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Abstract - The Early Eocene Climatic Optimum (EECO) records kiighest prolonged global
temperatures over the p&@Q Ma. Understanding the causes and timing of Eocémate change
remains a major challenge in Cenozoic paleoceapbgravhich includes the biotic response to
climate variability and the changes among planfdi@aminiferal assemblages across the EECO.
The symbiont bearing and shallow dwelling genbtarozovella and Acarinina were important
calcifiers in the tropical-subtropical early Paleng oceans but almost completely disappeared at
about 38 Ma, near the Bartonian/Priabonian boundafy show here that morozovellids record a
first critical step across the EECO through a mg@manent decline in relative abundance from
the Tethyan Possagno section and ODP Site 105henwestern subtropical North Atlantic.
Possible causes may include increased eutrophicatieak water column stratification, changes in
ocean chemistry, loss of photosymbioatsd possible complex interaction with other micssfb
groups. Relative abundances of planktic foramiaiféaxa at Possagno parallel negative shifts in
both3*3C and&'®0 of bulk sediment from Chron C24r to basal Chr@9IC The post-EECO stable
isotopic excursions towards lighter values are ofest intensity. Significant though ephemeral

modifications in the planktic foraminiferal commtias occur during these minor isotopic
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excursions. These modifications are marked by pmoed increases in relative abundance of
acarininids, in a manner similar to their behaviduring pre-EECO hyperthermals in the Tethyan
settings, which suggest a pronounced biotic seitygitio climate change of planktic foraminifera

even during the post-EECO interval.

1 Introduction

The Early Eocene Climatic Optimum (EECO) is theiaal in which the Earth's climate attained its
warmest state of the past 90 Ma and it represemigjar turning point in the Cenozoic climate, as it
was followed by a long term cooling throughout temainder of the Eocene, which culminated with
the formation of permanent large ice sheets onratita at the end of the Eocene (Zachos et al.1200
Coxall et al., 2005). Superimposed on the long teanty Eocene climate trend, short lived (<200 kyr)
warm events occurred, named hyperthermals, the extdstme of which is the well known Paleocene
Eocene Thermal Maximum (PETM) (Agnini et al., 20Q@@ccioni et al., 2012; Cramer et al., 2003;
Kennett and Stott, 1991; Lourens et al., 2005; Niet al., 2007; Quillévéré et al., 2008; Zachoalgt
2008). Massive, rapid releases of isotopicallytlicgwrbon are linked to hyperthermals and concoritan
deep-sea carbonate dissolution events (Dickend,; Z0itkens et al., 1995, 1997; Zachos et al., 2005,
2008). The series of early Eocene hyperthermatti€t et al., 2014; Slotnick et al., 2012; Zachbs e
al., 2010) has been suggested to continue intedH&st middle Eocene, with an additional thirteen
brief (~40 kyr) and less pronounced events (Kidldmrner et al., 2014; Sexton et al., 2011).
Although the EECO still lacks a formal definitiomterms of absolute age and duration (Slotnick
et al., 2012), this interval is thought to représena. 2-3 Ma long early Eocene interval of exteem
warmth between about 52 and 50 Ma (Zachos et@)1 or between about 53 Ma and 51 Ma (Zachos
et al., 2008). Current thought about the placemétite EECO thus encompasses the interval from
approximately 50 Ma to 53 Ma. Regardless of thecedaration and position on the chronometric
scale of the EECO, it is clearly much longer thay af the brief early Eocene hyperthermals (Zachos
et al., 2001; 2008; 2010). Exceptionally high amagl lasting atmospherCO, conditions are
considered to have played a primary control orBREO warmth (Fletcher et al., 2008; Hyland and
Sheldon, 2013; Komar et al., 2013; Lowenstein arthizco, 2006; Pearson and Palmer, 2000; Smith

et al., 2010). Slow addition of depleted carborxiie from volcanism, the second emplacement phase
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of the North Atlantic Igneous Province, and incexhweathering of silicate rocks are often invoked a
the main trigger of the EECO warming and the subsetjlong term cooling trend (Demicco, 2004;
Raymo and Ruddiman, 1992; Sinton and Duncan, 1988t, 1979; Zachos et al., 2008). The
influence of a major switch from continental taistl arc volcanism around 50 Ma may also have
played a role in perturbing the carbon cycle chahgéhelped end the warm EECO interval (Dickens
etal., 2014; Lee et al., 2013).

It is well established that major plant and mamfaahal evolutionary turnovers occurred during
the EECO (Falkowski et al., 2005; Figueirido et 2012; Wilf et al., 2003; Wing et al., 1991,
Woodbourne et al., 2009; Zonneveld et al., 2000)hé marine realm, changes in evolutionary trends
have also been observed, for example the incepiitime modern structure among calcareous
nannofossil communities (Agnini et al., 2006; Shackrand Watkins, 2012; Schneider et al., 2011)
and possibly in diatom lineages (Oreshkina, 201@s%t al., 2006). These observations both from
continents and the oceans support the hypothesipaomary interaction between climate change and
biotic evolution.

The relationship between the EECO and the paleoggand evolution of planktic foraminifera
is insufficiently known. At the beginning of thev&ne, planktic foraminiferal history was far enbug
from the Cretaceous-Paleogene mass extinctionue didginated several phylogenetic lines with taxa
occupying different ecological niches in the uppater column. The Eocene is a crucial interval in
evolution of planktic foraminifera that encompasseé of their major diversifications reaching alpea
in the middle Eocene (Norris, 1991; Pearson e28D6).

Within this plankton group, the symbiont bearingl ahallow dwelling morozovellids and
acarininids are of particular interest because tlyinated the tropical and subtropical assemblages
of the early Paleogene oceans. These genera htelding muricate group, from the muricae that form
conical pustules on the test wall. Among calcareuigsoplankton, the muricates were one of the
major calcifiers in the low latitude early Paleogeteans and almost completely disappeared at about
38 Ma, near the Bartonian/Priabonian boundary (Aiget al., 2011; Luciani et al., 2010; Wade, 2004;
Wade et al., 2012).

The hemipelagic Possagno sedimentary successiocaited in the Venetian Prealps of
northeastern Italy (Fig. 1). This section represeaintinuous deposition of the early through early

middle Eocene interval (55-46 Ma) from a bathyadtfisg in the central-western Tethys. A robust
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Eocene biomagnetostratigraphy was established lmnigt al. (2006). The Possagno section thus
spans the EECO interval, here agreed as the ihteova about 53 to 50 Ma (Slotnick et al., 2012).
According to Agnini et al. (2006), the Possagndiseds 66 m thick extending from the
Paleocene/Eocene boundary at about 56 Ma to thera@idle Eocene (lower Chron C20r) at 46 Ma
on the time scale of Cande and Kent (1995). Thehaire is to investigate the response of the
muricates in terms of relative abundance throughmiearly and early middle Eocene, including the
EECO interval, in the 56 Ma through 46 Ma interabPossagno, encompassing biozones planktic
foraminiferal Zones E1 to lower E8 (Luciani and &ierti, 2014). In addition, the planktic
foraminiferal changes recorded at Possagno are a@adwith those observed from ODP Site 1051 in
the western subtropical North Atlantic. Additiorzéins include (1) to document planktic foraminiferal
changes in the Possagno section in relation tdestaiobon and oxygen isotopes for the purpose to
unravel paleoenviromental conditions of the uppatewcolumn and (2), to distinguish ephemeral
biotic modifications during brief peaks of warmifigm permanent evolutionary changes in the

Tethyan and North Atlantic realms.

2 The Possagno section and Site 1051: setting arichBgraphy

An upper Cretaceous-Miocene succession crops dhedtottom of the Monte Grappa Massif in
the Possagno area, about 60 km NW of Venice. Therlto middle Eocene interval, which is the
focus of this study, is represented by pelagiceimipelagic Scaglia facies sediments. The Scaglia
beds at Possagno are considered to have been taepmisiniddle to lower bathyal depths (Cita, 1975;
Thomas, 1998) in the western part of the BellunsiBaa Mesozoic—Cenozoic paleogeographic unit
of the Southern Alps characterized by JurassiciteBe pelagic sequences (Bosellini, 1989). The
basal part of the Possagno section straddles en38ick interval of dark-red clayey marls (Arendla
et al., 1999; Agnini et al., 2006), referred talzes Clay Marl Unit (CMU) by Giusberti et al. (2007)
The CMU is the lithological expression of the mea&wbon isotope excursion (CIE) of the Paleocene
Eocene Thermal Maximum (PETM), the base of whidinée the Paleocene-Eocene boundary
(Aubry et al., 2007). The bio- lithostratigraph&sggnment of the Possagno sediments follows Luciani
and Giusberti (2014), and the magnetostratigrapligom Agnini et al. (2006) (Figs. 2,3).

The Blake Nose is a gentle ramp extending from 160@0 2700 m water depth at the Blake
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Escarpment in the western North Atlantic (Norrisagt1998). ODP Site 1051 is located well above
the local lysocline and the carbonate compensakiuth. The sediments studied here are from 452.24
to 353.10 meters below sea floor (mbsf) and comsislower to middle Eocene carbonate ooze and
chalk (Norris et al., 1998). This part of the Eocene isecshows good recovery except between 382
mbsf and 390 mbsf (Fig. 4) and contains abunddoaezous planktorMagnetostratigraphy is from
Ogg and Bardot (2001). Paleodepth estimates fromhieforaminiferal assemblages indicate lower
bathyal depth (1000-2000 m) during late Paleoceiteliem Eocene (Norris et al., 1998). Bohaty et al.
(2009) derived a paleodepth of about 2200 m foritierval around to 50 Ma through a standard

subsidence model.

3 Methods

Analyses of foraminifera and stable isotopes weréopmed from the identical sample set of the
Possagno section previously used for calcareousafiessils (Agnini et al., 2006). Relative
abundances have been determined from about 300vspecextracted from each of the 110 samples
investigated in the >63 um size fraction. A sanglinterval of 2-5 cm was used in the basal 0.7 m of
the Possagno section, followed by 50 cm spacingh0.7—14 m interval, and 20 cm for the 14-66 m
interval. Washed residues were prepared followtagdard procedures, which varied with the
different lithologies. Foraminifera were succedsfelktracted from the indurated marly limestoned an
limestones using the cold-acetolyse technique (L2@00; Luciani and Giusberti, 2014), a highly
successful method for disaggregating stronglyflegtisamples (Fornaciari et al., 2007; Lucianilet a
2007), otherwise analyzable only in thin sectiohe Tharly samples were disaggregated using 30 %
hydrogen peroxide and subsequently washed anddsiesing a 63un sieve. In most cases, gentle
ultrasonic treatment improved the cleaning of #s<t. In the Possagno section, foraminifera are
continuously present and diverse throughout theietlinterval with a preservation varying from
moderate to fairly good, even though tests areystaitized and essentially totally filled.

The weight percent of the >63n size fraction relative to the weight of the bedmple, typically
100 g/sample, for the 110 Possagno samples igedftr as the coarse fraction, following Hancock

and Dickens (2005). Investigation of fifty Eocemanples at Site 1051 (Hole 1051A) from 452.24 to
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353.1 mbsf, corresponding to ~52-47 Ma, had a sgagrying from 2.0 m to 0.5 m. These were
prepared using disaggregation using distilled watet washing over 38m and 63um sieves. Washed
residues were dried at <50°C. Planktic foraminifieom Site 1051 are abundant and well preserved.

The degree of dissolution, expressed as fragmentatidex £ index), has been evaluated by
counting the number of planktic foraminiferal fragmts or partially dissolved tests versus entirtstes
on 300 elements, following Hancock and Dickens §)00hese data are expressed in percentages.
Fragmented foraminifera include specimens showiisgimg chambers and substantial breakage.

Carbon and oxygen stable isotope data of bulk sedlisamples were analysed using a Finnigan
MAT 252 mass spectrometer equipped with a Kiel ckeat Stockholm University. Precision is within
+0.06 %o for carbon isotopes and +0.07 %o for oxyggeropes. Stable isotopes values are calibrated to
the Vienna Pee Dee Belemnite standard (VPDB) anderted to conventional delta notatigi’C

ands*®o).

4 Results

4.1 Foraminiferal fragmentation

TheF index recorded at Possagno (Fig. 3) displaysge laariability throughout the interval
investigated. The highest values, up to 70 %, weeerved in the 16-22 m interval. The maximiam
index values correspond to the minimum values @8tfC record. A number df index peaks mimic
the 8*°C negative peaks below 16 m, showing values bet®8eX and 70 %.

F index values at Site 1051 (Fig. 4) show less Wdlitg with respect to Possagno. A maximum
value of 60 % is reached in Zone E5, just belownérval of uncertain magnetostratigraphic
attribution (Norris et al., 1998), here referrecaoChron C23r. Relatively highindex values around
50 % occur the upper portions of Chrons C24n arigr Cthe interval across the EECO, on the basis of
biomagnetostratigraphic correlation and here pldmgdieen ca 397 and 425 mbsf, displayadex
values (<20 %). The relatively lowErindex values at Site 1051 are presumably causéelsky
carbonate dissolution at that site and, to somengxthe lower resolution of the investigated samit

Site 1051.
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4.2 Weight percent coarse fraction

Carbonate dissolution generally causes the bulkread coarse fraction to decrease because of
fragmentation of foraminiferal tests (Hancock aridkens, 2005). The coarse fraction &ihdex
data from Possagno (Fig. 3) do not show such arphaasing, especially in the post-EECO interval.
The coarse fraction at Possagno shows minor fltiolwgawith a mean value of 5.3+1.5 % from the

base of the EECO and upsection, with pre-EECO sakhaeying around 10 %.

4.3 Carbon and oxygen isotopes

The$™C data from Possagno show a negative shift of ab&uo at the 0 m level, which
corresponds to thealeocene-Eocene boundary (Agnini et al., 2009l hee nine additional negative
carbon isotope excursions above the Paleocene-Edmmdary in the lower 21.4 m of the Possagno
section (Fig. 2, Tab. S1):

1. 0.9 %o at 21.4 m (C22r) within EECO

2. 1.1 %o at 20.8 m (C22r) within EECO

3. 0.6 %o at 19.8 m (C23n) within EECO

4. 0.8 %o at 18.0 m (C23n) within EECO

5. 0.9 %o at 16.8 m (C23n) within EECO

6. 0.4 %o at 14.8 m (C24n.1n) within EECO (X event)

7. 0.3 %o at 12.5 m (near C24n.2n/C24n.2r boundaryeht
8. 0.3 %o at 10.5 m (mid C24n.3n; | event)

9. 0.3 %o at 8.0 m (upper C24r; ETM2/ELMO event)

The two oldest of these carbon isotope excursiomsletermined using 45-50 cm sample spacing,
implying that their true magnitudes are probablyfudly captured. Their precise positions may also
change as higher resolution data become availedne this relatively condensed part of the section
showing sedimentation rates <0.5 cm/kyr. The remgifive are determined using 20 cm sample
spacing. The number, magnitudes and stratigraphiyecibove carbon isotope excursions are similar

to the results of other studies (Agnini et al., 208lotnick et al., 2012; Zachos et al., 2010).
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Above Chron C22r, a series of additional minor ti@gacarbon isotope excursions (CIES) are
recorded in Chron C22n, Chron C21r and Chron C2dm the Possagno section. By combining the
chron identification with the number of CIEs stagtiat the old end of the chron, these CIEs areecbin
C22n-CIE1, C22n-CIE2, etc., up to C21n-CIE4 (Fip.\®e have tentatively named the isotope shifts
of small magnitude as events only when changesotiopic composition are associated with evident
modifications in planktic foraminferal assemblagesl/or in fragmentation index. This is because
increase in both fragmentation index and some forifenal taxa is similar to the record observed
during early Eocene hyperthermals from the samégeal setting (Luciani et al. 2007; Agnini et,al.
2009).As the Possagno section is measured from the lidke BETM (0 m) and upsection,
increasing distance from the PETM level yields éasing positive meter values:

1. C21n-CIE4 - 0.3 %0 from 56.6 mto 57.0 m
2. C21n-CIE3 - 0.3 %o from 55.6 m to 56.2 m
3. C21n-CIE2 - 0.3 %o from 54.8 m to 55.0 m
4. C21n-CIE1 - 0.8 %o from 48.8 mto 49.4 m
5. C21r-CIE4 - 0.3 %o from 39.6 m to 39.8 m
6. C21r-CIE3 - 0.5 %0 from 38.8 mt0 39.2 m
7. C21r-CIE2 - 0.7 %0 from 37.6 mt0 38.2 m
8. C21r-CIE1 - 0.9 %o from 32.8 mt0 33.2 m
9. C22n-CIE3 - 0.5 %0 from 31.2 mto 31.4 m
10. C22n-CIE2 - 0.5 %o from 30.0 to 30.2 m

11. C22n-CIE1 - 0.6 %0 from 27.2 mto 27.4 m

Oxygen isotopes of bulk rock measurements fromriaigumarly limestones and limestones may
be affected by diagenetic overprints (Marshall,2)9%hich presumably apply also to the rocks in the
Possagno section. Despite of this preservationataites assumed that oscillations in oxygen ipe®
chiefly represent temperature fluctuations durimgite-free early Eocene world. Lighter oxygen
isotope values in the Possagno section indeed ahaear correspondence with lighter carbon isotope
values (CIEs) and vice versa in the post-EECO walgiFig. 2). Thus, despite the possibility of some
diagenetic overprinting in several individual saewlespecially in the lower part of our recordhrae-
point moving average of oxygen isotope data shoeidal early to early middle Eocene climate

variability in the Possagno section.
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4.4 Planktic foraminiferal quantitative analysis

The planktic foraminiferal assemblages show sigaift modifications in the early to early
middle Eocene interval at Possagno (Fig. 3). Thanmmelative abundance A€arinina is about 46 %
of the total assemblage throughout the section. Mamof this genus show peak abundances of 60-70
% of the total assemblage during the early to eaitidle Eocene CIEs. Particularly prominent is the
increase to ~80 % during the EECO interval (Fig ARarininids clearly thrived and expanded in
abundance during the CIEs, including the EECO.

This increase of acarininids is counter balanced bpnsient decrease in members of
subbotinids. This latter group recovers above t8E@ interval and increases moderately from ~24 %
to ~36 % in terms of mean relative abundance ofdta assemblage, up to the top of the sectior. Th
North Atlantic Site 1051 also shows a slight inseaf ca. 7 % in the mean value among the
subbotinids during the corresponding time interval.

A permanent reduction in the abundance of membktheogenusMorozovella represents a
major change within the planktic foraminiferal astdages within Zone E5. This group collapses from
a mean value of ~24 % in the 0-15 m interval t@ lksn 6 % above 15 m. Qualitative examination of
species variability shows that, in the lower pafrtttee Zone E5 where the greater morozovellids
abundance is recorded, no dominance of particufsgciss is recognized, even thoudh.
marginodentata, M. subbotinae andM. lensiformis are relatively more common forms with respect to
M. aegua, M. aragonensis, M. formosa and M. crater. In the interval with the low abundance of
morozovellids within the EECO, an overturn is oleersinceM. aragonensis, M. formosa, M. crater
and, in the upper part of the E5 ZoM,caucasica are the most common species.

Morozovellids never recover to their pre-EECO alanmmts, even if including the appearance of
the ecologically comparable genusrozovelloides (Pearson et al., 2006) in samples above 36 m.

Genera and species with low abundances show mivaarges throughout the interval studied at
Possagno (Fig. S1).

The major change in planktic foraminiferal assemétaat Site 1051 includes a distinct decrease of
Morozovella, from mean values around 40 % to 10 % in the migdi® of Zone E5 (Fig. 4). Similarly

to Possagno, the lower part of Zone E5 with théédrigpercentages of morozovellids does not record
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the dominance of selected species, but at Site MD%tagonensis andM. formosa besidedM.
subbotinae are relatively commowhereadvl. marginodentata is less frequentithin the interval of
low morozovellid abundanceB|. aragonensis andM. formosa are the most common taxa. The general
decline of morozovellids does not appear therefelaed, both at Possagno and Site 1051, to the
extinction or local disappearance of a dominantigse

The differences in the relative abundance of moreltidls at Possagno and Site 1051 indicate a
morozovellid preference for open ocean settingswflatitudes, as suggested also by other authors
(Berggren, 1978; Boersma et al., 1987; PremoligSind Boersma, 1988). Like at Possagno,
morozovellids never recover at Site 1051 in theezBb through E8 interval. The abundance of
subbotinids shows little variations around meameslof 20 % at Site 105Acarinina displays an
increase in mean relative abundance from 35 % (toasa. 450 mbsf) to around 50 % (ca. 430 mbsf),
with maximum values of about 60 %. The relatively Iresolution used here does not permit
comparison between the early Eocene CIEs at S&& (Oramer et al., 2003) and how the relative

abundance of planktic foraminiferal genera variéh wespect to CIEs.

4.5 Radiolarian abundance

Radiolarians are rare to absent in the PossagtioseBrief temporary occurrences of this

group have been observed in coincidence with sdrtteeanost negativé™*C excursions. Specifically,

they reach a maximum relative abundance of 28 #harower part of the maj@**C perturbation

recorded in the lower to middle part of C23n, 00-% at 27.5 m and of 15 % at 31.4 m (Fig. 3). At

Site 1051, radiolarians fluctuate in abundance féotm 78 % throughout the studied interval.

5. Discussion

5.1 The$'®0 and 6*°C stratigraphies at Possagno

The 80 ands™C records from the Possagno section display batils@nd trends (Fig. 2) that

are similar to those observed in several otherRaleocene through early middle Eocene stablepsoto

1C
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stratigraphies (Cramer et al., 2009; Schmitz etl&97; Shackleton et al., 1985; Slotnick et @012
Zachos et al., 2001; 2008). For example, the maj&r(-1.5 %o) close to the base of the Possagno
section represents the PETM, followed upsectiohyperthermals ETM2, |, J, and ETM3 (Agnini et
al., 2009). The initiation and termination of thEED are not well constrained in any single
sedimentary record (Slotnick et al., 2012), noasBossagno, yet the interval between 16 m and 22.5
m in Possagno shows the light&¥1D values during the entire post-PETM interval & #arly Eocene
and early middle Eocene (Fig. 2) and is considevadpresent at least part of the EECO. In terms of
oxygen isotope stratigraphy, both the EECO and-p&%EO intervals are characterized by a series of
rapid oscillations. The oxygen isotope amplitudegeashows up to 1.5 %. differences between
adjacent samples, which possibly may reflect pa@ediagenetic overprint. By running a 3-point
running mean of the oxygen isotope data, singleprirg outliers are dampened. Even so, these data
show rapid amplitude changes of up to 0.5 %o, sugyesorrespondingly rapid temperature changes
in the western Tethys on the order of 2°C durirggite-free early and early middle Eocene world. The
underlying cause of these distinct and rapid teatpee changes may be sought in the stable carbon
isotope data.

Several lines of evidence suggest that high €idcentrations were driving the EECO global
warmth as well as the hyperthermal events of thiy &pcene (Fletcher et al., 2008; Hyland and
Sheldon, 2013; Komar et al., 2013; Lowenstein arthico, 2006; Lunt et al., 2011; Pearson and
Palmer, 2000; Royer et al., 2007; Smith et al. 0A series of CIEs occur within and above the
EECO interval at Possagno. A number of CIEs haea lebserved from ODP Site 1258 in the western
tropical Atlantic (Kirtland Turner et al., 2014;8en et al., 2006; 2011), which they interpreted as
minor hyperthermals and referred to as 21 numberegients (H for Hyperthermal) in Chrons C23r
through C21r. Sedimentation rates at Possagno-@rin2Zes lower than those at Site 1258 in the
indentical time interval. The number of CIEs witlaividual magntochron zones at Possagno and
Site 1258 differ slightly, presumably because ¢fedénces in sedimentation rates and sample
resolution. Kirtland Turner et al. (2014) listedel CIEs/H-events in Chron C23r, none of which are
evident in the Possagno record at the present sampblution, probably due to strongly condensed
sedimentation or presence of a hiatus. At Possdgree events are recorded in C23n, compared with
the two CIEs/H-events from Demerara Rise, wherestao of the six CIEs/H-events in Chron C22r

are distinguishable in Possagno. Five CIEs/H-evargdisted in Chron C22n from Demerara Rise,

11
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three of which are evident in the Possagno redardilly, five CIEs/H-events are listed in Chron €21
four of which are evident in the Possagno recdrfibllows that the lower sample resolution at
Possagno likely has blurred both the number areriragnitudes of the isotopic amplitude changes. It
remains uncertain if the CIEs and H-events at B&8 and the CIEs in the Possagno section are in
synchrony (Tab. 1).

Regardless of the potential synchrony between Bossand Site 1258 at the Demerara Rise,
both regions clearly demonstrate that after the @E&om ca. 50 Ma to ca. 46-47 Ma during a trend of
cooling (2-2.4°C) climate, about 18 brief negatiEes coincide with hyperthermal-like brief episodes
of warming. These brief CIEs induced environmeptaturbations that are expressed in the planktic
foraminiferal data from the Possagno section. Phists to a primary relationship between increased
CGO, concentration and warmth during early through earigdle Eocene times (Dickens et al., 2005;

Quillévéré et al., 2008; Zachos et al., 2005; 2)08;

5.2 The EECO interval and hyperthermals at PossagndAcarinina dominated or dissolution

controlled assemblages?

One of the most prominent changes in the planktiarhiniferal assemblages is the dominance of
acarininids across the EECO interval, resulting sorresponding decrease in relative abundance of
morozovellids and subbotinids (Fig. 3). These clearmarallel relatively high values of tRandex

and coincide with the most negative parts in&H€ record. The increase in shell fragmentation
suggests some carbonate dissolution. The piiif®, atmospheric concentration during the EECO may
have induced carbonate dissolution at the deeprWatgsagno setting, resulting from deep-water
acidification and a rise of the lysocline, simitarpatterns observed during the main hyperthermal
events. This interpretation for the Possagno sectimuld however imply a considerable shallowing of
the CCD/lysocline, assuming that the section wamslited in a middle to lower bathyal setting.
Further studies on the Tethyan CCD in the Eocetseval will help investigate the hypothesis tha th
CCD was shallower there, with respect to the opan CCD. Intensified water column
remineralization of organic matter, forced by augted metabolic rates at elevated temperatures, may
have caused pH to decrease in the uppermost wateng, inducing dissolution of calcitic tests

(Brown et al., 2004; John et al., 2013, 2014; O'@mret al., 2009; Olivarez Lyle and Lyle, 2006).
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Questions arise on how to estimate the possib#lison artefacts from the primary ecological
signal. Nguyen et al. (2011) and Petrizzo et &l08) studied Pacific Ocean assemblages of latest
Paleocene to initial Eocene age, and suggestedubabtinids are more dissolution susceptible than
morozovellids and acarininds, which previously win@ught to be the most dissolution prone forms
(Berggren and Norris, 1997; Boersma and PremolaSi983). Paleogene assemblages affected by
extensive dissolution could be expected to be irepekied with respect to the more dissolution
susceptible subbotinids. These results have beslenfed by other analyses that document a
dominance of subbotinids within intervals affecbgda highF index and enhanced carbonate
dissolution (Luciani et al., 2010), who suggesteat tlissolution has affected the planktic assenaislag
rather equally. The degreee of dissolution of plienloraminifera appears to have varied during
different time intervals, being species relatetieathan exclusively associated with different gane
However, since data on dissolution susceptibilityddfferent genera are so far lacking for early and
early middle Eocene times, we cannot exclude tisgbtution may have changed the planktic
foraminiferal assemblages.

When assuming that dissolution has affected asssgyab] it follows that the dominance of
acarininids during the EECO and hypertermal evarag represent a taphonomic artifact. This
assumption appears yet to conflict with the redutts) the upper part of Possagno in the Chron C21n
interval, where significant decreases of subbatinisociated with distinct acarininid increases,
correspond to negative shiftsdn°C values in the absence of carbonate dissolut®expressed in
low F index values (Fig. 3).

The similarity in the major planktic foraminiferadodifications throughout the EECO at Site
1051(Fig. 4), which appears only marginally affelchsy dissolution, suggests that the Possagno
assemblages represent a reasonably genuine pdlegieabresponse rather than assemblages
primarily modified by carbonate dissolution.

The decrease of CF values (Fig. 3) in the EECQvatemight indicate loss of carbonate shells
due to carbonate dissolution. Similarly, relativielw CF-values with only minor fluctuations are
recorded to the top of the section, independentisnfchanges ifr index values. The CF curve
parallels the EECO/post-EECO trend of the morodmvabundance thus suggesting a relationship

with the morozovellid decline rather than carbordissolution.
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5.3 The Possagno and Site 1051 records: planktiaémniniferal response to the EECO

The planktic foraminiferal assemblages show sigaiit variations in the Possagno material that
correlate with the pronouncéd’C perturbations in the EECO interval (Fig. 3). Wiiea warm
preferring acarininds become dominant during th€8Ethis results in a reduction in relative
abundance of the warm preferring morozovellidssTaature is recurring in planktic foraminiferal
assemblages across some hyperthermals (PETM amdnXsg, as recorded from a number of Tethyan
successions of northeastern Italy and it has b#terpreted as a result of relatively enhanced
eutrophication of surface waters in a near contadesetting (Agnini et al., 2009; Arenillas et dl999;
Luciani et al., 2007; Molina et al., 1999).

Planktic foraminiferal analyses of the pre-EECOdmipermals ETM2, |, J and ETM3 at Possagno
show PETM-like responses, consisting of strongtyaasing relative abundances of acarininids, as in
the PETM interval of the nearby Forada section {&uicet al., 2007). The multi-proxy analyses of the
X-event at the nearby Farra section (Agnini et2009) corroborate at higher resolution the record
from Possagno. Increased surface water eutropbichtis been proposed to favour acarininids, in
being able to temporarily colonize deeper wateas pneviously were occupied by subbotinids and in
being able to tolerate relatively high eutrophiaditions that suppressed the abundances of
morozovellids (Agnini et al., 2009; Luciani et &Q07). Slight differences in paleobiology between
morozovellids and acarininids are documented ieid\cases by minor variations in stable isotopes
that commonly indicate a more surface habitatlierformer group (Boersma et al., 1987; Pearson et
al., 1993; 2001).

The increased surface water eutrophication durymerthermals was forced by strengthening of
the hydrological cycle and increased weathering e@snsequence to enhanced greenhouse conditions.
The effects improved the nutrient availability st near continental, pelagic setting of the waster
Tethys (Agnini et al., 2009: Giusberti et al., 2p0dciani et al., 2007). The hypothesis of increhse
nutrient availability in the lower part of the EEG@erval at Possagno is supported by the entry of
relatively high concentration of radiolarians, dolesed as eutrophic indices (Hallock, 1987).

The decline of morozovellids across the EECO as®grso and Site 1051 is irreversible and
cannot be explained by brief perturbations, asmduttie pre-EECO hyperthermals. The morozovellid

crisis is coupled with the gradual disappearanésg\eral species, including. aequa, M. gracilis,
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M. lensiformis, M. marginodentata, andM. subbotinae, and it is not counterbalanced by the appearance
of species oMorozovelloides, a minor component of middle Eocene assembladeslatter genus
appeared at Possagno around the Ypresian/Lutatiamdiary (Luciani and Giusberti, 2014) and it is
morphologically highly convergent witidorozovella although probably did evolve frohcarinina
(Pearson et al., 2006).

The similar behaviour across the EECO of morozaelh the Tethyan Possagno section and
Site 1051 in the western subtropical North Atlastipports the hypothesis of a geographically wide
spread morozovellid crisis that is caused by clemdtange. This change must be a consequence of the
major modifications across the EECO, both in teofifemperature andCO,, which in turn must have
induced water column reorganizations leading tedaction of the morozovellid habitat. Because
morozovellids exhibit transient reduction in abumckaduring pre-EECO hyperthermals, and due to the
imprecise definition of this event, it is not pdssito precisely pinpoint the exact turning poifthe
morozovellid decline, i.e. whether it began justh&t onset, within, or at the termination of the(EE
event. Current data from Possagno and Site 105&Vv@mwecord that their massive drop in abundance
began across the C24n1n-C23r transition. The deer@aparently started at the top of C24n1n at
Possagno, but it has not been possible to detenviie¢éher or not this decrease is transitory because
potential recovery may be hidden by condensatiatubiacross the C24n1n-C23r interval. Present data
from Site 1051 record the decline in lower C23erethough some uncertainties are caused by the low
resolution in the foraminiferal analysis and magegttigraphic attribution.

In contrast to the deterioration of the morozodetiabitat, relatively favourable conditions for
thermocline dwellers such as subbotinids and pataginids are suggested by the new species
appearing progressively during the post-EECO imteat Possagno (Luciani and Giusberti, 2014), in
good agreement with the low latitude data presebyelearson et al. (2006). Most of the new species
will characterize the thermocline of the middle date® Eocene oceanSubbotina corpulenta, S.
eocena, S. hagni, S. senni, S. yeguanesis, Parasubbotina griffinae, andP. pseudowilsoni. The
appearance of the radially chambeRadasubbotina eoclava, which is considered to be the precursor
of the truly clavate chamber&lavigerinella (Coxall et al., 2003; Pearson and Coxall, 20defurs at
19.8 m (Luciani and Giusberti, 2014)avigerinella is the ancestor of the gendantkenina that
successfully inhabited the sub-surface middle thhdate Eocene ocearior to the evolution of

genuineClavigerinella, P. eoclava made several aborted attempts to evolve towarlgehus
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Clavigerinella. This is reflected in presence of rare and scattepedimens that are morphologically
close toClavigerinella within the EECO interval even though true représstire of genus
Clavigerinella were not observed in the Possagno section.

The EECO and post-EECO intervals indeed provecktorbcial in Eocene planktic foraminferal

evolution.

5.4 Possible causes of morozovellids decline acrtiss EECO

The data from Possagno and Site 1051 demonstitéhthearly Paleogene planktic
foraminiferal symbiont bearing groups were strorgffiected by a habitat deterioration across the
EECO. The early Eocene crisis was followed by @sddtep, involving the large sized acarininids
andMorozovelloides, documented through their reduction in abundanagedisas test size during the
Middle Eocene Climate Optimum (MECO) at ca. 40 M& ethyan (Fig. 5), Southern Ocean, and
northwest Atlantic settings (Edgar et al., 2012¢ibui et al., 2010). Furthermore, the muricateigris
culminates near the Bartonian/Priabonian bounddity asmajor demise in th&carinina lineage and
the extinction oMorozovelloides. Only small (<125:m) and relatively rare acarininids survived into
the late Eocene and Oligocene (Agnini et al., 2@erggren et al., 2006; Wade, 2004; Wade et al.,
2012). An episode with loss of symbiosis resulimbleaching caused by global warming has been
proposed to explain the second muricate crisis dEdgal., 2012). If the MECO warmth has been the
main cause of bleaching of acarininids, we woulpleet that this phenomenon also involved
morozovellids during the EECO, as this warm intereaords the highest temperatures of the
Paleogene. Considering the importance of photosysitin extant species for foraminiferal test
calcification and ecology (Bé, 1982; Bé et al., 298emleben et al., 1989), we may assume similar
requirements for fossil taxa. The algal-symbioéiationship is considered one of the most succkssfu
strategies adopted by muricates during the eafiaktogene (Norris, 1996; Quillévéré et al., 2081).
crisis in that relationship may represent one fbssiypothesis to explain the decline of early Eece
morozovellids. Further studies that include stag¢ope analyses, including®C gradients, on
morozovellid tests are needed to further elucitlsisescenario. There is however scarce documentatio
on mechanisms responsible for bleaching and besideated sea surface temperature, a number of

other factors, for example high ultraviolet radiati decrease in pH decrease, increase is) €@nges
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in salinity and nutrient availability, may have baavolved (Douglas et al., 2003; Wade et al., D08

The protracted exceptional warming of the EECOxjzeeted to have increased metabolic rates
particularly in heterotrophs that are more sensitovtemperature than rates of primary production
(Brown et al., 2004; O’Connor et al., 2009; Olivatg/le and Lyle, 2006). This effect may have
increased water column remineralization of orgamidter and caused pH to decrease in the uppermost
water column (John et al., 2013; 2014; O’'Connalgt2009; Olivarez Lyle and Lyle, 2006). The
potential lowering of pH in surface waters, whiculd have been further enhanced by the huge EECO
CO, pressure, may have affected calcification (De Maell., 2009; Moy et al., 2009; Zeebe et al.,
2008) of most surface dwellers such as the mordliidsealso by reducing or completely halting their
symbiont relationships.

Complex interactions with other microfossil groupgch as radiolarians, diatoms or
dinoflagellates, may have contributed to the movela crisis across the EECO, for example by
competing for the use of the same algal-symbiontké case of radiolarians, or symbiont-providers.
Detailed comparisons of trends in other fossil geoare necessary to investigate this hypothesis.

Seawater chemistry influences the biomineralizatibarganisms producing CaG®keletons,
especially for many algae and invertebrates the fess control over the chemical composition of
their mineralized parts (Stanley, 2006; 2008). Higdgnesium/calcium ratios are known to have
favoured aragonitic and high-Mg calcite skeletdwsuighout the Phanerozoic. This insight is
corroborated by experiments with living organisemfirming, for example, population growth
among the calcitic coccolithophores in conditiohoa concentration of Mg and high concentration
of calcium in seawater (Stanley et al., 2005).rargg reduction in Ca concentration occurred during
the Cenozoic, following the ‘calcitic’ Cretaceousean, possibly driven by changes in rates of deep-
sea igneous activity (Hardie, 1996). We cannotugelthat a decrease of Ca concentration in seawater
chemistry may have affected morozovellid calcifigat Planktonic foraminifera have not been widely
employed to study the effects of the Mg/Ca ratithef seawater on calcification, however, they have
been found to produce heavier skeleton when theaain state of the ambient seawater with respect
to calcite is elevated. It would be interestingtanpare flux data of calcareous nannofossils befnce
after the major evolutionary change recorded adiues&ECO (Agnini et al., 2006; Schneider et al.,
2011) to test a potential reduction in their ovgoabductivity.

Extended time intervals of weak water column dficaiion and increased eutrophication are
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known to provide hostile ecological conditions fioe highly specialized oligotrophic morozovellids
(Boersma et al., 1987; Bralower et al., 1995; Rwagt al., 2006; Premoli Silva and Boersma, 1989).
Such conditions are documented in several oceas Isit the recorded decline in surface-to-benthic
3C gradients (Hilting et al., 2008) and have beamsittered linked to evolutionary turnovers among
calcareous nannofossil assemblages (Schneider 204l). Weakened thermal stratification with
increased vertical mixing is predicted for manyhailigh not all, oceanic areas during hyperthermals.
The fact that the permanent morozovellid collapsgics during the EECO implies that a threshold
was surpassed, not previously experienced by thezowellid communities.

Available data indicate that the protracted condsiof extreme warmth and high £@ressure
during the EECO may have been the key element inducpermanent impact in the marine surface
water ecosystem that became detrimental for th@meaellids. Even the peculiar PETM, that records
the most dramatic changes among the hypertherro#iisitoterms of temperature increase and carbon
cycle perturbation, did not adversely affectedrtt@ozovellid habitat in a permanent way. On the
contrary, morozovellids increased in abundancepgnaceanic settings (Kelly et al., 1996; 1998,
2002; Lu and Keller, 1993; Petrizzo, 2007), and/@transient decrease in abundance is recorded in
pelagic Tethyan near continental settings (Lucéral., 2007). It is intriguing to note that thesed
main crisis of the muricate symbiont bearing fowasurred during the MECO (Fig. 5), that is also a
warming event of much longer duration (about 400-k@) than the early Paleogene hyperthermals

(Bohaty et al., 2009; Westerhold andHR 2013).

5.5 Planktic foraminiferal changes during post-EECOstable-isotope perturbations at Possagno

The smallb**C excursions recorded in the post-EECO interv&aasagno, from C22n to C21n,
induced perturbations on the planktic foraminifexséemblages that mirror those recorded in the pre-
EECO interval (Fig. 3). These perturbations areesged as marked increases of acarininids,
representing warmer thriving taxa that were toletamelatively enhanced surface water eutrophic
conditions. Peaks in surface water eutrophicatmricchave been reached during the C22n-CIE1 and
C22n-CIES events, as indicated by the relativefjhtproduction of radiolarians.

The post-EECO CIEs are concomitant witfO excursions and coupled to distinct modifications

in the planktic foraminiferal assemblages comparablthose recorded at other early Eocene brief
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warming events in Tethyan settings. These data rha#eable to refer to these events as
hyperthermals, although of less intensity and magdei compared to some of the pre-EECO
hyperthermals. A number of the$8C ands'?0 excursions, of much smaller magnitude and intgnsi
with respect to the PETM, probably correlate with tecently discovered late early Eocene through
early middle Eocene post-EECO hyperthermals irAtthentic and Pacific (Kirtland Turner et al.,
2014; Sexton et al., 2006; 2011; Tab.1). Accordm§exton et al. (2011) and Kirtland Turner et al.
(2014) their shorter duration and more rapid recppbases, with respect to the PETM, imply a
different forcing and feedback mechanism involviadistribution of carbon among the ocean
reservoirs rather than release of greenhouse faseduried sediments. This mechanism was active
also during the EECO interval and was similar @ ahbital forcing of the carbon cycle operating

during the Oligocene and Miocene.

6 Summary and conclusions

The investigation of planktic foraminifera from tRessagno section in northern Italy represents a
first case history recording changes in relativeratance among planktic foraminiferal assemblages
across the EECO warm interval and post-EECO clionatriability in the Tethys realm from about 55
Ma to 46 Ma.

The most crucial change emerging from the PossagddODP Site 1051 data is the irreversible
decline across the EECO of the symbiont bearingigstorozovella, one of the most important
calcifiers of the early Paleogene tropical and magital oceans. The Possagno data indicate that the
EECO event had a permanent impact on the plardtafiniferal communities, representing a critical
phase in the reorganization of Eocene pelagic etes)s. Possible causes for this reorganizatioh, tha
deserve further investigations, include increasdtbphication, changes in ocean chemistry, weak
water column stratification, loss of symbionts, gbex interaction with other microplankton groups
such us radiolarians, diatoms or dinoflagellates tepresented possible competitors in the use of
symbionts or as symbiont providers. A critical gireld was reached across the EECO, evidently never
reached before, which induced unfavourable habitatsontinued morozovellid diversification and

proliferation but not harsh enough to cause thedinetion. This threshold appears to be relatethéo
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571 duration of extreme conditions characterizing tkieeded warmth during the EECO.

572 Even though several questions still remain to svaned, the data presented from Possagno add
573 significant information about the complex evolutioithe muricate planktic foraminifera and stimalat
574  additional investigations across the EECO fromedéht paleoceanographic settings.

575 The post-EECO interval at Possagno is punctuateelatively small, negativa**C shifts,

576 interpreted as potential minor hyperhthermals @lityht of available oxygen isotope data, a nunafer
577  which probably are in synchrony with those recoritetthe tropical Atlantic by Sexton et al. (2011)
578 and Kirtland Turner et al. (2014). These modest-EEC0O8C ands*®0O perturbations are associated
579  with significant, though ephemeral, modificationgtie planktic foraminiferal communities showing
580 distinct increases of the warm acarininids in a mearsimilar to their behaviour during pre-EECO
581 hyperthermals in Tethyan settings. Changes in piafiaminiferal assemblages occur during

582 environmental perturbations associated with miregrative carbon and oxygen isotope excursions,
583  which suggest a pronounced biotic sensitivity tsmate change of planktic foraminifera even during
584  the post-EECO interval.
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Figure Captions

Figure 1. Left: Paleogeographic location of thesagso section (star) in the Belluno Basin, a
Mesozoic—Cenozoic pelagic sequence, delimited duhia Eocene by the shallow water carbonates of
the Lessini Shelf to the west (Modified from Bos®/11989). 1 - deep water mudstones of the Jurassi
basins; 2 - Paleogene shallow water limestonesplag) and shelf-edge reefs of the Lessini Shelf; 3
Paleogene deep water pelagic claystones and meetstf the Belluno and Lombardian Basin. Right:
Blake Nose map and location of Site 1051 in thetevasNorth Atlantic, modified from Norris et al.

(1998).
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Figure 2. Carbon and oxygen isotopes of bulk sedirfrem the Possagno section plotted against
lithology and planktic foraminiferal E-Zonation®f Wade et al. (2011), modified by Luciani and
Giusberti (2014). Magnetostratigraphy is from Agr@hal. (2006). Thinner lines: original data; #ec
lines average 3-points. The average 3-point clgwilized to dampen some of the potential diagenet
overprint on thé®0 data. The red line is referred to the stableamibotopes and the blue line to the
oxygen data. Pre-EECO CIEs are labelled accordimyitrent literature; the EECO and post-EECO
CIEs are labelled according to Kirtland Turnerle{2014) and Sexton et al. (2011) by substitutihg
(hyperthermals) with CIE (carbon isotope excursidiije yellow band band highlights the interval
tentatively referred to the EECO. We have tentifimamed the post-EECO isotope shifts of small
magnitude as events only when changes in isotapigosition are associated with sharp variations in
planktic foraminferal assemblages and/or fragmemtahdex. This is because increase in
fragmentation index as well as increase in some t&@xe been observed during the pre-EECO
hyperthermals from the same geological setting idnicet al. 2007; Agnini et al., 2009). However,
since the identification of some post-EECO minaftstas hyperthermals is tentative, they are

indicated with a question mark. Filled circles shmeurrences of abundant radiolarians.

Fig. 3. The Possagrid°C record and relative abundance of main plankiiarfonifera across the early
and basal middle Eocene interval, plotted agaitigilbgy, fragmentation indeX(index ) and coarse
fraction (CF) data. The subbotinids includes theegaSubbotina andParasubbotina.
Magnetostratigraphy is from Agnini et al. (2006heTbiozonal scheme is from Wade et al. (2011),
modified by Luciani and Giusberti (2014). The yellbands highlight the interval tentatively referred
to the EECO, the pre-EECO hyperthermals and po§i<EEtable isotope excursions that are
considered to represent hyperthermals. Pre-EECQ &i&labelled according to current literature; the
EECO and post-EECO CIEs are labelled accordingittibaidid Turner et al. (2014) and Sexton et al.
(2011) by substituting H (hyperthermals) with Ctatbon isotope excursion). We have tentatively
named the post-EECO isotope shifts of small maggitas events only when changes in isotopic
composition are associated with sharp variationganktic foraminferal assemblages and/or
fragmentation index. This is because increasedigrfientation index as well as increase in acarininid

abundance have been observed during the pre-EE@E&thgrmals from the same geological setting
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(Luciani et al. 2007; Agnini et al., 2009). Howeysince the identification of some post-EECO minor
shifts as hyperthermals is tentative, they arecagid with a question mark. Filled circles show

occurrences of abundant radiolarians.

Fig. 4. Relative abundance of the main planktiafioiniferal genera from ODP Site 1051, plotted
against the biozones of Wade et al. (2011), pantidified by Luciani and Giusberti (2014), aRd
index data. The subbotinid group includes the gefBdnbotina andParasubbotina.
Magnetostratigraphy is from Ogg and Bardot (20€18;gray bands are intervals of uncertainty in
magnetostratigraphic boundaries. The striped bauad interval of non-recovery. The yellow band

highlights the interval tentatively referred to t8BECO.

Figure 5. The record of warm-indices muricates movellids and large acarininids (>200 micron) in
the western Tethyan setting from the Possagno\hé¢tas paper) and Alano sections (above, from
Luciani et al., 2010) plotted against the geneealiaxygen and carbon isotopic curves based on
benthic foraminiferal record, slightly modified,ashkn in Vandenberghe et al. (2012, Fig. 28.11). The
original oxygen and carbon isotopic values fromriaet al. (2009) are recalibrated to GTS2012
(Vandenberghe et al., 2012). The Tethyan recordslhbat the long-lasting EECO and MECO
intervals mark two main steps in the decline odiige abundance within this group of importantearl
Paleogene calcifiers. E-Zones follow Wade et 1@, partly modified by Luciani and Giusberti

(2014). B-P=Bartonian-Priabonian.

Table 1. Position with respect to magnetochronsir early and lower-middle Eoce®€C shifts

(CIE) at the Possagno section. The analogous nsgregigraphic position of the hyperthermals (H)
recognized at Site 1258, Demerara Rise (Kirtlanth&uet al, 2014; Sexton et al., 2011) suggests a
possible correspondence of these events.

Appendix A. Supplementary material

Table S1. Possagrid®C (%.) ands*®0 (%o) values against thickness (meters).
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Figure S1. The Possagft'C data and relative abundance of minor planktiarfiniferal genera and
selected species plotted against lithology, fragatem index F index) data. Magnetostratigraphy is
from Agnini et al. (2006). The biozonal schemerai Wade et al. (2011), modified by Luciani and
Giusberti (2014). The yellow bands highlight theemal tentatively referred to the EECO, the pre-
EECO hyperthermals and post-EECO stable isotoperexmns that are considered to represent
hyperthermals. Pre-EECO CIEs are labelled accordirogirrent literature; the EECO and post-EECO
CIEs are labelled according to Sexton et al. (2@A3ubstituting H (hyperthermals) with CIE (carbon
isotope excursion). We have tentatively named tst-EECO isotope shifts of small magnitude as
events only when changes in isotopic compositienagsociated with sharp variations in planktic
foraminferal assemblages and/or fragmentation in@bis is because increase in fragmentation index
as well as increase in acarininid abundance hase bleserved during the pre-EECO hyperthermals
from the same geological setting (Luciani et aD2Z0Agnini et al., 2009). However, since the
identification of some post-EECO minor shifts apérghermals is tentative, they are indicated with a

guestion mark. Filled circles show occurrenceshafr@ant radiolarians.

Appendix B. Taxonomic list of species cited in texand figures

Globanomalina australiformis (Jenkins, 1965)
Morozovella aequa (Cushman and Renz, 1942)
Morozovella gracilis (Bolli, 1957)

Morozovella lensiformis (Subbotina, 1953)

Morozovella marginodentata (Subbotina, 1953)
Morozovella subbotinae (Morozova, 1939)

Parasubbotina eoclava Coxall, Huber and Pearson, 2003
Parasubbotina griffinae (Blow, 1979)

Parasubbotina pseudowilsoni Olsson and Pearson, 2006
Subbotina corpulenta (Subbotina, 1953)

Subbotina eocena (Guembel, 1868)

Subbotina hagni (Gohrbandt, 1967)
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1111
1112
1113

Subbotina senni (Beckmann, 1953)
Subbotina yeguanesis (Weinzierl and Applin, 1929

Planoglobanomalina pseudoalgeriana Olsson & Hemleben, 2006
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Table S1. Isotopic data of Possagno section

Thickness (meters) d13Cpdb %o d180pdb %o
66 1,324503865 -1,554131513
65,7 1,301202621 -1,363687878
65,4 1,306330409 -1,285765533
65,1 1,289525476 -1,334902053
65,1 1,288019147 -1,361227875
64,75 1,337699738 -1,365512853
64,5 1,271493282 -1,449946289
64,35 1,048026588 -1,843804126
64 1,157592263 -1,664853101
63,75 1,242287722 -1,654166107
63,5 1,369396415 -1,354916697
63,25 1,258468714 -1,405387406
63 1,328439322 -1,377815013
62,75 1,277403321 -1,585307364
62,5 1,255599346 -1,755604391
62,25 1,28272387 -1,411073928
62 1,268756475 -1,226212864
61,75 1,209940758 -1,47335947
61,5 1,178018179 -1,715059881
61,25 1,095738735 -1,870218997
61 1,313557115 -1,399695163
60,75 1,277940478 -1,35860539
60,5 1,291423645 -1,430644636
60,25 1,200942841 -1,498587494
60 1,250952568 -1,417450314
59,75 1,218475547 -1,393167024
59,5 1,225717988 -1,324035769
59,25 1,194266763 -1,51954699
59 1,080495861 -1,482955818
58,8 1,075773802 -1,522460465
58,6 1,11857554 -1,22201932
58,4 1,028116908 -1,323055034
58,2 0,92447057 -1,608414416
58 1,028708603 -1,348841195
57,8 1,07809129 -1,064679508
57,6 0,87 -1,86
57,4 0,892621305 -1,393869643
57,2 0,932505455 -1,848349814
57 0,858608928 -1,928927784
56,8 1,10415658 -1,260469084
56,6 1,146353927 -1,451587324
56,4 1,086170402 -1,271435385
56,2 0,878456082 -1,761198406
56 0,958974626 -1,566232448
55,8 1,131602612 -1,334447985
55,6 1,19 -1,25
55,4 1,18 -1,29




55,2 1,15 -1,45

55 0,74 -1,99
54,8 1,07 -1,5
54,6 0,96 -1,58
54,4 1,08 -1,25
54,2 1,05 -1,29

54 1,15 1,11
53,8 1,1 -1,29
53,6 1,18 1,14
53,4 1,03 -1,36
53,2 0,93 -1,8

53 0,96 -2,02
52,8 1,3 -1,26
52,6 1,25 -1,36
52,4 1,3 -1,48
52,2 1,26 -1,37
51,8 1,17 -1,7
51,6 1,14 -1,69
51,4 1,14 -1,69
51,2 1,21 -1,71

51 1,32 -1,25
50,8 1,14 -1,63
50,6 1,13 -1,61
50,4 1,13 -1,44
50,2 1,16 -1,28

50 0,99 -1,59
49,8 1,01 -1,48
49,6 0,9 -1,57
49,4 0,5 -2,55
49,2 0,82 2,21

49 1,24 -1,43
48,8 1,33 -1,13
48,6 1,24 -1,82
48,4 1,53 -1,03
48,2 1,14 -1,78

48 1,26 -1,7
47,8 1,29 -1,56
47,6 1,23 -1,73
47,4 1,18 -1,65
47,2 1,19 -1,67

47 1,16 -1,58
46,8 1,2 -1,89
46,6 1,34 -1,42
46,4 1,31 -1,43
46,2 1,4 -1,64

46 1,35 -1,59
45,8 1,43 -1,55
45,6 1,44 -1,46
45,2 1,36 1,71

45 1,34 -1,66




44,8 1,29 -2,02
44,6 1,59 -1,27
44,4 1,54 -1,41
44,2 1,47 -1,61

44 1,32 -1,84
43,8 1,48 -1,73
43,6 1,59 -1,27
43,4 1,55 -1,41
43,2 1,24 -2,19

43 1,56 -1,42
42,8 1,4 -1,67
42,6 1,4 -1,66
42,4 1,38 -1,65
42,2 1,49 -1,43

42 1,47 -1,44
41,8 1,38 -1,69
41,6 1,4 -1,52
41,4 1,3 -1,98
41,2 1,46 -1,65

41 1,51 -1,63
40,8 1,24 -1,89
40,6 1,18 -1,78
40,4 1,1 1,71
40,2 1,36 -1,91

40 1,5 -1,55
39,8 1,01 -1,98
39,6 1,33 -1,94
39,4 1,18 -2,19
39,2 1,01 -2,09

39 1,32 -1,75
38,8 1,49 -1,66
38,6 1,3 -1,71
38,4 1,31 -1,46
38,2 1,09 -1,83

38 1,24 -2,66
37,8 1,52 -1,65
37,6 1,82 -0,92
37,4 1,44 -1,86
37,2 1,54 -1,72

37 1,62 -1,43
36,8 1,54 -1,6
36,6 1,37 -1,74
36,4 1,39 -2,15
36,2 1,47 -1,69

36 1,72 -1,19
35,8 1,34 -1,72
35,6 1,28 -1,79
35,4 1,49 -1,77
35,2 1,36 -1,64

35 1,31 -1,87




34,8 1,48 -1,16
34,6 1,41 -1,63
34,4 1,36 -1,84
34,2 1,38 -1,73

34 1,45 -1,49
33,8 1,35 -1,63
33,6 1,36 1,2
33,4 1 -2,02
33,2 0,75 2,58

33 1,15 -2,29
32,8 1,63 1,12
32,6 1,35 -1,84
32,4 1,39 -1,79
32,2 1,58 -1,7

32 1,62 -1,47
31,8 1,37 -2,18
31,6 1,29 -1,65
31,4 0,78 3,1
31,2 1,27 -1,87

31 1,16 -1,94
30,8 1,2 -1,81
30,6 1,26 -1,66
30,4 1,12 -1,67
30,2 0,66 2,4

30 1,12 -1,81
29,8 1,06 -2,23
29,6 1,24 -1,74
29,4 1,24 -1,79
29,2 1,2 2,16

29 1,38 -1,92
28,8 1,09 2,23
28,6 1,25 -1,62
28,4 1,25 -1,8
28,2 1,15 -1,74

28 1,24 1,7
27,8 1,18 -1,62
27,6 0,83 -2,15
27,4 0,71 -2,45
27,2 1,35 -1,41

27 1,25 -1,66
26,8 1,43 -1,25
26,6 1,54 -1,11
26,4 1,18 1,74
26,2 1,27 -1,38

26 1,3 1,74
25,8 1,3 -1,92
25,6 1,11 -1,91
25,4 1,42 -1,5
25,2 1,4 -1,51

25 1,27 -1,81




24,7 1,38 -1,13
24,4 1,26 -1,94
24,2 1,26 -1,85

24 1,19 -1,91
23,8 1,44 -1,75
23,6 1,45 -1,69
23,4 1,47 -1,83
23,2 1,41 -1,76

23 1,57 -1,19
22,8 1,28 -1,72
22,6 1,47 -1,64
22,4 1,25 -1,99
22,2 1,13 2,11

22 1,31 -1,96
21,8 1,2 -2,07
21,4 0,78 2,72
21,2 1,68 0,78

21 1,05 -1,87
20,8 0,61 -1,79
20,6 0,17 2,27
20,4 0,97 -1,69
20,2 1,32 -1,91

20 0,83 -1,64
19,8 0,33 2,31
19,6 0,88 -1,89
19,4 1,19 -1,6
19,2 1,38 0,81

19 1,4 -1,49
18,8 0,67 -1,73
18,6 0,72 -2,59
18,4 1,25 -1,59
18,2 0,85 -1,9

18 -0,22 -3,64
17,8 0,57 -2,43
17,6 0,87 -1,63
17,4 0,38 2,11
17,2 1 -1,66

17 0,31 -2,16
16,8 -0,07 -3,25
16,6 0,87 -1,79
16,4 0,76 -2,08
16,2 0,62 -2,16

16 0,76 1,7
15,8 0,47 -1,97
15,6 0,7 -1,41
15,4 0,86 -1,79
15,2 0,94 -1,58

15 0,94 -1,51
14,8 1,02 -1,42
14,6 0,67 -1,74




14,4 0,87 -1,23
14,2 0,76 -1,35
13,5 0,61 -1,79
13 0,53 -1,99
12,55 0,55 -1,95
12 0,8 -1,66
11,5 0,73 -1,87
10 0,91 -1,39
9,5 0,860407617 -1,745868284
9 0,847698043 -1,6249864
8,5 0,704323168 -1,620825392
8 0,697123094 -1,606233422
7,5 0,971220119 -1,70465462
7 0,960200544 -1,804953966
6,5 1,03282727 -1,798588563
6 1,093247595 -1,655217488
5,5 1,182569921 -1,685192373
5 1,147446246 -1,536443685
4,5 1,136631571 -1,751460814
4 1,131549897 -2,060952576
3,5 1,321208222 -1,972329429
3 1,210211548 -2,357527232
2,5 1,095834873 -2,265978774
2 1,205609198 -2,180916572
0,975 1,193025524 -2,39513048
0,825 1,169705849 -2,128674243
0,725 1,150951175 -2,193656665
0,625 1,187252381 -2,071204006
0,525 1,072769571 -1,900119279
0,425 0,996418462 -2,185873828
0,325 0,855189052 -1,957644402
0,275 0,325183243 -2,571328228
0,225 0,363733114 -2,577693458
0,175 0,395223833 -2,442193443
0,125 0,261679624 -2,517606276
0,075 0,056425765 -2,600329725
0,025 0,046204045 -2,697877737
0,01 0,715394386 -2,627456411
-0,025 0,825253976 -2,496448436
-0,075 1,512990667 -2,286158599
-0,125 1,549820857 -2,208348633
-0,175 1,458455048 -2,554977403
-0,225 1,393471238 -2,195702997
-0,325 1,366631429 -2,565834405
-0,425 1,545594619 -2,359719334
-0,525 1,67926181 -2,339723417
-0,725 1,762957082 -2,045519714
-0,825 1,772335157 -1,765052919




