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Summary

The warming trend that started in the latest Paleocene and culminated in the Early Eocene Climatic Optimum (EECO)
between 52 and 50 Ma is punctuated by short-lived hyperthermals, like the Paleocene Eocene Thermal Maximum (PETM)
that marks the base of the Eocene. Such short-lived hyperthermals are linked to global carbon cycle perturbations and
associated with major floral and faunal changes. Orbital pacing is probably triggering these hyperthermal perturbations. After
the EECO a cooling trend sets in only interrupted by a short Middle Eocene Climatic Optimum (MECO) in the beginning of
the Bartonian; at the beginning of the Oligocene the cooling trend is leading to the start of the present ice-house state with the
growth of the first large Antarctic ice sheets.

The Paleogene timescale is based on the seafloor magnetic field reversals in combination with radio-isotopically or
astronomically dated control points. The GTS2012 used astronomically derived ages in the intervals 66-53 and 37-23Ma and
a radio-isotopical age model in the interval between 53 and 37 Ma. It is expected that it will become possible in the future to
extend the astrochronological scale to the entire Paleogene.

The stage GSSP’s of Danian (El Kef, Tunesia), Selandian and Thanetian (Itzurun Beach, Zumaia, Basque County, Spain),
Ypresian (Dababiya section, Luxor, Egypt) , Lutetian (Gorrondatxe cliff, Basque County, Spain) and Rupelian ( Massignano
section, Ancona, Italy) have already been defined. For defining the Priabonian and the Chattian GSSP’s, suitable sections are
to be discussed respectively the Alano di Piave section in the Venetian southern Alps and the Monte Cagnero section in the
northeastern Apennines of Umbria-Marche in Italy. The Bartonian, historically referring to marine clays and sands in coastal
sections of the Hampshire basin in England, is still lacking a suitable GSSP section; in GTS2004 and 2012 its base is
provisionally kept at the C19n/C18r magnetic reversal. Potential Bartonian GSSP sections will be discussed.
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The Paleogene is a period of important revolution in the climatic and biotic history of the Earth,
characterized by elevated concentration of greenhouse gases and warm temperature conditions. After an initial
slight cooling during the early Paleocene, a gradual warming trend started at ~57 Millions of years ago (Ma),
culminating at the Early Eocene Climatic Optimum (EECO), a broad interval recording the highest temperature
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of the entire Cenozoic between 52-50 Ma (Zachos et al., 2001). Following the EECO, a long-term cooling
eventually led the climate system into the ice-house state with the formation of the first large-scale Antarctic ice-
sheet at the Eocene/Oligocene boundary (~34 Ma). It is now well documented that a series of short-lived (<200
kyr) events of extreme warming, known as hyperthermals, superimposed on the pre-EECO long-term warming
trend (Thomas & Zachos, 2000; Quillévéré et al., 2008; Westerhold ef al., 2008). These transient events are
closely linked to perturbations of the global carbon cycle as evidenced by concomitant large negative Carbon
Isotope Excursions (CIEs), which have been related to the input of isotopically light carbon into the coupled
ocean-atmosphere system. The best known and largest hyperthermal, the Paleocene-Eocene Thermal Maximum
(PETM or Eocene Thermal Maximum 1 —-ETM1), marks the end of the Paleocene at ~56 Ma, and is followed by
at least two other similar events of decreasing magnitude, the ETM2 at ~54 Ma and the ETM3 (52.5 Ma)
(Zachos et al., 2004, 2005; Stap et al., 2010a, b). These warming events are associated with major floral and
faunal changes, large perturbations in the carbon cycle, ocean acidification as inferred from dissolution of deep-
sea carbonates, and perturbations of the hydrological cycle that are consistent with the massive injection of
isotopically depleted carbon into the atmosphere-ocean system (Kennett & Stott, 1991; Zachos et al., 2008,
2010; Westerhold et al., 2008).

Cyclostratigraphic evidence suggests that orbital pacing controlled the timing of major fluctuations in the
carbon-climate system and consequently of the occurrence of hyperthermals (Lunt ef al., 2011). Similar events
have now been found in the early Danian, although showing smaller amplitude than the PETM. Being linked to
the rapid input of a massive amount of carbon into the exogenic pool, these events potentially represent past
analogues of future climate conditions. Their study, therefore, could provide important insights to predict the
future responses of Earth’s climate and biota to anthropogenic emissions of CO,.

The Paleogene was also a period marked by significant evolutionary turnover in both marine and terrestrial
biota. High-resolution stratigraphic (biostratigraphy, stable isotope stratigraphy, magnetostratigraphy and
environmental magnetism) and geochemical data reveal significant changes in the climate, paleoceanography
and in the biota, pointing at different causes and consequences of the Paleogene events (Galeotti et al., 2010;
Coccioni et al., 2012; Mclnerney & Wing, 2012 with references therein).

So far, in fact, the reversal history of the Earth’s magnetic field has been the backbone of the Cenozoic time
scale (GPTS) ever since it was constructed. The GPTS is constructed using seafloor anomaly profiles in
combination with radio-isotopically dated age control points. An alternative method consists of astronomically
dating magnetic reversals and bio-events by tuning sedimentary cyclic sedimentary successions to astronomical
target curves. A critical examination of the quality of the available radiometric data and of the published
astronomical numerical ages, has led in GTS2012 to a combination of both approaches as neither of the two
methodologies is better over the entire range of the Paleogene. Astronomically derived ages are used for the time
intervals between 66 and 53 Ma and 37 and 23 Ma. The ages for the chron boundaries in between come from the
radio-isotopic age model. This led to a hybrid Paleogene time scale GTS2012 which in the future will probably
become a fully astronomically tuned time scale.

Spectral analyses of well-resolved Paleocene and Eocene oceanic and land-based sedimentary successions
has lately highlighted the importance of orbital forcing as a triggering mechanism for hyperthermal events, on
the other hand allowing to develop a floating cyclochronology for a large part of the Paleogene. Covering the
cyclochronological gap between ~40 Ma and the early Eocene, and integration with radiometric dating will
hopefully provide soon the conditions to extend the astrochronological scale to the entire Paleogene.

A brief history and the definitions of the subdivisions of the Paleogene period have been described in the
GTS2012, volume 2. Here we report the state of art of the Paleogene stages.

The Danian stage GSSP coincides with the Cretaceous/Paleogene (K/Pg) boundary. It is defined at the base
of the boundary clay in El Kef (Tunisia), which contains a high concentration of impact evidence that can be
used for correlation purposes (Molina et al., 2006). The mass extinction of planktonic foraminifera and
calcareous nannofossils and the biotic turnover of other marine groups are recorded at the base of the boundary
clay, and are excellent tools for global correlation in marine successions. Several auxiliary sections exist (Molina
et al., 2009). The age reported in GTS2012 for the K/Pg boundary is 66 Ma.
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The Selandian stage GSSP is defined at the base of the red marls of the Itzurun Formation in the coastal cliff
along the Itzurun Beach in Zumaia (Basque Country, Spain) (Schmitz ef al., 2011). At the base of the Selandian,
prevalently marly lithologies replace the succession of Danian red limestone and limestone-marl couplets. Such
a lithological change recoded in the deep-water setting of Zumaia is time-equivalent with the transition from
Danian limestones to Selandian detrital sediments in the shallow water setting of the type area in Denmark,
which suggests a link with a major sea-level regression, the Se-1 sequence boundary of Hardenbol et al. (1998),
dated at 61.6 Ma in GTS2012. The second radiation of fasciculiths (calcareous nannofossils) is considered as the
best criterion for global correlation of the base of the Selandian in the marine realm (Bernaola et al., 2009;
Monechi et al., 2013). The location of the base of the Selandian 30 precession cycles (~630 kyr) above the top of
magnetochron C27n in Zumaia suggests further correlation potential by means of cyclostratigraphy and
magnetostratigraphy (Dinares-Turrell et al., 2010).

The Thanetian is the youngest stage of the Paleocene. The Thanetian stage GSSP is located in the same
beach section at Zumaia as the Selandian GSSP and it coincides with the C261/C26n reversal (Schmitz et al.,
2011), dated 59.2 Ma in GTS2012. Dinoflagellate events are useful for regional and inter-regional correlation
(Heilmann-Clausen, 2007). While the base of the Thanetian is not associated with any global biotic turnover,
marked changes in calcareous nannofossils and planktonic and benthic foraminifera occur ~160 kyr before the
GSSP level (age based on cyclochronology), during a time interval unfavorable for the preservation of CaCOs
known as the Mid-Paleocene Biotic Event. The latter was probably linked to a warming event (Bernaola
et al.,2007).

The base of the Eocene and of the Ypresian stage has been defined in the Dababiya section near Luxor in
Egypt (Aubry et al., 2007). The corresponding GSSP coincides with the start of a prominent negative carbon
isotope excursion (CIE), selected for recognition and correlation with marine and terrestrial deposits. The CIE is
the expression of the Paleocene-Eocene Thermal Maximum (PETM), a global warming event that took about
~200 ka to return to background values. The CIE coincides with major paleontological events in the marine and
terrestrial realms, including the most severe extinction of deep-sea benthic foraminifera of the last 90 Myr, a
global acme of the dinoflagellate genus Apectodinium and the planktic foraminiferal genus Acarinina both
migrating to high latitudes, the rapid evolutionary turnover of calcareous nannoplankton, the extinction and
origination of shallow-water larger benthic foraminifera, latitudinal migration of plants and a rapid radiation of
mammals on land. The GTS2012 age for the base of the Eocene and Ypresian is 56 Ma.

The Lutetian GSSP (Early/Middle Eocene boundary) is defined at the Gorrondatxe sea-cliff section in the
Basque Country, northern Spain. An important sea-level drop around the Ypresian-Lutetian transition made the
choice of a deep-water reference section necessary; the dark marly level now defining the GSSP corresponds to a
global maximal flooding event. The GSSP level coincides with the lowest occurrence of the calcareous
nannofossil Blackites inflatus, occurring at the base of the Subzone CP12b within Zone NP14, and was dated
47.8 Ma in GTS2012. A distinctive low-carbonate interval interrupts the continuous limestone-marl alternation
of the Gorrondatxe section at the early Lutetian (Middle Eocene) C211/C21n Chron transition, ~50 metres above
the GSSP. This interval has been recognized in the Atlantic and Pacific Oceans, and it presents many of the
hallmarks of Paleogene hyperthermal deposits (Payros et al., 2012)

No GSSP has been defined yet for the Bartonian. The Bartonian refers to the marine clays and sands of the
Barton Beds of the Hampshire basin, which are exposed in coastal sections in central southern England. In the
absence of a suitable section for defining the Bartonian GSSP, the C19n/C18r boundary is retained as the base of
the Bartonian as in GTS2004. In GTS2012 the age of this magnetozone boundary is estimated to be 41.2 Ma.
Calcareous microfossil events around this boundary can help correlation (Jovane et al., 2007, 2010). A
significant turnover in planktonic foraminiferal assemblages is observed slightly above this boundary, across the
so-called Middle Eocene Climatic Optimum (MECO).

No GSSP has been defined yet for the Priabonian, although the Alano di Piave section in the Venetian
southern Alps has been informally proposed (Agnini ef al., 2011). An easily recognizable volcanic crystal tuff
bed in the section, correlatable with several calcareous microfossil levels could be chosen. However, in the
absence of a formal Priabonian GSSP, the stage base is kept as in previous reviews at the base of C17n.1n. The
age of this magnetochron boundary was determined at 37.8 Ma in GTS2012.

25



Ciéncias da Terra (UNL), 18

The Oligocene, historically with a threefold subdivision, has had an official twofold subdivision for a few
decades; the choice of the Rupelian GSSP, however, honours the original meaning of the base of the Oligocene.
This GSSP, defining the base of the Oligocene and the Rupelian stage, has been defined in open marine marls
and calcareous marls in the Massignano section, southeast of Ancona on the Adriatic coast of Italy. The GSSP is
denoted by the extinction of hantkeninids in planktonic foraminiferal assemblages. The base of the Oligocene
and Rupelian is dated at 33.9 Ma in GTS2012.

No formal proposition has yet been made for a Chattian GSSP. However, suitable and well-studied sections
exist in the Umbria-Marche northeastern Apennines in Italy where the Rupelian-Chattian transition is well
documented by means of microfossils. As no formal proposition has been made at present, an older criterion for
the definition of the boundary has been retained, namely the base of C10n.1n. near the level of the last common
occurrence (LCO) of the planktic foraminifer Chiloguembelina cubensis. This magnetochron level is dated at
28.1 Ma in GTS2012. The Monte Cagnero section (pelagic Scaglia Cinerea Formation, Umbria—Marche region,
central Italy) is a potential candidate for the Chattian GSSP (Coccioni et al., 2008). These authors suggested
that the LCO of C. cubensis is a reliable bioevent that can be used to recognize the O4/05 (P21a/P21b)
zonal boundary.

The Paleogene-Neogene boundary coincides with the magnetic reversal from C6Cn.2r to C6Cn.2n in the
section at Lemme-Carrosio in northern Italy and dated 23.03 Ma in GTS2012.

References

AGNINI C., FORNACIARI E., GIUSBERTI L., GRANDESSO P., LANCI L., LUCIANI V., MUTTONI G., PALIKE H., R10 D., SPOFFORTH D.
J. A. & STEFANI C. (2011) — Integrated bio-magnetostratigraphy of the Alano section (NE Italy): a proposal for defining
the Middle-Late Eocene boundary. Geological Society of America Bulletin 123 (5/6), 841-872; doi: 10.1130/B30158.1.

AUBRY M. P., OupA K., Dupruis CH., BERGGREN W. A., VAN COUVERING J. A. & THE MEMBERS OF THE WORKING GROUP ON
THE PALEOCENE/EOCENE BOUNDARY (2007) — The Global Standard Stratotype-Section and Point (GSSP) for the base
of the Eocene Series in the Dababiya section (Egypt). Episodes 30, 271-286.

BERNAOLA G., BACETA J. I., ORUE-ETXEBARRIA X., ALEGRET L., MARTIN M., AROSTEGUI J. & DINARES J. (2007) — Evidence
of an abrupt environmental disruption during the Mid Paleocene Biotic Event (Zumaia section, W Pyrenees). Geological
Society of America Bulletin 119 (7), 785-795.

COCCIONI R., MONTANARI A., BELLANCA A., BICE D. M., BRINKHUIS H., CHURCH N., DEINO A., LIRER F., MACALADY A.,
MAIORANO P., MARSILI A., MCDANIEL A., MONECHI S., NERI R., NINT C., NOoCCHI M., PROSS J., ROCHETTE P., SAGNOTTI L.,
SPROVIERI M., TATEO F., TOUCHARD Y., VAN SIMAEYS S. & WILLIAMS G. L. (2008) — Integrated stratigraphy of the
Oligocene pelagic sequence in the Umbria—Marche basin (Northeastern Apennines, Italy): a potential Global Stratotype
Section and Point (GSSP) for the Rupelian/ Chattian boundary. Geological Society of America Bulletin 120, 487-511.

CoccIOoNI R., BANCALA G., CATANZARITI R., FORNACIARI E., FRONTALINI F., GIUSBERTI L., JOVANE L., LUCIANI V., SAVIAN J.
& SPROVIERI M. (2012) — An integrated stratigraphic record of the Palacocene—lower Eocene at Gubbio (Italy): new
insights into the early Palacogene hyperthermals and carbon isotope excursions. Terra Nova 24 (5), 380-386.

DINARES[ITURELL J., STOoYKOVA K., BACETA J. 1., IvANOV M. & PUIALTE V. (2010) — High[Jresolution intral] and
interbasinal correlation of the Danian[] Selandian transition (Early Paleocene): The Bjala section (Bulgaria) and the
Selandian GSSP at Zumaia (Spain). Palaeogeography, Palaeoclimatology, Palaeoecology 297(2), 511-533.

GALEOTTI S., KRISHNAN S., PAGANI M., LANCI L., GAUDIO A., ZACHOS J. C., MONECHI S., MORELLI G. & LOURENS L. (2010) —
Orbital chronology of Early Eocene hyperthermals from the Contessa Road section, central Italy. Earth Planet. Sci. Lett.
290, 192-200.

HARDENBOL J., THIERRY J., FARLEY M. B., JACQUIN T., GRACIANSKY P. C. & VAIL P. R. (1998) — Mesozoic and Cenozoic
chronostratigraphic framework of European basins. /n GRACIANSKY P. C., HARDENBOL J., JACQUIN T. & VAIL P. R. (Eds.),
Mesozoic-Cenozoic sequence stratigraphy of European basins. Society of Sedimentary Geology, Special Publication
60, 3—13.

HEILMANN-CLAUSEN C. (2007) — Dinocysts from an expanded section of the Selandian-Thanetian transition: the
RODBYHAVN-1 borehole, SE Denmark. International Workshop of the Paleocene Working Group, Abstract Volume,
Zumaia, Basque Country, 26-27.

26



Ciéncias da Terra (UNL), 18

JOVANE L., FLORINDO F., COCCIONI R., DINARES -TURELL J., MARSILI A., MONECHI S., ROBERTS A. P. & SPROVIERI M. (2007)
— The middle Eocene climatic optimum (MECO) event in the Contessa Highway section, Umbrian Apennines, Italy.
Geol. Soc. Am. Bull. 119, 413-427.

JOVANE L., SPROVIERI M., COCCIONI R., FLORINDO F., MARSILI A. & LASKAR J. (2010) — Astronomical calibration of the
middle Eocene Contessa Highway section (Gubbio, Italy). Earth Planet. Sci. Lett. 298, 77-88.

KENNETT J. P. & STOTT L. D. (1991) — Abrupt deep—sea warming, palacoceanographic changes and benthic extinctions at the
end of the Palaeocene. Nature 353, 225-229.

LuNT D. J., RIDGWELL A., SLUUS A., ZACHOS J., HUNTER S. & HAYWOOD A. (2011) — A model for orbital pacing of methane
hydrate destabilization during the Palacogene. Nature Geosci. 4, 775-778.

MCINERNEY F. & WING S. (2012) — The Paleocene Eocene Thermal Maximum: a perturbation of Carbon Cycle, Climate and
Biosphere with implications for the future. Review of Earth and Planetary Science 39, 489-516.

MoOLINA E., ALEGRET L., ARENILLAS I., ARz J. A., GALLALA N., HARDENBOL J., VON SALIS K., STEUTBAURT E.,
VANDENBERGHE N. & ZAGHBIB D. (2006) — The Global Boundary Stratotype Section and Point for the base of the Danian
Stage (Paleocene, Paleogene, Tertiary”, Cenozoic) at El Kef, Tunisia: original definition and revision. Episodes 29 (4),
263-273.

MOLINA E., ALEGRET L., ARENILLAS L., ARZ J. A., GALLALA N., GRAJALES M., MURILLO-MURETON G. & ZAGHBIB D. (2009) —
The Global Boundary Stratotype Section and Point for the base of the Danian Stage (Paleocene, Paleogene, “Tertiary”,
Cenozoic): auxiliary sections and correlation. Episodes 32 (2), 84-95.

MONECHI S., REALE V., BERNAOLA G. & BALESTRA B. (2013) — The Danian/Selandian boundary at Site 1262 (South Atlantic)
and in the Tethyan region: biomagnetostratigraphy, evolutionary trends in fasciculiths and environmental effects of the
Latest Danian Event. Marine Micropaleontology 98, 28-40.

PAYROS A., ORTIZ S., ALEGRET L., ORUE-ETXEBARRIA X., APELLANIZ E. & MOLINA E. (2012) — An early Lutetian carbon-
cycle perturbation: insights from the Gorrondatxe section (western Pyrenees, Bay of Biscay). Paleoceanography 27,
PA2213, doi:10.1029/2012PA002300.

QUILLEVERE F., NORRIS R. D., KROON D. & WILSON P. A. (2008) — Transient ocean warming and shifts in carbon reservoirs
during the early Danian. Earth Planet.Sci. Lett. 265, 600-615.

ScHMITZ B., PUJALTE V., MOLINA E., MONECHI S., ORUE-ETXEBARRIA X., ALEGRET L., APELLANIZ E., ARENILLAS [., AUBRY
M. P., BACETA J. 1., BERGGREN W., BERNAOLA G., CABALLERO F., CLEMMENSEN A., DINARES-TURELL J., DUPUIS CH.,
HEILMANN-CLAUSEN C., HILARIO A., KNOX R., MARTIN-RUBIO M., ORTIZ S., PAYROS A., PETRIZZIO M. R., VON SALIS, K.,
SPEIER R., SPRONG R., STEURBAUT E. & THOMSEN E. (2011) — The global boundary stratotype sections and points for the
bases of the Selandian (Middle Paleocene) and Thanetian (Upper Paleocene) stages at Zumaia, Spain. Episodes 34 (4),
220-243.

STAP L., LOURENS L. J., VAN DUK A., SCHOUTEN S. & THOMAS E. (2010a) — Coherent pattern and timing of the carbon isotope
excursion and warming during Eocene Thermal Maximum 2 as recorded in planktic and benthic foraminifera. Geochem.,
Geophys., Geosyst. 11, Q11011.

STAP L., LOURENS L. J., THOMAS E., SLUUS A., BOHATY S. M. & ZACHOS J. C. (2010b) — High-resolution deep-sea carbon and
oxygen isotope records of Eocene Thermal Maximum 2 and H2. Geology 38, 607-610.

THOMAS E. & ZAcHOS J. C. (2000) — Was the late Paleocene thermal maximum a unique event? Geol. Foer. Stock. foer. 122,
169-170.

WESTERHOLD T., ROHL U., RAFFI 1., FORNACIARI E., MONECHI S., REALE V., BOWLES J. & EVANS H. F. (2008) — Astronomical
calibration of the Paleocene time. Palaeoge., Palaeoclim., Palaeoeco. 257, 377-403.

ZACHOS J., PAGANI H., SLOAN L., THOMAS E. & BiLLups K. (2001) — Trends, rhythms, an aberrations in global climate 65 Ma
to present. Science 292, 686—693.

ZACHOS J. C., KROON D., BLuM P., BOWLES J., GAILLOT P., HASEGAWA T., HATHORNE E. C., HODELL D. A., KELLY D. C.,
JUNG J.-H., KELLER S. M., LEE Y. S., LEUSCHNER D.C., LU Z., LoHMANN K. C., LOURENS L., MONECHI S., NICOLO M.,
RAFFI 1., RIESSELMAN C., ROHL U., SCHELLENBERG S. A., SCHMIDT D. N., SLUIS A., THOMAS D. J., THOMAS E. & VALLIUS
H. (2004) — Proceedings of the Ocean Drilling Program, Initial Reports Volume 208 [Online]. Available fromWorld
Wide Web. http. //Awwwodp.tamu.edu/publications’208_IR /208ir.htm.

ZACHOS J. C., ROHL U., SCHELLENBERG S. A., SLUUS A., HODELL D. A., KELLY D. C.,THOMAS E., NicoLO M., RAFFI 1.,
LoURENS L. J., MCCARREN H. & KROON D. (2005) — Rapid acidification of the ocean during the Paleocene—Eocene
thermal maximum. Science 308, 1611-1615.

27



Ciéncias da Terra (UNL), 18

ZAcHOS J. C., DICKENS G. R. & ZEeBE R. E. (2008) — An early Cenozoic perspective on greenhouse warming and carbon—
cycle dynamics. Nature 451, 279-283.

ZACHOS J. C., MCCARREN H., MURPHY B., ROHL U. & WESTERHOLD T. (2010) — Tempo and scale of late Paleocene and early
Eocene carbon isotope cycles: implications for the origin of hyperthermals. Earth Planet. Sci. Lett. 299, 242-249.

28





