in terrestrial
environments (dispersal of mammals: Gingerich, 1989, 2003, 2006; expansion of vegetation:
Beerling, 2000; Wing et al., 2005; Sluijs et al., 2006, 2009). The PETM is associated with a
prominent negative carbon isotope excursion (CIE) of ~4 ‰ (Kennett and Stott, 1991), which
reflects a massive input of į13C-depleted carbon in the atmosphere (Fig. VII.1). Sources and
processes responsable for this carbon injection are highly debated (Katz et al., 2001; Higgins
and Schrag, 2006; Pagani et al., 2006; Sluijs et al., 2007). Various authors attribute the CIE
of the PETM to methane hydrate degassing from sediments on the continental slope
(Dickens et al., 1995, 1997; Bains et al., 1999). Alternative theories discuss the global
conflagration of peatlands (Kurtz et al., 2003) or massive volcanism and gas expulsion in the
North Atlantic (Storey et al., 2007).
The PETM is not a single hyperthermal event (Thomas and Zachos, 2000; Cramer et al.,
2003). At least two other prominent hyperthermal events can be identified in the Early
Eocene: (a) Two million years after the PETM another global CIE at 53.6 Ma is attributed to
the Eocene Thermal Maximum 2 (ETM2, H1 or Elmo; Cramer et al., 2003; Lourens et al.,
2005). Its characteristics are similar to those of the PETM but with a smaller magnitude
(Fig. VII.1). A negative CIE between 0.4 ‰ and 2.5 ‰ is observed in deep-marine and
marginal settings (Cramer et al., 2003: Lourens et al., 2005; Nicolo et al., 2007; Stap et al.,
2009; Agnini et al., 2009). A global sea-surface temperature rise of 3-5 °C (Lourens et al.,
2005; Nicolo et al., 2007; Sluijs et al., 2009) and a bottom-water temperature rise of 2-3 °C
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(Kroon et al., 2007) are associated with warm and humid conditions at high latitudes (Sluijs
et al., 2009) and enhanced continental runoff (Nicolo et al., 2007; Sluijs et al., 2009). Deepwater benthic foraminifera show a low diversity (Lourens et al., 2005); calcareous
nannoplankton assemblages indicate enhanced nutrient availability (Raffi and De Bernardi,
2008). Recent studies have shown that the timing of the ETM2 coincides with the initial
collision of Asia and India (Clementz et al., 2011).

Figure VII.1 – Overview of the environmental changes during the latest Paleocene to early Middle
Eocene (global carbon isotope evolution, tropical sea-surface temperatures, major climatic conditions
and biotic events in terrestrial, shallow- and deep-marine environments). References to the associated
biotic events are given in chapter 1.1. Abbreviations: CIE – carbon isotope excursion, SST – sea
surface temperature, EECO – Early Eocene Climatic Optimum, ETM – Eocene Thermal Maximum,
BEE – Benthic Extinction Event; LFT – Larger Foraminifera Turnover.

(b) The ETM3, K- or x-event at 52.5 Ma represents the third global hyperthermal event
(Fig. VII.1). It shows a significantly smaller negative CIE (0.6 ‰ – 0.9 ‰) compared to the
PETM and ETM2 (Cramer et al., 2003; Röhl et al., 2005). Deep-marine benthic foraminifera
demonstrate a low diversity during the event; calcareous nannoplankton and planktic
foraminifera show a turnover towards warmer and more eutrophic species (Röhl et al., 2005;
Agnini et al., 2009).
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CIEs with smaller magnitude (H2 at 53.5 Ma, I1 at 52.8 Ma and J at 52.3 Ma; according to
Cramer et al., 2003) probably do not reflect hyperthermal events and only cause minor
environmental perturbations. The latest recognized hyperthermal event was described at the
marginal northern Tethys at around 45 Ma (NP15) by Ortiz et al. (2008). All periodic
reoccurrences of negative CIEs are explained by orbital forcing (Lourens et al., 2005;
Westerhold et al., 2007; Galeotti et al., 2010).

VII.1.2 The southern Tethyan shelf in the Early Palaeogene
In the Palaeogene, the Egyptian marginal Tethys consists of two major tectono-sedimentary
environments, the unstable shelf and the stable shelf (Said, 1990; Fig. VII.2). The tectonically
controlled unstable shelf traced the course of the SAFB, which formed a complex ENE-WSW
striking framework of horst and graben structures, related to multiple intervals of uplift
movements (Salem, 1976; Bowen and Jux, 1987; Shahar, 1994; Moustafa and Khalil, 1995;
Hussein and Abd-Allah, 2001; Youssef, 2003). Deposits related to the unstable shelf are
characterized by a heterogeneous assemblage of hemipelagic marls, platform limestones
and siliciclastics (Salem, 1976). Uplift along the SAFB in the Early Palaeogene resulted in
shallow palaeo-waterdepths < 100 m in the elongated basins and temporary subaerial
exposure at the ridges (Fig. VII.2). The tectonically unaffected stable shelf south of the SAFB
forms the Eastern Desert Intra-Shelf Basin (EDIB) with palaeo-waterdepths up to 600 m
(Speijer and Wagner, 2002). Deposits of the EDIB are dominated by hemipelagic marls and
chalks with minor terrestrial influence. The northern part of the EDIB is represented by the
Southern Galala Subbasin (Kuss et al., 2000), which is probably still affected by Syrian Arcrelated tectonism.
In the Early Palaeogene the Galala Mountains represent a mixed siliciclastic carbonate
platform, which was situated at the unstable shelf, approximately 800 km north of the African
craton (Fig. VII.2). Platform evolution is strongly controlled by the Early Eocene uplift along
the SAFB, resulting in different tectono-sedimentary platform stages (Scheibner et al., 2003;
Scheibner and Speijer, 2008; Höntzsch et al., 2011). The Eocene succession of the Galala
Mountains is dominated by photo-autotrophic organisms, indicative for low-latitude
environments with warm and arid conditions (Schlager, 2003; Mutti and Hallock, 2003;
Höntzsch et al., 2011). The shallow-marine fauna is dominated by larger benthic foraminifera
(LBF), co-occurring with other benthic biota (green algae, coralline red algae). Dominant
species are represented by hyaline-walled rotaliids (nummulitids) and larger porcellaneous
miliolids (alveolinids; Höntzsch et al., 2011).
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VII.1.3 Study area
Today the study area is located about 100 km south of Suez in the Eastern Desert of Egypt
(Fig. VII.3). The mountain range consists of two plateaus (N- and S-Galala Plateau) that are
separated by the ENE-WSW striking Wadi Araba valley (Fig. VII.3). The northern margin of
the Southern Galala Plateau reflects the ENE-WSW striking monocline of the Wadi Araba
Fault, representing the SW branch of the SAFB (Fig. VII.2).
We studied eight sections in five areas along a N-S-striking inner ramp- to basin transect
(Fig. VII.3). Inner ramp outcrops are only accessible at the Northern Galala Plateau (area 1 –
Wadi Waida). Mid- to outer ramp environments are exposed in the Southern Galala Plateau
(areas 2 – Wadi Ashkar, area 3 – Wadi B, area 4 – Bir Dakhl). The succession of area 5
(Wadi Tarfa) represents deposits of the lower outer ramp and the basin. The studied sections
cover the latest Paleocene to the uppermost Early Eocene (Fig. VII.4). In the basin and at the
outer ramp (area 5), the Upper Paleocene to lowermost Eocene is represented by
hemipelagic marls and limestones of the Esna Formation (NP8 – NP12), which are followed
by the chert-rich chalky marls of the Thebes Formation (NP12 – ?NP14a). At the middle
ramp (areas 2, 3 and 4) the Thebes Formation interfingers with shallow-marine deposits of
the Southern Galala Formation (NP6 – NP12). Area 1 represents the shallowest inner ramp
environment of the Northern Galala Plateau. Detailed studies with respect to Early
Palaeogene microfacies analyses and ramp evolution are documented by Scheibner et al.
(2001, 2003), Scheibner and Speijer (2009) and Höntzsch et al. (2011).
Area 1 is characterized by various deeply incised Wadi valleys, situated 15 km SE of Ain
Sukhna (Fig. VII.3). The studied succession (section 1) consists of alternating limestone and
dolostone beds (Figs. VII.5 and VII.7). Limestones contain high amounts of LBF, Nummulites
and Alveolina, as well as green algae, gastropods and smaller miliolids. Accumulations of
larger alveolinids and nummulitids are interpreted as foraminiferal shoals, whereas
limestones with smaller bioclasts point to inner ramp deposits (Scheibner et al., 2003;
Höntzsch et al., 2011). The dolostones of area 1 are arranged in coarsening upward cycles
of dolomitized fossiliferous limestones and conglomeratic dolostones with birdseyes and
fenestral fabric, which were interpreted as tidal flat deposits.
Area 2 (section 2) and area 3 (section 3) are represented by deeply incised valleys, which
run perpendicular to the WSW-ENE striking northern escarpment of the Southern Galala
Plateau (Fig. VII.3). The Palaeogene successions of both areas contain highly fossiliferous
quartz-rich limestones and sandstones with subordinated conglomerates, dolostones and
marls (Figs. VII.5 and VII.7). Limestones are either peloidal wacke- to packstones with
smaller biodetritus, green algae and miliolids or LBF-bearing wacke- to floatstones. Areas 2
and 3 are attributed to upper middle ramp environments with frequent proximal turbidites and
debris flows (Scheibner et al., 2001, 2003; Höntzsch et al., 2011).
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Figure VII.2 a – Palaeogeography of the western Tethys in the Early Eocene, including the main
terranes, cratons and shelf areas (adapted and expanded from Blakey, http://www.jan.ucc.nau.edu/
~rcb7/ eocenemed.jpg). The dashed line indicates the course of the SAFB according to Shahar
(1994). VII.2 b - Simplified map of the Early Eocene southern Tethys margin of Egypt showing the
location of the Northern Galala/Wadi Araba High (NGWA), the Southern Galala Subbasin (SGS) and
the Eastern Desert Intra-Shelf Basin (EDIB, Kuss et al., 2000). The Southern Galala Subbasin
represents the northern part of the EDIB which is distally influenced by Syrian Arc activity. The Wadi
Araba Fault (WAF) forms the SW part of the SAFB (dashed lines). Submarine swells and plateaus are
added according to Salem (1976), Said (1990) and Schütz (1994). The position of stable and unstable
shelf was estimated by Meshref (1990) and was modified for the Early Palaeogene by Scheibner et al.
(2001) and Speijer and Wagner (2002). A simplified cross section AA’ is plotted in figure VII.2 c.

Area 4 is situated at the SE escarpment of the Southern Galala Plateau (Fig. VII.3, Bir
Dakhl). Sections 4a and 4c are represented by steep valleys, which directly cut into the
escarpment of the plateau. Sections 4b and 4d are rather outcrops at erosional hills.
Deposits of area 4 (sections 4a, 4b, 4c and 4d) are represented by prevailing marls and
marly limestones with intercalations of thin sandstone and quartz-rich limestone beds. Marls
are occasionally slumped and become chert-bearing and chalkier towards the top of the
succession. Limestone and sandstone intercalations contain bioclasts of varying size and
origin and are interpreted as intermediate to distal turbidites at the middle ramp (Scheibner et
al., 2003; Höntzsch et al., 2011). Trace fossils (Zoophycos sp.) prior to the Paleocene-
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Eocene boundary suggest a palaeowater-depth of about 300 m (Seilacher, 1967; Everts,
1991).
Area 5 (Fig. VII.3, Wadi Tarfa) is situated at the SW branch of the Southern Galala Plateau.
The studied section 5 is dominated by a monotonous succession of hemipelagic marls at the
base and chert-bearing chalky marls with no limestone or sandstone intercalations at the top
(Figs. VII.5 and VII.7). Prevailing organisms are planktic foraminifera and radiolaria, which
indicate an outer ramp to basin environment.

Figure VII.3 a – Simplified map of Egypt; the working area is marked by a rectangle. VII.3 b – Detailed
map of the Galala Mountains with location of the sections, tectono-topographic features as well as the
general ramp geometry of the carbonate platform (modified after Scheibner et al., 2001 and Höntzsch
et al., 2011). Tectonic elements are added according to Moustafa and El-Rey (1993), Schütz (1994)
and Moustafa and Khalil (1995).
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Figure VII.4 – Lithostratigraphy and biostratigraphy of the Palaeogene formations in the Galala
Mountains along an S-N transect (modified after Höntzsch et al., 2011). The working areas (1-5) refer
to figure VII.3 b. The vertical bold lines illustrate the stratigraphic range of the recorded sections.
Dashed lines indicate an uncertain range.

VII.2 Methods
VII.2.1 Geochemical analyses
For this study, we present an integrated analysis of bulk rock carbon isotopes, weight
percent of CaCO3 and the long-term evolution of larger benthic foraminifera and other
shallow-marine benthos.
Samples were prepared for thin section analysis as well as for geochemical and isotope
investigations (sample weight 200 g to 400 g). Bulk rock total carbon (Ctotal) and total organic
carbon (CTOC) are determined with a Leco CS-300 analyzer at the University of Bremen
(precision of measurement ±3 %). The bulk rock carbonate content is expressed in the
formula CaCO3 [%] = [(Ctotal – CTOC) x 8.33]. Bulk rock carbon isotopes are determined with a
Finnigan MAT 251 mass spectrometer at Marum, Bremen (Germany).
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The recorded proxies show minor and major fluctuations, which result from global carbon
cycle perturbations on the one hand, and from tectonically induced regional to local carbon
contamination on the other hand. The challenge of this study is the impact of syndepositional
tectonic activity along the SAFB, which caused the massive uplift and redeposition of
Mesozoic and Palaeozoic siliciclastic material at the slope (Kuss et al., 2000; Scheibner et
al., 2003; Höntzsch et al., 2011). To minimize the error of siliciclastic carbon contamination,
we exclude bulk rock į13C values from samples, which exceed 20 weight percent (wt. %) of
quartz. Marls and limestones with less than 20 wt. % of quartz do not show a significant
deviation in the carbon isotope signature to adjacent quartz-free samples. Recrystallized
planktic foraminifera in section 5 indicate a diagenetic overprint of the samples, which
excludes the use of oxygen isotope data. In contrast to oxygen isotopes, stable carbon
isotopes are less prone to alteration during diagenesis (Veizer, 1983; Marshall, 1992).

VII.2.2 Organisms as environmental indicators
Organisms of carbonate platforms record multiple geochemical signals depending on local
and regional environmental conditions. LBF taxa are adapted to varying energetic, trophic
and light conditions (Hallock, 1985, 1999; Hallock and Glenn, 1986; Beavington-Penney and
Racey, 2004). The knowledge of the biology and the controlling factors of modern LBF helps
to understand the environmental conditions of ancient forms. The distribution of LBF along
the platform allows to estimate the palaeobathymetry and light conditions at the ramp.
Gradual or abrupt changes in the prevailing LBF assemblages of a section help to recognize
relative sea-level changes or depositional unconformities. Other biota reveal shifts in the
trophic regime at the platform (e.g., corals, benthic green algae and gastropods; Wilson,
1975; Schlager, 1981; Hallock and Schlager, 1986; Leinfelder, 1994, 1997; Vecsei, 2003).

VII.3 Results
VII.3.1 Biostratigraphy
Highly varying lithologies in the studied sections require the application of several
biostratigraphic concepts, regarding the prevailing fossil content. The marly sections of areas
4 and 5 are stratigraphically classified with the help of calcareous nannonplankton. Due to a
decreasing preservation of calcareous nannoplankton towards the upper Lower Eocene and
a general high diagenetic overprint of the studied rocks, planktic foraminifera are used to
support the biostratigraphic framework in area 5. Sections of the inner and upper mid ramp
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(areas 1, 2 and 3) are classified with the help of LBF (Alveolina), due to a lack of useable
calcareous nannoplankton or missing marly intervals.

Calcareous nannoplankton
Biostratigraphy using calcareous nannoplankton follows the classification of Martini (1971),
Aubry (1995) and Aubry (2000). 360 marl samples of sections 4a, 4b, 4c, 4d and 5 were
prepared on standard smear slides for qualitative and semi-quantitative estimation of
nannoplankton species, including their general abundance and preservation. The abundance
of suitable specimen varies from rare (< 1 %) to very abundant (> 20 %). The preservation is
generally good to moderate; some assemblages within carbonate depleted clay-rich units
show a bad preservation and probably suffered dissolution.

The extraction of useable

specimen from the upper Lower Eocene chalky marls of sections 4a and 5 was difficult, due
to a higher hardness of the rocks. The studied sections range from NP9 to NP14a (Fig.
VII.4).
NP9: The occurrence of Discoaster multiradiatus in the lowermost parts of the studied
sections indicates NP9 of Martini (1971). The thickness of NP9 ranges from 1 m (section 4d)
to more than 10 m (section 4b). A discrimination of NP9a (Paleocene) and NP9b (Eocene) is
possible with the help of the negative CIE of the PETM, which represents the boundary
between both intervals (Aubry et al., 1996).
NP10: The subsequent nannofossil zone NP10 is defined by the first occurrence of
Tribrachiatus bramlettei and ranges to the last occurrence of T. contortus. The thickness of
the NP10 zone covers between 10 m and 20 m in the studied sections. A threefold
subdivision of NP10 into NP10a, NP10b and NP10d, based on the distribution of species of
the Tribrachiatus lineage (Aubry, 1995) was applied to the sections 4c and 4d.
NP11: The interval between the last occurrence of T. contortus and the presence of
D .lodoensis defines NP11, which shows strongly varying thicknesses between 2 m
(section 4c) and 18 m (section 4a). In section 4c the presence of multiple sandstone beds
and the conjugated first occurrence of several nannofossil species within the sample, which
define the onset of NP11 (Ellipsolithus distichus, Sphenolithus moriformis, Discoaster
deflandrei, Pontospaera multipora), suggest a major hiatus prior to NP11.
NP12/13: The first occurrence of D. lodoensis marks the onset of NP12. The transition
between NP12 and NP13 is represented by the last occurrence of T. orthostylus. However,
T. orthostylus is still present in the nannofossil record of our sections, when the first
occurrence of D. sublodoensis marks the onset of NP14a. Consequently, NP12 and NP13
are plotted as conjugated intervals in all studied sections. The thickness of both conjugated
intervals ranges from 5 m (section 4d) to more than 20 m (section 4a).
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NP14a: NP14 can be subdivided into two subzones: NP14a (Discoasteroides kuepperi zone)
represents the uppermost Lower Eocene and is defined as the zone between the first
occurrence of D. sublodoensis to the first occurrence of Rhabdosphaera inflata. NP14b
representing the uppermost Lower Eocene and the lowermost Middle Eocene is defined by
the occurrence of Rhabdosphaera inflata (Valentine, 1987; Aubry, 1991). The subdivision of
NP14 can not be applied to the studied sections due to the absence of marker species
Rhabdosphaera inflata. Thus, the base of the Lutetian (Middle Eocene) within lower NP14b
is not recognized in the studied sections. Generally, NP14a is vertically expanded in all
studied section with maximum thickness of more than 130 m in section 4a.

Alveolinids
Upper mid- and inner ramp deposits are dominated by bioclast-rich limestones and
sandstones. Marl units, which provide sufficient material for nannoplankton analyses are
rare. Thus, LBF are used for a detailed biostratigraphic classification of shallow-marine
carbonate platform environments (Hottinger, 1960, 1974; Hottinger and Schaub, 1960).
A standardized classification was achieved with the help of the Tethyan Paleocene-Eocene
Shallow Benthic Zonation (SBZ) of Serra-Kiel et al. (1998).
We studied 92 alveolinid-bearing samples in sections 1, 2, 3, 4a and 4b. Multiple erosional
and tectonic unconformities as well as expanded intervals without suitable Alveolina
specimen hamper a detailed biostratigraphic classification in all studied sections. Despite
those limitations, a clear shift of alveolinid taxa is present between SBZ4 (~ NP9a) and SBZ5
(NP9b).
SBZ4/5: SBZ5 reflects the first appearance of true Alveolina species, whereas SBZ4 is still
dominated by Paleocene glomalveolinids. This transition demonstrates the Larger
Foraminifera Turnover (Hottinger, 1960; Orue-Extebarria et al., 2001) and coincides with the
Paleocene-Eocene boundary (Scheibner et al., 2005). In section 3 this foraminiferal shift is
supported by the negative CIE of the PETM. First recorded Eocene alveolinid is Alveolina
aramea aramea (SBZ5, A. cucumiformis biozone).
SBZ6: SBZ6 (A. ellipsoidalis biozone, upper NP9) is represented by A. pasticillata and
A. ellipsoidalis (sections 2 and 3) and A. pasticilata (section 1).
SBZ7/8: The subsequent SBZ7 (top NP9 – NP10c) was discriminated with the help of
A. moussoulensis, A. cucumiformis tumida and A. globosa (section 3) as well as A. decipiens
(section 1). Despite that the upper interval of section 2 comprises A. decipiens and
A. aragonensis reflecting SBZ7 or SBZ8, a biostratigraphic classification of deposits beyond
SBZ7/8 was not possible.
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Planktic foraminifera
Planktic foraminifera biostratigraphy was performed on 16 samples collected in the upper
interval of section 5. Samples are generally rich in planktic foraminifera, however well
preserved specimen are only present in the lower part of section 5. In the upper interval of
the section planktic foraminifera are characterized by a chalky preservation and strong
recrystallization of secondary calcite.
The Early Eocene biozonation scheme is mainly characterized by the occurrences of
Morozovella (Berggren et al., 1995; Berggren and Pearson, 2005). Morozovellids are
generally absent in section 5. The lowermost interval contains rare questionable planktic
foraminifera species, preventing the application of a biostratigraphic classification. However,
a tentative assignment is suggested based on the general planktic foraminifera
assemblages. In the lower part of the studied interval, the assemblage is mainly dominated
by Acarinina associated with rare Igorina, Subbotina and only occasional Globanomalina.
The presence of different species of Acarinina, such as A. soldadoensis, A. coaligensis, A.
esnaensis, A. angulosa and A. hornibrooki suggests that this interval is assigned to Zones
P6-P8 (Berggren et al., 1995), which corresponds to NP10 – NP12 (Martini, 1971). A
possible presence of Acarinina pentacamerata 55.8 m above the Paleocene-Eocene
boundary might indicate a zone not older than Zone P7 (Fig. VII.7; uppermost NP10 – lower
NP12).
The occurrence of Acarinina aspensis 63.55 m above the Paleocene-Eocene boundary
could indicate the presence of Zone P9 (Fig. VII.7; Berggren et al., 1995), which corresponds
to NP13 – NP14a. The presence of Zone P9 68.10 m above the Paleocene-Eocene
boundary is also confirmed with the occurrence of Pseudohastigerina micra. Samples in the
uppermost interval of section 5 are very poorly preserved, preventing the recognition of any
biozones.

VII.3.2 Bulk rock geochemistry of the lower Palaeogene Galala succession
Carbon isotope stratigraphy
Four of the six studied sections show clear trends regarding their long-term carbon isotope
signature in the Early Palaeogene (sections 4a, 4b, 4c and 4d; Fig. VII.7). The latest
Paleocene (NP9a) is represented by a rapid and constant shift from a į13C enriched to a
į13C depleted signature. This trend culminates in a transient carbon isotope excursion (CIE)
which refers to the PETM at the NP9a/NP9b boundary. The CIE of the PETM varies
significantly in individual sections between 1.7 ‰ (section 4a) and 3.81 ‰ (section 4b)
(Tab. VI.2). The absence of a major negative CIE indicating the PETM in the basinal section
5 remains enigmatic, despite that biostratigraphy and a significant 7 cm thick dark brown clay
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layer with enriched organic carbon amounts strongly suggest the occurrence of the PETM
horizon.
The post-PETM carbon isotope evolution is reflected by an increasing depletion in į13C from
NP9b to NP13/14. Average į13C ratios range from +1 ‰ to -1 ‰. Some intervals within
section 5 (NP14a) and section 3 (NP11/12) demonstrate depleted į13C ratios up to -3 ‰ over
20 m to 30 m. The general trend of the carbon isotope signature within NP14a is not clearly
reconstructable due to highly fluctuating į13C ratios. However, sections 4a, 4b, 4d and 5
indicate a slight shift towards a į13C enriched signature (Fig. VII.7).
The long-term į13C trend in the Early Eocene is superimposed by multiple transient postPETM CIEs which are summarized in table 1. At the basis of NP11 a CIE of 1.51 ‰ (section
4a) reflects the ETM2 or Elmo-horizon. Within NP12 a CIE of 1.6 ‰ (sections 4a, 4c)
indicates the ETM3 or x-event. We do not correlate further negative CIEs beyond ETM3 with
those described by Cramer et al. (2003), because of their small magnitudes and a supposed
high background noise in the carbon isotope ratios at the Egyptian shelf. Solely section 4a
demonstrates another transient CIE within NP11, which correlates with the I1-event (Cramer
et al., 2003). The sections 4a, 4c, 4d and 5 show significant fluctuations with several
negative CIEs within NP14a. Those fluctuations are probably not explained by
hyperthermals, rather than higher carbon fluxes at the marginal shelf. Generally, the
magnitudes of hyperthermal-related CIEs of the Galala succession decrease from the upper
mid-ramp to the basin significantly.

Calcium Carbonate
Calcium carbonate content of the studied rocks shows high fluctuations in the Early Eocene,
which is related to intensive siliciclastic dilution during Wadi Araba uplift and the redeposition
of Mesozoic and Palaeozoic sandstones (Kuss et al., 2000; Scheibner et al., 2001; Höntzsch
et al., 2011). Mixed siliciclastic-carbonate deposition with strongly depleted calcium
carbonate ratios between NP9 and NP14a shifted to pure carbonate deposition during
NP14a, when the activity of Syrian Arc tectonic processes decreases significantly (Moustafa
and Khalil, 1995; Hussein and Abd-Allah, 2001; Höntzsch et al., 2011). However, beds which
are supposed to reflect hyperthermals with a significant negative CIE show major transient
shifts towards depleted calcium carbonate (Fig. VII.6). Calcium carbonate depletion ranges
from 20 % (sections 4b and 5) to more than 75 % (section 4c) for the PETM. The ETM2
interval is associated with calcium carbonate depletion up to 23 % (section 4a); the ETM3
interval up to 85 % (section 4a). However, we cannot confirm a clear correlation of calcium
carbonate depletion to hyperthermal events due to multiple siliciclastic dilution horizons.
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Table VII.3 – Comparison of the recorded CIE of major presumed Palaeogene hyperthermal events.
The strongly varying thicknesses between the individual events indicate major unconformities in the
depositional sequence of the ramp. Section 2 and 3 are not considered in detail in the interpretation,
due to doubtful biostratigraphic classification and assumed diagenetic alteration.

Section

2a
3a
4a
4b
4c
4d
5a

Negative CIE of recorded hyperthermals

Height above PETM-CIE

PETM
[‰]

ETM2
[‰]

I1
[‰]

ETM3
[‰]

ETM2
[cm]

I1
[cm]

ETM3
[cm]

3.3
1.7
3.8
2.1
2.1
0.4

? 1.4
? 2.4
1.5
0.9
0.7
1.0
0.9

1.0
-

? 2,7
? 3.0
1.6
0.9
> 1.6
1.5
0.9

2520
1435
1635
1695
1910
880

1975
-

11410
3210
2605
2440
3930
1690

Total organic carbon (TOC)
Total organic carbon ratios of bulk rock samples range from 0.05 % to 0.1 % in average in all
studied sections (Fig. VII.6). TOC enriched intervals are attributed to negative CIEs and
calcium carbonate depletion and are well visible in section 4a for the PETM
(TOCPETM = 0.54 %) and for the ETM3 (TOCETM3 = 0.53 %). The ETM3 horizon shows
enriched TOC-values in section 5 (TOCETM3 = 0.26 %) and in section 4c (TOCETM3 = 0.41 %).
In section 4c multiple TOC-peaks within NP14a are associated to minor negative CIEs and
calcium carbonate depletion. A relation of those peaks to hyperthermal events is not evident.

VII.3.3 Regional environmental and biotic conditions at the Galala platform
The Early Palaeogene evolution of the Galala carbonate platform is strongly influenced and
controlled by syndepositional tectonic activity along the Wadi Araba Fault. From the PETM
(NP9a/b) to the latest Early Eocene (NP14a), three tectono-sedimentary platform stages
were classified and discussed by Scheibner et al. (2003) and Höntzsch et al. (2011). A
generalized view on lithofacies and calculated sedimentation rates indicate multiple erosional
unconformities between NP9 and NP14a (Tab. VII.3). The termination of the Syrian Arcrelated tectonic activity of the Wadi Araba Fault within NP14a is reflected by the absence of
siliciclastics and by average sedimentation rates at the mid ramp (Figs. VII.6 and VII.7). The
classification of 13 facies types along an Early Palaeogene inner to outer ramp transect
yielded detailed information regarding environmental and biotic conditions of the platform
system (Scheibner et al., 2001, 2005; Scheibner and Speijer, 2009; Höntzsch et al., 2011).
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The shallow-marine inner ramp is dominated by photo-autotrophic larger benthic foraminifera
(nummulitids, alveolinids and soritids), smaller benthic foraminifera (miliolids) and benthic
green algae (Figs. VII.5 and VII.6). Typical low-latitude nutrient-depleted assemblages, which
are dominated by corals, are absent. Other major taxa are heterotrophic gastropods, serpulid
worm tubes and minor red algae.
At the mid ramp, shallow-marine inner ramp organisms can be found in repeated turbidites
and debris flows (areas 2, 3 and 4). Individual turbidite beds accumulate in four major
intervals, which are related to massive uplift along the Wadi Araba Fault (Fig. VII.6). In those
intervals, taxa from adjacent environments of different depth and energetic regimes are
frequently mixed. Turbidites are dominated by LBF, planktic foraminifera and smaller benthos
from the platform.
At the PETM (NP9a/b boundary) a major shift in the LBF assemblages is recorded in all
studied mid ramp sections. Paleocene ranikothalids, miscellanids and glomalveolinids are
replaced by Eocene nummulitids and alveolinids, which are characterized by significant
larger shell sizes and adult dimorphism (Larger Foraminifera Turnover). An interval with
mixed Paleocene and Eocene LBF in section 4a is probably related to the sea-level or
tectonically-controlled erosion and redeposition of Paleocene turbidites (Fig. VII.6).
Planktic organisms are more frequent in outer ramp to basin sections and are dominated by
planktic foraminifera, calcareous nannoplankton and radiolaria. Accumulations of these
organisms can be found in calciturbidite sequences and chert-bearing chalky marls of area 4
and 5. The occurrence of radiolaria increased from the marls of the earliest Eocene to the
chalky marls of the late Early Eocene (Fig. VII.6). Planktic foraminifera assemblages within
the chalky marls of section 5 indicate missing Morozovella species throughout the middle
Lower Eocene (NP12 – NP14a).
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Figure VII.5 – Semi-quantitative distribution of the main microfossils combined with six foraminiferal
assemblages on the Galala platform (modified after Höntzsch et al., 2011). The discrimination of inner
ramp, mid ramp and outer ramp environments with the help of different bioclasts and larger
foraminifera is only roughly demonstrated due to the lack of in situ deposits in the study area.

VII.4 Discussion
VII.4.1 Early Palaeogene hyperthermals – global vs. local record
Geochemical expression
The geochemical expression of hyperthermal events varies between shallow- and deepmarine environments due to their different palaeoceanographic position. Marginal shallowmarine environments are severely affected by sediment discharge of river systems from
adjacent land masses, which may affect the trophic regime and the carbon cycle of
(proximal) shelf areas.
On the other hand, shelf areas act as large carbon sinks during hyperthermals, due to sealevel rise (John et al., 2008). Swart (2008) demonstrated a strong relationship between Late
Cenozoic sea-level changes and the carbon isotope signature in marginal platform systems.
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The author argued that aragonite-rich sediments of marginal platforms, which are only
produced during the flooding of the platform, reveal more positive į13C ratios, than pelagic
deposits without major aragonite concentrations. Thus, positive bulk rock į13C ratios indicate
periods with a high sea level, whereas depleted bulk rock į13C ratios indicate periods with a
low sea level. This relation is decoupled from the isotopic changes of the global carbon cycle.
The impact of į13C enrichment during sea level highstands requires the presence of major
aragonite producing organism. However, the Egyptian shelf is dominated by organisms with
calcite shells during the Early Palaeogene greenhouse (LBF; Hallock, 1999). Following the
approach of Swart (2008), sea level highstand during hyperthermal events would shift the
magnitude of the CIE towards more positive ratios, which is not the case in the Galala
succession.
Moreover, periplatform settings are much stronger affected by diagenetic alteration than
pelagic realms, which limits the use of oxygen isotope ratios for palaeoenvironmental
interpretations of these deposits (Reuning et al., 2005). To compare our shallow-marine data
with those described from open ocean environments we will focus on carbon isotopes, bulk
rock calcium carbonate and total organic carbon.

Carbon isotope evolution
Global carbon isotope records for the Cenozoic, based on small benthic foraminifera
compiled by Zachos et al. (2001) indicate a continuing depletion in į13C from Middle
Paleocene to the Early Eocene, culminating at around 52 Ma with the onset of the EECO.
Repeated transient perturbations in the global carbon cycle (CIEs) occur superimposed on
this trend. Timing and magnitude of those perturbations are strongly linked to variations in
the orbital parameters of the the Earth (Cramer et al., 2003; Lourens et al., 2005). After the
onset of the EECO, the carbon isotope curve quickly recovered towards a į13C-enriched
signature. Other high-resolution, carbon isotope records based on bulk rock samples indicate
similar trends (Exmouth Plateau, Eastern Indian Ocean; Thomas et al., 1992).
Bulk rock data of the sections 4a, 4b and 4d demonstrate a similar isotopic trend as the
composite curve of Zachos et al. (2001) from NP9 to NP11. This trend suggests a certain
coupling of the Egyptian shelf to open ocean condition and enhanced water-mass exchange
with the Tethys (Charisi and Schmitz, 1995, 1998; Speijer and Schmitz, 1998; Fig. VII.7).
Within upper NP11, the į13C ratios of the studied sections indicate a continuing depletion.
This trend is in contrast with the data of Thomas et al. (1992) and Zachos et al. (2001),
demonstrating a shift towards more positive į13C ratios during NP11. This deviation is
probably related to the increasing restriction of the EDIB and a decoupling from open ocean
conditions during the Early Eocene (Charisi and Schmitz, 1998; Bolle et al., 2000). Following
the concept of Swart (2008), the massive global sea-level drop during the late Early Eocene
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(~50 Ma; Haq and Al-Qahtani, 2005; Miller et al., 2005) can also cause the continuing
depletion of the į13C ratios of the marginal Galala succession. Another possible cause for the
increasing restriction of the southern Tethyan margin is the massive tectonic activity along
the SAFB during the Early Eocene (Fig. VII.7, Tab. VII.3; Moustafa and Khalil, 1995; Kuss et
al., 2000; Hussein and Abd-Allah, 2001). The repeated uplift of inner ramp environments
along the Wadi Araba Fault between NP11 – NP14a caused the massive erosion and
relocation of terrestrial Mesozoic and Palaeozoic siliciclastics of the Nubia Group (Amireh,
1991; Baioumy et al., 2003; Höntzsch et al., 2011). The isotopic composition of terrestrial
organic material shows a more depleted signature than organic material from a marine
source. Thus, tectonic uplift and the relocation of large amounts of isotopically depleted
terrestrial organic-rich sediments may contribute to depleted bulk rock į13C ratios in marginal
shallow-marine settings (Beck et al., 1995; Steurbaut et al., 2003). The termination of the
uplift along the SAFB is indicated by the slight recovery from depleted to enriched carbon
isotope ratios within NP14a, coinciding with the termination of siliciclastic dilution at the
Galala platform (Hussein and Abd-Allah, 2001; Höntzsch et al., 2011). This shutdown of
tectonic activity also concludes the recovery of the EDIB from a restricted basin to a basin
with open-marine conditions.
In contrast to the clear isotopic trends of the sections 4a, 4b, 4c and 4d, section 3 is
characterized by high transient fluctuations which hamper the recognition of long term
isotopic trends. The proximity of section 3 to the Wadi Araba Fault as well as frequent thickbedded siliciclastics and dolomites suggest a significant alteration of the in situ carbon
isotope ratios.
Besides the overall trend in the Palaeogene carbon cycle, several significant transient
perturbations in the isotope and geochemical record of the Galala succession suggest an
impact of Early Palaeogene hyperthermals to shallow-marine environments (Figs. VII.6 and
VII.7). In contrast to the deep-marine record, the magnitude of the CIEs of ETM2, ETM3 and
the I1-event are significantly higher in the studied mid ramp sections of area 4. This
amplification may result from syndepositional reworked Mesozoic and Palaeozoic
siliciclastics that are depleted in į13C. This hypothesis is supported by the frequent
occurrence of quartz-rich deposits prior to and after the post-PETM CIEs. However,
hyperthermal-related CIEs always occur within marl beds. Bioturbation can cause the mixing
of marls and siliciclastic intervals, which is demonstrated by frequent quartz grains within
marly intervals.
The missing negative CIE of the PETM in section 5 has also been recognized in other
sections of the study area. Marzouk and Scheibner (2003) recorded numerous stratigraphic
gaps around the Paleocene-Eocene boundary in area 5. Marzouk and Soliman (2004)
explain similar hiati in drillings in Sinai as a result of Early Eocene tectonic uplift. However,
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the presence of an organic carbon-enriched dark clay layer and significant depleted calcium
carbonate ratios in section 5 suggest the presence of the PETM horizon. Significant
unconformities which are related to tectonic uplift were not found in section 5 but in section 3
and 4c (Fig. VII.7). Furthermore, the sea level lowstand at the NP9b/NP10 boundary may
trigger the release of mass flows and the erosion of distal intervals along the ramp (Speijer
and Wagner, 2002).

Calcium carbonate ratios
In contrast to the deep sea, shelf deposits were largely unaffected by dissolution due to
lysocline shallowing during Early Palaeogene hyperthermals (John et al., 2008). Depletion in
calcium carbonate associated to CIEs is rather related to siliciclastic dilution (Nicolo et al.,
2007). On the other hand, strongly varying sedimentation rates and bulk rock calcium
carbonate fluctuations are interpreted to result from multiple tectonical unconformities and
not from dissolution or dilution of carbonates (Zachos et al., 2005; Giusberti et al., 2007;
Galeotti et al., 2010). The local environmental and tectonic constraints of the Galala
succession reveal a combination of siliciclastic dilution and tectonic unconformities as major
triggers for calcium carbonate depletion. Frequent beds with depleted calcium carbonate
ratios coincide with the main activity of Syrian Arc uplift (NP10 – NP14a; Hussein and AbdAllah, 2001; Höntzsch et al., 2011). After the termination of Syrian Arc uplift within NP14a,
bulk rock calcium carbonate ratios quickly shifted towards constant values between 85 %
and 95 % (Fig. VII.6).

TOC
The TOC amounts are low in all studied sections and can be related to higher sedimentation
rates and siliciclastic dilution at the platform. Single marl beds which are significantly
enriched in TOC correlate with the negative CIEs of post-PETM hyperthermal events and
probably reflect transient productivity peaks (Hallock et al., 1991; Scheibner et al., 2005).
Studies on Early Eocene calcareous phytoplankton assemblages demonstrated that
productivity increases during hyperthermal events on the shelfs and decreases at the open
ocean (Lourens et al., 2005; Gibbs et al., 2006). Organic carbon-rich marl horizons at Mead
Stream (New Zealand), which coincide with the CIEs of PETM and ETM2, were attributed to
excess terrigenous dilution (Nicolo et al., 2007). Black shales from the Early Eocene Arctic
Ocean reveal transient euxinic conditions due to a high primary productivity and increased
terrigenous input during hyperthermal events (Stein et al., 2006; Sluijs et al., 2009).
Comparable TOC-rich horizons in the Early Palaeogene EDIB were interpreted as black
shales, which are related to local upwelling regimes (Speijer and Wagner, 2002). Major black
shale horizons at the Egyptian shelf correlate to the PETM and multiple Early Eocene
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intervals. The dark grey marl layer of section 5 represents a distal equivalent of the described
black shales. A correlation of post-PETM black shale horizons to Early Eocene hyperthermal
events, described by Speijer and Wagner (2002), is possible but can not be proved in this
study.

Biotic impact
Earlier studies reveal that the post-PETM hyperthermals had a major impact on various
environments on Earth, however with a smaller magnitude (Thomas and Zachos, 2000;
Lourens et al., 2005; Röhl et al., 2005; Agnini et al., 2009; Sluijs et al., 2009; Clementz et al.,
2011). Similar to the Benthic Extinction Event at the PETM (Kaiho, 1991; Thomas and
Shackleton, 1996), deep-sea benthic foraminifera show a massive decrease in diversity
during ETM2 (Lourens et al., 2005; Stap et al., 2009) and ETM3 (Röhl et al., 2005). The
distribution of calcareous nannoplankton reflects a massive shift in the trophic regime during
the PETM (Kelly et al., 1996; Bralower, 2002; Raffi et al., 2005; Gibbs et al., 2006), at the
ETM2 (Raffi and De Bernardi, 2008) and at the ETM3 (Röhl et al., 2005; Agnini et al., 2007).
At higher latitudes, the poleward migration of subtropical dinoflagellate Apectodinium reveals
major transient temperature anomalies during the PETM and the expansion of subtropical
vegetation around the poles (Bujak and Brinkhuis, 1998; Crouch et al., 2001; Sluijs et al.,
2006). Similar shifts were recorded for ETM2 (Crouch and Brinkhuis, 2005; Sluijs et al.,
2009) and ETM3 (Agnini et al., 2009).
During the Paleocene (SBZ1 – SBZ3, NP1 – NP8) shallow-marine LBF are characterized by
an increasing adaption to stable environments, resulting in a longer lifespan and decreasing
reproduction rates (K-strategy). The environmental impact of the PETM (SBZ4/5; NP9a/b)
caused a major shift in the prevailing LBF taxa (Orue-Extebarria et al., 2001). New taxa with
different ecological strategies evolved (Scheibner et al., 2005). Paleocene Rotaliida
(ranikothalids, miscellanids) were replaced by the first Eocene nummulitids. Porcellaneous
alveolinids evolved from planspiral glomalveolinids to fusiform Eocene alveolinids (Hottinger,
2001). The diversification of LBF was linked to an overall increase in test size. The coeval
evolving adult dimorphism of LBF is interpreted as an adaptation to the seasonality in warm
and oligotrophic habitats (Hottinger, 1998, 2001). Scheibner et al. (2005) linked this Larger
Foraminifera Turnover directly to the CIE of the PETM (Fig. VII.7). Despite the adaption of
LBF to stable and oligotrophic environments, the newly evolved Eocene forms suggest an
adaption to extreme climatic conditions. The climatically controlled shift from coral-dominated
platforms to LBF-dominated platforms during the Early Palaeogene reveals a higher
temperature tolerance of LBF (Scheibner et al., 2005; Scheibner and Speijer, 2009).
Evidence for an impact of post-PETM hyperthermals to LBF was not observed yet. According
to Hottinger (1998), specific diversity of K-strategists peaks at 53.5 Ma (SBZ8, upper NP10)
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and at around 48 Ma (SBZ12, NP14a). A subsequent decrease in the specific diversity of Kstrategists is documented within SBZ13. The first subordinate peak at around 53.5 Ma
correlates roughly with the ETM2, the second peak at 48 Ma coincides with late EECO in low
latitude settings (Pearson et al., 2007). In contrast to the specific diversity, the genus
diversity of K-strategists peaks in the upper Paleocene. After a subordinate decrease prior to
the PETM, genus diversity remains almost constant until the Middle Eocene.
A relation between the peaks in the specific diversity of LBF and the Early Eocene climatic
evolution is possible. However, the studied sections of the Galala platform do not show any
impact of Eocene hyperthermals on the major carbonate platform building organisms (LBF,
green algae), nor changes in the prevailing biotic assemblages. We assume, that LBF have
adapted to the prevailing extreme climatic conditions during the Early Palaeogene as a result
of increasing K-strategy.
The general negligible occurrence of corals in the studied sections reflects the non-recovery
of these platform organisms in the Early Eocene, which is probably related to multiple
environmental thresholds (Höntzsch et al., 2011; Fig. VII.6). Critical thresholds, which
prevent coral recovery, are represented by the continuing warming during the Early Eocene,
increased nutrient availability and surface water turbidity caused by algal blooms and
continental runoff.

Figure VII.6 (next page) – Integrated geochemical, tectonical and microfacial comparison of section
4a from the latest Paleocene to uppermost Early Eocene. Carbon isotope data and calcium carbonate
ratios are provided for marl and limestone samples with less than 20 % of quartz. Measured carbon
isotope data are compared with data from Thomas et al. (1992) and Zachos et al. (2001). Additional
total organic carbon (TOC) and calculated bulk rock calcium carbonate data indicate transient shifts,
which reflect Early Eocene hyperthermal events (PETM, ETM2, ETM3). Platform stages are adapted
from Höntzsch et al. (2011) and Scheibner and Speijer (2008). Grey shaded intervals indicate time of
tectonic quiescence (TQ); white intervals represent tectonic uplift along the Wadi Araba Fault (WAF).
The chart on the right hand site is based on thin section analyses of limestone and sandstone
turbidites and includes %-values of the quartz and fossil content, as well as the semi-quantitative
abundance of selected main biota (r...rare, f...few, c...common, a...abundant, v...very abundant). Due
to strongly varying thicknesses and various preservation states, not all turbidites were sampled and
included in the scheme. Note the Larger Foraminifera Turnover (LFT) at the CIE of the PETM and the
rare abundance of corals in the whole section. The red circles indicate Paleocene and Eocene key
species of the LFT. Black arrows show increasing abundances of LBF after the PETM. The diversity
and abundance of the post-ETM3-LBF are higher during tectonically active periods, compared to the
tectonically quiet periods.
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Figure VII.7 (previous page) – Biostratigraphic and geochemical correlation of six sections, along an
outer ramp to upper mid ramp transect (area 3, 4 and 5). The basis of the correlation is the negative
CIE of the PETM, which was found in all plotted sections (in section 5, the PETM is indicated by a
dark brown TOC-enriched layer, whereas a significant negative CIE is missing). Note the strong
13
variability in calcium carbonate content until NP14a generally strong į C-depleted bulk rock data in
the Lower Eocene succession. A correlation of major siliciclastic units at the mid ramp is only roughly
applicable, due to frequent tectonic unconformities.

VII.4.2 Regional climate and local tectonism – insights to enhanced nutrient
availability and shelf basin restriction?
In contrast to the open ocean, marginal shelf areas reveal complex environmental conditions
regarding ocean circulation, regional climate and tectonic activity. During the Early
Palaeogene, the Egyptian shelf is affected by repeated environmental perturbations, which
yield to enhanced nutrient availability and temporary shelf restriction.
Here we present an integrated palaeoenvironmental and palaeogeographic model, which
reveals the evolution of the Egyptian shelf from the Late Paleocene (NP7) to the uppermost
Early Eocene (NP14a; Figs. VII.8a-d). The processes which influence the study area during
the Early Palaeogene are controlled by global and regional climatic constraints as well as by
the local tectonic activity along the SAFB.

Late Paleocene (NP7 – NP8): open ocean conditions on the shelf
Late Paleocene climate is characterized by prevailing warm and arid conditions at the
Egyptian shelf and at the African craton (Hendriks et al., 1990; Bolle et al., 2000). The shift
from coral-dominated carbonate platforms to LBF-dominated platforms indicates rising
temperatures at the southern Tethys (Scheibner and Speijer 2008; Höntzsch et al., 2011).
Shales and marls with low to moderate TOC amounts suggest open ocean conditions in the
EDIB with low terrigenous influence from the African craton (Speijer and Wagner, 2002). Our
results show that pure carbonate deposition prevailed at the shallow-marine unstable shelf.
Carbonate mass flow deposits (slumps, debris flows) result from prograding platform
systems that are triggered by the sea-level (Scheibner et al., 2000, 2003; Galala platform
stage D, according to Scheibner and Speijer, 2008). Ocean currents from the open Tethys
can penetrate the EDIB without significant modulation (Fig. VII.8a).
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Latest Paleocene – earliest Eocene (NP9a – NP10/11): increasing climatic feedback and
tectonic reactivation
The continuing global warming during the Early Palaeogene causes decreasing temperature
gradients between equatorial areas and higher latitudes. Decreasing latitudinal temperature
gradients result in weakened meridional ocean currents and reduced ocean mixing (Boersma
et al., 1987, 1998). This weakening of ocean currents results in the reduced strength of
onshore currents towards the southern Tethyan shelf (Fig. VII.8b). At the southern Tethyan
margin, Early Palaeogene climate is characterized by an increasing aridity at the North
African continental shelf, whereas stable warm and temporarily wet conditions with an
increasing seasonality prevail at the continental hinterland (Fig. VII.8b; Aboul-Ela, 1989;
Hendriks et al., 1990; Strouhal, 1993; Bolle et al., 2000; Bolle and Adatte, 2001; Ernst et al.,
2006). This divergence between seasonal conditions in the hinterland and arid climates on
the shelf results in intensified chemical weathering at the African continent and the drainage
of terrigenous materials towards the EDIB (Hendriks et al., 1990).
At the shallow-marine unstable shelf, quartz-free calcareous turbidites and debris flows
increase significantly. Possible mechanisms for the increasing deposition of mass wasting
deposits during the latest Paleocene are highstand shedding due to an increasing
productivity during sea-level highstands (Schlager et al., 1994) or the reactivation of the Wadi
Araba Fault as SW branch of the SAFB (Galala platform stages E/F; according to Höntzsch
et al., 2011). The uplift along the SAFB causes a further weakening of the southward
currents from the open Tethys. However, open ocean conditions prevailed at the northern
EDIB (Southern Galala Subbasin), which is indicated by comparable carbon isotope ratios of
bulk rock samples from the southern Galala mid ramp and other open ocean environments
(Thomas et al., 1992).

Early Eocene (NP10/11 – NP14a): shelf restriction and nutrient excess
In the Early Eocene, global warming continues, culminating in the EECO between 53 - 49 Ma
(Zachos et al., 2001). The weakening of meridional currents due to decreasing latitudinal
temperature gradients result in a global sluggish ocean (Boersma et al., 1998). Especially
during times of transient extreme temperatures (hyperthermals), the global ocean circulation
is reduced to a minimum (Fig. VII.8c; Sluijs et al., 2006).
At the marginal southern Tethys, perennial warm and humid conditions prevail on the African
hinterland, whereas warm and arid climates dominate the African shelf (Hendriks, 1990;
Bolle et al., 2000). Increasing chemical weathering in the hinterland causes enhanced
drainage from the continent to the shelf, transporting dissolved terrestrial organic matter and
sediment load towards the shelf. The mass wasting of terrestrial organic deposits with
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strongly negative į13C ratios may shift the bulk rock carbon isotope signature of marginal
shelf deposits on a regional scale (Nicolo et al., 2007).
Lower Eocene deposition at the unstable shelf is characterized by frequent siliciclastic mass
flows, slumps and debris flows, reflecting a major phase of tectonic activity along the SAFB.
The uplift along the SAFB causes erosion of Mesozoic and Palaeozoic siliciclastics, reflecting
terrestrial and shallow-marine deposits of the Nubia Series (Galala platform stage G,
according to Höntzsch et al., 2011). Drillings along the unstable Egyptian shelf reveal the
emergence of various platform systems, forming a NE-SW striking palaeogeographic barrier,
which modulates ocean currents from the northern Tethys (Fig. VII.8c; Salem, 1976). This
modulation and the already weak ocean currents from the Tethys favour an increasing
isolation of the Egyptian shelf. The onset of restricted conditions is supported by strongly
depleted į13C ratios, compared to other open ocean records (Fig. VII.6; Thomas et al., 1992;
Zachos et al., 2001).

Table VII.4 – Relation between calculated sedimentation rates, platform stages (Höntzsch et al., 2011;
Scheibner and Speijer, 2008) and relevant tectonic events in the study area. Sedimentation rates are
only calculated for the mid ramp and the outer ramp sections (areas 4 and 5). The effect of diagenetic
compaction is not excluded in the calculation. The sedimentation rates of NP14 represent only an
interval within NP14a due to the missing upper boundary of NP14a. Low sedimentation rates correlate
to high tectonic activity and uplift along the SAFB, resulting in multiple erosional unconformities at the
slope.
NP zone

NP9b
NP10
NP11
NP12/13
NP14a

Sed. rates
[cm/ka]

Related events

0.2 – 0.4
0.9 – 1.7
2.0 – 2.5
0.6 – 0.8
> 2.0 – 6.0

Recovery of PETM
Initial tectonic activity
? Reduced tectonic activity
Massive tectonic activity
Termination of tectonism

Deposition and
Erosion

Platform

? Unconformity
Massive erosion
Few hiati
Massive erosion
Little erosion

Stage F
Stage F
Stage F/G
Stage G
Stage H

ƐƚĂŐĞ

Latest Early Eocene (NP14a – ?): recovery to open ocean conditions
The latest Early Eocene is characterized by increasing latitudinal temperature gradients,
which result from the cooling of higher latitudes at the end of the EECO (~49 Ma, NP14a).
Increasing temperature gradients re-enforce meridional ocean currents and terminate
sluggish ocean conditions.
The termination of tectonic uplift along the SAFB is reflected by decreasing quartz-rich mass
flow deposition and the transition from mixed siliciclastic to pure carbonate deposition during
the uppermost Lower Eocene (Figs. VII.6, VII.8d; NP14a, Galala platform stage H according
to Höntzsch et al., 2011). With the erosion of major platforms at the unstable shelf, ocean
currents from the open Tethys can penetrate the EDIB. Thus, the disappearance of the
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tectonically-controlled palaeogeographic barrier along the unstable shelf triggers the
transition from a restricted basin to a basin with open ocean conditions at the Egyptian shelf.
The transition to open ocean conditions is supported by a shift from strongly depleted į13C
ratios to enriched į13C ratios, which are comparable to the open ocean bulk rock data of
Thomas et al. (1992) (Fig. VII.6).
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Figure VII.8 (previous page) – Palaeogeographic evolution of the Late Paleocene – Early Eocene
stable and unstable shelf of Egypt (platform stages D – H after Scheibner and Speijer, 2008 and
Höntzsch et al., 2011) plus oceanographic and climatic interpretations (ar - arid climate, hu - humid
climate, nu - nutrients).
VII.8 a – Late Paleocene (NP7 – NP8): Only subordinated modulation of onshore Tethyan currents
through the SAFB. Open ocean conditions prevailed in the EDIB. Warm-arid climate prevailed at the
whole shelf system, including the African hinterland.
VII.8 b – Latest Paleocene – earliest Eocene (NP9a – NP10/11): The reactivation of the SAFB caused
uplift along the Egyptian unstable shelf. Increased warming at high latitudes caused decreased
latitudinal temperature gradients and weakened onshore currents. Warm arid climates prevailed on
the shelf (including the EDIB). Alternating warm-arid and warm-humid conditions dominated the
African hinterland and probably caused slightly enhanced chemical weathering rates.
VII.8 c – Early Eocene (NP10/11 – NP14a): Continuing global warming and decreasing temperature
gradients between high and low latitudes resulted in strongly weakened Tethyan currents. Additionally,
a massive uplift along the SAFB caused an increasing restriction of the EDIB. The subaerial exposure
and erosion of Palaeozoic and Mesozoic sandstones at the NGWA yielded in strong siliciclastic
admixtures at the ramp. A strong divergence between increasing aridity on the shelf and perennial
warm-humid conditions in the hinterland caused enhanced chemical weathering and drainage from the
continent. As a consequence, high amounts of nutrients were transported in the EDIB, enforcing high
13
productivity and the local deposition of organic-rich black shales. C-depleted organic material from
the continent probably caused an amplification of CIE at the marginal African shelf. The described
processes probably prevailed with varying strength in the Early Eocene and were exaggerated during
the hyperthermal events.
VII.8 d – Latest Early Eocene (NP14a - ?): The termination of Syrian Arc-related uplift, the erosion of
major platform systems and the decreasing drainage from the African continent caused a recovery of
the carbon isotope signature within the EDIB. The termination of the EECO caused a rapid cooling at
higher latitudes with increasing latitudinal temperature gradients and an enhanced oceanic circulation.
The EDIB shifted from a restricted basin to a basin with well-oxygenated open ocean conditions.

VII.4.3 Causes and consequences of Early Eocene nutrient excess at the
shelves
The Early Eocene warm and stagnating ocean is characterized by highly oligotrophic open
ocean surface water masses and generally low productivity rates (Moore et al., 1978;
Shackleton and Hall, 1984; Corfield and Shackleton, 1988; Hallock et al., 1991; Pak et al.,
1997; Arkaah et al., 2006). In contrast to the open ocean, several marginal shelf basins are
characterized by increased nutrient availability (Gibbs et al., 2006; Stein et al., 2006). In the
EDIB and at the Galala platform, nutrient-sensitive organisms indicate prevailing meso- to
eutrophic conditions. Possible sources of enhanced nutrient discharge are explained by three
main processes:
a) Prevailing warm and humid conditions at the African hinterland result in enhanced
chemical weathering and erosion of rocks, causing the massive transport of sediment
load from the continent to the shelf. Higher sediment fluxes caused higher volumes of
nutrients, transported as dissolved organic matter towards the shelf. Studies in
modern marine environments show that enormous amounts of nutrients can be
discharged by strong river currents (Williams and Follows, 2003). The environmental
response of this major nutrient input is reflected by increasing productivity rates,
flourishing of meso- to eutrophic organisms and higher phytoplankton densities in the
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water column (Kouwenhoven et al., 1997; Speijer and Schmitz, 1998; Mutti and
Hallock, 2003). Thus, in contrast to the scarcity of nutrients at the open ocean,
continental shelves may be areas of high productivity and nutrient excess during the
same time (Fig. VII.8c).
Speijer and Schmitz (1998) suggest that the riverine discharge of nutrients from the
African continent can support the eutrophication of surface waters in the EDIB during
the Late Paleocene. Similar conditions may have prevailed during the Early Eocene,
and would be well comparable with results from general circulation models, which
predict higher greenhouse gas concentrations in the atmosphere and an intensified
hydrological cycle (Pierrehumbert, 2002; Huber and Caballero, 2003; Caballero and
Langen, 2005, Zamagni et al., 2008). Radiolarians, which are enriched in chalky marl
intervals of the Lower Eocene Thebes Formation in areas 4 and 5, possibly flourished
due to increased nutrient supply by continental runoff (Bains et al., 2000). Especially
during Early Eocene hyperthermals, sediment supply from the continental hinterlands
and carbon burial at the shelves increased significantly (Fig. VII.8c). Comparable
increasing sedimentation rates on the shelf were reported from the Iberian Peninsula
(Schmitz and Pujalte, 2003), from New Zealand (Nicolo et al., 2007), from the Arctic
Ocean (Stein et al., 2006; Sluijs et al., 2008, 2009), from the northern Para-Tethys
(Agnini et al., 2009) and from the New Jersey coastal plain (John et al., 2008). On a
global scale, similar interrelationships are demonstrated for the PETM (Kelly et al.,
1998; Bains et al., 2000; Ravizza et al., 2001; Kelly et al., 2005; Guasti and Speijer,
2007) and Oceanic Anoxic Event 1a (OAE 1a) in the early Aptian (Larson and Erba,
1999; Leckie et al., 2002; Erba, 2004; Tremolada et al., 2007).
Nutrient excess and higher productivity rates result in increasing oxygen consumption
of organisms in the ocean. Thus, organism blooms can cause the onset of oxygen
minimum zones in the water column, which favours the deposition of black shales in
somewhat restricted ocean basins (Arthur and Sageman, 1994). During the Early
Eocene and especially at the PETM, black shale formation was documented in the
EDIB (Schmitz et al., 1996; Speijer et al., 1997; Speijer and Wagner, 2002; Fig.
VII.8c), in the northern Peri-Tethys (Gavrilov et al., 1997, 2003) and in the Arctic
Ocean (Bujak and Brinkhuis, 1998; Stein et al., 2006; Boucsein and Stein, 2009). A
TOC-rich layer in the basinal setting of area 5 represents the PETM and may indicate
the marginal equivalent of the black shales in the EDIB. Other TOC-rich beds in the
study area are associated to hyperthermal events (Fig. VII.5), although, they are not
represented by macroscopically visible black shale sediments.
The absence of surface dwelling morozovellids in the basinal Thebes Formation (area
5) is probably also related to enhanced nutrient fluxes at the southern Tethyan shelf.
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We assume that strong water column stratification due to pronounced nutrient-rich
freshwater influence might have led to the disappearance of Morozovella, as it was
speculated by Guasti (2005) for the Late Danian Event in the Nile Valley. Wade
(2004) concluded, that the extinction of the genus Morozovella in the late Middle
Eocene is probably related to increased surface water productivity. Alternatively, we
do not exclude that strong dissolution affected the sampled intervals, and in particular
Morozovella.
b) Speijer and Wagner (2002) link black shale formation at the PETM in the EDIB to
local upwelling regimes, which provide nutrient-rich water masses to marginal shelf
areas. Comparable processes of nutrient advection due to local upwelling were
demonstrated in the present-day southern Caribbean (Hallock and Elrod, 1988), the
Galapagos Islands (Feldman et al., 1984) and SE Asia (Wilson and Vecsei, 2005)
and may represent an underrated approach for the nutrient supply at isolated
carbonate platforms (Vecsei, 2003; Mutti and Hallock, 2003; Betzler et al., 2009;
Reijmer et al., in press). However, the stagnating oceans during the Early Eocene
global greenhouse are not efficient enough to establish major upwelling regimes
(Muttoni and Kent, 2007), especially during hyperthermal events with low temperature
gradients. Based on diatom distribution patterns in equatorial settings, Cervato and
Burckle (2003) demonstrate reduced upwelling regimes and low productivity in lower
latitudes throughout the Early Eocene. Seasonal upwelling, resulting in the episodic
influx of nutrients may be sufficient enough to shift the biotic assemblages on the
carbonate platform from a highly oligotrophic coral-dominated fauna to mesotrophic
LBF- and algae-dominated assemblage (Reijmer et al., in press) but is not considered
an important factor in the present study.
c) For the shallow-marine benthic assemblages of the Galala platform, the enhanced
erosion of Mesozoic and Palaeozoic siliciclastics, triggered and controlled by the
tectonic uplift along the Wadi Araba Fault, demonstrates a major mechanism of
nutrient supply. The significant depletion of the carbon isotope signature from NP10
to NP14 as well as flourishing organisms, which reflect meso- to eutrophic conditions
at the platform, indicate significantly higher nutrient concentrations at the Galala
platform during the Early Eocene (Fig. VII.6).
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VII.5 Conclusions and outlook
1) We have identified at least two post-PETM carbon isotope excursions (CIEs) at the
marginal southern Tethys of Egypt, which are associated with bulk rock calcium carbonate
depletion and organic carbon enrichment. Biostratigraphic classification assigns those
perturbations to hyperthermal events, which previously have only been recorded in deeper
marine environments.
2) A coupling of these hyperthermals to major shifts in the diversity with the abundance of
benthic assemblages is not evident in the study area. It appears that the main platform
building organisms, larger benthic foraminifera, have adapted to the extreme
environmental conditions and perturbations during the Early Eocene.
3) New insights from the Galala carbonate platform at the southern Tethys reveal the
increasing restriction of the Eastern Desert Intra-Shelf Basin (EDIB) during the Early
Eocene, caused by climatic and tectonic processes.
a) In the Late Paleocene the southern Tethyan margin is characterized by a warm-arid
climate and open ocean conditions.
b) The reactivation of the SAFB in the Early Eocene induced the massive uplift and
erosion of Palaeozoic and Mesozoic siliciclastics along the Egyptian unstable shelf.
As a consequence, the EDIB was enclosed by a SW-NE striking oceanographic
barrier.
c) Decreasing latitudinal temperature gradients during the Early Eocene global
greenhouse and the closing of the Eastern Tethys seaway yielded to a more sluggish
ocean with weak currents penetrating the EDIB.
d) A strong climatic divergence between the warm-arid shelf and the perennial humid
African hinterland prevailed during the Early Eocene. Strongly humid conditions at the
African continent yielded intensified chemical weathering and an enhanced drainage
towards the shelf in the North. The transport of terrestrial organic material caused the
increased availability of trophic resources in the EDIB, which is reflected by the
increased occurrence of radiolaria and absent Morozovella in the water column.
Shallow-benthic assemblages at the Galala platform show a high abundance of
benthic green algae and heterotrophic grazers.
An increasing restriction of the EDIB is also reflected by strongly depleted bulk rock
carbon isotope ratios, indicating a decoupling from open ocean conditions due to the
increasing influence of regional environmental constraints.
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e) The termination of the restriction of the EDIB is indicated by a shift of bulk rock
carbon isotopes towards a į13C-enriched signature. The recovery to open ocean
conditions is coupled to the termination of Syrian Arc activity and the strengthening of
Tethyan currents caused by the post-EECO cooling of higher latitudes in the late
Early Eocene.
4)

Future studies should focus on the post-PETM palaeoenvironmental evolution of deeper
areas within the EDIB to refine the approach of increasing ocean basin restriction. Other
carbonate platform successions along the SAFB (Syria and Jordan) will help to
understand the timing of uplift and the related sea-level changes at the unstable shelf.
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VIII. CIRCUM-TETHYAN CARBONATE PLATFORM EVOLUTION
DURING THE PALAEOGENE – THE PREBETIC PLATFORM AS TEST
CASE FOR CLIMATICALLY-CONTROLLED FACIES SHIFTS

Abstract The distribution of selected shallow-benthic biota at circum-Tethyan carbonate
platforms demonstrates an excellent proxy for the impact of latitudinal-controlled cooling and
variations in the trophic resources during the Palaeogene. In this study we link and compare
the spatial distribution and abundance of larger benthic foraminifera and hermatypic corals of
Tethyan carbonate successions with new records from the Prebetic platform in SE Spain.
The succession of the Prebetic platform is dominated by larger benthic foraminifera and
coralline red algae throughout the Eocene, whereas corals were not recorded until the Late
Eocene. High resolution carbon isotopes indicate conditions which are strongly decoupled
from the global carbon cycle during the latest Eocene and Early Oligocene. A possible
scenario is demonstrated by the increasing restriction of the Prebetic shelf due to the
continuing convergence of the Betic domain towards Iberia during the Lower Oligocene.
Similar biotic trends were reported from ten selected circum-Tethyan carbonate platforms.
Based on previous studies, we further develop earlier established Palaeogene platform
stages, which pinpoint the evolution of shallow-benthic communities during the transition
from global greenhouse to icehouse conditions. Global cooling yielded to the recovery of
coral communities in the northern Tethyan realm during the Bartonian (stage IV). A
prominent cooling event at the Bartonian-Priabonian boundary, associated with a demise of
many symbiont-bearing larger foraminifera causes the proliferation of coral reefs in the
northern Tethys and the recovery of corals in the southern Tethys (stage V). The massive
temperature drop related to the Oi-1 glaciation represents the base of platform stage VI
(Early Oligocene – ?). After a transient platform crisis during the lowermost Oligocene, coral
reefs spread throughout the Tethys and proliferate with newley emerged larger benthic
foraminifera.
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VIII.1 Introduction
Carbonate platform systems represent an excellent example of ancient sediment archives,
which provide crucial data regarding the reconstruction of continental margins. Platform
evolution is influenced and controlled by multiple processes, including global and regional
climate variability, global and local tectonics, eustatic sea-level variations and the changing
dominance of platform biota through time. The interactions of those processes create highly
dynamic and complex environmental scenarios. A main problem regarding the reconstruction
of shallow-marine inner platform settings is the frequent subaerial exposure during sea-level
lowstands, causing erosion, karstification and major hiati at the platform. To understand the
evolution and the dynamics of carbonate platforms, mass flow deposits at the platform slope
represent an excellent tool for the reconstruction of those systems. In contrast to the shallowmarine platform interior, mass flow deposits at the outer neritic and bathyal slope are less
alterated and better preserved. Their composition and geochemical signature record
environmental shifts from the remote platform interior, especially during times of climatic and
tectonic instability.
The Palaeogene represents an epoch in Earth’s history, which is characterized by high
climatic variability and the reorganisation of major continental plates in the Mediterranean
realm. The transition from the Early Cenozoic greenhouse to the Late Cenozoic icehouse,
punctuated by multiple climatic perturbations is recorded by various environmental
parameters and organisms at the marginal shelves (e.g. climatically-controlled facies shifts,
shifts in the trophic regime, varying carbon isotope signatures). Furthermore, the continuing
convergence of the African Craton and Eurasia, yielding to the reactivation and progradation
of ancient fault systems, causes major incisions in the marginal marine environments in the
Tethyan realm. Studying the impact of those pertubations on carbonate platforms will help to
understand the dynamics of depositional processes at passive continental margins.
An excellent example for such a highly dynamic environment is represented by the South
Iberian continental margin in the NW Tethys during the Palaeogene. The stratigraphic record
of this passive margin reveals a complex framework of autochthonous and allochthonous
units, which have been deformed during multiple phases of tectonic activity, culminating
during the Miocene uplift of the Betic Cordillera. The pre-orogenic sedimentary record of the
passive South Iberian margin contains a heterogenous suite of slope-related hemipelagites
and shallow-marine platform carbonates. This succession has been studied intensively with
respect to the tectono-stratigraphic evolution of the Betic domain since the Mesozoic.
Various local studies reveal facies patterns and depositional processes, especially of the
undisturbed marly successions of the deeper shelf. A coherent model of the detached
carbonate platform regarding the fundamental biotic evolution during times of high climatic
and tectonic variability is however missing. In this study we link and compare the data of ten
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circum-Tethyan carbonate platforms with the succession of the South Iberian margin to
achieve new information regarding timing and biotic impact of the Early Palaeogene
greenhouse to Late Palaeogene icehouse transition. High resolution microfacies analysis of
proximal and distal mass flow deposits, as well as new carbon isotope records will reveal the
impact of long- and short-term climatic evolution to shallow-marine benthic assemblages,
especially to larger benthic foraminifera and corals.

VIII.1.1 Climatic evolution during the Palaeogene
The Palaeogene is known as a period in Earth’s history, which underwent fundamental longterm and transient climatic changes, resulting in the transition from a global greenhouse to
icehouse conditions (Zachos et al., 2001). The Early Palaeogene (Paleocene – Middle
Eocene) is characterized by global greenhouse conditions, culminating during the Early
Eocene Climatic Optimum (EECO) between 53 – 49 Ma (Fig. VIII.1). Anomalous warm poles
and low latitudinal temperature gradients caused strongly decreased ocean circulations with
high oligotrophic open ocean conditions (Hallock et al., 1991; Gibbs et al., 2006). This Early
Palaeogene

“hothouse”

is,

however,

superimposed

by

multiple transient

climatic

perturbations, which are attributed to significant negative shifts in the global carbon cycle
(“hyperthermals” or Eocene Thermal Maxima [ETM]; Thomas and Zachos, 2000; Cramer et
al., 2003; Lourens et al., 2005). The most prominent carbon cycle perturbation is the
Paleocene-Eocene Thermal Maximum (PETM), resulting in a global transient temperature
increase of 4 – 8°C and major environmental turnover in nearly all environments on Earth
(e.g., Kennett and Stott, 1991; Beerling, 2000; Bowen et al., 2004).
The post-EECO climate is characterized by a cooling of higher latitudes, whereas the tropics
remained warm (Pearson et al., 2007). The increasing latitudinal temperature gradients
strengthened global ocean currents, causing the upwelling of cooler deep ocean waters and
the eutrophication of the oceans (Hallock et al., 1991). The temperature decline during the
Middle and Late Eocene is interrupted by the Middle Eocene Climatic Optimum (MECO)
between ~41.5 – 40 Ma, affecting both surface and bathyal environments (Fig. VIII.1; Bohaty
and Zachos, 2003, Bijl et al., 2010). This transient warming is however, not affected by a
significant negative carbon isotope excursion (Jovane et al., 2007). The continuing cooling in
the second half of the Eocene yielded to the occurrence of the first ephemeral Antarctic ice
sheets in the second half of the Eocene. A major break in global climate since the end of the
EECO is represented by the Oi-1 glaciation at ~34 Ma, coinciding with the Eocene-Oligocene
boundary (Fig. VIII.1; Zachos et al., 2001, 2008; DeConto et al., 2008). A sharp global
temperature drop is associated with a positive carbon isotope excurcion (CIE) of ~1 ‰ and a
major biotic reorganization (Ivany et al., 2000; Zanazzi et al., 2007; Eldrett et al., 2009). The
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Oi-1 glaciation demonstrates the onset of permanent Antarctic ice sheets and a strong
demise in global carbonate platform systems. Thus, the Eocene-Oligocene boundary
represents the final transition from climatic optimum conditions to icehouse conditions.

Figure VIII.1 – Global and regional climatic and tectonic evolution during the Palaeogene. The
scheme includes the main depositional sequences and regional tectonic events (yellow bars) in the
Prebetics (regional tectonic events according to Geel et al., 1998; Geel, 2000; Martin-Chivelet and
Chacon, 2007). Abbreviations: LO – Late Oligocene. Alicante platform cycles of Geel (2000) are
redefined regarding their stratigraphic occurrence: T – Thanetian, Y – Ypresian, L – Lutetian, B –
Bartonian, P – Priabonian, R – Rupelian, C – Chattian.
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VIII.1.2 Concepts on biotic shifts during Palaeogene platform evolution
The evolution of carbonate platform systems during the Palaeogene is strongly influenced by
long term global climatic and tectonic turnover and transient perturbations. The spatial and
quantitative distribution of platform-building organisms through time shows a clear
connection to the environmental turnover in the Palaeogene (Hallock et al., 1991; McGowran
and Li, 2001; Nebelsick et al., 2005). Timing and biotic effects of environmental transitions
during the Palaeogene were raised in multiple bio-sedimentary concepts. Hallock et al.
(1991) presented the first compilation of Palaeogene evolutionary events for larger benthic
foraminifera and planktic foraminifera with respect to the effects of varying trophic resources
in the oceans (trophic resource continuum). Hottinger (1997, 1998) and McGowran and Li
(2001) link the evolution of Tethyan large neritic foraminifera to major changes in climate and
define major Cenozoic LBF assemblages as chronofaunas (Fig. VIII.7). Brasier (1995) and
Hottinger (2001) introduce the concept of global community maturation cycles (GCMC) for
LBF. According to this approach, LBF evolution can be classified in four (Brasier) or five
(Hottinger) phases of increasing habitat adaption and improving life strategies. Both authors
suggest that each GCMC is terminated by a mass extinction.
The described concepts have been applied to selected critical intervals during the
Palaeogene. Scheibner and Speijer (2008a) show that the global warming during the early
Palaeogene caused a Tethyan-wide massive decline in coral reefs and a coeval shift to LBF
dominated carbonate platforms. The authors define circum-Tethyan platform stages (Figs.
VIII.6 and VIII.7) and link the evolutionary impact of the larger foraminifera turnover (LFT,
Orue-Etxebarria et al., 2001) at the Paleocene-Eocene boundary directly to the PaleoceneEocene Therma Maximum (PETM). Nebelsick et al. (2005) summarize changes of specific
carbonate facies types in the circum-alpine area during the Middle Eocene to Oligocene and
introduce the concept of facies dynamics. The authors argue that major carbonate platform
organisms are controlled by phylogenetic, ecological and geological parameters.
The following paragraphs summarize the main steps in Palaeogene carbonate platform
evolution with respect to the introduced concepts.

Paleocene
The global ocean crisis during the Cretaceous-Palaeogene transition at 65.5 Ma yielded to a
massive specific decline in global shallow-benthic assemblages. Transient nutrient excess
shortly after the Cretaceous-Palaeogene extinction shifted to increasing oligotrophy in the
oceans during the Early Paleocene (Hallock et al., 1991). A long-term sea-level rise during
the Early Paleocene created new shelf areas and vacant biological niches (Buxton and
Pedley, 1989). The created vacant niches were occupied by LBF and corals, which became
to a major part of shallow-benthic assemblages (1st phase of GCMC; Hottinger, 2001). At
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around 60 Ma new LBF with complex morphologies appeared (2nd phase of GCMC; Hallock
et al., 1991; Hottinger, 1998, 2001). Increasing oligotrophic conditions and a prominent sea
level fall at 58.9 Ma (Hardenbol et al. 1998) favoured the proliferation of hermatypic coral
built-ups throughout the Tethys (Tethyan platform stage I; Scheibner and Speijer, 2008a,
2008b). Increasing global temperatures at the end of the Paleocene caused a decline of
many low-latitude coral communities (Tethyan platform stage II; Scheibner and Speijer
2008a, 2008b). The open niches were occupied by LBF. Platform stage II represents a
transitional episode between coralgal and larger foraminifera dominance in the Tethyan
realm. In the northern Tethyan and Peri-Tethyan realm coralgal assemblages still dominate
the platfrom margin, whereas in lower latitudes (0 – 20°) first larger foraminifera
communities, composed of ranikothalids and miscellanids proliferate. Duration is restricted to
shallow benthic zone 4 (SBZ 4, Serra-Kiel et al. 1998).

Early Eocene
The Paleocene-Eocene boundary represents a major caesura in the evolution of shallowmarine benthic communities. The massive transient temperature peak during the PETM
caused a Tethyan-wide decline of coral communities. Newly arisen LBF species are
characterized by an increase in K-strategy, a significantely larger shell size, a longer life span
and an adult dimorphism (Hottinger, 1998). Paleocene ranikothalids and miscellanids are
replaced by Eocene nummulitids and alveolinids (Scheibner et al., 2005). This evolutionary
trend, known as larger foraminifera turnover (LFT) is directly linked to the negative CIE of the
PETM, Orue-Extebarria et al., 2001; Scheibner et al. 2005). Carbonate shelves were now
dominated by photo-autotrophic LBF assemblages throughout the Tethys (3rd phase of
GCMC; Hottinger, 2001; Tethyan platform stage III; Scheibner and Speijer, 2008a 2008b).
Multiple Early Eocene hyperthermal events with a similar environmental impact as the PETM
as well as an increasing warming culminating in the EECO (52 – 49 Ma; Zachos et al., 2001),
prevented the recovery of temperature-sensitive Tethyan coral assemblages after the PETM.
Studies from the Egyptian carbonate shelf suggest, that the impact of post-PETM
hyperthermal events were of minor extent but may coincide with a peak in the specific
diversity of larger foraminifera K-strategists (Hottinger, 1998; Höntzsch et al., in press).
Furthermore, the size of LBF increased significantely from the Middle Ypresian to the
Bartonian (4th phase of GCMC; Hottinger, 2001).

Middle Eocene
The global cooling subsequent to the terminantion of the EECO at ~49 Ma mainly affected
higher latitudes, whereas equatorial realms remained stable warm (Pearson et al., 2007).
However, specific diversity of K-strategist LBF continuously decreases from the base of the
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Lutetian to the Priabonian (Hallock et al 1991; Hottinger, 1998). The extinction of Assilina in
Lower Bartonian represents the termination of the Early Palaeogene GCMC (5th phase;
Hottinger, 2001).
A transient period with increasing abundance of LBF K-strategist taxa is present during the
Lower Bartonian and represents the onset of a new GCMC (Hottinger, 2001). This interval
coincides with the transient warming during the Middle Eocene Climatic Optimum (MECO;
Bohaty and Zachos, 2003; Bijl et al., 2010).
The Lower Bartonian is characterized by prevailing oligotrophic conditions at the shelves
(Nebelsick et al., 2005). The general cooling trend favoured the recovery of patchy coral
communities in higher latitudes (Perrin, 2002a). However, increasing latitudinal temperature
gradients enforced the global ocean circulation yielded to strengthen upwelling regimes and
a high biosilicious activity in the oceans (Cervato and Burckle, 2003).

Late Eocene
A significant global temperature drop in the uppermost Middle Eocene (Middle/Late Eocene
cooling event; McGowran 2009) accompanied by prevailing meso- to eutrophic conditions at
the shelfs caused a shift in the prevailing shallow-benthic facies assemblages and a
prominent demise of K-strategists (Hallock et al 1991; Hottinger, 2001). Oligotrophic
symbiont-bearing LBF (larger nummulitids, alveolinids and acervulinids) were replaced by
meso- to eutrophic coralline algae (Priabonian chronofauna; McGowran and Li, 2001;
Nebelsick et al., 2005). Early Palaeogene LBF which survived into the Oligocene are mostly
represented by non-photosymbiontic smaller miliolids (Nebelsick et al., 2005). Despite the
increasing availability of nutrients at the shelves, the recovery of coral communities continues
especially in the northern Tethyan realm (Nebelsick et al., 2005).

Early Oligocene
The tectonic and climatic isolation of Antarctica during the latest Eocene caused a massive
temperature drop and the onset of perennial icesheets at Antarctica (Oi-1 glaciation; Ivany et
al., 2000; Zachos et al., 2001; Eldrett et al., 2009). Continuing cooling is accompanied by a
strengthend ocean circulation and enhanced upwelling regimes (Hallock et al., 1991). This
climtatic and evironmental caesura caused the extinction of LBF which survived the
Middle/Late Eocene cooling event (e.g., discocyclinids; early Palaeogene Nummulites;
Hallock et al., 1991; Prothero, 2003). The newly created niche favoured the evolution of
modern LBF taxa and a slow diversification of Tethyan coral faunas (Hallock et al., 1991;
Nebelsick et al., 2005). Newly emerged LBF are represented by lepidocyclinids (FO
lowermost Rupelian) and miogypsinids (FO ?Chattian). Meso- to eutreuphic ocean conditions
shifted to more oligotrophic habitats during the upper Rupelian (Hallock et al., 1991).
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VIII.1.3 Regional geological framework
Tectono-stratigraphy at the south Iberian margin
The South Iberian continental margin underwent repeated changes and deformation since
the Mesozoic, culminating with the uplift and deformation of the Betic Cordillera orogen in the
Early Miocene (Fontboté and Vera, 1983; Blankenship, 1992; Geel et al., 1998; AlonsoChaves et al., 2004). Classical tectono-stratigraphic classifications discriminate an external
zone, representing the autochthonous deposits of the South Iberian margin, and an internal
zone, characterized by an allochthonous unit which underwent repeated metamorphism prior
to the Early Miocene orogeny.
The External Zone comprises a heterogenous suite of Mesozoic and Early Cenozoic passive
continental margin deposits (Garcia-Hernandez et al., 1980; Everts, 1991). Those Triassic to
Early Miocene sediments are detached from the Palaeozoic basement and have been
thrusted northward onto the southern margin of the Iberian Craton (Blankenship, 1992). The
deposits of the External Zone are subdivided into three units with respect to their position at
the shelf: the Prebetic domain represents the shallow-marine shelf of the South Iberian
margin, which is strongly affected by sea-level variations and terrigenous input from the
Craton. Vast areas of the northern Prebetic were covered by a carbonate platform. The
platform system represents a NE-SW striking belt of heterogenous shallow-marine
sediments, which were attached to the Iberian Massif. The southern Prebetic is rather
influenced by hemipelagic deposition and frequent mass flows (Fig. VIII.3). The contact
between the lagoonal Prebetic platform (External Prebetic) and the hemipelagic Prebetic
realm (Internal Prebetic) is referred to a major palaeogeographic barrier, called the Franja
Anomala (e.g. de Ruig et al., 1991).
The Subbetic domain is characterized by deeper shelf deposits without major terrigenous
influence. The contact between Prebetic and Subbetic domain points to a major thrust fault
(e.g. Garcia-Hernandez et al., 1980). Besides the Prebetic and Subbetic domains, a third
tectonostratigraphic unit is represented by the Guadalquivir allochthonous unit, which is
characterized by the Neogene deposition of olistostromes and gravitational nappes from the
Subbetic domain (García Rossell, 1973, Garcia-Hernandez et al., 1980).
The Internal Zone or Betic domain is characterized by a heterogenous stack of allochthonous
complexes, containing thrust sheets of metamorphous Palaeozoic rocks (Geel 1996). It is
part of the Alboran microplate, which collied with Africa and Eurasia during its westward
migration, causing the uplift of the Betic Cordillera (Fig. VIII.2; Andrieux, 1971; Bouillin et al.,
1986).
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Tectonically-controlled platform evolution during the Palaeogene
During the Early Palaeogene the reactivation of major fault systems causes multiple phases
of depositional instability and shelf reorganisation (Martin-Chivelet and Chacon, 2007). A first
tectonic phase is demonstrated for the Late Thanetian (Latest Thanetian Event, ~57 Ma;
Martin-Chivelet and Chacon, 2007) when far-field stress of strong compressional tectonics in
the Pyrenean orogeny caused major block movement and a reorganization of the South
Iberian shelf basin. During that interval a major depositional unconformity at the Prebetic
platform indicates widespread subaerial exposure of the shallow-marine shelf. An
acceleration of the collisional tectonics of Africa and Iberia as well as the onset of the main
orogenic phase in the Pyrenees resulted in a second tectonic phase during the Middle
Ypresian (Intra-Ypresian Event ~54.5 Ma; Martin-Chivelet and Chacon, 2007). During the
late Lutetian (Intra-Lutetian Event, 44 – 42 Ma) a third tectonic phase resulted in the change
of the major sediment transport direction along the platform from N-S to NE-SW and a
significant progradation of the platform margin towards the S (Kenter et al., 1990). This
tectono-sedimentary perturbation is caused by the reactivation of the Azores-Gibraltar Fault
Zone and the separation of Iberia from Africa. The continuing convergence between Africa
and Eurasia caused a fourth phase during the Bartonian (Intra-Bartonian Event, 40 – 39 Ma),
resulting in the tilting of the Prebetic platform. A fifth phase of major tectonic activity during
the Late Eocene resulted in complex block-faulting of the platform and its separation into
several isolated fault-bounded patch reefs with different subsidence levels and complex
block topography (Intra-Priabonian Event; De Ruig et al., 1991; Geel, 1996; Geel et al.,
1998). During the Oligocene two more phases of tectonic activity have been suggested but
not described in detail (Rupelian Events). Those events are probably related to the onset of
the Valencia Trough and a phase of deformation in the Internal Betics (Lonergan, 1993;
Torres et al., 1993; Geel et al., 1998; Maillard and Mauffret, 1999).
The phases of major tectonic activity reveal a significant cyclicity in the depositional record of
the South Iberian margin throughout the Palaeogene but especially during the Eocene. Geel
et al. (1998) distinguish fourteen 3rd-order cycles in the Prebetic realm from the latest
Paleocene to the latest Eocene. Those cycles are mainly controlled by the tectonic
processes, related to the African-Eurasian collision and the far field impact of Pyrenean
orogeny. However, the beginning glaciation of the southern hemisphere at the late Middle
Eocene increases the glacio-eustatic impact to the depositional record significantly.

Regional climate of Iberia during the Palaeogene
The Iberian Peninsula is characterized by a stable microclimate due to a strong influence of
the Tethys in the south and emerging prominent orogenic system in the North (Postigo
Mijarra et al., 2009). Early Cretaceous to Early Eocene conditions on the Iberian Peninsula
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are characterized by a tropical climate with seasonal rainfalls, evidenced by palaeotropical
forests with a high floral diversity (Lopez-Martınez, 1989; Gawenda et al., 1999; Adatte et al.,
2000; Bolle and Adatte, 2001; Postigo Mijarra et al., 2009). The impact of multiple
Palaeogene hyperthermal events has been recorded in the Pyrenees (Angori et al., 2007;
Scheibner et al., 2007; Alegret et al., 2009), the Basque Basin (Schmitz et al., 2001; Schmitz
and Pujalte, 2003) and the Betic realm ( Alegret et al., 2010).
Large scale tectonic reorganization and the onset of the first ephemeral ice sheets in the
southern hemisphere forced a global regression during the second half of the Eocene. This
regression yielded to an increasing aridity and continentalization of the Iberian-Eurasian
climate (Lopez-Martinez, 1989).

VIII.2 Methods
Selected sections along a platform to slope transect were recorded in order to establish a
high resolution data set of various environments at the carbonate platform, comprising of
selected samples of mass flow deposits and hemipelagic background sediments. Sample
analysis focusses on three main approaches:

a) A detailed microfacies analysis of selected limestone samples based on the main
platform organisms (larger benthic foraminifera, corals, algae) reveals the vertical and
lateral evolution of the Prebetic carbonate platform through time. The spatial and
temporal distribution of mass flow deposits along the slope allows recognizing high
frequent sea level fluctuations and changes in the source area and transport direction
of mass flows. Furthermore, intervals of increased tectonic activity in the hinterland
can be recognized by increased amounts of detrical quartz grains.
b) Main platform organisms indicate multiple climatically-controlled facies shifts through
the Palaeogene. The record of those evolutionary trends and perturbations helps to
locate major phases of Palaeogene carbonate platform evolution, which have been
explained and evaluated in different conceptional palaeontological studies. The
application of those appraoches to the recorded succession of the Prebetic platform
will help to refine and expand concepts and classifications regarding the evolution of
shallow-benthic assemblages during the Palaeogene.
c) Limestones and marls from the lower slope section of Relleu were analysed with
respect to record the long-term geochemical and carbon isotope evolution of a
marginal shelf environment during times of major tectonic and climatic turnover. Bulk
rock carbon isotopes (į13C), total organic carbon (TOC) and calcite carbonate ratios
were recorded and compared with data from open ocean and similar marginal

Palaeogene carbonate platforms under climatic and tectonic stress

125

environments (Thomas et al., 1992; Zachos et al., 2001) in order to reveal either a
coupling of the Prebetic platform to the global carbon cycle or the impact of regional
processes which influence the Prebetic platform.

VIII.3 Study area and data set
The Prebetic domain extends as 130 km long and 60 km wide NE-SW striking fault-bounded
block north and west of Alicante (Fig. VIII.3). It represents the NE most part of the Betic
Cordillera in SE Spain. North of the Prebetic domain the Albacete low subsiding domain
characterizes the southern branch of the Iberian Massif. The Balearic Islands probably reflect
a continuation of the Prebetics prior to the Late Oligocene to Neogene opening of the
Balearic Sea (Doblas and Oyarzun, 1990).
The Prebetic platform represents the NE most part of the External Betics. Outcrops of the
Palaeogene platform interior are rare due to frequent erosional and tectonic unconformities
as well as intense karstification. Generally, sea level lowstands are missing in the
depositional record on the platform (Geel, 2000). In the SW most part of the Prebetic domain,
various isolated mountain ranges expose Palaeogene rocks, reflecting the transition from
inner shelf to the hemipelagic outer shelf (Carche, Benis, Enmedio; see Kenter et al., 1990).
Outcrops along the deeper and more hemipelagic shelf are frequent in the areas of Relleu,
Penaguila, Torremanzanas and Benifallim (e.g. Everts, 1991; Geel, 2000) as well as the
Agost section, representing the Internal Prebetics (e.g. Molina et al., 2000; Ortiz et al., 2008;
Monechi and Tori, 2010).
Most of the sections have been described and interpreted by various authors by means of
different approaches. However, high-resolution microfacies and geochemical data are not
available yet. Especially the evolution of the platform interior and the impact of the
environmental perturbations during and after the Paleocene-Eocene boundary are still not
described for the Prebetic platform. Thus we recorded the new section of Ascoy in the SW
part of the Prebetic platform and the classical sections of Onil, Ibi and Relleu for detailed
microfacies and biotic assamblage analysis, re-interpretation and comparison with other
studies in order to achieve a coherent platform model with respect to depositional processes,
climatic variability and tectonic impact.
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Figure VIII.2 a – Simplified palaeogeographic reconstruction of the Mediterranean realm in Early to
Middle Eocene (Ypresian - Lutetian). Numbers indicate selected Eocene-Oligocene carbonate
platform systems: 1) Northern Calcareous Alps, 2) Pyrenees, 3) North Adriatic platform, 4) Prebetic
platform, 5) Maiella platform, 6) Greece, 7) Turkey, 8) NW Arabian platform (Syria, Israel), 9) Tunisia,
10) Libya (Sirte Basin), 11) Egypt (Galala platform). The position of the continents and ocean basins is
adapted and expanded from Ziegler (1992), de Galdeano (2000), Meulenkamp and Sissingh, (2000,
2003) and Thomas et al. (2010). VIII.2 b – Early Palaeogene reconstruction of southern Iberian
continental margin and the adjacent Alboran microplate, representing the (Internal) Betic domain.

Figure VIII.3 – Location map of the eastern Betic Cordillera, including the main tectono-sedimentary
units, major tectonic lineaments and selected sections (modified after Martin-Chivelet and Chacon,
2007). The contact between the Prebetic platform and the Prebetic hemipelagic realm is referred to
the Franja Anomala (e.g. de Ruig et al., 1991). Red circles indicate the location of the studied section;
grey circles demonstrate previously studied Palaeogene sections of other authors (1 – Carche, 2/3 –
Benis/Caramucel, 4/5 – Penaguila/Torremanzanas, 6 – Benifallim, 7 – Agost).
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VIII.3.1 Sections
We studied four sections of the Prebetic platform which are excellent examples for the
coupled tectono-climatic impact on shallow-marine benthic assemblages during the transition
from an Early Palaeogene greenhouse to Late Palaeogene icehouse conditions.

Ascoy (Paleocene – ?Middle Eocene, ~120 m total thickness)
The Sierra d’Ascoy represents a WSW-ENE striking mountain range NE of Cieza. The
depositional sequence encompasses Lower Cretaceous to Miocene hemipelagic marls and
carbonates, which are interrupted by several erosional unconformities (Kenter et al., 1990).
Palaeogene rocks occur as a continuative suite of Paleocene to Middle Eocene carbonates
of the platform interior, which merge into a transitional marine-continental facies during the
Bartonian. Limestones comprise of larger benthic foraminifera, corals and coralline red algae.
Few intervals show significant amounts of quartz grains. Paleogeographic reconstructions of
the Palaeogene integrate the succession of Ascoy to the Franja Anomala (Martinez del Omo,
2003).

Onil (Lowermost Eocene – Middle Eocene, ~210 m total thickness)
At the section of Onil (~35 km N Alicante) limestones and marls which cover the lowermost
Eocene to Middle Eocene are exposed. The rocks show a high abundance of larger benthic
foraminifera (especially nummulitids and alveolinids) and reflect middle inner shelf settings
during the Palaeogene. Geel (2000) describes eight depositional cycles, which are arranged
in an overall shallowing-upward succession. The discrimination of the cycles is based on
qualitative and quantitative variations in larger benthic foraminifera species as well as on
detected erosional surfaces and hardgrounds. Few karstification horizons indicate
temporarily subaerial exposure during sea-level lowstands. The upper interval of the section
is represented by dolomitized limestones.

Ibi (Middle Eocene – Early Oligocene, ~360 m total thickness)
The section of Ibi represents a continuous succession of steep tilted Middle Eocene to
Middle Oligocene limestones and dolomites with rare marl intercalations. The section is
situated about 35 km N of Alicante and about 10 km NE of the section Onil. Geel (2000)
describes eight Eocene cycles and four Oligocene cycles. The succession of Ibi is
interpreted as platform interior or backreef environment and corresponds to the section of
Onil (Geel, 2000).
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Relleu (Upper Eocene – Upper Oligocene, ~215 m total thickness)
The road-cut section of Relleu is situated ~35 km NE of Alicante and encompasses an
alternating succession of hemipelagic marls and mass-flow related limestones. Limestones
show a great variety of depositional textures (normal grading, flute casts, rip-up clasts) which
indicate a turbiditic origin. Furthermore frequent reworked larger benthic foraminifera from
the

inner

platform

(e.g.

nummulitids,

alveolinids)

and

autochthonous

forms

of

orthophragminids are recorded. Zoophycus traces indicate a palaeo-water depth of ~300 m
which refers to the lower slope (Seilacher, 1967; Everts, 1991). The succession of Relleu
encompasses three depositional sequences during the Eocene and five depositional
sequences during the the Oligocene (Geel, 2000).
The Eocene-Oligocene boundary and planktic foraminifera zone P18 are not recorded in the
Relleu section. Geel (2000) relates this hiatus to a major erosional unconformity, caused by
the massive glacio-eustatic regression during the Oi-1 glaciation.

VIII.4 Results
VIII.4.1 The Palaeogene succession of the Prebetic platform
The four recorded sections represent a continuous succession of Paleocene to Late
Oligocene platform deposits and hemipelagic marls. Depositional cycles at the Prebetic
platform compiled by Geel et al. (1998) and Geel (2000) are renamed and used to describe
the stratigraphic range of the recorded stratigraphic intervals (Fig. VIII.1). The recorded
sections can be correlated by their biostratigraphic range or major tectono-depositional
intervals (Fig. VIII.4).

Paleocene (Thanetian)
Paleocene rocks are only recorded at the Sierra d’Ascoy in the SW part of the Prebetic
platform. The succession consists of massive fossiliferous limestones with high abundances
of smaller rotaliid foraminifera, orthophraminids (Discocyclina sp.), coralline red algae (e.g.
Distichoplax biserialis), echinodermal fragments and highly disintegrated bioclasts. Smaller
benthic foraminifera (miliolids) are rare. Detrital quartz accumulations up to 20 % are
reported from a 15 m thick massive siliciclastic limestone interval in the upper Thanetian (Fig.
VIII.4; cycle T1). The quartz-bearing interval is followed by limestones with high abundances
of hermatypic corals (cycle T2).
The Paleocene-Eocene transition is represented in a significant shift in the shallow-benthic
faunal assemblage. Small rotaliids are replaced by larger endosymbiont-bearing nummulitids
(Operculina sp., Nummulites sp.) and alveolinids (Alveolina sp.).

Palaeogene carbonate platforms under climatic and tectonic stress

129

Lower Eocene (Ypresian)
Lower Eocene rocks are recorded in the sections of Ascoy and Onil. The basal Eocene
succession of Ascoy is dominated by massive fossiliferous limestones with abundant large
nummulitids, alveolinids, orthophragminids and echinodermal fragments. Red algae are only
common in the basal part of the lower Eocene succession of Ascoy (cycle Y1). Hermatypic
corals are not recorded. In the section of Ascoy a significant quartz-bearing limestone bed in
the middle Ypresian is strongly enriched in LBF, shell fragments and red algae (cycle Y1).
During the upper Ypresian fossiliferous limestones are replaced by marls with a thickness up
to 20 m (cycle Y2). Marls are intercalated by prominent 3 – 5 m thick massive limestone beds
with reworked limestone nodules and high abundances of inner platform organisms (LBF,
coralline red algae and echinodermal fragments).
The Lower Eocene succession of Onil is characterized by alternating highly fossiliferous
limestones and marls. The recorded rocks are dominated by nummulitids (Assilina sp.,
Nummulites sp. and Operculina sp.), alveolinids (Alveolina sp.), orthophragminids
(Discocyclina sp.) and echinodermal fragments. Soritids (Orbitolites sp.), miliolids and
serpulid worm tube occur in varying amounts and accumulate in distinct intervals. Coralline
red and green algae are rare. The dominance of orthophraminids decreases significantely
during the middle Ypresian.

Middle Eocene (Lutetian – Bartonian)
Middle Eocene rocks are recorded from the sections of Onil and Ibi and can be discriminated
in three major intervals. The basal Middle Eocene succession is characterized by partly
dolomitized and quartz-rich limestones and marls without major fossil accumulations in the
section of Onil but high fossil content in the section of Ibi (cycles L1 – L3).
Major benthic organisms in the limestones of Ibi are Discocyclina sp., Nummulites sp.,
Alveolina sp., and Assilina sp.; miliolids and soritids occur in varying amounts. The
abundance of orthophragminids and nummulitids decreases significantely towards the upper
part of the Middle Eocene succession (cycle L3). During cycle L4 an up to 30 m thick interval
of massive to thick bedded quartz-rich limestones and debris flow deposits with reworked
limestones nodules and multiple erosional unconformities represents a major break in the
deposition at the platform. Depostion after this mass wasting event is characterized by thick
bedded low fossiliferous nodular and dolomitized limestones (upper cycle L4/B). First
specimen of Solenomeris sp. are recorded in cycle B. The monotonous deposition is
interrupted by a 2 – 4 m thick interval of quartz-rich limestones (cycle B).
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Upper Eocene (Priabonian)
Upper Eocene rocks are recorded from the sections Ibi and Relleu. In contrast to the low
fossiliferous upper interval of the Middle Eocene, the Upper Eocene successions of both
sections demonstrate limestones and marls with high amounts of LBF (Nummulites sp.,
Discocyclina sp., Solenomeris sp.), smaller foraminifers (miolids) and bioclastic debris from
the platform interior (gastropods, shell debris, echinoids, coralline red algae). The first
recorded specimen of Heterostegina sp. as well as the first Eocene coral fragments occurs in
cycle P1. A 10 – 15 m thick interval of unconformitve bounded highly fossiliferous and partly
quatz-rich limestones is recorded during cycle P1.

Lower Oligocene (Rupelian)
The Eocene-Oligocene boundary is only recorded at the section of Ibi and refers to major
shift in the benthic assemblages. Post-Eocene shallow-benthic organisms are characterized
by the first occurrence of lepidocyclinids (Eulepidnia sp.) and heterosteginids (Heterostegina
sp.). Many Eocene LBF (e.g., Nummulites sp., Discocyclina sp., Solenomeris sp.) are not
recorded from the Eocene-Oligocene boundary onwards, whereas miliolids and coralline red
algae become more abundant. During cycle R2 first hermatypic coral fragments are recorded
since the lowermost Eocene. In the section of Relleu at least three intervals with increased
deposition of debris flows and quartz-rich limestones are recorded (cycle R2 – R4).

Upper Oligocene (Chattian)
The Upper Oligocene is only recorded in the uppermost intervals of the Relleu section and
comprises of marls and fossiliferous limestones. Limestones are rich in LBF (Eulepidina sp.,
Heterostegina sp.), red algal fragments and coral debris.
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Figure VIII.4 – Faunal evolution of the Prebetic carbonate platform during the Palaeogene. The
occurrence of selected LBF specimen, corals, red algae and quartz of four sections is summarized in
order to demonstrate possible evolutionary turnover or extinctions. Paleocene to Early Oligocene
faunal evolution can be subdivided into three main intervals: a Paleocene coral-dominated interval, an
Early- to Middle Eocene interval without coral records and LBF-dominated assemblages, and a Late
Eocene – Oligocene interval with increasing coral abundance but prevailing LBF assemblages.
Abbreviations: FO – first occurrence, LO – last occurrence, MWI – mass wasting intervals (only for
section Relleu), LFT – larger foraminifera turnover.
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Figure VIII.5 – Bulk rock carbon isotopes and geochemistry for the Upper Eocene – Lower Oligocene
outer ramp succession of Relleu. Data for hemipelagic background marls and limestones are plattet
separately in order to show possible differences in source area and carbon burial. Gray bars indicate
limestones. Mass wasting intervals (MWI) refer to periods of frequent turbidite deposition.
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VIII.4.2 Carbon isotope stratigraphy and geochemical evolution
The long-term bulk rock carbon isotope trend was recorded for the Upper Eocene
(Priabonian) – Upper Oligocene (Chattian) lower slope succession of Relleu (Fig. VIII.5).
Carbonates and hemipelagic marls were examined separately in order to study possible
variations between the platform-derived turbidites and basinal hemipelagites.

Carbon isotopes
Marls: Bulk rock carbon isotopes from the recorded hemipelagic background deposits
(marls) range from -1.5 ‰ to 1.5 ‰. The discrimination of significant trends is doubtful due to
highly fluctuating carbon isotope ratios. The Priabonian is characterized by a prominant shift
from positive to negative į13C ratios, culminating with a negative excursion of -0.5 ‰ and a
fast recovery to 1 ‰ (E2; Fig. VIII.5). From the latest Priabonian to the Rupelian the carbon
isotope signature shifted from overall positive to negative ratios, superimposed by numerous
minor positive and negative excursions. The depositional significance of those excursions is
doubtful due to frequent slumping in the marl intervals. Chattian carbon isotopes ratios are
characterized by a continuing shift towards negative į13C ratios with negative excursions in
the lowermost interval of -1.5 ‰ (E4; Fig. VIII.5).
Limestones: The Priabonian is characterized by relatively stable positive į13C ratios
(~1.5 ‰) with a negative excursion in the lower mass wasting interval 1 (MWI 1; E1; Fig.
VIII.5). Carbon isotopes from the recorded Priabonian limestones indicate strong variations
compared to the į13C of the measured hemipelagic marls. During the uppermost Priabonian
carbon isotope ratios shift to more negative ratios in the limestones. This trend continues
during the Rupelian with minor excursions during MWI 2. During the upper Rupelian and
Chattian į13C ratios of both marl and limestone units converge and show only minor
variatons.

Calcium carbonate ratios
Marls: Bulk rock calcium carbonate ratios vary significantely between the recorded
limestones and marls. During the upper Priabonian (P16/17) marls show CaCO3 ratios
between 80 % and 96 % with transient drop to ~65 % (28 m above the basis of the section).
This significant excursion correlates with a negative carbon isotope peak.
The Eocene-Oligocene transition is marked by a 10 % - 15% drop in the calcium carbonate
ratios of the hemipelagic background marls. Average CaCO3 ratios range from 70 % to 80 %
in the lowermost Rupelian (P19/20) and increase to ~90 % during P21. During lower P21 a
transient CaCO3 drop from ~90 % to 63 % correlates with two minor negative carbon isotope
peaks (E3; Fig. VIII.5). The calcium carbonate trend in the upper Rupelian and lowermost
Chattian (upper P21) is characterized by a continuous decrease from >90 % to <70 %.
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Limestones: The recorded limestones show only minor fluctuations in the CaCO3 content
with ratios between 95 % - 100 %. Three intervals with transient calcium carbonate drops to
85 % are recorded at the basis of P16 (E1; Priabonian), at the basis of P21 (Rupelian) and in
the lower part of P21 (E3).

Total organic carbon (TOC)
Bulk rock TOC ratios neither show significant trends in the marls nor in the limestones
throughout the recorded succession. Average TOC ratios range from 0.05 % to 0.15 %. A
prominant excursion of 0.75 % in the TOC ratios is recorded at the base of P16 (Priabonian).
This prominent TOC excursion correlates with a ~4 m thick interval of transient decreased
CaCO3 ratios and a significant negative CIE in the recorded limestones (E1; Fig. VIII.5).

VIII.5 Discussion
VIII.5.1 Circum-Tethyan carbonate platform evolution during the Palaeogene –
the Prebetic platform as test case
The biotic evolution of the Prebetic carbonate platform can be characterized by major shifts
in the prevailing benthic assemblages (Fig. VIII.4). Those shifts are related to climatic and
environmental trends (temperature and nutrient availability) which cause the emergence,
proliferation and demise of environmentally sensitive platform organisms. Excellent
palaeoenvironmental indicators at the Prebetic platform are represented by corals, larger
benthic foraminifera and coralline red algae. Coral reefs represent highly sensitive
ecosystems with clearly defined tresholds regarding thermal stress, eutrophication and
turbidity (Hallock, 2005; Payros et al., 2010). Increasing global temperatures during the Early
Palaeogene (58 – 49 Ma) with low latitudinal gradients and generally low Mg/Ca-ratios in the
ocean water hamper the growth of larger coral communities, while larger benthic foraminifera
proliferate (Scheibner and Speijer 2008a, b). Furthermore, the aragonitic skeleton of corals is
more prone to calcium carbonate dissolution than the calcitic tests of larger benthic
foraminifera (Payros et al., 2010). The transition from coral-dominated assemblages to larger
benthic foraminifera-dominated assemblages can be observed at the Prebetic platform and
throughout the Tethys (Fig. VIII.4). Timing and distribution is, however, strongly linked to
latitude (Fig. VIII.6). The three major circum-Tethyan platform stages arranged by Scheibner
and Speijer (2008a) pinpoint the climatically-controlled trends in larger benthic foraminifera
and coral evolution from the Late Paleocene to the Early Eocene. Platform stage I (58.9 56.2 Ma; SBZ 1 – 3) is represented by the dominance of coralgal assemblages throughout
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the Tethys. Platform stage II (56.2 – 55.5 Ma; SBZ 4) represents a transitional stage with
prevailing corals in the northern Tethyan realm but a significant demise of coral built-ups in
the southern Tethys. During platform stage III (55.5 - ?; SBZ 5/6 - ?) LBF have replace corals
as major platform organisms.
The demise of coral-dominated platforms during the Paleocene is rather an effect of coupled
long-term climatic evolution and multiple transient environmental perturbations. With the
pronounced sea-surface temperature rise at the PETM and the coeval eutrophication of shelf
areas, the living conditions of corals have probably excessed a critical threshold throughout
the Tethys, whereas the long-term coral demise during the Late Palaeogene is only an effect
of increasing greenhouse conditions.
However, Scheibner and Speijer (2008a) only define platform stage III as tentative interval
with a stratigraphic range of less than 500 ky. The timing of the recovery of the circumTethyan coral fauna and thus, the range of platform stage III is still under debate. Höntzsch
et al. (in press) show that benthic foraminifera dominate in the low latitude carbonate shelf of
Egypt at least until the end of the EECO (~ 49 Ma, SBZ 14a). New data from the Prebetic
platform in SE Spain and compiled records from numerous Eocene-Oligocene shallowmarine successions reveal the evolution of circum-Tethyan carbonate platforms during the
transition from a global greenhouse to an icehouse (Fig. VIII.6).
We selected eleven Paleocene to Oligocene carbonate platform systems in the Tethys which
provide sufficiant data for a comparison between the abundance of corals and LBF. The
selected environments range from temperate latitudes (~25°N – 43°N) to equatorial latitudes
(<25°N). Especially in the northern cool temperate environments (e.g. Northern Calcareous
Alps, Prebetic platform) carbonates are frequently dominated by coralline algae which are
associated with LBF (Rasser, 1994; Rasser and Piller, 2004; Nebelsick et al., 2005).
However, major platform organisms besides LBF and corals are not considered in this
approach, due to their high tresholds to temperature and nutrient fluctuations.

1) Northern Calcareous Alps (43° N)
Shallow-benthic assemblages in the Northern Calcareous Alps show a significant
demise of hermatypic corals and a coeval increase in LBF after the PETM (Darga,
1992; Schuster, 1996b; Scheibner and Speijer, 2008b). However, the coral fauna did
not disappear in the Early Eocene and persisted in rare small patch reefs until the
Bartonian whereas LBF remain a major platform contributor. During the Priabonian
the coral abundance increases significantely. Corals proliferate throughout the
Northern Calcareous Alps and form major reefs (Nebelsick et al., 2005).

136

Palaeogene carbonate platforms under climatic and tectonic stress

2) Pyrennes (38° N)
The Pyrenean succession is strongly affected by compressional tectonics of Iberia
and Eurasia since the Mesozoic (Vergés et al., 2002). Continuous Palaoegene
sections are rare and often influenced by terrigenous deposits. However various
studies show flourishing coral patch reefs during the Early Eocene (Eichenseer and
Luterbacher, 1992; Schuster, 1996a). Bartonian successions are rare and indicate
LBF as major platform building organisms (Payros et al., 2010). During the
Priabonian, abundant corals are described within siliciclastic mesotrophic prodelta
settings (Morsilli et al., 2010). The ongoing Pyrenean orogeny yielded to an
increasing continental infill of the Pyrenean basins and the destruction of the platform
during the upper Priabonian and Oligocene (Vergés et al., 2002).
3) North Adriatic platform (38° N)
The Palaeogene succession of the North Adriatic platform reveals LBF-dominated
assemblages without corals during the Ypresian and Lutetian (ûosoviü et al., 2004;
Zamagni et al., 2008). First post-PETM coral records point to the uppermost Lutetian
(SBZ 16; ûosoviü et al., 2004). A significant increase in coral abundance is recorded
during the Early Oligocene in successions in Slovenia and in the Po Basin (Nebelsick
et al., 2005).
4) Prebetic platform (36° N)
The Prebetic platform is dominated by LBF assemblages without coral records
throughout the Early and Middle Eocene (Geel, 2000; this study). Increasing
abundance of coral fragments and first post-PETM patch reefs are present during the
Late Eocene (Geel, 2000; this study).
5) Maiella platform (35° N)
Platform deposits of the Maiella platform are dominated by LBF during the Early and
Middle Eocene (Moussavian and Vecsei, 1995; Vecsei and Moussavian, 1997).
Corals are generally present but are not referred as major platform contributor.
Extend coral reefs are described from the Priabonian and Oligocene (Vecsei and
Sanders, 1997). The timing of major coral abundance during the Priabonian coincides
with coral-solenomeris assemblages in the Trentino in North Italy (SBZ 20; Bassi,
1998; Bosellini and Papazzoni, 2003)
6) Greece (32° N)
Accordi et al. (1998) describes LBF shoal dominated environments with colonial coral
fragments during the Early Eocene. The first recorded reefal limestones with major
coral abundance points to the Late Bartonian and Priabonian (Barattolo et al., 2007).
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The Oligocene is characterized by an increasing restriction of the shallow-marine
environment and the concurrent destruction of the platform (Barattolo et al., 2007).
7) Northern and Central Turkey (30° N)
Studies on carbonate platforms from the Palaeogene of northern and central Turkey
reveal a strong tectonic influence and highly discontinuous sections. The Thrace
Basin in NW Turkey is dominated by LBF during the Early Eocene. First coral records
are dated from the Late Eocene (Kemper, 1966); other authors conclude the late
Early Oligocene as period with the first coral records in the area (SBZ 21/22;
Schuster, 2002; Harzhauser, 2004; øslamo÷lu et al., 2010).
8) Northwestern Arabian platform (26° N)
The NW Arabian Platform (or Levant platform) is dominated by nummulitic limestones
from the Early Eocene to the Priabonian (Ziegler, 2001; Daod, 2009). Small Early
Eocene patch reefs are recorded in Israel (Benjamini, 1981). Krasheninnikov (2005)
describes Upper Eocene and Oligocene coral-bearing reefal limestones in the
Palmyrids of Syria. In Israel first post-PETM coral records refer to the Late Eocene
(Benjamini and Zilberman, 1979).
9) Tunisia (26° N)
Early to Middle Eocene rocks are dominated by nummulitic limestones without
hermatypic corals (Loucks et al., 1998; Taktak et al., 2010; Tlig et al., 2010). First rare
coral records are present in the Priabonian (Tlig et al., 2010). The Lower Oligocene
succession comprises of nummulitic limestones but no coralgal assemblages (Salaj
and van Houten, 1988). During the Chattian the deposition at the Tunisian carbonate
platform is characterized by increasing continentalization.
10) Libya (20° N)
Early Eocene deposits in the Libyan Sirte Basin are characterized by frequent
Nummulitic limestones (Ahlbrandt, 2001). Tawadros (2001) reports on solitary corals
in uppermost Lutetian to Priabonian limestones. The first extended reefal limestones
are recorded from during the Early Oligocene (Abdulsamad and Barbieri, 1999).
11) Egypt (20° N)
Carbonate platform successions in Egypt are dominated by LBF limestones during
the Early Eocene (Schuster, 1996a, b; Wielandt, 1996; Höntzsch et al., in press).
Rare isolated coral fragments are found in the Eastern Desert during the Early
Eocene (Galala platform; Höntzsch et al., in press) and in the Western Desert during
the latest Lutetian, whereas Nummulitic limestones prevailed dominant throughout
the Eocene (Tawadros, 2001). During the Oligocene major carbonate platforms of the
Egyptian shelf are subaerial exposed and destroyed.

138

Palaeogene carbonate platforms under climatic and tectonic stress

The compiled records of Palaeogene circum-Tethyan platform associations reveal a
significant trend regarding timing and latitudinal distribution of LBF and hermatypic corals.
Following the definition of circum-Tethyan platform stages of Scheibner and Speijer (2008a),
we expand this classification from the Early Eocene to the Oligocene and redefine the
stratigraphic range of platform stage III. We introduce three further circum-Tethyan platform
stages which are characterized by a) the recovery of isolated coral faunas during the
Bartonian in the northern Tethys (platform stage IV), the first larger reefal complexes at the
northern Tethys and a recovery of the coral fauna in the southern Tethys during the
Priabonian (platform stage V) and b) the Tethyan-wide coexistence of LBF and coral faunas
in the Oligocene (platform stage VI).

Figure VIII.6 – The evolution of circum-Tethyan carbonate platforms with respect to the latitudinal and
quantitavive distribution of LBF and major coral built-ups. Questionsmarks refer to very rare or
questionable coral records. Platform stages I-III according to Scheibner and Speijer (2008a). Shallowbenthic zonations (SBZ) refer to the classifications of Cahuzac and Poignant (1997) for the Oligocene
and Serra-Kiel et al. (1998) for the Paleocene and Eocene.
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Platform stage III (55.5 – 40.4 Ma; SBZ 5 – 16)
Platform stage III, introduced by Scheibner and Speijer (2008a) is defined by the occurrence
of typical Eocene LBF assemblages (Early Palaeogene chronofauna: Nummulites sp.,
Alveolina sp., Assilina sp., Discocyclina sp., Orbitolites sp.; Buxton and Pedley, 1989;
McGowran and Li, 2001) and rare or absent hermatypic coral built-ups (Fig. VIII.6;
‘Palaeogene gap’ in coral abundance; Wilson and Rosen, 1998). However in several areas in
the northern-temperate Tethyan realm (Northern Calcareous Alps, Pyrenees, Maiella
Platform) smaller coral patch reefs are recorded (Fig. VIII.6). Size and abundance of coral
communities is significantly smaller than in the Paleocene in those areas. Exceptional warm
temperatures in higher latitudes caused the expansion of the tropical reef belt >80°N
(Kiessling, 2001).

Platform stage IV (40.4 – 37.2 Ma; SBZ 17 – 18)
Platform stage IV represents a transitional stage between circum-Tethyan LBF-dominated
carbonate platforms during the Ypresian-Lutetian and the recovery of circum-Tethyan coral
faunas during the Priabonian-Oligocene (Fig. VIII.6). The first larger Tethyan coral built-ups
have been recorded during the latest Lutetian (Perrin, 2002b). During the Bartonian the
occurrence of smaller patch reefs in overall LBF-dominated platforms increases in the
northern Tethyan realm (43°N – 30°N). In contrast to the recovery of the coral fauna in the
northern temperated-Tethys, the southern Tethyan realm remains coral-free.

Platform stage V (37.2 – 33.9 Ma; SBZ 19 – 20)
The global cooling event at the Bartonian-Priabonian boundary represents a major caesura
in the evolution of Tethyan carbonate platform assemblages (Figs. VIII.1 and VIII.6). Many
Early Eocene symbiont-bearing LBF have disappeard due to increasing trophic resources at
the shelves (eutrophic Priabonian chronofauna; McGowran and Li, 2001). Besides the
demise in LBF species, significantly lower temperatures during the Priabonian favoured the
expansion of coral communities in the northern Tethys and yielded to the recovery of the
coral fauna in the southern Tethys (Fig. VIII.6). Besides this latitudinal differentiation,
increasing growth rates in coral reefs also vary beetween the Eastern and the Western
Tethys. In the Western Tethys increasing coral growth has been dated during the Late
Eocene, whereas coral growth in the Eastern Tethys has not been described until the Early
Eocene (Wood, 1999). This observation is in contrast to the study of Kiessling (2001, 2002),
who demonstrates a general slight constriction in coral reef growth during the Late Eocene
and Early Oligocene. However, at the end of the Eocene the specific diversity of corals has
increased significantly and all modern coral families have appeared (Wood, 1999).
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Platform stage VI (33.9 – ?; SBZ 21 – ?)
The base of platform stage VI coincides with the massive temperature drope related to the
Oi-1 glaciation. This climatic caesura caused the extinction of symbiont-bearing
discocyclinids and strong decline in coral abundance but no extinction (Wood, 1999). New
LBF emerge which are more tolerant to the cooler climate of the Late Palaeogene. This
Oligocene-Miocene LBF chronofauna is dominated by lepidocylinids, smaller nummulitids
and miogypsinids (Buxton and Pedley, 1989; McGowran and Li, 2001). Increasing
oligotrophic conditions during the Early Oligocene favoured the proliferation of larger coral
communities throughout the Tethys. However, the large-scale glacio-eustatic sea-level fall
which coincides with the glaciation, caused the continuing continentalization and destruction
of many Tethyan carbonate shelves (Fig. VIII.6).

Figure VIII.7 – Relationship between climate, climatic events, trophic resources, LBF and coral
evolution and circum-Tethyan platform stages during the Palaeogene. Main evolutionary caesuras are
represented by major climatic events (PETM, Middle-Late Eocene cooling event, Oi-1 glaciation). The
GCMC limit at the Lutetian-Bartonian boundary is propably linked to the increasing availablility of
nutrients at the shelves. Abbreviations: S – Selandian, ETM – Eocene Thermal Maximum, FO – first
occurrence, LO – last occurrence.
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VIII.5.2 Variations in the evolution of LBF and corals at the Prebetic platform
The Prebetic carbonate platform represents an exception in the evolution of the Eocene coral
fauna in the northern Tethys. The first coral records are found in the Late Eocene, whereas
carbonate platforms in comparable latitudes reveal first frequent coral records during the
Lutetian (Maiella Platform, Pyrenees) or Bartonian (North Adriatic Platform).
The causes for the absence of Middle Eocene coral faunas in the Prebetics are supposed to
be related to repeated tectonic perturbations throughout the Palaeogene (Figs. VIII.1 and
VIII.4). Frequent phases of tectonic deformation in the hinterland as well as the continuing
convergence of the Betic domain towards the Prebetic shelf yielded to a high environmental
instability. Repeated uplift at the Iberian hinterland linked to tropical humid to semi-humid
climate causes the erosion and discharge of large amounts of terrigenous deposits toward
the shelf (Postigo Mijarra et al., 2009). High-resolution carbon isotope records from the
hemipelagic Relleu section indicate a depositional system, which is strongly decoupled from
the global carbon cycle (Fig. VIII.5). This decoupling is related to increasing regional
environmental impact in the Prebetic realm. Furthermore, the continuing convergence of the
Betic domain may be related to an increasing isolation of the Prebetic shelf. A similar
scenario has been described for the Early Eocene Egyptian shelf (Höntzsch et al., in press).
Tectonic uplift along the SE Mediterranean Syrian Arc-Fold Belt associated with the closure
of the Eastern Tethyan saeaway due to the initial contact between India and Eurasia yielded
to an increasing restriction of the Egyptian Eastern Desert Intrashelf Basin (Höntzsch et al.,
in press). Assemblages of coralline red algae, green algae and LBF indicate higher trophic
resources in the Egyptian platform succession (Hallock and Schlager, 1986; Vecsei, 2003;
Bassi, 2005). A similar microfacies has been detected at the Palaeogene Prebetic
succession. James et al. (1999) concluded that the combination of warm-temperated
conditions and mesotrophic nutrient influx promotes coralline algae and bryozoan growth
rather than the proliferation of reef-building corals. Recent studies have shown that increased
terrestrial sediment influx decreses coral reef viability (Ryan et al., 2008). Copper (1994)
links global coral reef crises in Earth history with periods of major tectonic reorganisation and
climate change.
In contrast to the described scenario, enhanced nutrient availability and shelf restriction may
not hinder the proliferation of corals. In the Pyrenees, Eocene non-framework coral built-ups
have also developed in mesotrophic, turbid and poorly illuminated environments with high
terrestrial sediment discharge (Morsilli et al., 2010). Leinfelder (1997) demonstrates the
occurrence of coral reefs in siliciclastic settings in the Late Jurassic of Portugal. Pleistocene
and Holocene mixed siliciclastic-carbonate settings with coral proliferation are described from
volcanoclastic-influenced shelves in Indonesia (Wilson and Lokier, 2002).
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The distribution of LBF at the Prebetic platform is comparable to the general evolution of LBF
in the Tethys. The significant larger foraminifera turnover (LFT) at the Paleocene-Eocene
boundary has been recorded for the first time in the Prebetic realm. Besides the prominent
LFT, subsequent specific transitions are rather gradual than abrupt. Increasing records of
LBF are often related to tectonically-driven mass wasting intervals (Fig. VIII.4). However, a
prominent demise in the abundance of LBF and the dominance of miliolids and soritids
during the upper Lutetian and Bartonian indicates the tectonically-driven restriction of the
platform. The mass occurrence of Solenomeris sp. during the Priabonian has also been
observed in the Early Eocene Pyrenean domain (Perrin, 1992; Plaziat and Perrin, 1992). The
occurrence of Solenomeris built-ups is attributed to multikilometer-sized LBF reef bodys.
Furthermore, ecological similarities between Solenomeris and coral reefs probably indicate
environmental similarities of both organism groups. However, Solenomeris is attributed to
tolerate more unfavourable conditions regarding light and trophic regime than corals. Plaziat
and Perrin (1992) link the occurrence of Solenomeris to the northern limit of coral reef
growth. In the Prebetics, the first post-PETM coral records are present in the Lower
Oligocene (Fig. VIII.4). The mass occurrence of Solenomeris during the Late Eocene
probably represents a transitional stage in coral recovery in the study area.

VIII.5.3 Global vs. regional carbon isotope trends and the relation to Late
Eocene – Oligocene platform evolution
The evolution of the global carbon cycle, expressed in the ratio of stable carbon isotopes
(į13C) is controlled by major carbon fluxes driven by volcanism, tectonics, the expansion of
ice sheets and changing Earth parameters. However, global signals are superimposed by
regional carbon fluxes, which are related to changes in sea level, productivity and carbon
burial, especially on marginal shelves.
Carbon isotope records based on bulk rock measurements indicate trends which are
comparable to the high-resolution į13C records on deep-marine benthic foraminifera
compiled by Zachos et al. (2001) (Exmouth Plateau, Eastern Indian Ocean; Thomas et al.,
1992). The carbon isotope ratios of deep-marine bulk rock and benthic foraminifera reveal
the evolution of the open ocean ocean reservoir. Carbon isotopes of peri-platform desposits
are, however, strongly influenced by regional tectonic, oceanographic and climatic conditions
and may significantly vary from those of the open ocean.
Carbon isotope trends of marginal hemipelagic and pelagic sediments have been used as
proxy for Cenomanian – Turonian sea level flutuations since the late 1980s. Arthur et al.
(1987) suggested a relationship between sediment erosion and decreasing į13C in the
geological record. A shift to more negative į13C ratios requires the input of isotopical lighter
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carbon (12C), for example by the input of oxidized organic matter from sediments during sea
level rises. This theorhetical approach was proven by Hilbrecht et al. (1986), who revealed a
coupling of sea level fluctuations and long term carbon isotope trends in the Cenomanian
and Turonian of NW Germany. Mitchell et al. (1996) and Voigt and Hilbrecht (1997)
confirmed, that the long-term enrichment in heavier carbon isotopes is strongly related to
long-term eustatic sea-level rise. Increases and positive maxima in į13C correspond to
phases of sediment accumulation during sea level highstands and transgressions. A trend
towards į13C depleted ratios and negative maxima in į13C correspond to phases of sediment
erosion and reworking during sea level lowstands and regressions (Hilbrecht et al., 1986;
Voigt and Hilbrecht, 1997).
Swart (2008) demonstrated a strong relationship between Late Cenozoic sea-level changes
and the į13C trends in carbonate platform systems. Aragonite-producing organisms
proliferate especially during transgressionas and high sea-levels at carbonate platforms. The
chemical signature of aragonite reveals more positive į13C ratios, than pelagic deposits
without major aragonite concentrations. Following this concept, positive bulk rock į13C ratios
indicate periods with a high sea level at carbonate platforms, whereas depleted bulk rock
į13C ratios indicate periods with a low sea level. This relation is decoupled from the isotopic
changes of the global carbon cycle. The impact of į13C enrichment during sea level
highstands requires the presence of major aragonite producing organism (benthic green and
red algae, bivalve, gastropods, sepulid worm tubes; according to Van de Poel and Schlager,
1994; Lowenstam and Weiner, 1989; Flügel, 2004).
The Late Eocene – Early Oligocene carbon isotope evolution in the Prebetic realm reveals a
prominent decoupling of the shelf from the global carbon cycle, especially during the latest
Eocene and late Rupelian-early Chattian (Fig. VIII.4). The significant differences in the
carbon isotope evolution are attributed to a strong regional impact on the Prebetic realm and
are especially reflected in prominent variations in the carbon isotopes between turbiditic
limestones and hemipelagic background marls.
The Relleu section reveals five intervals of frequent turbitidic limestone and debris flow
deposition (mass wasting intervals: MWI 1 – 4; Fig. VIII.5). Limestones in the Priabonian
MWI 1 are significantly enriched in heavier carbon. Microfacies indicate the predominance of
aragonitic coralline red algae and calcitic LBF (Fig. VIII.4). Following the approach of Swart
(2008), aragonitic organisms which flourish during times of relatively high sea-level favour
the production of

13

C enriched carbon. Global sea-level and regional sequence stratigraphic

reconstructions point to a flooding of the Prebetic platform prior to the Eocene-Oligocene
boundary (Fig. VIII.1.; Geel, 2000; Miller et al., 2005). The significant shift towards more
negative į13C ratios in the Early Oligocene is attributed to the massive glacio-eustatic sealevel of the Oi-1 glaciation, which caused a demise of aragonite producing organisms at the
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platform. Microfacies from the sections of Ibi and Relleu do, however, not indicate a demise
of red algae abundance during the Oligocene. The
Eocene also indicate the negligible discharge of

13

C enriched turbidites of the Upper

12

C enriched organic matter to the Prebetic

shelf.
Early Oligocene turbidite intervals (MWI 2 – 4) are characterized by converging carbon
isotope ratios towards those of the hemipelagic background marls but a continuing depletion
in the carbon isotope ratios (Fig. VIII.4). This depletion is in contrast to the open ocean data
of Thomas et al. (1992) and Zachos et al. (2001). We suggest an increasing restriction of the
Prebetic shelf basin, which is related to continuing sea-level drop during the Early Oligocene
and the convergence of the Betic domain towards the Iberian massive. Continuing
convergence of both domains causes the contraction of the Prebetic shelf and the Subbetic
basin. Increasing deposition of terrestrial deposits during generally low Early Oligocene sea
level may shift the carbon isotope signature towards more negative ratios (Höntzsch et al., in
press).

VIII.6 Conclusions
The analysis of ten Tethyan carbonate platform successions supported by high resolution
microfacies and geochemical data from the Prebetic platform in SE Spain reveals the
following results regarding the palaeoenvironmental evolution of circum-Tethyan shallowmarine carbonate factories during the Palaeogene:
1) Palaeogene shallow-marine benthic assemblages of the Prebetic carbonate platform
have been subdivided in distinct intervals which are related to major climatic
thresholds. Paleocene platform deposits are characterized by dominating corals,
coralline red algae and smaller benthic foraminifera. Increasing temperatures and
decreasing trophic resources caused the demise of major coral and coralline red
algae association during the Early and Middle Eocene and favoured the
predominance of larger benthic foraminifera. Significant cooling and enhanced trophic
resources during the Late Eocene and Oligocene favoured the recovery of corals and
coralline red algae and caused major shifts in the larger bethic foraminifera
assemblages at the Prebetic platform. However, frequent syn-depositional tectonic
activity throughout the Palaeogene caused no significant impact on the prevailing
benthic assemblages.
2) The distribution of larger benthic foraminifera and corals at ten Palaeogene circumTethyan carbonate platforms has been compared with the records of the Prebetic
succession. Following the classification of circum-Tethyan platform stages (Scheiber
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and Speijer, 2008b), the dominance of corals and larger foraminifera is strongly
controlled by climatic variations during the Early Palaeogene.
We re-interpret platform stage III and introduce three new stages (IV - VI) which
demonstrate the biotic evolution of carbonate platforms subsequent to the PETM.
Stage III is characterized by the predominance of LBF and rare or absent coral builtups throughout the Tethys and ranges from the PETM to the Lutetian-Bartonian
boundary (SBZ 5 – 16). During the subsequent platform stage IV (SBZ 17 – 18)
carbonate platforms are dominated by LBF but corals also proliferate in the northern
temperated Tethys. This trend is linked to the increasing cooling of higher latitudes
whereas tropical realms remain warm. The Bartonian-Priabonian boundary
represents another major cooling event, which coincides with the demise of many
symbiont-bearing LBF and the expansion of coral faunas in the tropical southern
Tethys (platform stage V; SBZ 19 – 20). Platform stage V coincides with the
exceptional highly eutrophic Priabonian chronofauna in LBF evolution. The final step
in the transition from greenhouse to icehouse conditions is represented by the Oiglaciation at the Eocene-Oligocene boundary. This temperature drop favoured the
proliferation of major coral builtups throughout the Tethys and their coexistence with
newly emergered LBF (platform stage VI, SBZ 21 – ?).
3) Carbon isotope ratios from the Prebetic platform indicate an increasing decoupling of
the Prebetic shelf from the global carbon cycle during the Oligocene. Strongly
negative carbon isotope ratios suggest increasing carbon burial at the shelf, related to
the massive sea level drop at the Eocene-Oligocene. Furthermore, the continuing
convergence of the Betic domain and the Iberian Craton causes the restriction of the
Prebetic shelf, which yields to increasing terrestrial sediment discharge.
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IX. SUMMARY AND CONCLUSIONS
The studied Palaeogene successions of the Galala platform in Egypt and the Prebetic
platform in Spain are excellent examples for carbonate factories in a tectonically active
setting. Both platform systems are influenced by strongly varying environmental parameters
during times of long-term climatic change. The major outcomes of this multi-proxy approach,
based on the analysis of the prevailing platform organisms, high-resolution carbon isotopes
and geochemical data are summarized in the following paragraphs:

Distribution of platform biota – rather climatically- than tectonically-controlled
The distribution of the main platform organisms is rather controlled by the prevailing climatic
conditions, than by local environmental parameters. The Prebetic and the Galala platform are
dominated by larger benthic foraminifera during the Early Eocene, which have replaced
corals as major platform contributors during the Late Paleocene. The absence of widespread
Tethyan coral communities after the PETM is mainly related to the continuing warming trend,
culminating during the EECO. The post-EECO cooling during the Middle Eocene is reflected
by the first occurrence of corals in higher latitudes. Continuing cooling during the Late
Eocene and the Early Oligocene causes the recovery of the coral fauna also in lower
latitudes. Local environmental parameters (e.g., increased nutrient availability, syndepositional tectonics and the proximity to the continent) may delay the recovery of the coral
fauna.

Carbon isotope evolution at the shelves – decoupled from global carbon cycle
High resolution carbon isotopes from the Prebetic and the Galala platform have shown that
marginal shallow-marine shelves may be strongly decoupled from the global carbon cycle.
The causes of this decoupling are manifold and include a) increasing discharge of
isotopically light carbon by continental runoff during times of enhanced chemical weathering
at the continents, b) increasing tectonic activity at the hinterland and, c) increasing climatic
and tectonic restriction of shelf basins. The input of isotopically light carbon is often related to
increasing nutrient availability at the shelves, reflected by the occurrence of nutrientindicative biota (gastropods, benthic green algae, radiolaria).

Hyperthermals – no impact to shallow-benthic communities?
Post-PETM Early Eocene hyperthermal events are recorded at the Galala platform for the
first time in a shallow-marine tropical environment. Eocene Thermal Maxima (ETM) 2 and 3
are expressed by significant negative perturbations in the bulk rock carbon isotope signature,
associated to shifts in the bulk rock calcium carbonate and total organic carbon ratios. A
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significant impact of those perturbations to shallow-marine benthic assemblages, as
recorded during the PETM, is, however, missing.

X.

RESEARCH PERSPECTIVES

The investigation of Palaeogene circum-Tethyan carbonate platform systems is mainly
focussed on the evolution of selected organism groups, biostratigraphy or the local impact of
tectonic perturbations. Coharent palaeoenvironmental models which consider biotic and
geochemical proxies are still rare. To understand timing, causes and consequences of
climatically-controlled facies shifts, more Tethyan carbonate platforms need to be studied.
Further studies should focus on the distribution of platform organisms through time. A
latitudinal transect of Tethyan carbonate platforms will help to understand the driving
mechanisms.
Repeated Early Eocene hyperthermal events are still underexplored with respect to their
impact to shallow-marine environments. Especially the impact on the distribution and
evolution of larger benthic foraminifera is still under debate and needs to be refined.
Repeated tectonic perturbations and their impact to shallow-marine carbonate platforms are
still not studied in detail. Especially the link between climatically- and tectonically-controlled
facies shifts need to be refined and proven with further case studies. A key area may be
represented by the NW Arabian platform, the Zagros Belt and the Anatolian platform. Those
areas a highly influenced by syn-depositional tectonic deformation and may represent an
excellent example for a latitudinal platform transect. Especially the evolution of the NW
Arabian platform, which is influenced and controlled by the northern branch of the Syrian ArcFold Belt, may be linked to the evolution of the Galala platform as SW counterpart of the
Syrian Arc.
High resolution carbon isotopes from the Prebetic and the Galala platform have shown that
shelves may be strongly decoupled from the global carbon cycle. The mechanisms, which
cause this offset from the global carbon cycle, are manifold and need further investigation.

XI. APPENDIX
Supplementary material, including all recorded sections, sample lists, biostratigraphic and
geochemical data, qualitative and quantitative microfacies, reprints of the already published
manuscripts as well as a schedular overview of the main causes and consequences of
Eocene hyperthermal events on different environments, is provided on an enclosed CD.
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XIII. EPILOGUE
On the lapse of Time
“Independently of our not finding fossil remains of such infinitely numerous connecting links,
it may be objected, that time will not have sufficed for so great an amount of organic change,
all changes having been effected very slowly through natural selection. It is hardly possible
for me even to recall to the reader, who may not be a practical geologist, the facts leading
the mind feebly to comprehend the lapse of time. He who can read Sir Charles Lyell's grand
work on the Principles of Geology, which the future historian will recognise as having
produced a revolution in natural science, yet does not admit how incomprehensibly vast have
been the past periods of time, may at once close this volume. Not that it suffices to study the
Principles of Geology, or to read special treatises by different observers on separate
formations, and to mark how each author attempts to give an inadequate idea of the duration
of each formation or even each stratum. A man must for years examine for himself great
piles of superimposed strata, and watch the sea at work grinding down old rocks and making
fresh sediment, before he can hope to comprehend anything of the lapse of time, the
monuments of which we see around us.
It is good to wander along lines of sea-coast, when formed of moderately hard rocks, and
mark the process of degradation. The tides in most cases reach the cliffs only for a short time
twice a day, and the waves eat into them only when they are charged with sand or pebbles;
for there is reason to believe that pure water can effect little or nothing in wearing away rock.
At last the base of the cliff is undermined, huge fragments fall down, and these remaining
fixed, have to be worn away, atom by atom, until reduced in size they can be rolled about by
the waves, and then are more quickly ground into pebbles, sand, or mud. But how often do
we see along the bases of retreating cliffs rounded boulders, all thickly clothed by marine
productions, showing how little they are abraded and how seldom they are rolled about!
Moreover, if we follow for a few miles any line of rocky cliff, which is undergoing degradation,
we find that it is only here and there, along a short length or round a promontory, that the
cliffs are at the present time suffering. The appearance of the surface and the vegetation
show that elsewhere years have elapsed since the waters washed their base.”

Charles Robert Darwin
“On the Origin of Species by Means of Natural Selection”
Chapter 9: On the imperfection of the Geological record
London, 1859

