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The early Paleogene experienced the m ost pronounced long -te rm  w arm ing tre nd  o f the Cenozoic, 
superim posed by transien t w arm ing events such as the Paleocene-Eocene Therm al M axim um  (PETM). The 
consequences o f c lim a tic  pertu rba tions and associated changes on the evo lu tion  o f carbonate p la tform s are 
re la tive ly  unexplored. Today, m odern carbonate p latform s, especially cora l reefs are h igh ly  sensitive to  
environm enta l and c lim a tic  change, w h ich  raises the question how  (sub/tro p ica l re e f systems o f the early 
Paleogene reacted to  gradual and sudden global w arm ing, eu troph ica tion  o f she lf areas, enhanced C02 levels 
in  an ocean w ith  low  Mg/Ca ra tios. The answer to  th is  question m ay he lp to  investigate the fate o f m odern 
coral ree f systems in  tim es o f g lobal w arm ing and ris in g  C02 levels.
Here we present a synthesis o f Tethyan carbonate p la tfo rm  evo lu tion  in  the early Paleogene (-5 9 -5 5  Ma) 
concentra ting on coral reefs and larger foram in ife ra , tw o  im p o rta n t organism  groups du ring  th is  tim e 
in te rva l. We discuss and evaluate the im portance o f the in trin s ic  and extrins ic  factors lead ing to  the 
d iss im ila r evo lu tion  o f bo th  groups du ring  the early Paleogene. D etailed analyses o f tw o  carbonate p la tfo rm  
areas a t lo w  (E gypt) and m idd le  (Spain) pa leolatitudes and com parison w ith  faunal patterns o f coeval 
p la tfo rm s re trieved fro m  the lite ra tu re  led to  the d is tin c tio n  o f three evo lu tiona ry stages in  the late Paleocene 
to  early Eocene Tethys: Stage I, la te Paleocene coralgal-dom inated p la tform s a t low  to  m idd le  pa leolatitudes; 
stage II, a tra n s itio n a l la test Paleocene p la tfo rm  stage w ith  coralgal reefs dom inating a t m idd le  pa leolatitudes 
and larger foram in ife ra -dom inated  (Miscellanea, Ranikothalia, Assilina) p la tform s a t low  pa leolatitudes; and 
stage III, early Eocene larger foram in ife ra -dom inated  (Alveolina, Orbitolites, Nummulites) p la tfo rm s a t lo w  to  
m idd le  pa leolatitudes. The onset o f the la tte r p rom inent larger fo ram in ife ra-dom inated p la tfo rm  correlates 
w ith  the Paleocene/Eocene Therm al M axim um .
The causes fo r the change from  coral-dom inated p la tform s to  larger fo ram in ife ra-dom inated p la tfo rm s are 
m u ltila yered . The decline o f coralgal reefs in  low  la titudes du ring  p la tfo rm  stage II is re la ted to  overa ll 
w arm ing, lead ing to  sea-surface tem peratures in  the trop ics beyond the m axim um  tem perature range o f 
corals. The ove ra ll low  occurrence o f coral reefs in  the Paleogene m igh t be re la ted to  the presence o f a calcite 
sea. A t the same tim e  larger fo ram in ife ra  started to  flo u rish  a fte r th e ir near ex tin c tion  a t the Cretaceous/ 
Paleogene boundary. The dem ise o f coralgal reefs a t a ll stud ied pa leolatitudes in  p la tfo rm  stage III can be 
founded on the effects o f the PETM, resu lting  in  sho rt-te rm  w arm ing, eu troph ic conditions on the shelves 
and ac id ifica tion  o f the oceans, ham pering the g row th  o f a ragon itic corals, w h ile  ca lc itic  la rger foram in ife ra  
flou rished . In  the absence o f o ther successful carbonate-producing organism s, larger fo ram in ife ra  were able 
to  take over the ro le as the dom inant carbonate p la tfo rm  inha b itan t, lead ing to  a stepw ise Tethyan p la tfo rm  
stage evo lu tion  around the Paleocene/Eocene boundary. This szenario m igh t be also e ffective fo r threatened 
coral ree f sites.
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1. Introduction

Six main evolutionary reef faunas can be recognized through­
out the Phanerozoic. These are composed of varying organisms 
(archaeocyathids, stromatoporids, calcisponges, bryozoans, rudists, 
tabulate, rugose and scleractinian corals) that build either reefs or reef 
mounds (James, 1983; Copper, 1988; Fig. 1). These six reef phases are 
terminated by periods of strongly diminished reef growth or are even 
absence of reefs. According to Copper (1988) the first 12 million years 
of the Paleogene are marked by an almost complete absence of reefs. 
But when considered in more detail, reefs of Paleocene to Eocene age 
are present and probably were much more common, but are either 
buried under sediments in tectonic active areas or occur in poor 
outcrops in the tropics (James, 1983). The sixth and last evolutionary 
fauna starts in the middle to late Eocene and is characterized by 
scleractinian corals. Before the reestablishment of the last reef phase,

larger foraminifera, mainly nummulitids and alveolinids, thrived on 
the shallow-water carbonate platforms of the early Eocene.

In this study we summarize the current knowledge of early 
Paleogene reefs and carbonate platforms, concentrating on the Tethyan 
realm, as we personally investigated two areas (Egypt and Spain) and 
literature on this region is abundant.

The reasons for the existence of the different evolutionary reef 
faunas are probably manifold but to a certain amount due to reactions 
to environmental influences in extreme situations (Copper, 1988). The 
early Paleogene experienced the most pronounced long-term warm­
ing of the Cenozoic, starting in the late Paleocene (Selandian, -59 Ma) 
and culminating in the early Eocene (Ypresian, -51 Ma; Fig. 2) with 
the Early Eocene Climatic Optimum (EECO; Zachos et al., 2001 ). Short­
term warming events, known as hyperthermals, were superimposed 
on this long-term warming trend, the most prominent one being the 
Paleocene/Eocene Thermal Maximum (PETM; Zachos et al., 2001).
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These hyperthermals are accompanied by negative carbon isotope 
excursions (CIE; Zachos et al., 2001, 2007). During recent years 
paleoclimatic interest concentrated on short-term warming and 
related events in both marine and terrestrial realms, which were 
triggered during the PETM. In the deep ocean, the benthic extinction 
event (BEE) led to the extinction of approximately 40% of all smaller 
benthic foraminifers (Pak and Miller, 1992; Thomas, 1998, 2007), 
whereas in marginal seas smaller benthic foraminifera and ostracoda 
experienced milder turnovers (Speijer et al., 1996; Thomas, 1998; 
Speijer and Morsi, 2002). In contrast to the severe extinction event in 
deep-sea benthic communities, pelagic ecosystems show rapid 
diversification w ith high origination and extinction levels in plank­
tonic foraminifera and calcareous nannofossils (e.g. Kelly et al., 1998; 
Kelly, 2002; Bralower et al., 2002; Gibbs et al., 2006a; Agnini et al., 
2007; Petrizzo, 2007). The PETM also marks an important change in 
terrestrial vertebrate communities w ith a high number of new taxa in 
North America (e.g. Maas et al., 1995; Gingerich and Clyde, 2001; 
Gingerich, 2006). Recent studies of floral changes (Wyoming, USA, 
Wing et al., 2005) also indicate a transient rise in temperature on land 
during this time interval. The overall changes w ithin the flora of high 
and low latitudes show a general warming trend from the latest 
Paleocene to early Eocene (Northern South America: Rull, 1999; 
Jaramillo and Dilcher, 2000;Jaramillo, 2002; Southern South America: 
W ilf et al., 2003; Antarctica: Francis and Poole, 2002; North America: 
Harrington et al., 2004; Harrington and Jaramillo, 2007). Only recently 
changes in the organism distribution on shallow-water carbonate 
platforms across the P/E transition have been related to the PETM, 
but it was pointed out that these changes must also be seen in the 
context of the long-term early Paleogene warming (Scheibner et al., 
2005; Scheibner and Speijer, in press). Some of the changes in 
shallow-water organism distribution, especially the rise of the larger 
foraminifera, have been known for decades but the correlation 
to deeper water biozonation schemes was uncertain. A new bio- 
stratigraphic correlation scheme between Tethyan platform and basin 
successions was proposed for the P/E transition (Scheibner and 
Speijer, in press; Fig. 3), indicating that a main step in larger 
foraminifera evolution closely correlates w ith the PETM.

In this study we present an overview on late Paleocene-early 
Eocene platform evolution based on 17 Tethyan carbonate platforms, 
w ith focus on the middle paleolatitude setting of the Pyrenees (Rasser 
et al., 2005; Scheibner et al., 2007) and the low paleolatitude setting in 
Egypt (Scheibner et al., 2003a, 2005). This survey indicates that the 
Paleocene-Eocene interval was a time of profound changes in shallow- 
water carbonate settings in the Tethys. Overall, three platform stages 
are distinguished, starting w ith a late Paleocene coralgal reef stage, 
followed by a latest Paleocene transitional stage w ith coralgal reefs 
at middle latitudes and predominant larger foraminifera shoals at low 
latitudes. The P/E boundary marks the onset of the third platform 
stage, characterized by a Tethys-wide domination of alveolinid and 
nummulitid deposits.

In addition to revealing the temporal and latitudinal evolution 
of Tethyan platforms, we discuss possible links between facies 
changes and the evolution of the main platform-building organisms 
(corals and larger foraminifera). We mainly focus on corals and larger 
foraminifera, since information on other carbonate producers such as 
algae is relatively scarce and inclusion may lead to biased interpreta­
tion. Furthermore, we evaluate platform development only in the light 
of exogenic forcing factors such as long- and short-term temperature 
rise, enhanced C02 concentrations and varying trophic resource 
regimes.

2. Correlation of shallow-water and pelagic biostratigraphic 
schemes

A correlation scheme of platform and pelagic communities for 
the Paleocene-Eocene Tethys is provided by Serra-Kiel et al. (1998). 
This zonation scheme and the earlier biostratigraphic zonations of 
Hottinger (1960) for the alveolinids and Schaub (1981) for the 
nummulitids apply to the Tethyan realm as far south as Somalia 
and southeast to India, w ith exception of E India (Hottinger, 1971; 
Pignatti, 1994). This distribution and correlation potential define the 
geographic extent of our study. The exact correlation between the 
larger foraminifera zonation of Serra-Kiel et al. (1998) and the pelagic 
zonations of the magnetochronostratigraphic time scale (Berggren
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et al„ 1995; Berggren and Pearson, 2005) remained unclear, especially 
around the P/E boundary. In 2003 the global boundary stratotype 
section and point (GSSP) for the basal Eocene was established in 
Dababiya (Egypt; Aubry and Ouda, 2003; Berggren, 2007), leading to 
agreement on the position of the P/E boundary in both marine and 
non-marine sequences. The P/E boundary at Dababiya can be 
correlated worldwide by means of the base of the negative carbon 
isotopic excursion (C1E), displaying a shift of about 2-3%» (Aubry and 
Ouda, 2003; Luterbacher et al„ 2004). According to Luterbacher et al.
(2004) the CIE is located w ithin planktic foraminifer biozone P5 and 
calcareous nannofossil biozone NP9 in deep marine successions and 
between shallow benthic biozones SBZ5 and SBZ6 in platform 
successions (Fig. 3). Detailed investigations of the P/E-boundary 
interval in pelagic sediments refined the exact position of the carbon 
isotopic excursion to the boundary between zones P5 and El and NP9a 
and NP9b in the planktic foraminifera and calcareous nannofossils, 
respectively (Aubry, 1995; Berggren and Pearson, 2005). In the shallow 
benthic correlation scheme of Serra-Kiel et al. (1998) this level would 
correlate w ith the boundary between SBZ5 and SBZ6.

Another important event that occurred w ithin the P/E transition is 
the Larger Foraminifera Turnover (LFT after Orue-Etxebarria et al„ 
2001 ) that was first described from the Pyrenees by Hottinger and 
Schaub (1960). The LFT is characterized by the start o f adult 
dimorphism and large shell size in larger foraminifera, especially the 
nummulitids and alveolinids, and marks the base of the llerdian 
(Hottinger and Schaub, 1960; Hottinger, 1998). This stage was 
introduced for marine deposits of the Tethyan realm for which no 
marine time equivalent in northern Europe exists (Hottinger and 
Schaub, 1960). Hottinger (1998) indicated that the LFT did not seem to 
correlate w ith any potential P/E-boundary marker based on planktic or 
deeper benthic organisms as proposed at that time. For practical 
reasons he proposed the base of the llerdian, the boundary between 
SBZ4 and SBZ5, as a criterion for delineating the P/E boundary in 
platform deposits, as this boundary can be easily recognized in the field 
by “hand lens". Recent investigations in Egypt show that this pragmatic 
placement of the P/E boundary in the shallow-water domain happens 
to correlate w ith various pelagic and benthic boundary markers after 
all (Scheibner et al„ 2005; Scheibner and Speijer, in press). Scheibner et

al. (2005) demonstrated that the LFT and hence the boundary between 
SBZ4 and SBZ5 closely correlates w ith the C1E, marking the base of the 
Eocene (Fig. 3). In turn, this also means that the regional llerdian Stage 
represents only the lowermost Eocene as currently defined and it does 
not straddle the P/E boundary any more as previously considered (e.g. 
Serra-Kiel et al„ 1998; Hottinger, 1998; Orue-Etxebarria et al„ 2001).

(Note that a drawing error has occurred in Fig. 20.2 of the recent 
time scale by Gradstein et al. (2004). In the chapter on the Paleogene, 
Luterbacher et al. (2004) misplaced the P/E boundary in the larger 
foraminifera biozonation between the llerdian and the Cuisian stages 
between SBZ9 and SBZ10.)

3. Carbonate fades changes and platform evolution in the Tethyan 
realm

In the following chapter, we summarize literature data on facies 
changes and platform evolution on carbonate platforms in the early 
Paleogene (Thanetian-Ypresian) in the Tethyan realm. The dataset is 
subdivided into three regions according to paleolatitude: middle 
paleolatitudes (above 30°), intermediate paleolatitudes (20°-30°) and 
low paleolatitudes (below 20°). The carbonate platforms located in the 
middle paleolatitudes are all located at the northern rim of the Tethys, 
while the carbonate platforms of the intermediate and low paleola­
titudes are located at the southern rim of the Tethys. Apart from the 
study on NE India (Jauhri and Agarwal, 2001; Jauhri, 1998), which is 
situated at 5°S, all studies are located on the northern hemisphere. 
W ithin this overview we present the two Paleocene-Eocene transi­
tions in carbonate platforms, which we studied ourselves, in more 
detail: one study from middle latitudes in the Pyrenees (Pujalte et al„ 
1993, 2003a; Baceta et al„ 2005; Rasser et al„ 2005; Scheibner et al„ 
2007; locality 1, Figs. 4, 5), and one study from low latitudes in Egypt 
(Scheibner et al„ 2003a, 2005, locality 3, Figs. 4, 5). The Tethyan 
platform evolution is summarized and subdivided into three time 
slices, two Paleocene intervals (SBZ3 and SBZ4) and one lowermost 
Eocene (SBZ5/6) time slice (Fig. 5). For the compilation of the different 
studies a uniform time frame had to be established, as the studies 
adopt various age/epoch definitions. For example, the Paleocene is in 
some instances only subdivided into Danian and Thanetian and in
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organism association

O no information

0 exceptional fauna

0 larger foraminifera II

o larger foraminifera 1

o coralgal reefs

Fig. 4. Dominant types o f organism association during the three different platform  stages. Plate tectonic reconstruction o f the Tethys (55 Ma) is constructed from  data files used by 
Hay et al. (1999) (http://www.odsn.de/odsn/services/paleomap/about_map.html). Numbers indicate carbonate platforms analyzed in  the text; 1 : Pyrenees 2: Ionian Islands, Greece, 
3: Galala Mountains, Egypt, 4: Slovakia, 5: Northern Calcareous Alps, 6: Adriatic Platform, 7: Maiella Platform, Italy, 8: Tunisia, 9: Sirte Basin, Libya, 10: Western Desert, Egypt, 
11 : Oman, 12: Tibet, 13: NE India, 14: NW Somalia, 15: Morocco, 16: Turkey, 17: NW India (modified and supplemented after Scheibner and Speijer, 2008). The exceptional fauna is 
characterized by oyster, bryozoan and echinoids (see Fig. 5).

http://www.odsn.de/odsn/services/paleomap/about_map.html
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Fig. 5. Schematic overview on the dominant organism associations during three platform  stages in the Tethyan realm. The numbers refer to numbers in Fig. 2 and Table 1. The two 
th ick black lines separate m iddle (above 30°), intermediate (30°-20°) and low  (20°-0°) paleolatitudes. Turkey (locality 16) is not shown, as information on platform information are 
too vague (modified and supplemented after Scheibner and Speijer, 2008).

other studies the Paleocene also includes the llerdian, or no 
subdivision into shallow benthic zones exists or larger foraminifera 
were not identified. We did not distinguish between SBZ5 and SBZ6 in 
this study, as an unambiguous determination of these biozones was

not possible. In most studies a subdivision with the mentioned larger 
foraminiferal index species was possible but in some studies the exact 
time frame is less certain. Some problems arose by incorporating 
studies that did not deal w ith platform evolution but investigated only



Table 1
Overview o f the investigated platform  areas. Displayed are the number (see Figs. 3, 4), area, tim e span o f the study, paleolatitude, three platform  stages, references and comments

Number Area Time span Paleo
latitude

P-stage 1 
(SBZ1-3)

P-stage II 
(SBZ4)

P-stage III 
(SBZ5-6)

Reference Comments

5 Northern
Calcareous
Alps

Paleocene-
Eocene

43°N Thanetian: coralgal reefs Thanetian: coralgal reefs Coral growth restrained, no 
accumulation o f reefs, 
encrusting foraminifera

Moussavian, (1984);

Tragelehn (1996); 
Kazmeretal. (2003)

No subdivision of SBZ 3 and 4, llerdian is 
considered Paleocene

4 West
Carpathians,
western
Slovakia

Paleogene 43°N Coralgal reef complex in the 
Danian and Thanetian

Destruction o f the reefs at the 
end o f the Thanetian, question, 
whether w ithin SBZ4 or end of 
SBZ3

No information Scheibner (1968); K'hler 
et al. (1993); Kazmer 
et al. (2003)

LF indicate only SBZ3

Northern
Adriatic
Platform

Paleocene 38°N Coralgal reefs, abundant 
larger foraminifera

Paleocene- 
earliest Eocene

Small benthic foraminifera 
dominate, corals are almost 
absent

Coralgal reefs, abundant larger 
foraminifera

Coralgal reefs, abundant larger 
foraminifera

Alveolina and Nummulites in Turnsekand Drobne (1998), Thanetian starts on top of Danian,
rockforming quantities, some Drobne et a 1.(1988); noSelandian
corals occur as well Jurkovsek et al. (1996); Babic 

and Zupanic (1981); Turnsek 
and Kosîr (2004); Vlahovic 
et al. (2005)

Dominated by larger 
foraminifera

Zamagni et al (2008)

1 Pyrenean 
platform

Paleocene- 38°N 
ealiest Eocene

Reef phases 1-5 Mainly Assilina, no reef 
bioconstructions

Mainly Nummulites, Alveolinds, 
some small coral reefs

Baceta et al. (2005)

Late Paleocene- 
earliest Eocene

Algal dominated, some small 
coral reefs (Campo),

Mainly Nummulites, Alveolinds, 
some small coral reefs

Scheibner et al. (2007)

Pyrenean
platform

late Paleocene- 
earliest Eocene

Coral reefs Different types of nummulitids Nummulites, Assilina Pujalte et al. (2003a) Discussion on correlation of LFT and PETM

Pyrenean
platform

Paleocene-early
Eocene

Pujalte et al. (1993,2003b); 
Payros et al. (2000);

Pyrenean
platform

llerdian-Cuisian Coralalgal patch-reefsand 
mounds, Solenomeris reef 
mounds

Eichenseerand Luterbacher 
(1992)

Sequence stratigraphy, stratigraphy

Alaric
Mountain,
Pyrenean
Platform

Early Eocene Solenomeris reef (encrusting 
foraminifera)

Perrin {1992);Plaziatand 
Perrin (1992)

7 Maiella 
Platform, 
Italy

Danian-Eocene 35ÔN Coralgal reef complex, larger 
foraminifera: Cribrobulimina 
carniolica, Fallotella 
alavensis,

Larger foraminifera: Ranikothalia 
sindensis. Shortly after the reef 
formation and still in the 
Paleocene they were destroyed.

Dominated by alveolinids, 
coralgal-reefs are less im­
portant in early to  middle 
Eocene

Moussavian and Vecsei 
(1995);Vecseiand 
Moussavian (1997)

Thanetian starts on top of Danian, no 
Selandian. Coralgal-reef communities 
differ between the Da nia n/lower Thanetian 
and the upper Thanetian. Large late Eocene 
(Priabonian and Rupelian) coral reefs.

C. Scheibner, R.P. Speijer / 
Earth-Science 

Reviews 
90 

(2008) 
71-102
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a specific group of organisms (e.g. corals, larger foraminifera) or 
diagenetic features. Therefore these studies where not used to be 
representative for the various areas but contribute only additional 
information. In Table 1 we summarize the platform evolution and 
topic studied of every individual location and reference. Paleolatitudes 
and the paleogeographic map (Fig. 4) are derived from http://www. 
odsn.de/odsn/services/paleomap/about_map.html (Hay et al., 1999).

3.1. Middle paleolatitudes (above 30°)

3.1.1. Northern Calcareous Alps (43 °N, locality 5, Figs. 4, 5)
In the Northern Calcareous Alps coralgal reefs thrived from the 

Danian to the Thanetian indicated by the index fossils of SBZ3 
(Glomalveolina primaeva) and SBZ4 (Glomalveolina levis; Moussa­
vian, 1984; Tragelehn, 1996). Together w ith the Carpathian reefs 
(see Section 3.1.2) the reefs of the Northern Calcareous Alps formed 
a barrier-reef system, consisting of a number of individual reefs 
(Moussavian, 1984). Kazmer et al. (2003) created paleogeographic 
maps for six time slices (63 Ma, 52 Ma, 46 Ma, 40 Ma, 38 Ma, 36 Ma) 
of the Northern Calcareous Alps to the Carpathians. The map for 63 Ma 
(Danian) showed a continuous reef belt, whereas at 52 Ma (Ypresian) 
no such reef belt existed. During the early llerdian (SBZ5/6) red 
algae and bryozoan colonies together w ith encrusting foraminifera 
(Gypsina (=Acervulina) ogormani) were dominant w ithin the encrust­
ing organism association, while larger foraminifera (Ranikothalia, 
Discocyclina) thrived on the open shelf. During middle to late llerdian 
times Nummulites, Operculina and Assilina replaced Ranikothalia 
and alveolinids became more diverse. Coral growth -  mostly consisting 
of solitary corals -  was very restricted and did not contribute to the 
construction of reefs during the llerdian (Moussavian, 1984).

3.1.2. West Carpathians (W-Slovakia; 43°N, locality 4, Figs. 4, 5)
During the Thanetian a coral reef complex thrived in the

West Carpathians, forming fringing reefs at the platform margin and 
patch reefs in the back-reef area (Scheibner, 1968; Köhler et al., 
1993; Kazmer et al., 2003). G. primaeva, Discocyclina seunesi, and Mis­
cellanea juliettae prove SBZ3 while Daviesina garumnensis and Operculina 
azilensis prove SBZ4. At the end of the Paleocene the whole reef complex 
was completely destroyed and no younger strata were recorded.

3.1.3. Northern Adriatic Platform (38°N, locality 6, Figs. 4, 5)
During the Danian to Thanetian corals formed local patch reefs on the 

Northern Adriatic Platform (Babic and Zupanic, 1981 ; Drobne et al., 1988 ; 
Jurkovsek et al., 1996; Turnsek and Drobne, 1998; Turnsek and Kosir, 
2004; Vlahovic et al., 2005). In the uppermost Thanetian corals are often 
overgrown by red algae. Within SBZ3 and SBZ4 larger foraminifera are 
also abundant. The lowermost Eocene (SBZ5/6) is dominated by 
alveolinid-nummulitid limestones, whereas red algae and corals occur 
subordinately. Zamagni et al. (2008) analyzed two sections east of 
Trieste paleoecologically and sedimentologically and described three 
facies types in SBZ4:1 Orthophragminid-dominated facies with a poorly 
diverse foraminiferal assemblage and calcareous red algae. 2. Assilina- 
dominated facies with assilinids and miscellaneids and associated 
calcareous red algae and isolated coral colonies. 3. Bioconstructor- 
dominated facies with encrusting foraminifera, which together with 
corals build small coral-microbial reef mounds. The lower Eocene is 
dominated by an alveolinid-nummulitid assemblage, although Turnsek 
and Kosir (2004) described small patches of coralgal reef facies in the 
llerdian within the nummulitid assemblage.

3.1.4. Pyrenean platform (Spain, France; 38°N, locality 1, Figs. 4, 5)
In this study we assign the Pyrenean platform to the Tethyan realm, 

as it shows many similarities w ith Tethyan platforms s.s., yet it was 
situated along a precursor gulf o f the present Bay of Biscay (Fig. 4).

The Paleocene to lowermost Eocene of the southwestern Pyrenees 
and Basque areas can be subdivided into five depositional sequences,

w ith the first four sequences belonging to the Paleocene (1.3,1.4, 2.1, 
2.2) and the fifth belonging to the Eocene (2.3; Pujalte et al., 1993). 
Recently, Payros et al. (2000), Pujalte et al. (2003a,b) and Baceta et al. 
(2005) renamed and modified the boundaries of the different 
depositional sequences. These authors subdivided the Paleocene 
into two Danian sequences (Da-1 and Da-2) and two Thanetian 
sequences (Th-1 and Th-2) and subdivided the Eocene sequence 2.3 
into four individual llerdian sequences (1L-1 to 1L-4). The temporal and 
spatial evolution of the Paleocene Pyrenean reefs was analyzed in 
Baceta et al. (2005; Fig. 6), recognizing five phases of reef develop­
ment, w ith the first phase belonging to sequence Da-1 and the second 
and third phase belonging to sequence Da-2. In the first three reef- 
building phases corals dominated the coralgal reefs, while calcareous 
algae occurred only subordinately. Reef phases 4 and 5 belong to 
sequence Th-1. In these last two reef phases encrusting calcareous 
algae dominated the bioconstructions, while corals played only a 
minor role. For sequence Th-2 Baceta et al. (2005) noticed that the reef 
bioconstructions almost vanished. In the following general overview 
we use the depositional sequences of Payros et al. (2000) and discuss 
only sequences Th-1, Th-2,1L-1 and 1L-2.

3.14.1. Sequence Th-1. The outer carbonate platform is composed 
of fossil-rich sandy limestones and coralgal reefal limestones, 
while basinwards of the outer platform 50-m-thick megabreccias 
were deposited. The inner platform larger foraminifera G. primaeva, 
Fahoteha alavensis, and Coskinon raijkae indicate a SBZ3 age for this 
sequence. According to Pujalte et al. (1993) the beginning of this 
sequence (base of sequence 2.1 approximates sequence Th-1) is 
approximately contemporaneous w ith the most prominent sea-level 
fall in the Paleocene. In contrast to the first three reef-building phases 
of Baceta et al. (2005), which are dominated by corals, the fourth 
and fifth phase, belonging to sequence Th-1, are characterized by the 
deposition of calcareous algae as the main contributors to reef growth, 
whereas corals occur only subordinately.

3.1.4.2. Sequence Th-2. The outer carbonate platform margin is 
composed of sandy limestones w ith open platform larger foraminifera, 
whereas the inner platform is made of wackestones and packstones 
w ith alveolinids and miliolids. The fossil assemblages w ith Assilina 
yvettae and 0. azilensis indicate a SBZ4 age for this sequence. Sequence 
Th-2 is identical to the upper part of the Navarri Formation in the 
Campo section (Payros et al., 2000). Scheibner et al. (2007) reported a 
dominance of red algae in part C (thickness of 32 m) of the upper part of 
the Navarri Formation in Campo. In the upper 6 m coralgal bound- to 
rudstones dominate the strata. Baceta et al. (2005) reported the 
absence of any reef bioconstructions in the Pyrenean region for 
sequence Th-2 and mentioned the occurrence of Assilina beds (Fig. 5).

3.1.4.3. Sequences 1L-1 to 1L-2. The depositional sequence 2.3 of 
Pujalte et al. (1993) is subdivided by Payros et al. (2000) and Pujalte 
et al. (2003a,b) into four depositional sequences (1L-1 to 1L-4). The 
foraminiferal assemblage in sequences 1L-1 and 1L-2 is characteristic 
for SBZ5/6. In the southwest Pyrenean and Basque areas sequence 2.3 
is only poorly represented, while well developed in the central and 
eastern Pyrenees (Pujalte et al., 1993). The outer carbonate platform is 
composed of nummulitid-rich marls (Pujalte et al., 2003a). The inner 
carbonate platform deposits of sequences 1L-1 and 1L-2, present in 
the Campo and Serraduy sections consist in the lower part of sequence 
1L-1 of marls to siliciclastics, while the remaining parts of sequence 1L-1 
and sequences 1L-2 consist of larger foraminifera facies with abundant 
alveolinids, the so-called “Alveolina limestone". A small interval 
(4 m) in the lower part of sequence 1L-2 is composed of coral wacke- 
to boundstone (Scheibner et al., 2007). Although larger foraminifera 
dominate both sequences, Eichenseer and Luterbacher (1992) 
described several isolated coralgal patch reefs w ithin these sequences 
in the Tremp basin in the Central Southern Pyrenees. In addition they

http://www
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Fig. 6. Reef growth phases and platform  stages o f the Paleocene to lower Eocene in the Urbasa-Andia plateau (Pyrenees), modified after Baceta et al. (2005).

also described foraminiferal reef mounds built up by Solenomeris 
(Acervulina). Similar lower Eocene foraminiferal reef mounds have 
been described from the northern rim of the Basque Basin at the Alaric 
Mountains in SE France, where Solenomeris built km-sized reefs 
(Plaziat and Perrin, 1992).

3.1.5. Maiella platform (Italy; 35°N, locality 7, Figs. 4, 5)
In the Maiella platform, two coralgal reef-building intervals, a first in 

the Danian to early Thanetian and a second in the late Thanetian were 
described by Moussavian and Vecsei (1995) and Vecsei and Moussavian
(1997). The overall stratigraphy is unfortunately hampered by redeposi­
tion of the reef facies as the reefs were destroyed shortly after their 
formation. But nevertheless, the larger foraminifera described by 
Moussavian and Vecsei (1995) indicate deposition of the second reef 
interval during SBZ3 (Cribrobulimina carniolica, F. alavensis, Miscellanea 
sp.) to SBZ4 (Ranikothalia sindensis, Miscellanea sp.). While the Danian to 
early Thanetian reefs probably constructed only small patch reefs, the 
late Thanetian reefs may have formed a small barrier (Vecsei and 
Moussavian, 1997). A new platform build up was initiated during the 
early Eocene, dominated by alveolinids, whereas coralgal reefs were 
virtually absent (Vecsei and Moussavian, 1997). Coral reefs in this area 
only started to diversify during the late Eocene (Priabonian).

3.1.6. Ionian Islands (Greece; 32°N, locality 2, Figs. 4, 5)
A very well documented example for a biostratigraphically well- 

constrained carbonate platform evolution is given in Accordi et al.

(1998). In the western part o f Cephalonia on the Ionian Islands 
(Greece) a late Cretaceous rimmed platform evolved to an early 
Eocene homoclinal ramp. From the late Cretaceous to the early Eocene 
Accordi et al. (1998) established the following sedimentary model: 
Stage 1: Late Cretaceous orbitoid/rudist shoal-dominated rimmed 
shelf. Stage 2: Paleocene (up to SBZ3/SBZ4) coral/algal sandy blanked- 
dominated ramp. SBZ3 and SBZ4 are not separated, but all facies 
associations containing corals were attributed to both biozones, 
suggesting coral growth up to the P/E boundary. At the same time 
larger foraminifera-dominated facies were deposited in the peritidal 
and middle to outer ramp environments. Note that all late Thanetian 
age assignments of Accordi et al. (1998) were converted into early 
Eocene as these authors used the term late Thanetian in the sense of 
early llerdian (SBZ5 and SBZ6). Stage 3: Early Eocene (SBZ5/SBZ6) 
larger foraminiferal shoal-dominated ramp. Additionally remains of 
bivalves, gastropods, echinoids, red algae and colonial corals occur 
frequently.

3.1.7. Northern to central Turkey (31°N, locality 16, Fig. 4)
Paleocene to Eocene carbonate successions are well known in 

Turkey, but earlier studies deal mainly w ith biostratigraphy or 
systematic descriptions of larger foraminifera (Sirel, 1998 and 
references herein; Inan et al., 2005; Özgen-Erdem et al., 2005, 2007). 
Facies associations or organisms other than larger foraminifera 
are mentioned rarely. From literature data it is not possible to draw a 
coherent picture on the dominant organism distribution in the
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early Paleogene of Turkey. The focus on larger foraminifera in 
literature could perhaps imply that Paleocene to lower Eocene deposits 
are dominated by larger foraminifera deposits. On the other hand 
Ozgen-Erdem et al. (2005) stated that the “Danian, Selandian and 
Thanetian units are characterized by reefal (organic buildup), shelf 
lagoon, shelf and tidal flat paleoenvironments. The llerdian units are 
represented by reefal and shelf lagoon environments". From this paper 
it is not clear what is meant w ith the term reefal. Since it remains 
ambiguous whether coral reefs or possibly accumulations of larger 
foraminifera are meant, we refrain from showing this locality in the 
schematic overview (Fig. 5).

3.2. Intermediate paleolatitudes (30°-20°)

3.2.1. Tunisia (26°N, locality 8, Figs. 4, 5)
The early to middle Paleocene of the shallow Gafsa Basin in 

southern Tunisia is characterized by evaporitic marls and shales of the 
Selja Formation, indicative of restricted environments. During the late 
Paleocene/early Eocene marls and shales w ith intercalated evaporites 
and phosphatic limestones of the Chouabine and Kef Eddour Forma­
tions were deposited (Bolle et al., 1999). In the El Garia Formation and 
the Ousselat Member of the Metlaoui Group in the Ypresian, 
nummulitic banks accumulated on the middle to outer shelf across 
central and northwestern Tunisia (Moody, 1987; Zaier et al., 1998; 
Loucks et al., 1998). The Ypresian carbonate ramp consists of elongate 
nummulitic banks, running parallel to the paleoshoreline and shows 
no patch reef-like bodies (Moody, 1987).

3.2.2. Western High Atlas (Morocco; 26°N, locality 15, Figs. 4, 5)
The Paleocene and lower Eocene of Morocco contain carbonate to 

phosphate rocks deposited in small and narrow basins. The carbonate 
rocks are characterized by oyster-reefs, bryozoans and coralline algae 
mud mounds and occasionally solitary corals. Echinoids probably 
thrived around the wave base. Coralgal reefs or larger foraminifera 
(alveolinids, nummulitids) have not been found (Herbig, 1986; Trappe, 
1991,1992). The absence of coral reefs and larger foraminifera in the 
early Paleogene make this setting exceptional. The reason for this 
exceptional situation was probably that during the early Paleogene 
cool, phosphate-rich water, upwelling from the Atlantic prevented 
organisms adapted to nutrient-poor and warm environments from 
settling on this continental margin (Herbig, 1986).

3.3. Low paleolatitudes (below 20°)

3.3.1. Galala Mountains (Egypt; 20°N, locality 3, Figs. 4, 5)
The Maastrichtian-lower Eocene deposits of a carbonate platform 

margin-to-basin transect in the Galala Mountains (approximately 
200 km SE of Cairo on the western side of the Gulf o f Suez) exhibit 
excellently exposed outcrops across the upper Paleocene to lower 
Eocene. Over 20 sections have been studied during the last years with 
respect to lithostratigraphy and paleogeography (Scheibner et al., 
2001a), biostratigraphy (Marzouk and Scheibner, 2003; Scheibner and 
Speijer, in press), ostracode biogeography (Morsi and Scheibner, in 
press) and platform evolution (Kuss et al., 2000; Scheibner et al., 2000, 
2001b, 2003a,b).

This well studied platform margin-to-basin transect serves as 
the reference area for a recalibration of Paleocene to lower Eocene 
shallow-water and deep-water biozonations (Scheibner et al., 2005; 
Scheibner and Speijer, in press; Fig. 3). Information on inner platform 
deposits in this region is unfortunately scarce due to post-depositional 
erosion and inaccessible outcrops (mine fields). Scheibner et al. 
(2003a) subdivided the Paleocene succession into five platform stages 
(A-E; Fig. 7). Maastrichtian to lower Paleocene hemipelagic sediments 
characterize platform stages A and B. In the following the three upper 
Paleocene platform stages C to E are summarized and a lower Eocene 
platform stage F is established.

3.3.1.1. Platform stage C. The progradation of the Paleogene 
platform started w ith platform stage C after a drop in sea level 
(Scheibner et al., 2003a). After the initiation of the first small debris 
flows, coralgal patch reefs formed at the carbonate platform margin, 
while further basinwards massive beds of reef debris accumulated. 
During this first progradation the lower slope and the toe-of-slope 
are characterized by debris flows and calciturbidites, respectively 
(Fig. 7). The clasts w ith in the debris flows at the lower slope 
originated from all platform areas including the inner platform and 
therefore allowed a reconstruction of the various depositional 
settings o f the whole carbonate platform (Scheibner et al., 2000). 
The fossil assemblages indicate deposition during SBZ3 of this early 
progradation phase. According to Scheibner et al. (2003a) the relative 
sea-level fall that initiated the progradation of the platform was 
probably caused by a combination o f tectonic activity and a eustatic 
sea-level fall (sequence Th-1 of Haq et al., 1987 and Hardenbol et al., 
1998).

3.3.Í.2. Platform stage D. This platform stage represents the second 
progradational phase and is characterized by a basinward shift of the 
coralgal patch reefs and debris flows and calciturbidites on the lower 
slope to toe-of-slope. Similar to platform stage C the fossil assem­
blages suggest deposition during SBZ3 (Scheibner et al., 2003a).

3.3.Í.3. Platform stage E. During the retrogradational platform stage 
E the coralgal patch reefs at the outer carbonate platform were 
overlain by mud-dominated lithologies of the upper slope and by 
larger foraminiferal shoals of nummulitids (e.g. Ranikothalia spp.) and 
Miscellanea spp. This rétrogradation is also indicated by a decrease of 
debris-flow deposits on the lower slope and by a decrease in the 
amount of calciturbidites arriving at the toe-of-slope. The coralgal 
patch reefs probably shifted landwards for a short period but must 
have become quite rare and finally disappeared from this platform, as 
fragments of corals are absent in the debris flows at the lower 
slope, whereas inner platform organisms are still present. The fossil 
assemblages w ith large Miscellanea spp., Ranikothalia spp., glomal- 
veolinids and Hottingerina lukasi attribute platform stage E to SBZ4.

3.3.Í.4. Platform stage F. This platform stage is newly introduced 
here, as Scheibner et al. (2003a) only discussed the Paleocene 
platform evolution. The base of platform stage F coincides with 
the carbon isotopic excursion and thus marks the P/E boundary. 
The most prominent components of platform stage F deposits 
are true alveolinids, orbitolitids and nummulitids (Nummulites spp, 
Assilina spp.) while larger foraminifera of platform stage E (Miscella­
nea spp., Ranikothalia spp.) and other foraminifera indicative of SBZ4 
(e.g. H. lukasi) are absent. Fragments of solitary corals rarely occur. 
The alveolinids (A. vredenburgi, A. ellipsoidalis, A. pasticillata) are 
characteristic for SBZ5/6 (Scheibner et al., 2005; Scheibner and 
Speijer, in press). SBZ5 and SBZ6 are combined in this study and not 
separated, because index species of both biozones occur together. 
This co-occurrence of index forms is not related to redeposition 
but probably to an extended lower range of index species from SBZ6 
or an extended upper range of index species from SBZ5. Similar 
deviations from the shallow benthic zonation of Serra-Kiel et al.
(1998) are described from sections of central Turkey (Özgen-Erdem 
et al., 2007).

3.3.2. Sirte Basin (Libya; 20°N, locality 9, Figs. 4, 5)
The Sirte basin is one of the major oil production areas in the world 

and its main reservoir rocks are located in the Paleocene (Ahlbrandt,
2001). Although this time interval has been intensively studied by 
various authors regarding the structure of the reservoir rocks (Terry 
and Williams, 1969; Bebout and Pendexter, 1975; Brady et al., 1980; 
MacGregor and Moody, 1998; Spring and Hansen, 1998; Ahlbrandt, 
2001 ) surprisingly little information is given on the biostratigraphy.



platform margin upper slope lower slope toe of slope basin

C%5, B2, B3> 4 km ( J ? ) 2  km ( k T ) 15 km ( D 5 )  4km  (T hT) 3km ( D 2 ) 6 km ( 5 T ) 2 k m ( D r )  15 km ( t T )  25 km

platform
stage

NP10 3
NFS
NP8
NP7 'INP6
NP5
NP1

Facies associations:
I I patch ree f I I upper slope

P a le o ce n e /E o c e n e  boundary  
(S B Z 5 /6 )

I I re e f debris I I calciturbidite and hem ipelag ic
Boundary betw een  
S B Z 3  and S B Z 4

I I slum p and debris flow m  phosphatic m arls
I section

S Ü  larger foram inifera shoal I I hem ipelag ic

Fig. 7. Platform-basin transect o f the Paleocene to lower Eocene in  the Galala Mountains (Egypt) w ith  platform  stages (after Scheibner and Speijer, in press).

C. Scheibner, R.P. Speijer / 
Earth-Science 

Reviews 
90 

(2008) 
71-102



C. Scheibner, R.P. Speijer/  Earth-Science Reviews 90 (2008) 7 Í - Í 0 2 85

This region is one of the most difficult to extract biostratigraphic 
information from, as the authors are mainly dealing w ith general­
izations when speaking of larger foraminifers, and thus making it 
difficult to differentiate even between Paleocene and Eocene larger 
benthic assemblages. These authors refer to “ large benthic foramini­
fers’’, mentioning Nummulites but probably mean nummulitids and 
not true Nummulites, and their alveolinids are probably mainly 
glomalveolinids, as can be inferred from the rare thin section images. 
Therefore our age assignments have to be treated w ith great caution.

In the Sirte Basin in Libya several upper Paleocene coralgal 
bioherms have been described (Terry and Williams, 1969; Bebout 
and Pendexter, 1975; Brady et al., 1980). These bioherms were 
drowned at the end of the Paleocene and covered by hemipelagic 
marls, shales and limestones. It is uncertain, whether reef growth 
reached up to the end of the Paleocene, as larger foraminiferal index 
species are not mentioned. Terry and Williams (1969) mentioned large 
“Nummulites" and probably refer to large nummulitids, which would 
indicate an age of SBZ3 or SBZ4 or younger, as “large" nummulitids 
occur for the first time in larger quantities in SBZ3. Mresah (1993) 
described two shallowing-upward platform cycles from other parts of 
the Sirte Basin, both being dominated by larger foraminifera (Alveolina 
and nummulitids). Although the alveolinids found in the second 
interval range in size to >2.5 mm, which is the lower size range for 
true Alveolina sp. and would be at the very upper lim it o f the size 
range of Glomalveolina sp., the second cycle probably still belongs to 
the Paleocene and can be compared w ith the deposits described by 
Terry and Williams (1969). The overlying shales, marls and evaporates 
of the Kheir and Gir Formations are regarded as lower Eocene 
(MacGregor and Moody, 1998; Spring and Hansen, 1998).

In summary, coral reefs probably play an important role in one part 
of the Sirte Basin at least up to SBZ3, maybe also up to SBZ4, whereas 
in contemporaneous successions in other parts of the Sirte Basin 
larger foraminifera dominate.

3.3.3. Western Desert (Egypt; Î9°N, locality IO, Figs. 4, 5)
In the Western Desert (Kharga-, Farafra-, Dakhla Oasis, central 

Egypt), studies focused on the paleoecology of corals (Schuster, 1996), 
benthic foraminiferal paleoecology (Wielandt, 1996) and Cretaceous to 
Cenozoic stratigraphy (Barthel and Herrmann-Degen, 1981 ). In south­
ern Egypt (Bir Abu El-Husein area) Schroeder (1986) focused on 
diagenesis in Paleocene corals. According to Schuster (1996) coral reefs 
are found mainly in the Danian of the Abu Tartur Plateau (Kharga 
Oasis), while in the Selandian, Thanetian and llerdian only solitary 
corals are encountered. Rhodoliths and algal buildups replaced the 
coral reef growth in this area, which was related to deepening or 
increased nutrient supply (Schuster, 1996). The small coral knobs in 
southern Egypt are located at the top of the Kurkur Formation within 
the Selandian (Schroeder, 1986). Barthel and Herrmann-Degen (1981) 
correlate a chain of small coral patch reefs in the Peak Hill Member 
(lagoonal equivalent of the Tarawan Formation) w ith the coral reefs in 
the Sirte Basin (Terry and Williams, 1969) and attribute it to the 
Thanetian, which can be correlated w ith SBZ3 to SBZ4. During 
the uppermost Paleocene to earliest Eocene, marls and shales of 
the Esna Formation were deposited all over central Egypt. Occasionally 
these marls contain lenses o f redeposited nummulitids (LeRoy, 
1953; Wielandt, 1996) and macroids (agglomerates) formed by the 
Acervulina ogormani (Wielandt, 1996). The subsequent lower Eocene 
(SBZ6 indicated by A. ellipsoidalis) o f the Farafra Formation is 
dominated by larger foraminifera accumulations (alveolinids and 
nummulitids), although occasionally also solitary corals are found 
(Barthel and Herrmann-Degen, 1981; Wielandt, 1996). In the highest 
parts of the Farafra Formation (SBZ6) coral biostromes are found. 
Recapitulating it is shown that in the Western Desert corals dominated 
platform assemblages in the Danian to Selandian and partly up to SBZ3 
or SBZ4 (Barthel and Herrmann-Degen, 1981), although most of the 
upper Thanetian is covered by the open marine limestones of the

Tarawan Formation, an unfavorable environment for coral growth. In 
SBZ5/6 larger foraminifera become the dominant organisms.

3.3.4. Oman (12°N, locality 11, Figs. 4, 5)
Racz (1979) investigated the Paleocene carbonates of the Umm er 

Radhuma Formation in Oman, although the mentioned larger 
foraminifera (Alveolina s.s. and nummulitids) suggest a stratigraphie 
range of at least Paleocene to early Eocene. The three mentioned 
biostratigraphic units Daviesinea Zone, Miscellanea-Distichoplax Zone 
and Nummulites-Alveolina Zone can be roughly assigned to SBZ3, SBZ4 
and early Eocene, respectively. Calcareous algae and larger foramini­
fera are the prominent fossil components, while coral, gastropod 
and brachiopod fragments occur only locally (Racz, 1979). The “reef’ 
facies in the investigated interval is composed of oncoids, constructed 
mainly by red algae, predominantly Ethelia/Polystrata alba. The 
upper part of the central and north Oman Jafnayn Formation (time 
equivalent of the Umm er Radhuma Formation) can be attributed to the 
early Eocene and consists of horizons of alveolinid foraminifera or 
rhodolithic algal nodules and occasionally coarse coral debris (Nolan 
et al., 1990). Summarizing it can be said that coral reefs were absent in 
the Paleocene of Oman, potentially replaced by oncoids, while larger 
foraminifera dominated the late Paleocene to early Eocene.

3.3.5. Tibet (5°N, locality 12, Figs. 4, 5)
In Tibet, upper Paleocene to lower Eocene deposits (SBZ3-SBZ6) are 

dominated by larger foraminifera (Willems, 1993; Willems and Zhang, 
1993a,b; Willems et al., 1996; Zhou et al., 1997; Wan et al., 2002). 
The Thanetian is characterized by Miscellanea spp., Ranikothalia 
spp., Discocyclina spp. and rotaliids while the llerdian is dominated 
by Alveolina spp., Opertorbitolites spp., Orbitolites spp. and Nummulites 
spp. Fragments and completely preserved solitary and colonial corals 
only occur subordinately in the first two members of the upper Tibetan 
Paleocene/lower Eocene Zhepure Shan Formation, where they often 
are encrusted by red algae or form the nuclei of rhodoids. The Zhepure 
Shan Formation starts in the middle Paleocene (M. angulata zone/P3) 
and members 1 and 2 can be roughly compared to SBZ2 and SBZ3. 
However, larger coral reef complexes, dominantly composed of corals 
are not encountered (Willems, 1993).

3.3.6. NW  India, Pakistan (5°N, locality 17, Figs. 4, 5)
The Paleocene-Ypresian deposits in this area can be subdivided 

into the Ranikot and Laki Formations, respectively. According to 
Sahni and Kumar (1974) the Ranikot fauna of western India is more 
closely related to that of the Mediterranean and Tibet than that of 
northeastern India (see Section 3.3.7). Several coral reefs thrived 
during the Paleocene along the western border of the Indian 
subcontinent, while they retreated during the Eocene to the north 
and have been reduced to a single locality (Sahni and Kumar, 1974). A 
more precise timing for the reef growth in the Paleocene and the 
northern retreat of the coral reefs is not possible as Sahni and Kumar 
(1974) do not provide any marker fossils. The Paleocene Ranikot 
foraminiferal fauna in the India-Pakistan-Burma area is remarkably 
distinct in comparison w ith the overlying lower Eocene Laki fauna 
(Nagappa, 1959). Miscellanea and Ranikothalia are restricted to the 
Paleocene, while true Nummulites are rare or even absent in the 
Ranikot, but substitute Ranikothalia in the Eocene. According to 
Hottinger (1971) and Jauhri (1998) the uppermost Ranikot can be 
attributed to the llerdian because of the presence of A. vredenburgi, 
the marker fossil for SBZ5. If correct, this would imply that the 
occurrences of Miscellanea and Ranikothalia in this area are not 
restricted to the Paleocene but continue into the lowermost Eocene 
(SBZ5-SBZ6?).

3.3.7. Shillong Plateau (NE India 5°S, locality 13, Figs. 4, 5)
Larger foraminifera dominate the Paleocene to Eocene successions 

of the Sylhet Limestone Group (Lakadong, Umlatdoh, Prang Formation)
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in NE India, which originally has been grouped as “Nummulitic Series" 
(Jauhri, 1994; Jauhri and Agarwal, 2001). Jauhri (1994) subdivided the 
limestones of the Lakadong Formation into three distinct units 
w ith characteristic microfossil associations. The rotaliid—miliolid 
association is characterized by Miscellanea spp., Aberisphaera and 
rotaliids and may be related to SBZ2 and SBZ3. The second G. primaeva, 
Distichoplax biserialis association can be undoubtedly related to SBZ3- 
SBZ4 as it is characterized by the marker fossil o f SBZ3 (G. primaeva) 
and SBZ4(G. levis: Jauhri, 1998). Corals have not been reported from the 
Paleocene part of the section.

The third Discocyclina and Ranikothalia association correlates 
w ith the lower llerdian (SBZ5-SBZ6?), identified by the presence 
A. vredenburgi, the marker fossil o f SBZ5, which in NE India co-occurs 
w ith Miscellanea miscella and Ranikothalia nutta lli (Jauhri, 1994,1996, 
1998; Jauhri et al., 2006). This most eastern Tethyan area is of special 
interest for the confinement of biogeoprovinces, as typical lowermost 
llerdian larger foraminifera genera, like Alveolina s.s. or Nummulites 
are very rare or do not occur. These genera do occur for the first time in 
the overlying Umlatdoh Limestone (Jauhri, 1996).

Within the Lakadong Formation corals have been found only 
occasionally in the rocks of the third foraminiferal association, although 
important coral reefs or deposition of rock-forming coral deposits are 
not reported (Jauhri and Agarwal, 2001 ; Jauhri et al., 2006). Further­
more, the encrusting foraminifera Solenomeris (Acervulina), considered 
as coralline algae, is described only from the upper unit (Misra et al.,
2002). The Lakadong Formation correlates with the Ranikot Formation 
in Pakistan whereas the Umlatdoh Formation correlates with the Laki 
Formation.

3.3.8. NW Somalia (0°, locality 14, Figs. 4, 5)
Carbone et al. (1993) analyzed the Paleocene-lower Eocene 

carbonates of the Auradu Limestone Formation (corresponding to 
the Umm er Radhuma Formation of the Arabic peninsula) in NW 
Somalia, which is characterized by larger foraminifera (Lockhartia spp., 
Sakesaria spp., Miscellanea spp., Alveolina spp., Nummulites spp.) 
associated w ith dasycladalean algae, corals, mollusks, bryozoans, 
brachiopods, and echinoids. “The Auradu coral assemblages consist 
mostly of small subspherical or phaceloid colonies, while solitary 
forms are rare" (Carbone et al., 1993). The majority of the studied coral 
colonies have been collected from the lower part of the Auradu 
Formation, suggesting a Thanetian age. A more precise age assign­
ment, however, is not possible, i.e. it is not clear whether the coral 
colonies are restricted to SBZ3 or thrived up to SBZ4.

3.4. Tethyan platform evolution

In the following chapter, early Paleogene Tethyan platform evolution 
is summarized and a model for Tethyan-wide platform stages is 
presented. In this paper we use the nomenclature for the platform 
stages developed by Scheibner et al. (2005) in the Galala Mountains 
(Egypt; Fig. 2). The Paleocene-Eocene time interval from SBZ3-SBZ5/6 in 
the Tethyan realm can be subdivided into three platform stages, which 
are characterized by different facies types and dominant organisms. The 
platform stages are best observed at the carbonate platform margin and 
the slope, as the characteristic coralgal reefs thrive best in these platform 
settings or can be observed in shedded deposits. In contrast to these 
distal platform settings, the more proximal inner platform deposits are 
dominated by foraminiferal facies and subordinate smaller coral patch 
reefs or localized coral occurrences. W ith one exception (Morocco), 
available data of all 17 investigated platforms fit into the threefold stage 
subdivision proposed here.

In this study we only investigate the changes in the Tethyan 
carbonate platform evolution from late Paleocene (59 Ma) to the earliest 
Eocene (55 Ma). Although several studies focused on early Paleocene 
evolution of individual platform systems, e.g. studies on intensive reef 
growth and calcareous red algae in the Pyrenees (Baceta et al., 2005;

Aguirre et al., 2007) and Maiella platform (Vecsei and Moussavian, 1997), 
our review is the first to document overall systematic developments of 
Tethyan platforms in this time interval.

3.4.1. Platform stage 1 (58.9-56.2 Ma; coralgal platform)
The onset of the first platform stage coincides w ith the most 

prominent Paleocene eustatic sea-level fall (58.9 Ma; Hardenbol étal., 
1998) and ends very close to the SBZ3/SBZ4 boundary (56.2 Ma). 
This platform stage is dominated at all paleolatitudes by colonial and 
solitary corals and encrusting organisms (mainly algae) that thrived 
at the platform margin (Fig. 6), while the inner platform is composed 
of shallow-water limestones w ith miliolids, rotaliids and algae 
(dasycladalean, solitaire red algae). The only exception of this trend 
are the lowest paleolatitudes investigated in this study, NE India and 
Tibet (5°), where larger foraminifera already dominated over coral 
reefs during this time interval. Platform stage I corresponds with 
sequence 2.1 in Spain (Pujalte et al., 1993), and w ith platform stages C 
and D in Egypt (Scheibner et al., 2003a).

3.4.2. Platform stage II (56.2-55.5 Ma; coralgal and firs t larger foraminiferal 
platform )

The second platform stage is restricted to SBZ4 and terminates at 
the P/E boundary (55.5 Ma; Scheibner et al., 2005). This platform stage 
has a transitional position between platform stage I and platform stage 
III. In low latitudes (below 20°) it is characterized by the occurrence of 
the first larger foraminiferal shoals, composed of Miscellanea and Ra­
nikothalia, while coralgal reef facies, apart from scarce coral debris are 
absent (e.g. Egypt). At this time, the middle latitudes (above 30°), with 
the exception of the Pyrenean area, are still characterized by coralgal 
facies. Overall, larger foraminifera (Assilina) dominated the Pyrenean 
area, although corals also contribute to carbonate accumulation 
(Scheibner et al., 2007). The inner platform facies of platform stage II 
is somewhat similar to the first platform stage. Platform stage II 
corresponds w ith sequence Th-2 in Spain (Payros et al., 2000) and 
platform stage E in Egypt (Scheibner et al., 2003a).

3.4.3. Platform stage III (55.5— ?55.0 Ma; 2. larger foraminiferal platform )
With the onset of the Eocene (55.5 Ma; SBZ5) the third and most

prominent platform stage developed and similar to platform stage I it 
shows no strong latitudinal differentiation w ith respect to its 
dominant organisms. As the lower Eocene strata in the reference 
area in Egypt have not been entirely studied, we refrain from 
appointing a distinct termination of platform stage III (Fig. 7). 
This second larger foraminifera-dominated platform marks the 
beginning of the rapid radiation and proliferation of alveolinids 
and nummulitids. During this platform stage the inner platform to 
outer platform/slope transect can be subdivided on the basis of the 
paleobathymetric distribution of larger foraminifera, ranging from 
orbitolitids and alveolinids in the proximal part of the platform over 
nummulitids (Nummulites, Assilina, Operculina) in the middle part 
o f the platform to discocyclinids in the distal part o f the platform. 
The lower Eocene deposits are either nearly barren of corals (Galala/ 
Egypt) or only contain solitary corals or, rarely, small isolated patch 
reefs (e.g. Pyrenees, Eichenseer and Luterbacher, 1992). In some areas 
(e.g. Pyrenees) the encrusting foraminifera Acervulina built km-sized 
reefs (Plaziat and Perrin, 1992). The third platform stage coincides 
w ith the lower part of sequence 2.3 in Spain (Pujalte et al., 1993) and 
platform stage F in Egypt (confer Scheibner et al., 2003a). The only 
exception to this general pattern is NE India, the most eastern Tethyan 
area, in which larger foraminifera of the first assemblage (Stage 2) still 
thrive at the beginning of platform stage III.

Summarizing it can be said that the evolution from the first 
platform stage, dominated by coral reefs, to the second transitional 
platform stage, characterized by larger foraminifera in low latitudes 
and coral reefs in middle latitudes to the third platform stage, which 
is dominated by larger foraminifera in all latitudes, is strongly
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dependent on the organism distribution pattern of the two most 
important groups, corals and larger foraminifera. In the following 
chapters we w ill discuss the response of both organism groups to 
evolutionary and external forces to decode the late Paleocene to 
early Eocene Tethyan distribution patterns of coral reefs and larger 
foraminifera.

4. Climate proxies in the early Paleogene

This chapter deals w ith the absolute and latitudinal changes of 
climate proxies (temperature, C02, precipitation; Figs. 2 and 8) and the 
efforts of modeling early Paleogene climate to reproduce the results 
of these proxies. Furthermore, we present a short overview on the 
trophic resource regime (Hallock, 1987) in the oceans w ithin that 
time interval. The variations within these climate proxies are among 
other things important to explain the distribution patterns of the 
major organism groups w ithin the shallow-water realm during 
this time period, corals and larger foraminifera. The coral and larger 
foraminifera distribution patterns (Sections 5 and 6) in turn are 
responsible for the proposed three-step platform evolution and the 
latitudinal gradients of the platforms (Section 7).

4.1 Absolute and latitudinal temperature changes:

The late Cretaceous to early Paleogene is characterized by warm 
generally ice-free conditions (Zachos et al., 1993; Sloan and Thomas,
1998), although occasionally transient glaciations may have occurred 
in inland Antarctica, to account for sea-level changes up to about 30 m 
(Speijer and Morsi, 2002; Miller et al., 2005a,b). These warm 
conditions culminated into the early Eocene Climatic Optimum 
(EECO, Zachos et al., 2001 ). The overall warming trend in the Paleogene 
was interrupted only around 60 Ma to 58 Ma, when a low-amplitude 
short time cooling occurred (Zachos et al., 2001 ; Fig. 2). Characteristic 
for the early Paleogene warmth is the so-called “equable" cli­
mate (Sloan and Barron, 1990; Greenwood and Wing, 1995). This 
concept w ith only slightly elevated global mean annual temperatures 
(MAT; 17 °C-21 °C, Sewall et al., 2004) in comparison of today's global 
MAT (14°-15°, Hansen et al., 2007) was frequently discussed in the 
1990s. Until recently, this “equable" climate was thought to have 
resulted mainly from a temperature increase at higher latitudes, since 
low latitude temperatures seemed to have remained unaffected 
or were even cooler in comparison w ith temperature data of today 
(e.g. Zachos, 1994). However, there is increasing evidence that sea- 
surface temperatures at low latitudes in the early Paleogene have been 
warmer than established previously by proxy data, like ô180-studies of 
planktic foraminifera (Pearson et al., 2001,2007; Fig. 2). New data may 
also indicate a tropical warming trend from the Paleocene to the 
earliest Eocene (Pearson et al., 2007). On the basis of exceptionally 
well-preserved planktic foraminifera from Tanzania, Pearson et al. 
(2001, 2007) recalculated late Cretaceous and Eocene tropical sea- 
surface temperatures to be at least 28°-32 °C in contrast to the 
previous estimates of 20°-26 °C for the Eocene (Zachos, 1994; in 
comparison, today's tropical temperatures range between 25° and 
27 °C, Kump, 2001 ). Mg/Ca-based temperatures for the Late Paleocene 
were estimated at 31 °C, while the early Eocene shows the highest 
temperatures of about 33°-34° (Tripati et al., 2003; Fig. 2). Other 
proxies like mollusk oxygen isotope values also hint to higher 
temperatures than previously established by ô180-studies of planktic 
foraminifera (Kobashi et al., 2001). Further SST reconstructions of 
the Cretaceous, largely based on the TEX86 temperature proxy, suggest 
that the tropics could have been even warmer and SST may have 
reached up to 40 °C (Schouten et al., 2003; Bice et al., 2006; Forster 
et al., 2007; Weijers et al., 2007).

High temperatures at middle latitudes are supported by a broad 
latitudinal distribution of temperature-sensitive organisms such as 
larger foraminifera, corals, mangroves, palms, and reptiles (Adams

et al., 1990; Hallock, 2000; Pearson et al., 2001 ). A temperature rise in 
the middle latitudes is also supported by widening of the tropical reef 
zone and zone of shallow-marine platform growth (Kiessling, 2001; 
Philip, 2003). In the late Paleocene and Eocene coral reefs occur up 
to 46°N in comparison to 34°N of today's coral reef distribution 
(Kiessling, 2001). Reef-building corals of the genus Acropora were 
found at even higher paleolatitudes (51 °N) in the middle Eocene of 
England (Wallace and Rosen, 2006). Low-latitude warming is 
indicated by changes in tropical vegetation of northern South America 
(Rull, 1999; Jaramillo and Dilcher, 2000; Jaramillo, 2002) while a 
warming in high latitudes is indicated by fossil wood of Antarctica 
(Francis and Poole, 2002). Clay mineralogical changes provide indirect 
evidence for warming in the Tethyan realm, which was characterized 
by a strong increase in kaolinite pointing to an episode of warmth and 
humidity during the PETM (Bolle and Adatte, 2001 ; Fig. 2).

The main reason for the warm climate during the late Paleocene to 
early Eocene could have been enhanced concentrations of greenhouse 
gases like C02 and methane (Pagani et al., 2006a). Increasing sea floor 
hydrothermal activity might have been the source for these elevated 
concentrations (Rea et al., 1990). Alternatively, volcanic activity in the 
North Atlantic igneous province, which took place in two phases 
between 60 Ma to 62 Ma and 57 Ma to 58 Ma (Svensen et al., 2004; 
Thomas and Bralower, 2005), could have been involved. The oxidation 
of organic-rich sediments during the India-Asia collision may also 
have acted as a driving mechanism for enhanced C02 concentrations 
(Beck et al., 1998; Thomas et al., 2000). Finally, methane release from 
wetlands and methane dissociation during the PETM and similar 
subsequent events from sea floor gas hydrate reservoirs are also 
considered as important contributors for increase in greenhouse gases 
(Sloan et al., 1992; Pearson and Palmer, 2000; Pancost et al., 2007).

During the warm Paleogene interval possibly several hyperther­
mals occurred, the most prominent being the Paleocene-Eocene 
Thermal Maximum (PETM) w ith a temperature rise in the deep sea 
of about 5-6 °C (Zachos et al., 2001 ). Sea-surface temperatures during 
the PETM increased in high latitudes by 5° to 8° and in low latitudes by 
4° to 5° (Zachos et al., 2003; Tripati and Elderfield, 2004; Sluijs et al., 
2006, 2007; Fig. 2) which is in agreement w ith climate modeling 
studies and geological observations (Sloan and Thomas, 1998). 
Furthermore, also in a coastal marine setting at the New Jersey 
continental margin, USA (middle paleolatitude: 35-37°N), Zachos 
et al. (2006) documented a minimum warming of 8 °C during the 
PETM, w ith peak temperatures of 33 °C based on TEX86 and isotope 
data. Similarly, floral composition in Wyoming (USA) suggests a 
temperature rise of ca. 5 °C (Wing et al., 2005). The results of a recent 
drilling expedition at the Lomonosov Ridge at the central Arctic Ocean 
reveals an increase of summer sea-surface temperatures from 18 °C 
to over 23 °C (Sluijs et al., 2006, 2008; Moran et al., 2006; Weijers 
et al., 2007). During this time interval the warm water (subtropical) 
dinoflagellate Apectodinium dominated the fossil record (Sluijs et al.,
2006). A cyclostratigraphic analysis (Norris and Röhl, 1999) suggests 
that two-thirds of the ô13C shift occurred during a time period of just a 
few thousand years or less and probably the initial warming occurred 
during a similar period.

Until recently, methane dissociation was discussed as the main 
trigger for the PETM (Dickens et al., 1995; Bains et al., 1999; Katz et al., 
2001; Thomas et al., 2002). Recent investigations by Zachos et al.
(2005) and Pagani et al. (2006a) indicate that the total input of carbon, 
released from gas hydrates is not large enough to produce the relevant 
amount of carbon to shoal the CCD by more than 2 km. Furthermore, 
the terrestrial plant-carbon isotope excursion is higher than those 
of marine carbonates, which implies, i f  no other factors caused 
this excursion (Bowen et al., 2004), an even higher input of carbon 
than previously suggested (Pagani et al., 2006b). Because the methane 
hypothesis is not able to completely explain all observed data, several 
other hypotheses were established, either to work as stand-alone 
mechanisms or in combination with the methane release hypothesis.
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Extensive global w ild fires that resulted from a shift toward drier 
climates could have burnt the Paleocene peat lands resulting in rapid 
oxidation (Kurtz et al., 2003; Collinson et al., 2003, 2007; Higgins and 
Schrag, 2006). A similar rapid oxidation of organic mass could be 
triggered by the exposure of the extensive shallow epicontinental 
seaways (Higgins and Schrag, 2006). Igneous activity in the northern 
Atlantic, resulting in magma intrusion in organic-rich sediments and 
in a regional uplift are also considered as a source of negative ô13C 
(Svensen etal., 2004; Maclennan and Jones, 2006; Higgins and Schrag, 
2006; Storey et al., 2007). A further source of negative ô13C could 
result from an impact of a carbon-rich comet (Kent et al., 2003; 
Cramer and Kent, 2005).

4.2. C02

C02 is an important greenhouse gas and therefore considered to be 
a key element of climate change. The rise from pre-industrial con­
centrations (280 ppm) to modern values (380 ppm) and is associated 
w ith a 1 °C rise in global averaged temperature (Royer, 2003). Recent 
modeling of atmospheric C02 content during the last 420 Million years 
suggests a climate sensitivity greater than 1.5° (Royer et al., 2007), with 
climate sensitivity describing the amount of temperature increase in 
response to a doubling of atmospheric C02. The Phanerozoic C02 curve 
is in general closely related w ith temperature, where low pC02 values 
correlate w ith continental glaciations, while high pC02 values appear 
to exclude glaciations (Royer, 2006; Fletcher et al., 2008). In contrast to 
the overall Phanerozoic C02/temperature relationship, the early 
Paleogene is a climatic enigma because of the variability of the pC02 
curve throughout this time interval (Royer, 2006; Pagani et al., 2005). 
The study of Demicco etal. (2003; Fig. 8) suggests an overall range from 
100 ppm to 2500 ppm. Furthermore, estimated pC02 values also vary 
considerably between methods used (Royer et al., 2001b). Although 
the estimated absolute concentrations of pC02 vary among the 
different studies, most studies suggest peaks at the P/E boundary 
and at the Early Eocene Climatic Optimum, supporting on the one hand 
the interrelation of temperature and C02, and on the other hand the 
temperature highs during these time intervals.

4.3. Precipitation, runoff and climate

Precipitation, subsequent continental runoff and thus an increase 
in supply of nutrients are important parameters controlling organic 
productivity in the oceans. One indicator of humidity and precipita­
tion is the clay mineral composition of marine sediments, especially 
the occurrence of kaolinite in low latitudes. An increase in kaolinite is 
generally associated w ith warm humid climates (Robert and Chamley, 
1991). Clay mineral contents in North and South Atlantic oceanic 
deposits from late Paleocene to middle Eocene indicate increased 
humidity and thus continental runoff from low to mid latitudes, while 
increased evaporation took place in low latitude coastal areas 
(Robert and Chamley, 1991; Robert and Kennett, 1994; Kelly et al.,
2005). These climatic effects culminated during the PETM. Evidence 
for intensified chemical weathering during the PETM also comes from 
an osmium isotope excursion from drilling sites in the Indian Ocean 
and the N Atlantic (Ravizza et al., 2001). Intensified precipitation and 
subsequent runoff has also been described for the PETM in the Artie 
(Pagani et al., 2006b). Clay mineral records also support the view that 
from middle Eocene time onwards global climate generally cooled 
(Robert and Chamley, 1991).

For the Tethyan region, Bolle et al. (1998, 1999, 2000a,b,c) 
investigated several areas at the southern Tethyan margin (Tunisia, 
Egypt, Israel) and northern Tethyan margin (Spain, Kazakhstan) and 
summarized the Paleogene climatic evolution of the Tethys (Bolle and 
Adatte, 2001 ) including additional settings from western Europe (Spain, 
England). During the early Paleocene the Tethyan region was character­
ized by a warm and humid climate with high precipitation (Bolle and 
Adatte, 2001 ). From the late Paleocene onwards a differentiation within 
this region occurred. Seasonal climates existed in Egypt, N Tunisia, Spain, 
Kazakhstan and England, while warm and arid climates are evident in 
Israel and S Tunisia. The PETM is characterized by warm and humid 
climate in N Tunisia, Spain and Egypt (Ernst et al., 2006), by warm and 
arid conditions in Israel and S Tunisia, while in Kazakhstan and England 
seasonal climate persisted. In the last two settings a warm and humid 
climate started during the early Eocene. In the Pyrenees, Spain, Schmitz 
and Pujalte (2003, 2007) noticed a dramatic increase in seasonal rain
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and an increased intra-annual humidity gradient during the PETM that 
resulted in a megafan complex. Summarizing the global climatic 
situation for the PETM it can be noticed that this interval is characterized 
by enhanced humidity and thus an intensified hydrologie cycle, resulting 
in increased terrigenous input in hemipelagic regions, with exceptions 
in only few areas (Bolle and Adatte, 2001 ; Pagani et al., 2006b; Giusberti 
et al., 2007; Zachos et al., 2008). The intensified hydrologie cycle would 
have brought enhanced nutrients into marginal basins, whereas the 
open ocean may have remained oligotrophic (Gibbs et al., 2006b), which 
bears on a discussion of the trophic resource regimes.

4.4. Trophic resource regime

Following the concept of Elallock (1987), “The trophic resource 
continuum (TRC) in euphotic zones of the world's oceans is the 
spectrum of conditions from the richest runoff and upwelling areas to 
the most nutrient-deficient subtropical seas." Zooxanthellate organ­
isms, as corals and larger foraminifera, are highly adapted to nutrient- 
deficient oligotrophic conditions (Hallock, 1988a). If nutrient input in 
the euphotic zone increases, transparency of the water column w ill be 
reduced, which in turn decreases the depth range for organisms 
relying on photosynthesis. Higher nutrient levels also favor organisms, 
which either compete w ith corals (fleshy algae) or destroy them 
(bioeroders; Hallock and Schlager, 1986; Hallock, 1988a). The devel­
opment of oligotrophic habitats is maximal under poorly mixed and 
stable oceanic conditions.

Parallel to the evolution of larger foraminifera at shelf margins, 
oligotrophic planktic foraminifera as the symbiont-bearing acarininids 
and morozovellids thrived in the open oceans (Hallock et al., 1991; 
Boersma et al., 1998; Kelly, 2002; Petrizzo, 2007). The rise of these 
lineages during the late Paleocene is thought to reflect a transition from 
a warm, relatively well-mixed early Paleocene ocean to a warmer, poorly 
mixed global ocean of the late Paleocene to middle Eocene (Boersma et 
al., 1998). Over this 10 million year period, conditions became optimal 
for K-strategists as larger foraminifera and morozovellids (Hallock et al., 
1991 ). Nannofossil assemblages at the PETM also indicate oligotrophic 
conditions in the open ocean (Bralower, 2002; Stoll et al., 2007; 
Mutterlose et al., 2007), although Mutterlose et al. (2007) pointed out 
that the trophic status of the equatorial Atlantic cannot be fully 
determined, as stenotopic taxa provide conflicting evidence.

In contrast to the oligotrophic conditions around the P/E boundary 
postulated by Hallock et al. (1991) and Boersma et al. (1998), 
productivity in coastal surface waters appears to have increased 
substantially at and beyond the P/E boundary. Geochemical and biotic 
proxis can be consulted to document a decrease of oligotrophic 
conditions and an increase of mesotrophic to eutrophic conditions 
during the PETM. High productivity can be inferred from black shale 
deposition in the Tethys (Speijer and Wagner, 2002; Gavrilov et al.,
2003), the collapse of the oligotrophic Gavelinella beccariiformis 
benthic foraminiferal community (Speijer et al., 1997), increased 
biogenic barium values (Schmitz et al., 1997; Thompson and Schmitz, 
1997; Bains et al., 2000; Schmitz, 2000), a widespread bloom of the 
organic-walled dinoflagellate Apectodinium and the coccolithophorid 
genus Toweius that resulted from intensified weathering and subse­
quent nutrient input into marginal basins through increased runoff 
(Crouch etal., 2001,2003; Crouch and Brinkhuis, 2005; Stoll and Bains,
2003). In a former shelf setting (New Jersey, USA), oligotrophic 
nannofossil genera are reduced in abundance, while mesotrophic 
genera increased due to increased nutrient availability during the 
PETM (Gibbs et al., 2006b). Intensified weathering is also documented 
by an increase in kaolinite (Bolle and Adatte, 2001 ; Ernst et al., 2006), 
an osmium isotope excursion (Ravizza et al., 2001), and an increase 
in the rate of hemipelagic sedimentation in the northern Tethys 
(Egger et al., 2003; Giusberti et al., 2007).

The different opinions on the Paleogene trophic resource regime 
may originate from the fact that the eutrophic conditions around the

PETM occurred 1 ) only during a short period and 2) predominantly on 
the shelf areas due to increased continental weathering and con­
tinental runoff (Bralower, 2002). Detailed calcareous nannofossil 
studies of an open ocean site and a shelf site also hint to productivity 
variations from locally high productivity areas at the shelves and an 
overall low productivity at the open oceans (Gibbs et al., 2006b; Jiang 
and Wise, 2006; Petrizzo, 2007). In this scenario the PETM marks only 
a perturbation at the shelf margins in the long lasting oligotrophic 
trend of the Paleogene trophic resource regime. Summarizing it can 
be said that the PETM is a time of an expanded trophic resource 
continuum, characterized by regionally intensified eutrophy on the 
shelf areas and oligotrophy at the open oceans.

4.5. Early Paleogene climate modeling

Over the last 15 years researchers have tried to model early 
Paleogene climate w ith general circulation model simulations (Sloan 
and Rea, 1995 ; Sloan and Thomas, 1998 ; Huber et al., 2003 ; Sewall et al.,
2004) to match w ith the “equable" climate proposed by proxy data 
analyses (mainly ô180 of foraminifera). In individual modeling studies 
different aspects of climate forcing were investigated: El Niño effects 
(Huber and Caballero, 2003), temperature distribution (Huber and 
Sloan, 2000; Bice et al., 2000; Sloan et al., 2001), thermohaline 
circulation (Bice and Marotzke, 2001), polar stratospheric clouds 
(Sloan and Huber, 2001a), greenhouse gases (Sloan and Rea, 1995; 
Shellito et al., 2003), sedimentary influx (Bice et al., 1997), and orbital 
forcing (Sloan and Morrill, 1998; Sloan and Huber, 2001b; Sewall and 
Sloan, 2004). In most simulations the “equable" climate w ith increased 
mean annual temperatures by 2°-6°, low vertical and latitudinal 
seawater temperature changes, warm high latitudes and cool low 
latitudes could not be reproduced (“cool tropic paradox", the dis­
crepancy between proxy data and modeling studies (D'Hondt and 
Arthur, 1996)).

Modeling studies used a broad variation of greenhouse gas 
concentrations to simulate the early Paleogene climate (e.g. Shellito 
et al., 2003 ; Huber and Caballero, 2003 ; Sewall et al., 2004). The models 
confirm that it is plausible that C02 levels in the early Paleogene were 
at least 3 to 4 times higher than the pre-industrial standard (Shellito 
et al., 2003), but they could not solve the discrepancy between the 
warm high latitudes and the relatively cool low latitudes. W ith low C02 
values the relatively cool temperatures (indicated by proxies) of the 
low latitudes are in correspondence w ith modeling results, while the 
high latitudes remain too cold. Models using high C02 values are in 
better agreement w ith proxies from high latitudes, but in these 
scenarios the low latitudes were much warmer than indicated by 
proxy data. A possibility to reduce the discrepancy between proxy data 
and model predictions could be the incorporation of changed global 
partitioning of the 180 isotopes in the ocean, resulting in a temperature 
effect, which can be up to 8 °C in the equator-to-pole gradient (Roche 
et al., 2006).

Proxy data for the low latitudes would be in the temperature range 
of the modeled temperatures (Shellito et al., 2003) if  recent ô180 
analyses of pristine planktic foraminifera and Mg/Ca-based temperature 
estimates were used. These estimates suggest much warmer tempera­
tures for low latitudes than previously appraised (Pearson et al., 2001, 
2007; Tripati et al., 2003; Sexton et al., 2006a). In contrast to the now 
concordant proxy and modeled temperatures for low latitudes the latest 
proxy data of the high latitudes (Sluijs et al., 2006, 2008; Weijers et al., 
2007) are up to 10 °C higher than previously modeled (Sewall et al.,
2004). Although the model of Sewall et al. (2004) is a fully coupled earth 
system model w ith fixed SST's, added for a correction of the heat flux, 
and was published before the latest proxy temperature estimates for low 
and high latitudes (Pearson et al., 2007; Sluijs et al., 2006; Weijers et al.,
2007), we are using this model to display a possible temperature 
distribution for the early Paleogene (65 Ma-45 Ma; Fig. 9). The reason for 
the application of this model in our study is the consistency of the
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modeled temperature distribution maps in the low latitudes with the 
recent published proxy data for low latitudes. These temperature 
distribution maps are thought to represent a possible early Paleogene 
SST distribution for low latitudes, on which we are concentrating in this 
paper.

Sewall et al. (2004) used elevated greenhouse gas concentrations 
of 1120 ppm C02 and 700 ppb CH4. The tropical SST varies between 
25 °C and 35 °C in all seasons, while arctic SST have annual average 
values of 0 °C-5 °C and summer values of up to 7.5 °C (Fig. 9). The 
modeled temperatures depend on the C02 scenario chosen. Further 
modeling studies are needed to include the warmer high latitude 
estimates of Sluijs et al. (2006) and Weijers et al. (2007). In the model 
of Sewall et al. (2004) the Tethyan realm can be subdivided into two 
provinces, a western province, covering S Europe and N Africa, with 
annual average temperatures of >25 °C and an eastern province, 
centered around the Indian subcontinent, w ith >30 °C (Fig. 9).
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Fig. 9. SST distribution (°C) o f the early Paleogene, predicted by the warm arctic case 
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average, c) June, July, August average.

5. Parameters controlling coral-distribution patterns

Corals are highly sensitive to their ambient water quality, particularly 
temperature, and are therefore considered excellent proxies for climatic 
change. In the following chapter we first summarize the temperature 
sensitivity of corals, especially temperature changes connected to 
El Niño Southern Oscillation events (ENSO). Then the importance of 
C02 for calcification of corals is discussed and finally the geochemical 
composition of seawater with respect to Mg and Ca is elaborated. All 
these parameters controlling recent coral or coral reef growth were 
strongly debated in recent years and for further information the reader is 
referred to specialized literature (e.g. Brown, 1997; Hoegh-Guldberg, 
1999,2005,2007; Wilkinson, 1999; Kleypas et al., 2001 ; Fitt et al., 2001 ; 
Barton and Casey, 2005). In the last chapter the coral distribution of the 
early Paleogene is presented.

5.1. Temperature sensitivity o f corals

Today tropical coral reefs occur in shallow seas between 35°S and 
34°N (Kiessling, 2002) and are restricted to areas with temperatures 
between 18 °C and 36 °C, with optimum temperatures between 22 °C 
and 28 °C (Wilkinson, 1999). The highest SSTs are recorded for the 
Arabian Sea with temperatures reaching up to 34 °C. Tropical reef- 
building corals are living at or very close to their upper biological 
threshold for temperature (Hallock, 2000, 2005; Hallock et al., 2006). 
Therefore they are very sensitive to slight increases in summer SST and 
react by symbiont loss, resulting in bleaching of the host coral. Bleaching 
in corals is a reaction to accelerated stress that is strongly associated with 
elevated temperature as the main factor. Further causes are high solar 
irradiance, exposure time to elevated temperatures and disease, as stress 
appears to lower the coral's resistance to disease (Brown, 1997 ; Goldberg 
and Wilkinson, 2004; Harveii et al., 2002; Fitt et al., 2001). Whereas 
enhanced temperature affects corals, internal and external bioeroders 
are unaffected and in combination with viruses they can contribute to an 
accelerated decline of coral reefs (Glynn, 2000; Harveii et al., 2002). 
Investigations on today's reefs and corals reveal that increases in 
maximum SST's of about 1 °C above mean SST's are sufficient to cause 
bleaching (Hughes et al., 2003; Kleypas et al., 2001).

However, as corals are living in oceans with varying SST, the absolute 
temperature threshold at which bleaching occurs also varies regionally 
(Hughes et al., 2003). In the ENSO year 1998 with peaking global average 
temperature more than 90% of shallow corals in Indian reefs were killed 
by warm SST's (Sheppard, 2003) but lethal threshold temperatures 
varied from 29° to 34°. That means that most corals in the Arabian Sea 
survived temperatures that killed 1998 corals elsewhere (Sheppard,
2003) and leads to the conclusion that temperature anomalies within 
the individual regions of coral reef growth are of higher importance than 
mere absolute temperature. Bleaching is not only restricted to tropical 
seas, but can occur at all latitudes. Goldberg and Wilkinson (2004) 
reported another example of differential temperature threshold values 
for bleaching in the Mediterranean, when two symbiotic corals 
bleached, probably as a result o f elevated summer temperatures 
(1.2 °C above summer maximum), although the absolute temperature 
was only about 22 °C to 23.9 °C.

These varying upper temperature threshold ranges for coral 
bleaching from 24 °C to 34 °C imply that corals as a group are able 
to adapt during geologic times to higher temperatures, but the 
question remains, whether corals can adapt as fast as necessary to 
counteract rapid temperature rise (Buddemeier et al., 2004). Today, 
adaptation of corals to higher temperatures seems to be close to the 
limit, as mortality rates of corals have increased since the 1980s (30% 
of corals have disappeared from coral reefs; Hoegh-Guldberg, 2005).

5.1.1. Corals and El Niño
El Nifio-Southern Oscillation (ENSO) is the combined phenomenon 

of thermal and circulation changes of the ocean and the atmosphere,
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which has its origin in the central Pacific Ocean (Trenberth, 1997). An 
El Niño event is inferred when the following applies: If the 5-month 
running means of sea-surface temperature (SST) anomalies in the 
Niño 3.4 region (5°N-5°S, 120°-170°W) exceed 0.4 °C for 6 months or 
more (Trenberth, 1997). Recent modeling studies suggest a connection 
between a doubling of the C02 content and a higher ENSO magnitude 
(Yeh et al., 2006). Since the 1980s ENSO events intensified 
(higher temperature anomalies) and worldwide coral bleaching 
occurred after these events (especially 1983, 1987 and 1998, Glynn, 
2000; Fitt et al., 2001 ; Fig. 8). This bleaching is a reaction to increased 
anomalous temperatures caused by the ENSO events (Fitt et al., 2001 ) 
and is often followed by high mortality and reduced growth rates 
(Hughes et al., 2003). Current proxy data of ENSO effects in the early 
Paleogene are as yet insufficient but simulations from a fully coupled 
circulation model suggest that the temperature anomalies of ENSO are 
about 60% greater than current values. Furthermore, these studies 
suggest a more global effect, w ith stronger consequences to Europe 
than today (Huber and Caballero, 2003). These higher temperature 
anomalies could have led to amplified bleaching and subsequent 
high coral mortality at low and middle latitudes.

5.2. Calcification o f corals

C02 is not only a prominent greenhouse gas and a key player in 
presently rising temperature (see Section 4.2 about C02) and its 
consequences for coral growth (see previous Section 5.1), but the 
amount of C02 in the seawater also directly controls calcification rates 
of marine organisms such as reef corals and coralline algae (Gattuso 
and Buddemeier, 2000; Guinotte et al., 2003) as well as pteropods and 
cold-water corals (Orr et al., 2005). Besides the amount of C02, the rate 
of change is equally important (Caldeira and Wickett, 2003). The faster 
the change, the more sensitive ocean pH is reacting. According to 
Hoegh-Guldberg (2005) coral calcification is strongly dependent on 
the aragonite saturation state, as aragonite is the main crystal form in 
reef-building corals. W ith doubling C02 concentrations ocean acid­
ification due to reduced ocean pH occurs and the calcification 
rate of marine organisms is depressed by 10%-30% due to a reduced 
availability of carbonate ions. Weaker skeletons could be a conse­
quence of this depressed calcification rate, which in turn could lead 
to an increased susceptibility to mechanical destruction and bioero­
sion (Kleypas et al., 1999; Andersson et al., 2003). Recent exper­
iments show that such acidification w ill decrease the ability of corals 
and other organisms (planktic and benthic) to build their carbonate 
skeleton (Orr et al., 2005).

5.3. Variation o f magnesium/calcium (Mg/Ca) ratios

Investigations of the composition of non-skeletal precipitates 
like ooids and marine cements indicate that the chemical composition 
of the seawater has changed during the Phanerozoic (Sandberg, 
1983; Stanley, 2006; Fig. 10). The chemical composition, especially the 
Mg/Ca ratio, in turn is responsible for the precipitation of inorganic 
aragonite or calcite (Berner, 1975) resulting in times during which 
oceans predominantly precipitated calcite and times of predominant 
aragonite precipitation (Sandberg, 1983; Stanley, 2006; Fig. 10). 
During the entire Phanerozoic two periods of “calcite seas" and 
three periods of “aragonite seas" can be distinguished. During the 
Cretaceous to early Paleogene a calcite sea w ith very low Mg/Ca ratios 
prevailed, whereas since the late Paleogene an “aragonite sea" 
prevailed (Fig. 10). Not only inorganic precipitates are affected by 
these changes but they may have consequences for skeletal growth of 
certain organism groups as well (Stanley, 2006). Skeletal secretion of 
aragonitic scleractinian corals for example is dependent on the Mg/Ca 
ratio in the seawater and therefore scleractinian coral growth is 
increased during times of aragonite seas (Stanley, 2006). Recent 
laboratory tests proved that scleractinian coral calcification is affected

by ambient seawater chemistry (Ries et al., 2006). The effects 
of seawater chemistry on coral biomineralization are probably part­
ly responsible for the diminishing importance of corals as reef- 
building organisms in the late Cretaceous, a time of a calcite sea w ith a 
low Mg/Ca ratio. At the same time rudists, w ith their calcite skeleton 
inherited the role of the previously dominant corals (Kauffman 
and Johnson, 1988). This calcitic dominance in the oceans lasted 
until the Oligocene, when the ocean chemistry switched back to 
aragonitic conditions, which continue today. Consequently, from the 
beginning of the Oligocene onwards scleractinian corals again were 
the dominant reef-building organisms (Geei, 2000).

5.4. Early Paleogene coral reef distribution

In a study on the extinction and recovery patterns of scleractinian 
corals at the Cretaceous-Tertiary boundary Kiessling and Baron-Szabo 
(2004) reported a very low coral extinction rate, in comparison to 
other benthic marine invertebrates. Apparently, corals benefited from 
the K/T extinction event, as they became more abundant in the 
Paleocene than in the late Cretaceous, in which carbonate platforms 
were often dominated by rudists. Although coral reefs and corals have 
been rare throughout the entire early Paleogene this review 
demonstrates that in the early Paleocene corals were quite common 
in low-middle latitudes (Vecsei and Moussavian, 1997; Kiessling and 
Baron-Szabo, 2004; Baceta et al., 2005), while during the latest 
Paleocene to early Eocene the sea floor was nearly devoid of colonial 
corals. According to Flügel and Kiessling (2002) and Kiessling and 
Baron-Szabo (2004), absolute numbers of reefs (i.e. buildups by sessile 
benthic organisms like corals, sponges and bryozoans) decreased by 
25% from the Thanetian to the Ypresian. The average sizes of the reefs 
also diminished strongly and global reef carbonate production 
decreased by 40% (Flügel and Kiessling, 2002). Parallel to the 
diminution of reefs the accumulation rates of platform carbonates 
increased considerably and the carbonate platform area shrank 
dramatically (Kiessling et al., 2000). The late Paleocene decrease 
in coral reefs can be observed w ith latitudinally dependent time lags 
in all Tethyan areas, where coral patch reefs diminished and were 
succeeded by larger foraminifera shoals. Additionally encrusting 
foraminifera (Solenomeris), abundant in the late Paleocene, even 
started to build reef-like structures in the early Eocene (Plaziat and 
Perrin, 1992).

Typical framework reefs dominated by coral assemblages, nearly 
absent in the early Paleogene became the most common type of 
bioconstruction from the middle Eocene time onwards (Geei, 2000; 
Perrin, 2002), whereas real barrier reefs appear as early as Oligocene 
(Geei, 2000). The middle-late Eocene was also the time interval of 
rapid coral diversification, increasing abundance, geographic distribu­
tion, and size of reefs (Fagerstrom, 1987). In the eastern Pacific this 
time interval is characterized by a first peak in the abundance curve of 
Cenozoic coral taxa (Budd, 2000; Lopez-Perez, 2005). In the Caribbean 
the first coral reefs were described from the early Eocene, w ith the 
exception of the late Paleocene coral reef in Alabama (Bryan, 1991), 
and by middle to late Eocene times corals had established diversity, 
comparable of today's diversity (Budd, 2000).

6. Parameters controlling larger foraminifera evolution

Similar to reef-building corals, larger foraminifera are important 
producers of CaC03 (Langer, 2008) and are sensitive to changes in water 
quality. Thus, their distribution and evolution reflects short- and long­
term environmental changes in the shallow-water domain (Hallock,
2000). In the following chapter we look in detail into parameters 
controlling the life and evolution of larger foraminifera, i.e. their 
sensitivity to solar radiation, to variation of seawater chemistry and to 
nutrient supply. Furthermore, the concepts of K-strategy and global 
maturation cycles, both important for the general evolution of larger
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foraminifera, are recapitulated. In the last chapter the larger forami­
niferal distribution of the early Paleogene is discussed.

6.Í. Solar radiation sensitivity o f larger foraminifera

Larger foraminifera live w ithin the photic zone where they build 
tests of several mm to more than 10 cm in size. The middle Eocene 
Nummulites gizehensis, the literal building block of the Great Pyramids 
in Egypt, ranged even up to 16 cm (Lee et al„ 1979; Purton and Brasier,
1999). Construction of these extremely large tests is only possible 
through symbiosis w ith photosynthetic algae. During evolution the 
tests of larger foraminifera tend to get more complex, larger and test 
sizes vary to adapt for different bathymetric regimes to evolve to 
almost perfect “greenhouses“ for their symbiont algae (Lee et al„ 1979; 
Hallock, 1988b). Similar to corals, larger foraminifera can also suffer 
from symbiont loss, causing bleaching and ultimately death. In 
contrast to reef-building corals, in which the symbionts are sensitive 
to slight increases in summer sea-surface temperature, symbiont loss 
or bleaching in larger foraminifera (Amphistegina) shows no correla­
tion to summer temperature (Hallock, 2000, 2005; Hallock et al.,

2006). Bleaching in larger foraminifera is rather related to increased 
solar radiation, indicating that larger foraminifera are living close to 
their threshold for this particular stress factor (Hallock, 2005).

6.2. K-strategy and trophic resource regime

Larger foraminifera are considered extreme K-strategists (Hottinger, 
1983,1998) depending on long-term environmental stability. K-strategists 
are characterized by a long individual life and a low reproductive 
potential. This life strategy is most advantageous in highly stable, 
typically oligotrophic environments, where organisms compete 
by specialization and habitat partitioning (Hallock et al., 1991). Although 
larger foraminifera as a group are extreme K-strategists, a trend 
of increasing K-strategy in Paleogene larger foraminifera can be 
discerned from alveolinids (Glomalveolina, Alveolina) through nummuli­
tids (Ranikothalia, Assilina, Nummulites) and pellatispiridis (Miscellanea) 
to orthophragminids (Discocyclina) (Hottinger, 1982). During a 
breakdown or interruption of stable oligotrophic conditions the most 
extreme K-strategists are the first to disappear (Hottinger, 1983). The 
PETM represents such an interruption of stable conditions on
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continental margins. Prior to the PETM oligotrophic conditions prevailed 
on many shelf margins providing optimal conditions for larger foramini­
fera as alveolinids (Glomalveolina), nummulitids (Ranikothalia) or pellatis- 
piridis (Miscellanea). With the onset of the PETM, transient expansion 
of the trophic resource continuum led to eutrophic conditions on 
Tethyan continental margins (Speijer et al., 1997). As a result 
typical extreme K-strategists among larger foraminifera (e.g. Miscellanea, 
Ranikothalia) disappeared, while more moderate K-strategists like 
glomalveolinids thrived unaffectedly (Scheibner et al., 2005). A switch 
from K-strategists to excursion taxa and r-strategists is also observed in 
smaller benthic foraminifera of deeper waters (Speijer et al., 1997 ; Thomas, 
1998; Speijer and Wagner, 2002) as well as in calcareous nannofossils 
from the Demerara Rise (South America), an outer continental margin 
drilling site (Jiang and Wise, 2006). After the return to oligotrophic 
conditions in the basins and on the platforms the larger foraminifera 
flourished again with the radiation of Alveolina and Nummulites (Scheibner 
et al., 2005).

6.3. Global community maturation cycle (GCM cycle)

According to Hottinger ( 1997, 2001, 2006), the long-term evolution 
of larger foraminifera is controlled by gradual changes in the composi­
tion of an assemblage in between two breaks or discontinuities, such as 
mass extinctions or major environmental changes. During times of 
ecological disruption, the end members of the K-r strategy gradient 
suffer the most and are replaced after a certain time by new ones 
(Hottinger, 2001). This cycle of gradual change between two breaks is 
called a global community maturation (GCM) cycle (Hottinger, 2001). In 
the case of Paleogene K-strategist foraminifera the GCM cycle consists of 
five phases (Hottinger, 2001). The first phase (Danian to Selandian) 
started w ith only few surviving larger foraminifera after elimination of 
nearly all lineages (e.g. Cretaceous Orbitolinidae, Meandropsinidae and 
Alveolinidae) at the Cretaceous/Paleogene boundary. The first two 
biozones (SBZ1 and SBZ2; Fig. 1) are characterized by an increase in 
genera, which have small tests and show virtually no dimorphism. In 
phase 2 (Selandian to Thanetian; SBZ3 and SBZ4; Fig. 1), larger 
foraminifera start with the experimentation of new morphologies, and 
a further increase in generic diversity, while in phase 3 (early llerdian; 
SBZ5 and SBZ6; Fig. 1 ) a general reconstitution of larger foraminifera 
occurred with a diversification of the species belonging to successful 
genera (Hottinger 1997, 2001). This phase in the GCM cycle marks the 
full recovery of K-strategy in larger foraminifera and lasted as long as the 
environmental conditions remained stable (Hottinger, 2001). After 
recovery in phase 3, phase 4 (late llerdian to Lutetian; SBZ7 to SBZ14/15) 
is characterized by a size increase and a further diversification of the 
successful lineages. This cycle ended about 23 m.y. later in the late 
middle Eocene (late Lutetian to early Bartonian, SBZ15 and SBZ 16) with 
phase 5, characterized by a decrease in species diversity.

The experimentation of new life strategies of larger foraminifera in 
phase 2 of the GCM cycle (SBZ3 and SBZ4, Plate 1) correlates with the 
Tethyan platform stages 1 and 11, in which larger foraminifera gradually 
took over former live habitats of corals. The onset of phase 3 of the GCM 
cycle (SBZ5 and SBZ6, Plate 1 ), which marks the full recovery of K-strategy 
and an increase in species diversification, coincides with the PETM and 
the Larger Foraminifera Turnover of Orue-Etxebarria et al. (2001) and 
marks also the beginning of carbonate platform stage 111. Apparently the 
PETM marks no or just a minor break in the overall Paleogene larger 
foraminifera GCM cycle, with the disappearance of only the most extreme 
K-strategists among the larger foraminifera (see Section 6.2). As the PETM 
coincides with the onset of phase 3 (full success of larger foraminifera) of 
the GCM cycle, the PETM may serve as a trigger for this phase.

6.4. Early Paleogene larger foraminifera distribution

Paleogene and Neogene larger foraminifera can be assigned into 
three bioprovinces worldwide: Mediterranean, Indo-West Pacific, and

Central American (Adams, 1983). A more recent paleobiogeographic 
study subdivided the Mediterranean and Indo-West Pacific Paleogene 
larger foraminifera into three major provinces: Europe and the 
Mediterranean; NE Africa and the Near/Middle East, which included 
in some time intervals the Apulian plate and India; SE Asia and the W 
Pacific (Pignatti, 1994). The shallow benthic zonation of Serra-Kiel et 
al. (1998) can be relied on in the first two provinces of Pignatti (1994). 
The reason for such biogeoprovincialism remains unclear, as within 
different times slices cosmopolitan genera are existent. Langer and 
Hottinger (2000) studied the recent biogeography of selected larger 
foraminifera and mentioned two reasons for biogeography, tempera­
ture, which is responsible for latitudinal separation and a steep 
trophic gradient, which could be responsible for longitudinal separa­
tion. In the Paleocene, Ranikothalia bermudezi and Discocyclina for 
example occur w ithin all biogeoprovinces, while Alveolina primaeva 
is restricted to the Tethyan realm as far as E India (Adams, 1973; 
Hottinger, 1973; Fleury et al., 1985). A possible explanation for cos­
mopolitan genera might be the fact that their occurrence coincides 
w ith times of recolonization of former vacant niches as in the 
Paleocene or Oligocene (Adams, 1973). Both times can be roughly 
related to the recovery phase at the beginning of the GCM cycle of 
Hottinger (2001 ), where the competition among larger foraminifera 
just started and therefore was not as severe as in later phases. A 
summary of the generic distribution of nummulitids has been done 
by Racey (1994). Ranikothalia is present in the Paleocene in all three 
provinces of Adams (1973), while in the Eocene it is restricted to 
Central America. Assilina and Nummulites are present from the late 
Paleocene to the late middle Eocene/Oligocene in the Indopacific 
and Mediterranean, while absent or very rare in Central America, 
respectively.

The rapid diversification of larger foraminifera in the early 
Paleogene is probably caused by a combination of the reconstitution 
of the K-strategist larger foraminifera, rising sea-surface tempera­
tures, leading to the decline of coral reefs, and the overall oligotrophic 
conditions during this time interval (Scheibner et al., 2005). The faunal 
changes in the Paleocene to Eocene, upon which the shallow benthic 
zonation of Serra-Kiel et al. (1998) is based, are thought to relate to 
eustatic sea-level changes (Adams, 1983; Seiglie, 1987; Pignatti, 1991). 
Most of the larger foraminifera-rich deposits and thus most of the 
newly evolved species should have been formed in the transgressive 
to early highstand systems tracts (Seiglie, 1987; Pignatti, 1991), i.e. 
during times of expansion of hospitable shelf areas. Comparable to 
the change in latitudinal distribution of corals through the early 
Paleogene, there probably also exists a longitudinal and/or latitudinal 
change w ithin the distribution of the different larger foraminifera 
genera/species, as in some regions larger foraminifera, typical 
for SBZ4 (Miscellanea, Ranikothalia) are still present in SBZ5/6. In a 
comparison of larger foraminiferal distribution patterns of the 
Mediterranean and the Far East, Hottinger (1971) pointed out that 
larger foraminifera assemblages are similar but not identical in 
both areas. Furthermore, the zonal scheme of the Paleogene larger 
foraminifera biostratigraphy of the Far East is much more incomplete 
than that of the Mediterranean Paleogene. These different distribution 
patterns might also reflect the fact, that certain areas are investigated 
in greater detail than others (Leppig, 1988). One example for this 
inhomogeneous research pattern is the distribution of Miscellanea. In 
a revision of Miscellanea, Leppig (1988) pointed out that the early 
forms of Miscellanea are only reported from the western Tethys, 
while the later forms (M. miscella) are restricted to the eastern Tethys. 
However, later studies reported the early forms of Miscellanea 
also in the eastern Tethys (NE India) as well (Jauhri, 1998). The most 
eastern Tethyan area in this study (NE India) is also considered to 
be exceptional in its early Eocene foraminiferal content, as the 
typical Alveolina s.s. and Nummulites are not present and instead the 
Paleocene taxa of Miscellanea and Ranikothalia are still thriving in this 
area up to SBZ6 (Jauhri, 1996). Only from that time onwards Alveolina
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Plate 1. Characteristic larger foraminifera o f the different platform  stages: A) Alveolina vredenburgi; SBZ5; platform  stage III; magnification 20*. B) Nummulites sp.; SBZ8; platform  
stage III; magnification 20*. C) Ranikothalia nuttalli, middle; Miscellanea cf. rhomboidea top le ft; SBZ4; platform  stage III; magnification 20*. D) Hottingerina lukasi; SBZ4; platform  
stage II; magnification 40*. E) Glomalveolina primaeva; SBZ3; platform  stage I; magnification 40*. F) Glomalveolina levis; SBZ4; platform  stage II; magnification 40*.
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and Nummulites became the dominant genera, while Miscellanea and 
Ranikothalia disappear or become unimportant. The reason for this 
exceptional faunal composition might be the rise of fewer larger 
foraminiferal groups than in the western Tethys, leading to less 
competition for the same habitat and enhanced survival of older 
lineages (Leppig, 1988). The exceptional faunal composition in NE 
India might be also explained by different responses of the larger 
foraminifera in the western and eastern Tethyan provinces to the 
PETM. Perhaps the PETM did not perturb platform environments on 
the Indian subcontinent as intensely as in the western Tethys. Detailed 
PETM data from this region are required to test this speculation.

At the end of the Eocene several larger “Paleogene" foraminiferal 
lineages became extinct and in turn were succeeded by newly evolving 
“Neogene" larger foraminifera in the Oligocene (Adams, 1973), 
although stratigraphically the Oligocene is still attributed to the 
Paleogene.

7. Causes for the platform evolution in the early Paleogene

In the previous chapters we collected evidence for a threefold 
carbonate platform development in the Tethyan realm during the 
early Paleogene based on 17 areas from the northern to the southern 
margin of the Tethys. Subsequently we discussed climate proxies for 
the early Paleogene in general, focusing on temperature, C02 and 
precipitation changes. After this general discussion we reviewed the 
parameters controlling the distribution of corals and larger foramini­
fera, two of the important carbonate platform dwelling organism 
groups.

In the following two chapters we evaluate the geologic data of the 
Tethyan carbonate platforms in the light of the early Paleogene climate 
and organism evolution to explain the succession of the three platform 
stages. As the different time scales involved are a key issue to explain 
the causes for the different platform stages, we separate consequences 
of long-term causes from those of short-term causes, although one 
parameter, e.g. temperature can be effective at both time scales. The 
long-term causes set the basis for the overall platform evolution trend 
and are responsible for the transition from platform stage 1 to platform 
stage 11, but continued into platform stage 111. The short-term causes on 
the other hand are related to the impact of the PETM hyperthermal and 
thus are responsible for the transition from platform stage 11 to 
platform stage 111. Further Eocene hyperthermals, similar but with 
minor magnitudes to the PETM, and their possible effects on early 
Paleogene carbonate platform evolutions are listed in Section 7.3.

7.1 Long-term causes

The main factors controlling the long-term evolution of early 
Paleogene Tethyan carbonate platforms are expansion and reduction 
of the trophic resource continuum, C02 and temperature changes. 
The first platform stage starts at the beginning of the long-term 
warming at the base of the Thanetian. This long-term warming trend 
culminated at the Early Eocene Climatic Optimum. Widespread 
oligotrophic conditions could have favored the migration and 
settlement of corals, but they did not. The overall marginal appearance 
of coral reefs during the early Paleogene might be explained by the 
predominance of a calcite sea w ith low Mg/Ca values, hampering 
aragonitic corals to construct their skeleton, while larger foraminifera 
appear not to be affected by changing Mg/Ca values. Elowever, the 
presence of a calcite sea during late Cretaceous to early Paleogene 
might only explain the overall scarcity of corals in this time interval, 
but not the decreasing trend documented in this study. Overall this 
study highlights the fact that coral reefs are still important 
contributors for carbonate platforms during the Paleocene. The only 
exception to this general pattern in our study is the Moroccan 
platform, where cold nutrient rich upwelling waters favored the 
construction of oyster banks over organisms like corals or larger

foraminifera preferring warmer oligotrophic waters (Herbig, 1986). 
Conditions on the Moroccan platform remained similar for the entire 
studied interval (stages 1-111).

During platform stage 11, global warming continued and coral reefs 
shifted from the low latitudes to the middle latitudes, while larger 
foraminifera took over this niche in the low latitudes and started to 
diversify. We relate this latitudinal shift to increases in SST. The 
question remains open why coral reefs might be affected by a gradual 
increase in SST. Normally coral reefs are capable to adapt to such an 
increase, but in cases of an already high SST, as in the late Paleocene, 
which is close to the upper absolute thermal threshold for corals, even 
slight temperature increases or repeated temperature anomalies may 
cause a withdrawal of the coral reefs to more favorable areas. If the 
recent model of Sewall et al. (2004; Fig. 8) represents a realistic 
scenario for SST distribution patterns for the early Paleogene, then the 
highest temperatures occurred in the eastern Tethys around the 
Indian subcontinent and on the eastern side of Africa, up to NE Africa, 
while the western Tethys would be bathed in “cooler" waters (Fig. 8). It 
is indeed in the warmer eastern Tethys where we find the transition 
from coralgal reefs to larger foraminifera shoals during platform 
stage 11, while coralgal reefs remained important carbonate platform 
constructions in the rest of the western Tethys (Fig. 8). A similar 
transitional shift of carbonate platforms is documented by Wilson 
et al. (1998) and Jenkyns and Wilson (1999) in a study on the evolution 
of different Cretaceous guyots, located in the Pacific. They concluded 
that these carbonate platforms were drowned during the passage 
across the equator and inferred high paleotemperatures as the most 
reasonable cause for decline and subsequent drowning. During the 
passage across the equator region the previous shallow-water plat­
forms were exposed to gradually increasing temperatures, which 
hampered the platform growth and subsequently these platforms 
subsided to greater water depth, at which a recovery of the platform 
organisms was impossible. A negative effect of higher temperatures 
on the position of coral reefs is also reported from the Mediterranean 
Miocene (Pomar and Hallock, 2007), where coral growth occurred at 
higher latitudes and in deeper waters in comparison w ith today. These 
shifts were partly attributed to the somewhat higher temperatures. 
With decreasing temperatures in the late Miocene the coral habitats 
migrated upwards to shallower depths (Pomar and Hallock, 2007).

Platform stage 11 was also the time in which larger foraminifera 
experienced new morphologies and increased in generic diversity after 
the crisis of the Cretaceous/Paleogene boundary. By the onset of 
platform stage 111 larger foraminifera had completely recovered from 
the near extinction at the Cretaceous/Paleogene boundary. The 
combination of very warm and stressful conditions for corals and the 
full recovery of larger foraminifera led to a replacement of coralgal reefs 
by larger foraminifera. As temperature rise was more effective in the low 
latitudes, replacement by larger foraminifera started in the low latitudes, 
while in the middle latitudes temperatures were still favorable for 
coralgal reefs. This shift in organism distribution from coralgal reefs to 
larger foraminifera is most accentuated at this interval (phase 3) of the 
Paleogene larger foraminifera GCM cycle. Had the PETM occurred during 
phase 1 or 2 of the GCM cycle, larger foraminifera probably may not have 
been evolutionarily well equipped for such dominance and other 
organisms, as the rudists in the late Cretaceous, could have dominated 
shallow-water platforms. On the other hand, i f  the PETM occurred later 
during the GCM cycle, the successful larger foraminifera genera would 
have been already established and may have not had the potential to 
diversify any further and would have reacted only w ith minor 
modifications and replacements. This hypothesis might be tested at 
the younger hyperthermals (see Section 7.3).

7.2. Short-term causes

The onset of platform stage 111 coincided w ith the PETM, which 
resulted in an extreme short-term temperature rise, short-term
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eutrophic conditions on the shelf areas and rapid acidification of the 
deeper ocean due to oxidation of methane to C02 (Hallock et al., 1991 ; 
Zachos et al., 2003, 2005). During the PETM SST rose about 5 °C in low 
latitudes and up to 8 °C in middle to high latitudes (Zachos et al., 2003, 
2006; Tripati and Elderfield, 2004). This temperature rise was probably 
beyond the range of adaptation capacity for coral reefs. The climate 
changes, associated w ith the PETM, towards more humidity and 
subsequent increased runoff in the Tethyan realm (Bolle and Adatte,
2001) and/or intensified upwelling (Speijer and Wagner, 2002) led 
to a short-term eutrophication in the coastal areas, which further 
hampered coral reef growth and resulted in a change from larger 
foraminifera association 1 (miscellaneids, Ranikothalia) to larger 
foraminifera association 11, dominated by alveolinids and nummulitids, 
the so-called Larger Foraminiferal Turnover of Orue-Extebarria et al. 
(2001 ). This Larger Foraminiferal Turnover is characterized by a high 
diversification, indicating phase 3 in the global community maturation 
(GCM) cycle of Paleogene larger foraminifera. The coincidence of the 
PETM and the Larger Foraminiferal Turnover or phase 3 of the GCM 
cycle suggests a connection between both. It's probable that the PETM 
triggered this step in larger foraminiferal evolution. During the PETM, 
oxidation of the methane released from the sea floor produced C02, 
causing dissolution of deep-sea carbonate and raising the calcium- 
carbonate depth (CCD) by at least 2 km leading to an acidification of 
the oceans (Zachos et al., 2005), which also could have effected the pH 
of surface waters. This could have hampered the calcification rate of 
corals and thus contributed to the overall decline of coral reefs. 
All these factors affected coralgal reefs and corals negatively and 
resulted in the decline of corals at the beginning of the Eocene. Larger 
foraminifera were also affected from eutrophication and C02 rise, but 
especially the temperature increase seems to have been a much less 
important controlling parameter.

A further short-term effect, which is not only restricted to the 
PETM time interval but could be effective probably during the overall 
warm early Paleogene are variations in the proto-ENSO activity. A 
modeled ENSO activity for the Eocene (Huber and Caballero, 2003), 
w ith a higher magnitude and thus higher temperatures extremes than 
today could have hampered the ability of corals to recover from 
previous warming events, if  these occur in a series, thus leading to an 
overall retreat of coral reefs.

The regeneration of coral reefs started w ith small reefs only in the 
middle Eocene, a time when C02 concentrations dropped to 2-3 times 
pre-industrial concentrations and only when in the Oligocene these 
concentrations had declined further and seawater chemistry switched 
from a calcite sea to an aragonite sea, widespread coral reef buildups 
were created (Geei, 2000; Hallock, 2005).

7.3. Early Paleogene hyperthermal events

In this paper we concentrate on a short time interval (5 my) across 
the Paleocene/Eocene boundary (-60 Ma-55 Ma). The prominent 
event during this interval was the PETM hyperthermal at which 
substantial changes happened (transition from platform stage 11 to 
platform stage 111). Recent investigations from ODP and 10DP drilling 
sites on the Shatsky Rise (Western Pacific Ocean; Bralower et al.,
2002), Demerara Rise (Northern Atlantic; Sexton et al., 2006b) and 
Walvis Ridge (Southern Atlantic; Kroon et al., 2007) revealed the 
occurrence of further possible hyperthermals in the deep ocean 
(Kroon et al., 2007). These deep marine hyperthermal findings were 
supported by similar ClE's in shallow-marine sediments from the 
continental margin of New Zealand (Nicolo et al., 2007). Evidence for a 
first transient climatic warming was found in the early late Paleocene 
at ca. 58.4 Ma (Bralower et al., 2002; Kroon et al., 2007).

In the early Eocene two additional hyperthermal events are 
discussed, although they are smaller in magnitude in comparison 
w ith the PETM (C1E of 2.5%»). The carbon isotopic excursion of the 
Elmo horizon measures roughly 1.5%o-2%o, while the carbon isotopic

excursion for the X-event lies between 0.6%» and 1.0%». The Elmo 
horizon at 53.5 Ma is linked w ith a rise in sea-surface temperature of 
about 3°-4 °C (Lourens et al., 2005; Dutton et al., 2005) and a rise in 
deep-sea temperature of 2°-3° (Kroon et al., 2007). As the investiga­
tions on the X-event (52 Ma) are still ongoing (Röhl et al., 2005), 
no further results can be presented so far. The timing of the X-event 
correlates roughly w ith the onset of the Early Eocene Climatic 
Optimum (52-50 Ma; Zachos et al., 2001).

Whether these apparently global events have had additional effects 
on shallow-water platforms, similar to those of the PETM remains 
for the moment uncertain and needs further research. However, a 
comparison of the timing of these events w ith the larger foraminifera 
diversity curves of Hottinger (1998 ; Fig. 1 ) makes a connection at least 
possible, as larger foraminifera diversity peaks similar to the diversity 
peak at the PETM occur at these hyperthermals.

8. Consequences for future reef systems

If global SST continues to rise further, it is logical to assume that 
areas favorable for reef growth at higher latitudes would become 
available. This poleward expansion of reefs has occurred previously 
(Kleypas et al., 2001) and has also been demonstrated for the Eocene 
(Adams et al., 1990), where reef-building corals were found at 
paleolatitudes up to 51 °N (Wallace and Rosen, 2006). But estimates 
for today suggest that effects of geographic expansion are very minor 
in comparison to the overall negative effects (Buddemeier et al., 2004).

Recently the idea of an “ocean thermostat" that preserves SSTs in 
the ocean around 30°-31 °C has been adopted to predict the possibility 
of less coral bleaching in the near future (Kleypas et al., 2008). But 
given the results of this study and the most recent SST reconstructions 
for the Paleocene-Eocene it is doubtful, whether the threshold of such 
an “ocean thermostat" is limited to 30°-31 °C. At least during the 
Paleocene/Eocene the thermostat had a higher threshold.

A thorough review on climate change, coral bleaching, human 
impact and the future of the world's coral reefs is given in Hoegh- 
Guldberg (1999), Wilkinson (1999) and Hoegh-Guldberg et al. (2007). 
They conclude that coral reefs are under threat in the decades to follow, 
but on a long-term prognosis (centuries to millennia) coral reefs 
probably have a good resilience if climate changes stabilize or reverse 
(Wilkinson, 1999; Hoegh-Guldberg, 1999). Furthermore, climate 
changes are not the only negative factors controlling reef growth. 
According to Pandolfi et al. (2003) coral reefs have suffered in the past 
extensively from human pollution (excess nutrient input) and over­
fishing (reduction of herbivory), which were mainly responsible for the 
reef degradation in historical times. Only recently these factors were 
superseded by coral disease and bleaching (Pandolfi et al., 2003). But if  
the rate of climate change (i.e. temperature increase) in combination 
with overfishing and coral diseases, which are still important para­
meters in coral reef reduction, outpace or hamper the capacity of coral 
reefs to adapt to such a warming (Hughes et al., 2003), the PETM might 
be a possible scenario for tropical reef sites. Hallock (2005) pointed out 
that “If the Eocene is a useful model, calcite foraminifers and coralline 
algae may once again predominate shallow-water carbonates, as 
aragonitic corals and calcareous green algae become less common". 
Even in this worst-case scenario coral reefs would probably not go 
extinct, at least not on the geological time scale, as this study reveals, but 
reductions of coral diversity might be severe nevertheless.

9. Conclusions

Rising temperatures during the latest Paleocene to early Eocene 
and the short-term effects during the PETM (temperature rise, 
eutrophication, C02 input) led to the decline of reef-building corals 
in the Tethys. In the absence of other reef-building organisms that 
tolerate higher temperatures, as rudists in the late Cretaceous, larger 
foraminifera could take over the role as a carbonate producer in
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platform environments. The late Paleocene to earliest Eocene is an 
important period w ithin the global maturation cycle of early Paleogene 
larger foraminifera. W ithin the time interval studied, phases 2 and 3 of 
this cycle, experimentation with new morphologies and full recovery, 
respectively, developed. The interaction of the physical effects on 
corals and the evolution of larger foraminifera resulted in three Tethys- 
wide platform stages. In platform stage I coral reefs were common at all 
latitudes, while larger foraminifera just started to recover from their 
decline at the Cretaceous/Paleogene boundary. The second platform 
stage is characterized by a latitudinal gradient in the coral reef 
distribution. Coral reefs were more or less absent at low latitudes, 
while at middle latitudes coral reefs were still present. The latitudinal 
pattern in coral reef distribution probably results at least partly from 
the latitudinal temperature gradient, w ith high temperatures in the 
southern Tethys, especially around India. This is supported by the latest 
climate modeling studies. An open question remains the reliability of 
these models, as they still have problems to simulate simultaneous 
warm low and high latitudes. The coral reefs in the low latitudes were 
superseded in platform stage II by a suite of larger foraminifera 
(including Miscellanea and Ranikothalia). In the western Tethys these 
foraminifera are indicative for the second platform stage, while in the 
eastern Tethys (India) they are present in platform stage III as well. The 
beginning of the third platform stage is closely related to the effects of 
the PETM. It is characterized by a strong increase in sea-surface 
temperatures and a general increase in C02 in the atmosphere and the 
ocean. The trophic resource continuum expanded during the PETM, 
w ith short-term regional changes from oligotrophic to eutrophic 
conditions in shelf areas and oligotrophic conditions in the open ocean. 
These events at the PETM led to the decline of the coral reefs and of the 
most extreme K-strategist w ith in the larger foraminifera that 
previously flourished on the carbonate platforms. After the return to 
stable oligotrophic conditions, nummulitids and alveolinids occupied 
the vacated niches, as the PETM marks the onset of the full recovery 
and diversification of larger foraminifera. This diversification leads to 
the Larger Foraminiferal Turnover and larger foraminifera thrived till 
the middle Eocene, a time when coral reefs became more abundant 
again. If the destruction of today's coral reef sites continues, the PETM 
might be a possible scenario for these environments.
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