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Identification des producteurs d’alcénones das le registre sédnentaire du Cénozoique:
implications pour l'utilisation des proxys de paléo-température (Us;) et de paléopCO,

( 937:2)-

Les alcénones sont largement utilisées comme proxys pour estimer des températures d’eaux
de surface océanique ou des pressions partielles d¢pCQO,) dans des périodes anciennes.
Dans les océans actuels, ces cétones auésnghaines carbonées sont essentiellement
produites par les coccolithophoridEsiliania huxleyiet Gephyrocapsa oceanicdl existe
toutefois un écart temporel important entee premier enregistrement sédimentaire des
alcénones au Crétacé (~120 Ma) et la premigparition des producteurstaels (< 2 Ma). Il
apparait donc essentiel d’identifier les producs anciens d’alcénonedin d’assurer la
fiabilité des proxys environnementaux bas@&s ces biomarqueurs poles périodes pré-
guaternaires. Cette thése présente troisdd@side correspondant a des périodes clés de
I'évolution de la famille des Noélaerhabdaceae, qui comprend les ancétres cénozoiques des
producteurs actuels d’alcénonés. comparaison entre le cenu en alcénones (distribution

et concentrations) et lesb@ndances relatives edbsolues des différentes espéces de
Noélaerhabdaceae dans des sédiments mdatasit de I'Eocened@ocene (35-31 Ma), de
I'Oligocéne-Mioceéne (25-16 Ma) et du Pliow® supérieur (3,6-2,6 Ma) montre que,
contrairement aux hypothéses précédentsticulofenestran’était pas le seul genre
responsable de la productidialcénones au Cénozoique. Lrésultats démontrent également

gu’il est essentiel d’'idenidr avec précision les producteurs etdi#le de leur cellule pour les
estimations dgCO,. Au contraire, l'identification formée des producteurs ne semble pas
indispensable pour obtenir des estilmas de températures cohérentes.

Identification of alkenone producers in the Cenozoic sedimentary record: implications
for the use of paleo-temperature (1 37) and paleopCO; ( @s7:2) proxies

Alkenones have been widely used as prexfer the reconstruction of sea surface
temperatures and of partial pressure of,@Q&C0O,) in ancient periods. In modern oceans,
these long-chain ketones areinip produced by the coccolithophorEsniliania huxleyiand
Gephyrocapsa oceanicélowever, there is a huge gap beém the first record of alkenones
in the Cretaceous (~120 Ma) and the first oomoce of the modern alkenone producers (< 2
Ma). Thus, it seems crucial to identify anciatikenone producers to ensure the applicability
of environmental proxies based on these bigearin pre-Quaternarsediments. In this PhD
thesis, three case studies anasidered corresponding to keyripés in the evolution history
of the Noelaerhabdaceae family, which inclsidee Cenozoic ancestas$ modern alkenone
producers. The comparison between alkenoneeotsi(distribution and concentrations) and
Noelaerhabdaceae species-specific relativé absolute abundances in marine sediments
dating back to the Eocene-@Qicene (35-31 Ma), the OligoaiMiocene (25-16a) and the
late Pliocene (3.6-2.6 Ma) shows that, contrary to common assumRietislofenestravas
not the only genus responsible for alkengmeduction during the Cenozoic. Results also
underscore the importance of a careful identificaof alkenone producers and of their cell
size forpCQO, reconstructions for pre-Qiernary periods. On the mipary, the identification
of producers does not seem essential to plaansistent paleo-temperature estimates.
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Figure 1-6. Profils de distribution
Farrimond et al., 1986).

es alcénones au Crétacé et au Cénozoique (modifié d'aprés
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Submitted to Paleoceanography
Abstract

This study investigates paleoenvironmemtanges at Deep Sea Drilling Project Site 511
(South Atlantic) during the late Eocewmarly Oligocene using varians in lipid-biomarker
concentrations (long-chain diols, alkenones), in calcareous nannofossil assemblages and in
sediment composition (TOC, calcium carbonaiia percentages). Sea-surface temperatures
(SSTs) reconstructed from the alkenone unsaturation index lndicate a progressive
cooling (~8°C) from 34.4 Ma to 33.5 Ma. This dogl is associated with an increase in
primary productivity (probably induced by upwelliognditions) as attested by fluxes of total
organic matter (TOC), of phytoplanktonic biomark@ong-chain diols) and of silica. These
environmental changes induced a shift in mdossil assemblages, especially within the
Reticulofenestrgenus. The comparison between Noelaerhabdaceae species-specific absolute
abundances and alkenone concentrations in the same sedimentary samples does not allow an

unequivocal identification of alkenone produeat Site 511 during the late Eocene-early
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Chapitre 3

Changements globaux dans les assemblages de
Noélaerhabdaceae et implications pour les estimations de
pPCO, a la transition Oligocene-Miocene







Ce chapitre s’intéresse a la transitiongotiene-Miocene (25-16 Ma) au Site DSDP (Deep
Sea Drilling Project) 516, situé dans la gyrébtsopicale de I'Atlantique Sud sur le Rio
Grande Rise. Au Miocene, Isite DSDP 516 se trouvait813 m de profondeur, bien au
dessus de la profondeur de compensationcddsonates (CCD), permettant ainsi une bonne
préservation des assemblages de nannofod3#eslus, le taux de sédimentation relativement
élevé (17 m/Ma) a ce site a permis un enfouissg¢mapide et une bonr@éservation de la
matiére organigue en comparaison avec d’autres sites océaniques profonds.

Si de nombreuses études ont souligné un rezi@ment important dans les assemblages
de nannofossiles calcaires (coccolithesegrtae sedisau cours de la transition Oligocene-
Miocéne (Pujos, 1985; Olafsson, 1989; uvig, 1998), peu se sont intéressées aux
assemblages de Noélaerhabdaceae. La premiére partie de ce ¢BdpimeEsente donc une
étude sur les variations d’abondances alesoldes assemblages de Noélaerhabdaceae a
différentes latitudes de I'Océan Atlantique @& I'Océan Pacifique autour de la limite
Oligocene-Miocéne (Sites DSDP 516, 608 %88). Pour les trois sites étudies, les
assemblages de nannofossiles sont caract@yaédes proportions élevées successives de
Cyclicargolithus Dictyococciteset ReticulofenestraLe déclin synchrone deyclicargolithus
aux trois sites étudiés correspond probableraamt événement global. Les causes possibles
de ce turnover taxonomique a long termantsexplorées. D’'une part, un événement
climatique global, en relation avec les gdimns du Miocene inféeur, pourrait avoir
déclenché le déclin du tax@yclicargolithus La niche écologique laissée vacante suite a la
diminution en abondance @yclicargolithusa pu alors étre exploitée par les réticulofénestrés
(Dictyococciteset Reticulofenestraqui deviennent dominants msles assemblages apres 20
Ma. D’autre part, ce turnover global pourrait é$r une succession évolutive graduelle et
étre le résultat de pressions sélectives, comme une compétition accrueyehtargolithus
et réticulofénestrés. Une diversificatioau sein des réticulofénestrés, indiquée par
I'augmentation de la variation de taille au séace groupe dés ~20 Ma, aurait pu contribuer
au déclin deCyclicargolithus

Dans la deuxieme partie de ce chap{Be), la comparaison entre les concentrations en
alcénones et les abondances redatiet absolues des différenespeces de Noélaerhabdaceae
permet d’identifier I'espéc€yclicargolithus floridanuscomme étant un producteur majeur
d’alcénones au Site DSDP 516 a la traositiOligocéne-Miocéne. Contrairement aux
hypotheses précédentd®eticulofenestrar’était pas le producteur d’alcénones prédominant
pendant l'intervalle de temps étudié. ldastribution des diffénets types d’alcénones

(MeGCs7:2, EtGss, and MeGg.y) ne change pas malgré desawmpements distincts dans la
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composition des especes, suggérant des distribugionkgires en alcénones di-insaturées au
sein de la famille des Noélaerhabdaceae pendant I'Oligocéne supérieur-Miocéne inférieur. La
grande taille de cellule deyclicargolithuspeut avoir des implicationsur les reconstructions

de pressions partielles de gkasées sur les alcénones. Nos résultats soulignent 'importance
d’'une identification la plus précise possilides producteurs d’aleénes pour des périodes

(>1,85 Ma) pré-datant la premiéaipparition des producteurs actuels.

Il est & noter que la trop faibncentration en eénones, atteignant souvent la limite de
détection, dans les sédiments des Sites DS88et 608 n’a malheureusement pas permis
I'identification des prodcteurs d’alcénones a la transiti@tigocene-Miocéne du Pacifique
Sud et de I'Atlantique Nord.
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3.1. Changements globaux dans lessemblages de Noélaerhabdaceae

autour de la limite Oligocene-Miocéne

Global shifts in Noelaerhabdaceae assendges during the late Oligocene-early Miocene
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Abstract

This study investigates abundance variationsloelaerhabdaceae assemblages during the
late Oligocene-early Miocene at different ladiés of the Atlantic rd Pacific oceans (DSDP
Sites 516, 608 and 588). Nannofossil assemblages earacterized atetthree studied sites
by the successive high proportion @¥clicargolithus Dictyococcitesand Reticulofenestra
Local paleoceanographic changes, such asngmet of nutrient-poor water masses, might
explain shifts in ecological prominence withthe Noelaerhabdaceae at DSDP Site 516
(Southern Atlantic). But the similar timing of a declingOyclicargolithusat the three studied
sites more likely corresponds to a global precésere, we explore psible causes for this
long-term taxonomic turnover. A global changeciimate, associated with early Miocene
glaciations, could have triggerea decline in fitness of the taxo@yclicargolithus The
ecological niche made vacant because of the decreaSgclitargolithuscould then have
been exploited byreticulofenestri®ictyococciteghat became prominent in the assemblages
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after 20 Ma. Alternatively, iB global turnover might redct a gradual evolutionary
succession and be the result of other selection pressures, such as increased competition
between Cyclicargolithus and Reticulofenestriictyococcites A diversification within
Reticulofenestr@ictyococcites indicated by an expansion the size variation within this

group since ~20 Ma, may have contraxaito the decreased fithnessQyfclicargolithus

Keywords: Noelaerhabdacea&yclicargolithusdecline; late Oligoene; early Miocene;

climate; evolution.

1. Introduction

The Noelaerhabdaceae are a family otootithophores dominant in most Neogene
calcareous nannofossil assemblages andudes the two most prominent modern
coccolithophores and alkene producers, namelgmiliania huxleyi and Gephyrocapsa
oceanica known to produce blooms in today’'seams. Those large scale blooms have
important implications for the global carbarycle through processes of photosynthesis,
calcification and respiration (Rost and Riedles2004). During the Pleistocene, distinct
intervals of dominance area@ded within the gephyrocapsids (e.g., Matsuoka and Okada,
1990; Bollmann et al., 1998; Flores and Mati 2002; Flores et al2003; Baumann and
Freitag, 2004; Barker et al., 2006) whie huxleyirose to global dominance ~270 thousand
years ago (ka) (Thierstein et al.,, 1377The cosmopolitan distribution of the
Noelaerhabdaceae family, which is believed fresent the main lineage of ancient alkenone
producers, was sustained throughomost of the CenozoicComparatively, our knowledge
about the ecological preference or assegwldynamics of the Oligocene and Miocene
representatives of the Noethabdaceae is relatively pog¢Haq, 1980; Rio et al., 1990,
Young, 1990; Kameo and Sato, 2000).

Several studies have shown that the late @@kge-early Miocene period is marked by an
important turnover of calcareousannofossils, with first and $& occurrences that are of
biostratigraphic interest (Osson, 1989; Pujod,985; Young, 1998). For example, the early
definition of the Oligocene-Miocene boundaglied on the last occurrence Dictyococcites
bisectus(Reticulofenestra bisectaf some authors; Berggrest al., 1985). However, only a
few studies have estimated absolute abundawicdee different genera of Noelaerhabdaceae
during this period (e.g., Olafss, 1989; Henderiks and Paga2007; Plancq et al., 2012) and
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the paleoecological affinities of most spacexre still poorly known. T late Oligocene to
early Miocene was a period of relative global warmth interrupted by large, transient Antarctic
glaciations (named “Oi-2” and “Mi-1" evés) as attested by significant oxygen isotopic
(/*®0) increases (0.50 to >1.0 %o) in benthic foraminiferal records (e.g., Miller et al., 1991,
1996; Zachos et al., 2001a,b; Billups et 2002). The opening and deepening of the Drake
Passage and the subsequent intensificatidgheoAntarctic Circumpolar Current (ACC) may
have been coincident with the Oligocaviecene boundary and are believed to constitute
important events in the Antztic ice sheet expansion (e.Barker and Thomas, 2004; von der
Heydt and Dijkstra, 2006), although the timingtlos opening and causes of the inception of
the glacial history of Antarct&care still being delbed (Scher and Martin, 2006; Livermore et
al., 2007; Cramer et al, 2009). The paleoceampgcachanges associated with these cooling
events could have influenced the compositainthe nannofossil assemblages, which are
largely controlled by variations in the tematire and nutrient characteristics of the upper
water column (e.g., Mcintyre and Bé, 1967;a0& and Honjo, 1973; Winter and Siesser,
1994).

In the present study, we investigate thdatree and absolute abundances of three
Noelaerhabdaceae generaCyclicargolithus Reticulofenestraand Dictyococcites - in
sediments from three Deep Sea Drilling Projg@SDP) sites covering the late Oligocene-
early Miocene. These three sites are locatatienNorth and South Atlantic and South-West
Pacific, in areas corresponding to subtropicalegy Results highlight similar variations in
Noelaerhabdaceae assemblages at all studted, svith an apparent global decline in
Cyclicargolithus a dominant species in Oligocene seeints, at ~20 million years ago (Ma).
This overall turnover cannot be explained lbgal paleoceanographic changes alone, and

suggests the influence of global abiaiwd/or biotic selection pressures.

2. Material and methods

2.1. Studied sites and sampling strategy

The investigated time interval spans tatest Oligocene and the early Miocen&-(5
Ma). Deep Sea Dirilling Project (DSDP)t€s 516, 608 and 588 located in South Atlantic,
North Atlantic and South-WesPacific respectively (Fig. 3), were selected for their
continuous sedimentation argbod nannofossil preservation.de Barker et al., 1983;
Lohman, 1986; Takayama and Sat887; Plancq et al., 2012).
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Figure 3-1.Location of the studied DSDP Sites 608, 516 and 588.

DSDP Leg 94 Site 608 (42°50N; 23°05W) is locabedthe eastern side tfe North Atlantic
Ridge on the southern flank of the King'soligh tectonic complex, &526 m water depth in
the temperate subtropical North Atlantic gyRuddiman et al., 1987). During the Miocene,
Site 608 was at ca. 43°N (Wright et al., 19820 nannofossil-foraminifera ooze deposition
prevailed. Twenty-four samples were selectedties study with a t@poral resolution of one
sample per 330 kyr (ca. one sample every 3 meters).

DSDP Leg 90 Site 588 (26°06861°E) was drilled on the LdrHowe Rise at 1533 m water
depth in the South-West Pacific Ocean (Kdéhee al., 1986). During the Miocene, this site
was located at ca. 32.5°S (\Wht et al., 1992), within aubtropical oligotrophic regime
providing a steady nannofossil-foraminifechalk sedimentation and upper water column
stability (Flower and Kennett, 1993). Twenty-six samples were selected with a temporal
resolution of one sample per 320 kya(one sample every 3 meters).

DSDP Leg 72 Site 516 (30°16S;°35W) is located on the upper flanks of the Rio Grande
Rise at 1313 m water depth in the South Atiasubtropical gyréBelkin and Gordon, 1996).
This gyre has been located at this latitugitece the early Miocen (Barker et al., 1983).
Sediments are primarily composed of nanssiieforaminifera and nannofossil oozes. The
thirty-six samples used for th@esent study are the same lagse studied by Plancq et al.

(2012). The temporal resolution is one sangae220 kyr (ca. one sample every 4 meters).
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The age models for the three DSDP sites usedis study are the ones presented by Pagani
et al. (1999) and Henderiksnd Pagani (2007). All age datumsre recalibrated to the latest

geological timescale (Gradstein et aD,12) and are presented in Table 3-1.

Table 3-1.Age model parameters

FAD = first appearance datum; LAD = last appearatatem. Datum levels ahtified by (1) Berggren
et al. (1985), (2) Wei and Wis&489), (3) Hodell and Woodruff (1994), (4) Wright et al. (1992), (5)
Gartner (1992), and (6) Clement and Robinson (1987).

Site/Hole Datum Depth (m) Age (Ma) Reference
516 LAD Sphenolithus heteromorphus 71.1 13.57 1
516 LAD Praeorbulina sciana 72.2 14.5 1
516 FAD Praeorbulina glomerosa 88.3 16.28 1
516 FAD Praeorbulina sciana 98.1 16.4 1
516 FAD Fohsella birnageae 103 16.7 1
516 LAD Catapsydrax dissimilis 109.6 17.5 1
516 LAD Globorotalia kugleri 178 21.14 1
516F FAD Discoaster druggi 198 22.86 1
516F FAD Globorotalia kugleri 208.2 23 1
516F FAD Globigerinoides primordius (common) 215 23.5 1
516F LAD Sphenolithus ciperoensis 256.3 24.43 2
588C CM3 316.1 16.02 3
588C Mi-1b 337.8 17.65 4
588C CM-O/M (end) 368.9 22.4 3
588C Mi-1 388.8 23.03 4
588C CM-O/M (beginning) 390 23.4 3
608 LAD Helicosphaera ampliaperta 327.66 1491 5
608 Mi-2 3314 16.08 4
608 Chron C5B/C5C 332.23 15.97 6
608 Chron C5C/C5D 344.69 17.23 6
608 Mi-1b 349.16 17.65 4
608 FAD Sphenolithus heteromorphus 353.46 17.71 5
608 Chron C5D/C5E 353.94 18.21 6
608 LAD Sphenolithus belemnos 354.96 17.95 5
608 base Chron C6n 362.74 19.72 6
608 Chron C6A/C6AA 394.21 21.08 6
608 Chron C6AA/C6B 408.23 21.77 6
608 Mi-1 411.36 23.03 4
608 Chron C8/C9 449.64 26.43 6
608 LAD Sphenolithus distensis 455.08 26.84 5
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2.2. Micropaleontological analyses

Slides for calcareous nannggil quantitative analysis were prepared following the random
settling method (Beaufort, 1991; modified by @&eiset al., 1999). A sall amount of dried
sediment powder (5 mg) was mixed with wateitlfvbasic pH, over-saturated with respect to
calcium carbonate) and the homogenized suspemssrallowed to settlor 24 hours onto a
cover slide. The slide wadried and mounted on a micompe slide with Rhodopass.
Coccolith quantification was performed using a polarizing optical ZEISS microscope
(magnification 1000x). A standamdumber of 500 calcareousnnofossils (coccoliths and
nannoliths) were counted in a variable numbé fields of views (between 10 and 30
according to the richness of the sample). Edicke was counted twice and the reproducibility
achieved was high (coefficienf variation: 10%).

Absolute abundance of nannofossils per gramsediment was calculated using the
formula:

X = (N.V)/(M.A.H) (1)
where X is the number of calemus nannofossils per gram s#diment; N the number of
nannofossils counted in each sample; V the volume of water used for the dilution in the
settling device (cf); M the weight of powder used fadhe suspension (g); A the surface
considered for nannofossil counting @nH the height of the water over the cover slide in
the settling device (2.1 cm). Relative abundanpescentages) of nannofossil genera were
also calculated from #htotal nannofossil content.

The calculation of fluxes permits to overcome éffects of a variableedimentary dilution
and to effectively compare data from different intervals in a time-series. The formula
introduced by Davies et al. (1995) was firsedido calculate the mass accumulation rates
(MAR):

MAR = T. [BD-(P.W)] 2)
where MAR is the mass accumulation rate @@ym), T the sedimentation rate (m/yr), BD the
wet bulk density (g/r), P the porosity (weighpercent) and W the awater density (1.025
g/cnt).

Fluxes of nannofossils (specimenélyn) were then obtained by multiplying the MAR with
nannofossil abundances (specimens/g sediment).

Scanning electron microscope (SEM) imagesewmken using a field emission electron
microscope Zeiss Supra35VP, equipped witectors for secondargnd back-scattered

electrons.
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3. Taxonomy used for the Noelaerhabdaceae

The taxonomy used to distinguish the diffdérespecies within th Noelaerhabdaceae is
somewhat arbitrary, since i primarily based on the ccolith size (Young, 1998). The
differentiation at the genus level of théhree genera of the Noelaerhabdaceae
(Reticulofenestra Dictyococcites and Cyclicargolithug is also subjectto discussion.
Dictyococcitess often considered asjunior synonym oReticulofenestrand the two genera
are grouped either as reticidoestrids (e.g., Henderiks aRagani, 2007; Henderiks, 2008)
or more simply aRketiculofenestrgde.g., Young, 1998; Bolton et al., 2010). Nevertheless,
Cyclicargolithus represents a very characteristic geraasily distinguishable from other
reticulofenestrids due to itlistinct shape (see PéaB-1). In the present studyictyococcites
Reticulofenestraand Cyclicargolithus were distinguished on ¢h basis of distinctive
morphological features (see taxonomic remaakg) abundance variations are presented at the
genus level to establish the broad-scale patterns and facilitate a first-order comparison
between the investijed sites. Relative variations size-defined migphospecies (see
taxonomic remarks), as well as previously published biometric datas&stimulofenestra
DictyococcitesandCyclicargolithus(Henderiks and Pagani, 200Hlancq et al., 2012) at Site

516, further confirm our hypotheses of the loegat turnover within this prominent fossil

group.

4. Results

Mean absolute abundances of nannofossils at DSDP Sites 608, 516 and 588 are of the same
order of magnitude (4.2x105.0x13 and 5.4x10 nannofossils/g of sément, respectively)
and do not show any significastratigraphic trend across thae Oligocene-early Miocene
(data not shown). Delicate coccoliths that are prone to dissolution, s&ghaa®sphaerand
Pontosphaeraare observed with pristingtructures in all the samples investigated by light
microscopy, indicating a good state of pressova of coccoliths atthe three sites.
Preservation of small coccolghs also good, and coccospheres are commonly recorded (Plate
3-1). Observed coccolith assemblages areesyatically dominated by four genera, which
together account for more than 8086 the total nannofossil assembladreticulofenestra

Dictyococcites Cyclicargolithus (all belonging to the Noelaerhabdaceae), &wtcolithus
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(Figs. 3-2, 3-3 and 3-4). These taxonomic graangspresent throughotite investigated time
interval. The same morphospecies ocatrall three sitesin particular,C. floridanus R.
pseudoumbilicus R. minutula R. haqgii R. minuta D. antarcticus D. hesslandii
Dictyococcitessmaller than 3 -+ constitute on average more than 80% of the total
nannofossil assemblage. Light microscopy a&ednning electron microscopy (Plate 3-1)
attest for a good preservation of Noelaerhabdaceae coccoliths.

Remarkably, for each genus of the Noelaerhabdaceae, relative abundances and fluxes show
comparable temporal and quantitative vaoied at all sites (Figs. 3-2 and 3-3).
Cyclicargolithusrepresents on average 27% of the totainofossil assemblage before 20 Ma
whereas it shows a sharp decrease in abued@&f¥ of the total manofossil assemblage)
after 20 Ma.Dictyococcitesshows significant quantitative mations throughout the studied
time interval. Two peaks of maximum abundesi@re observed between 25 and 23 Ma and
between 20 and 18 Ma (36% of the totelnnofossil assemblage), whereas two sharp
decreases are observed between 23 and 21.52BR6) and after 18 Ma (18%). These
variations are less obvious 8ite 608, where no maximum is observed between 25 and 23
Ma, likely due to a lower resolution sammi during this period(Fig. 3-2). Finally,
Reticulofenestraepresents ca. 12% of the total namssfl assemblage before 20 Ma but
shows a progressive increase in abundance fiteré29.5%), reaching more than 30% of the
total nannofossil assemblage around 17 Ma.

Unlike Noelaerhabdaceae, abundance€adcolithus, Helicosphaerand of the nannoliths
Sphenolithusand Discoastershow distinct varisons between the Atlantic and the Pacific
oceans (Fig. 3-4). At both Atlantic site&Spccolithusabundance is relatilyeconstant (14.6%

of the total nannofossil assemipa for Site 516; 25% of thetdd nannofossil assemblage, for
Site 608) but shows a peak in abunda(@®&.5% for Site 516 and 46.6% for Site 608)
between 20.5 and 18.5 Ma. The abundanceSpiienolithusis also relatively constant
throughout the studied time interval (2% for StE5; 8% for Site 608), and only shows a peak
at ca. 17 Ma. This peak is less prominenSig 516 (9.6%) than at Site 608 (21%). In the
South-West Pacific (Site 588},0ccolithusis present in smaller proportions (10%) compared
to both Atlantic sites (Fig. 3-4). Two small peaksGudccolithusare observed at 20.2 Ma
(17.8%) and at 18.4 Ma (204) while the abundance dphenolithusshows no clear
stratigraphic trend. The abundanceDia$coasteris relatively constanthroughout the studied
time interval (5%), and only shows a peék6%) at ca. 19 Ma at DSDP Site 608.
Helicosphaerashows low abundances (1.4%) and no pacstratigraphidrend (Fig. 3-4).
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Figure 3-2.Relative (%) abundances of the Noelaerhabdaceae gé€hetacérgolithus DictyococcitesandReticulofenestra

during the late Oligocene-early Miocene for each studi8ed sites. Nannofossil zonations of Martini (1971) and of Okade
5

Bukry (1980) are reported.



When considering relative abundances dfifferent morphospecies within the
Noelaerhabdaceae (Fig. 3-5), which represents on average more than 80% of the total
nannofossil assemblage, a distipeiitern of successn of prominent taxa occurs. Namely,
Cyclicargolithus floridanugwhich is dominant with respect ©. abisectushowing average
relative abundances lower than P& very abundant in the e studied sites before 20 Ma,
with relative abundance fluations around 30%. It then fluates but shows generally
values lower than 10%Reticulofenestra minutandDictyococcitesspp. (smaller than 3m)
also show some of the highestiues of relative abundancetime interval between 26 and 20
Ma, although a slightly differengattern is observed at the thigtes. In the interval between
20 and 18.7 Ma, the morphospeciek intermediate size, namelR. minutulaand D.
hesslandiidid emerge as well d3. antarcticus Finally, in the interval between 18.7 and 16
Ma, the larger morphospecies (>-8) R. pseudoumbilicushows abundance peaks up to
30% of the Noelaerhabdaceae.

The assemblage data for Site 516 are e@gent with those reported by Henderiks and
Pagani (2007), although the apparent timingsseanblage shifts is slightly different due to
different sample spacing in thwo studies. Also, the biometriata of Henderiks and Pagani
(2007) and Plancq et al. (20129r DSDP Site 516 show aimcrease in size in the
reticulofenestrids that is in agreement witke thorphospecies shifts we observe in the three

sites.

5. Discussion

Similar variations in Noelaerhabdaceadundances are observed during the late
Oligocene-early Miocene in the South and KNoAtlantic and in the South-West Pacific
(DSDP Sites 516, 608 and 588, respety). At the three sitesjannofossil assemblages are
successively characterizdoy high abundances @yclicargolithusbetween 26 and 20 Ma,
Dictyococcitesbetween 20 and 18.7 Ma, aReticulofenestrafterwards (Fig. 3-5). Within
each genus, the number of morphospecies aidréiative abundances have varied over time
and, to a lesser extent, between regions. Wefivgt discuss our results at genus level and

eventually we will discuss diffené-sized morphospecies changes.
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5.1. Changes in local paleoceanography andattareous nannofossil assemblages

The abundance changes within the Noelaathebae may represent distinct ecological
responses of the different genera and iggeto local paleoceagraphic changes. Although
ecological preferences of Neowe nannofossils are poorly umgwod especially for the
Miocene, some hypotheses have been developethe grounds of distribution patterns and
statistical tests (e.g., Wei and Wise, 1990mi¢a and Sato, 2000; Monechi et al., 2000).

Henderiks and Pagani (2007)eddy discussed shifts in narfossil assemblages at DSDP
Site 516 (Southern Atlantic) in responseptdeoceanographic changes inferred from oxygen
isotopic (/®0) values of foraminiferal tests and carbon isotopit@) compositions of
diunsaturated & alkenones (Pagani et al., 2000). Th#ux of warm, lav-nutrient surface
waters from low latitudes may explain the decreas€ynlicargolithusabundance between
~21 and 20.5 Ma. This is cont@at with the infered ecological prefence of this taxon,
which was apparently more abundant in rpaleo-latitudes (e.g., Wei and Wise, 1990) and
showed affinities for high-nueint conditions (Monechi et al., 2000).

At ~20.3 Ma, the input of cold, nutrient-riahaters, induced an increased productivity of
Coccolithus and the subsequent prominenceDadtyococcites(Figs. 3-2, 3-3 and 3-4). An
abundance increase of the gemistyococcitessupports the presence of cold-water masses
(Haqg, 1980; Pujos, 1985; KamendaSato, 2000) during that timéoccolithuss documented
to thrive at mid- and high-latitudes in both modand ancient settings (Wei and Wise, 1990;
Wells and Okada, 1997; Cachdo and Moita, 200)is input of cold water has been
interpreted as a consequence of the openirigeoDrake Passage to deeper-water resulting in
an intensification of the Antarctic CircumpolCurrent (ACC), and northward progression
of the Polar Frontal Zone (PFZ) (Barker and1Bll, 1977; Pagani et al., 2000). However, the
opening of the Drake Passage and a rapid despeh the ACC may have occurred in the
late Eocene, at about 39-37 N&cher and Martin, 2006; Liveore et al., 2007; Cramer et
al., 2009). In addition, Lagabriellet al. (2009) have suggested a short-term closure of the
Drake Passage in the late Oligocene.

Following the cooling event, a re-establigfmh of surface water stratification (with
warmer waters) then induced the decline @ittyococcitescoupled to an increase of
ReticulofenestrandSphenolithugFigs. 3-2, 3-3 and 3-4) after 19.5 Ma. TReticulofenestra
spp. were more abundant at mid-to-high pdétitudes and were likely characteristic of

mesotrophic, temperate water masses, wWhilkenolithusppears to have been characteristic
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of warm/oligotrophic paleo-environmentsde Wei and Wise, 1990; Persico and Villa, 2004;
Villa et al., 2008).

Noelaerhabdaceae assemblage shifts observée iNorth Atlantic (DSDP Site 608) and
the South-West Pacific (DSDRt&588) are remarkably similar to those observed at Site 516,
with a prominent decrease @ floridanusproportions occurring &0 Ma and the parallel
increase in some medium- and large-size ritfienestrids (Fig. 3-5)However, DSDP Site
608 is located at low latitudes the Northern Hemisphere, &npaleoceanographic setting far-
removed from the AAC and from the PFZ, gmaleoceanographic comidns at the Pacific
Site 588 should have been particularly differeatn the two Atlanticsites during the studied
time interval as suggested byetHdifferent trends observed @occolithusand Sphenolithus
abundances (Fig. 3-4). Thus, the Noelaerhalaaemriation pattern observed at the three

sites cannot be explained by regibpaleoceanographic changes alone.
5.2. Changes in climate and in calcareous nannofossil assemblages

The decline ofCyclicargolithusaround 20 Ma (Figs. 3-2, 3-3 and 3-5) may correspond to a
more global feature. Haq (19868)d observe a similar feature the Atlantic Ocean, with a
decrease ilCyclicargolithusassemblage between 22.5 and 18 Ma. The successive dominance
of Cyclicargolithusand Reticulofenestréictyococcitesmay represent a passive ecological
replacement in communities in response to a global shift in climate during the late Oligocene-
early Miocene. The major decline ©fclicargolithuswould have allowed the expansion (and
possibly diversification, see below) dReticulofenestri®ictyococcitesinto its vacant
ecological niche, explaining the dominancelwdse species from 20 Ma onwards (Figs. 3-2,

3-3 and 3-5).

Several Antarctic glaciations, called “Oi-2” c&arfMi-1" events, occued during the late
Oligopcene WR HDUO\ OLRFHQH SHULRG DV %0 aWwed \6MbErBhicE\ H [ F X
foraminifers (e.g., Miller et al 1991; Wright and Mikr, 1992). Interestigly, and despite the

limited temporal resolution of the presestudy, the onset of the decline ©yclicargolithus

appears to have coincided with Mi-1a and Mi-bgecial events (Fig. 3-3) that occurred at
DERXW DQG 0D UHVSHFWLYHO\ DOMVV ¥R cE\ D a
benthic foraminifers; Wrightrad Miller, 1992; Paul et al., 200®illups et al., 2002; Pekar

and DeConto, 2006). The onset of such evenifddmave changed the oceanic circulation and
surface water characteristicgluencing the ecology and thus composition of the nannofossil
assemblages. For example, at DSDP Site 51garRat al. (2000) hypothesized that the Mi-

la event led to an intensification of gyre aietion in South Atlantiaand thus to a higher
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influx of warm, low-nutrient waters from lowdatitudes, which may have triggered the
decline ofCyclicargolithusobserved at this site. The MiD HYHQW LV BHdaREIGHG LQ
DSDP Sites 608 and 588 (Kennett, 1985; Watfdand Savin, 1989; Wright et al., 1992;
Norris et al., 1994), but evidence is lacking goglobal change in oceanic circulation that
could have affected the pale@mography of the North Atlio and South-West Pacific.
Peculiar orbital configation (high-amplitude variability iobliquity) coupledto variability

in atmospheric carbon dioxide ynaxplain the onset of Mi-1 ewts (e.g. Zachos et al.,
2001b; Palike et al., 2006). For example, the Blietent may have accounted for a ~50 ppmv
decrease in partial pressupé atmospheric carbon dioxidgGO,) as recorded in th&C

content of alkenones at DSDP Sites 516, 888 608 (Pagani et al., 1999, 2000) and, at a
more global scale, by stomatal frequency datamatal index) from multiple tree species
(Kurschner et al., 2008Atmospheric CQis believed to have a sing influence on the long-

term climate evolutionNevertheless, considering the error propagation of the available
proxies, atmospheric Goncentrations are actually sugingly stable during the Miocene

and it seems difficult to relate a global shiftalimate with an apparent small fluctuation in

pCO, (Pagani et al., 1999, 2000). This remains pugzAnd debated in light of the climatic

and ecological events that occurred during Miocene (e.g., Pagani, 2002; Pagani et al.,
2009; LaRiviere et al., 2012).

Supplementary evidence is thus needed ppaeu the hypothesis th#tte global turnover in
Noelaerhabdaceae assemblages is linked to a global climatic change (variations in oceanic

circulation and/or influence of atmosphepiCO,).
5.3. Changes within the Noelaerhabdaceae

Alternatively, the succesve dominance of Cyclicargolithus  and
Reticulofenestrictyococcitescould be the result of otherlsetion pressures within the
phytoplankton communities. The Oligocene-kBoe transition is characterized by an
important turnover in nannofossils assemblagedably within the Noelaerhabdaceae with
the last occurrence dReticulofenestra bisectéOkada and Bukry, 198Berggren et al.,
1985; Young, 1998). Climatic perturbations coulddraped up the race for being the fittest
species and the steadytaase in abundance RBeticulofenestr®ictyococcitesnight be the
effect of an active competition between the two groupgclicargolithus mainly C.
floridanus and Reticulofenestr@ictyococcite} rather than a passive exploitation by these
species of the ecological niche made vacant because of the decreéagdicdrgolithus

Biometry data suggests astinct diversification inReticulofenestrdictyococcitesafter 20
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Ma at Site 516 (Henderiks and Pagani, 2007;¢®jaat al., 2012). Our results show that, in the
three studied sites after 20 Ma, there is ianrease in the relative abundance of
morphospecies of intermediate and &sige that mirrors the decline@ floridanus(Fig. 3-

5). This increase in abundamof large morphospecies Réticulofenestiictyococciteghat
became more prominent with time may corregpto a cryptic speciation within the group. In
fact, minor size differences maharacterize cryptic speciesmodern coccolithophores (for a
synthesis, see Geisen et al., 2004). Interestirsgich a succession in species dominance has
been observed within other members of the Bledlabdaceae family, in particular within the
Gephyrocapsacomplex during the Quaternary, wieosbiometric changes have been
interpreted in terms of evolutionary adaptatifmm lack of a clear linkage to concurrent
changes in climate and/or preservatiom.(eMatsuoka and Okada, 1989; 1990; Bollimann et
al., 1998). A diversification ifReticulofenestr@ictyococcitesmay have induced the steady
decline (occurring over ~1 Ma; Fig. 3-5) @¥clicargolithus floridanusalthough this taxon
maintained competitive populations until its extion occurring 8 Myr later (last occurrence
at 11.85 Ma; Gradstein et al., 2012).

6. Conclusion

Similar relative and absolute abundance ataons in Noelaerhabdaceae assemblages are
observed during the late Oligocene-early Miocendifégrent latitudes of Atlantic and Pacific
oceans, with the successive prominence Gyklicargolithus floridanus Dictyococcites
antarcticugD. hesslandii and Reticulofenestra minutula/R. pseudoumbilicUge explored
the paleoenvironmental factors that may haiggéred the observed assglage turnover, in
spite of a poor knowledge of dogical preferences dhe Oligocene-Miocene species/genera
and of the rather arbitrary, size-defineckamomy of the Noelaedbdaceae family. The
decline ofCyclicargolithusrecorded at the three studisdes may correspond to a global
climatic shift (variations in oceanic culation or influence and/or atmospheno,)
eventually coupled to vatians in local paleoceanographic conditions. The subsequent
dominance ofReticulofenestridictyococcitesin assemblages from 20 Ma is paired with a
diversification in sizes, and may be the resfilan evolutionary process such as competition
between the two group<yclicargolithusand Reticulofenestri®ictyococcites The present
study confirms that changes in nanrssib assemblages are a good proxy for the

reconstruction of global evoiohary patterns that may be related to paleoenvironmental
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changes. However, morphospecies biomesnyd paleoceanographic studies at higher
temporal resolution, depicting both paleoecololgesal evolutionary patterns, will be needed

to reinforce the presented hypathks for the global shifts idoelaerhabdaceae assemblages.
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Appendix A. Taxonomic remarks
Taxonomy used in the present work falk haptophyte phylogeny as revised by Young
and Bown (1997), Young et al. (28)0and Jordan et al. (2004).

Al. Family Noelaerhabdaceae J&ovic 1970 emend. Young & Bown 1997
This is the dominant family in most Neogeassemblages, and inckslthe extant genera

Emiliania andGephyrocapsa

Al.1. Genus Reticulofenestray, Mohler and Wade 1966

Elliptical to sub-circular reticulofenestrigdgth a prominent open central area and with no
slits in the distal shield. Ehrather simple morphology &feticulofenestranakes subdivision
into species notoriously problematic. The camie@nal taxonomy is pmarily based on size.
This is unsatisfactory and arbitrary, butstfatigraphic value (Backman, 1980; Young, 1990).
In this study, a subdivision of four speciesd&@ on size and centralear opening size was
employed during the assemblage counts:
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Reticulofenestra hagiBackman 1978: morphospecies 3-8 in length, with a central
opening shorter than 1.5n.

Reticulofenestra minutRoth 1970: morphospecies smaller thar+d

Reticulofenestra minutul@Gartner, 1967) Haq and Berggy, 1978: morphospecies 3-& in
length with a central opening longer than 1b.

Reticulofenestra pseudoumbilic(Sartner 1967) Gartner 196Rrger morphospecies 6-7

-mn).

Al.2. Genus Dictyococciteslégk 1967) emend. Backman 1980

Elliptical reticulofenestrids with a large centeaiba closed (or virtually closed) in line with
the distal shield. The central area of the distaéld frequently shows a median furrow or a
minute pore, but not large enoughdinggest thathey belong tdReticulofenestraAlthough
Dictyococcites sensBlack (1967) can be regarded aseavily calcified, junior synonym of
Reticulofenestrathe emended diagnosis of BackmalAg0) allows consistent separation of
this genus fronReticulofenestra
DictyococcitesVS VPDOO PRUSKRVZEMKLBVFORVHG FHQWUDO DUHI
Dictyococcites antarcticusiaq 1976: in contrast witlb. hesslandii the specimens db.
antarcticus(4- P VKRZ QR SRUH EXW D QDUURZ D@G BORQJD)
(named "furrow" in Haq, 1976 and "straightidé in Backman, 1980). The straight extinction
band along the major axis occupies at least olieohthe total length of the elliptical central
area (Backman, 1980).
Dictyococcites hesslandiHaq 1966) Hag and Lohmann, 1976e ttentral area of the distal
shield exhibits a small pore, frowhich extinction bands radiate (3-&).

A1.3. Genus Cyclicargolithus Bukry 1971

Circular to sub-circular reticulofenestridstiva small central areand high tube-cycles.
Although Theodoridis (1984) regarde®yclicargolithus as a junior synonym of
Reticulofenestrathe diagnosis of Bukry (1971) allovwe®nsistent separation of this genus
from Reticulofenestra
Cyclicargolithus abisectugMuller 1970) Wise 1973: large species (>48).
Cyclicargolithus floridanusg(Roth and Hay in Hay et al., 1967) Bukry 1971: species smaller
than 10-m.

101



A2. Other coccoliths recaoded in this study

Calcidiscus leptoporu@Murray and Blackman, 189&)peblich and Tappan, 1978
Coccolithus miopelagicuBukry, 1971

Coccolithus pelagicuéNallich 1877) Schiller 1930

Helicosphaeraspp. Kamptner 1954

Pontosphaerapp. Lohmann 1902

Syracosphaera pulchriaohmann 1902

Umbilicosphaeraspp. Lohmann 1902

A3. Nannoliths
Discoasterspp. Tan, 1927
Sphenolithuspp. Deflandre in Grassé 1952

Plate 3-1.Images in cross-polarized light (POL) am@usning electron microscope (SEM) of the three
genera of the Noelaerhabdaceae myrihe late Oligocene-early Miocena) Reticulofenestra
minutulg POL (1000x), Sample 608H3-127 and 588C-5R2-2%-c) Reticulofenestra minuta
SEM, Sample 588C-2R6-100) Reticulofenestra pseudoumbilic\®EM, Sample 516F-10R1-122)
Dictyococcitessp., POL (1000x), Sample 516-27H3-7TPDictyococcites antarcticyPOL (1000x),
Sample 588C-4R5-38)) Dictyococcites hesslandisEM, Sample 588C-11R1-111) Dictyococcites
antarcticus SEM, 516F-10R1-122.) Dictyococcites sp., SEM, Sample 588C-11R1-11}).
Dictyococcites hesslandii(coccosphere), SEM, Sample 516-26H2-1&:l) Cyclicargolithus
floridanus POL (1000x), Sample 516-26H2-18 and 588C-2R6-i®8) Cyclicargolithus floridanus
SEM, Sample 588C-2R6-100 ahii6F-10R1-53. Scale bars=h.
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a) Reticulofenestra minutula b) Reticulofenestra minuta ¢) Reticulofenestra minuta

e) Dictyococcites sp.

— —
d) Reticulofenestra pseudoumbilicus f) Dictyococcites antarcticus g) Dictyococcites hesslandii
—
(|
—
h) Dictyococcites antarcticus i) Dictyococcites sp. j) Dictyococcites hesslandii
(coccosphere)
—
k) Cyclicargolithus floridanus
—

[) Cyclicargolithus floridanus m) Cyclicargolithus floridanus n) Cyclicargolithus floridanus






3.2. Réévaluation des prducteurs d’alcénones a I'Oligocéne-Miocene
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[1] This study investigates ancient alkenone producers among the late Oliggazngne
Miocene coccolithophores recorded at Deep Sea Drilling Project (DSDP) Site 516.
Contrary to common assumptiof&ticulofenestravas not the most important alkenone
producer throughout the studied time interval. The comparison between coccolith
species-specific absolute abundances and alkenone contents in the same sedimentary
samples shows thé&lyclicargolithusabundances explain 40% of the total variance of
alkenone concentration and that the speCigdicargolithus floridanusvas a major

alkenone producer, although other related taxa may have also contributed to the alkenone
production at DSDP Site 516. The distribution of the different alkenone isomers
(MeCs7.5, EtCsg.p, and MeGg.») remained unchanged across distinct changes in species
composition, suggesting similar diunsaturated alkenone compositions within the
Noelaerhabdaceae family during the late Oligoceady Miocene. However, the

overall larger cell size dCyclicargolithusmay have implications for the alkenone-based
reconstruction of past partial pressure of,GQur results underscore the importance of a
careful evaluation of the most likely alkenone producers for periods (>1.85 Ma) predating
the first occurrence of contemporary alkenone producersHirgliania huxleyiand
Gephyrocapsa oceanira

Citation: Plancq, J., V. Grossi, J. Henderiks, L. Simon, and E. Mattioli (2012), Alkenone producers during late Olggrtene
Miocene revisitedPaleoceanography27, PA1202, doi:10.1029/2011PA002164.

1. Introduction The production of g;., and G-.; alkenones is linked to the
coccolithophore growth temperatuigrgssell et al. 1986;

[2] Alkenones are long-chain 6. Cao) lipids whose bio- Prahl and Wakeham1987] and the so-called alkenone
synthesis in modern oceans is restricted to a few extant L%

. ; saturation index §4 (defined as the ratio [5.J/[Ca7.d +
gg:;garwmeilgﬁo?nhgl/hz easlg{ah% %ﬂﬁ;fgmg fa;?gprl]sy?ggn(’g&% 37:d) has been used as a proxy to reconstruct past sea sur-
lithophores)Emiliania huxleyiand Gephyrocapsa oceanica ce temperatures, especially during the Quaternary period

i [e.g.,Mlller et al, 1998;Eltgroth et al, 2005;Pahnke and
[Marlowe et al, 1984;Volkman et al.1980, 1995]. A few Sachs 2006]{ The carbon isotopic composition of the.€

noncalcifying Isochrysidales, such mchrysis galbana alkenone @-°Cs.,) is also used to evaluate the carbon iso-

also produce alkenones but they are restricted to coastal SRR fractionation (o379 that occurred during marine
?hnd are not COﬂSIdTI’ed asi a? irgggrtant source of alkenonﬁ Btophyte photosynthésis in order to estimate concentration
e open ocearMarlowe et al, . of CG, in past ocean surface waters ([&@]) and partial

[3] Diunsaturated and triunsaturateg, @kenones (&7.» -
and Gy.3, respectively) are ubiquitous and abundant in mari ressure of atmospheric g(paleopCQy) [e.g.,Jasper and

. . - es$1990;Jasper et al.1994;Bidigare et al, 1997, 1999;
sediments, and have been intensively used for paleoceq,_r,géani et al, 1999:Paganj 2002:Seki et al. 2010]
graphic reconstructions [e.dBrassell et al. 1986; Jasper T . ™ : : .

and Hayes 1990; Eglinton et al, 1992;Bard et al, 1997; [4] The alkenone-based proxies have been calibrated

on modern coccolithophores in cultur&. (huxleyi and
Cacho et al. 1999;Martrat et al, 2004;Bolton et al, 2010]. G. oceanichand on Quaﬁernary sediments [((acgpntget al,

1995, 1998Mliller et al, 1998;Popp et al. 1998;Riebesell
et al, 2000]. However, the temperature calibration of the

—_— K . . . .
YL aboratoire de Géologie de Lyon, UMR 5276, CNRS, Universit/37 Index is species-dependent [egolkman et al. 1995;

Lyon 1, Ecole Normale Supérieure Lyon, Villeurbanne, France. Conte et al. 1998] and includes variability due to physio-
“2Paleobiology Program, Department of Earth Sciences, Uppsiigyical factors such as nutrients and light availability [e.g.,
Uniyersity, Uppsala, Sweden. Epstein et al. 1998; Prahl et al, 2003]. Nutrient-limited

3Laboratoire eEcologie des Hydrosystémes Naturels et Anthropisé . . ..
UMR 5023, CNRS, Université Claude Bernard Lyon, Villeurbanne, Franc‘sehemOStat cultures show that the carbon Isotopic composition

of alkenones and 37, values vary with [CQ,q and

Copyright 2012 by the American Geophysical Union. physiological factors such as growth rat@ é&nd cell size
0883-8305/12/2011PA002164 [Laws et al. 1995; Popp et al, 1998]. However, nutrient-
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detailed characterization of ancient alkenone producers and a
reappraisal of paleoceanographic and pple@. recon-
structions for the investigated period.

South
America South Atlantic

2. Material and Methods

2.1. Sampling

;,-T/Site 516 [s] DSDP Leg 72 Site 516 is located on the upper flanks
of the Rio Grande Rise at 1313 m water depth in the South

Atlantic subtropical gyre (Figure 1). Site 516 is situated

north of the Northern Subtropical FroBtglkin and Gordon

25°S

/ / 1996] and other front zones of the South Atlantic. During
§ Site 516 the Miocene, carbonate-rich sediments were deposited well
30°S S@S“’ < Y above the lysocline and the calcite compensation depth
/ ) (& (CCD), at water depths similar to todaBarker, 1983].
g Rio Grande Rise < Studies byPagani et al[2000a, 2000b] antenderiks and
S 35°S . .
£ ~ o Pagani[2007] demonstratgd the S|multaneous.presence qf
- Noelaerhabdaceae coccoliths and alkenones in DSDP Site
40°S o 516 sediment samples. However, these studies neither
Argentina Basin reported alkenone concentrations nor absolute abundances of
25° coccoliths. We therefore selected a total of 35 sediment
70°W 60°W 50°W 40°W 300w 20w Samples from Holes 516 and 516F. The sample depths
Longitude slightly differ from those studied biyenderiks and Pagani

. ) . . [2007]. The time interval investigated spans the latest
Figure 1. Location of DSDP Site 516 at the Rio Gram’@ligocene and the early Miocene (26 Ma) and includes a
Rise (adapted frorhlenderiks and Pagari2007]). period ( 21.19 Ma) of major paleoceanographic changes

[Pagani et al. 2000b]. The age model for DSDP Site 516
used in this study is the one presentedH®nderiks and
replete batch cultures produce much lowgf.»values and a Pagani[2007].
glff:lte;é 5((e)l]z.at|onsh|p betweepsz.,andm[CO, 4] [Riebesell 2.2 Total Organic Carbon Analyses

[5s] Thereis ahuge gap between the first sedimentary record] Subsamples (100 mg of ground bulk sediment) were
of alkenones in the Cretaceous dt20 Ma Farrimond et al,  acidified in situ with HCI 2N in precleaned (combustion at
1986;Brassell et al.2004] and the first occurrence of moderd50°C) silver capsules until effervescence ceased, dried in
alkenone producers (0.27 Ma fér huxleyi[Thierstein et a). an oven (50°C) and wrapped in tin foil before analyses.
1977] and 1.85 Ma foG. oceanicaPujos-Lamy 1977]). Total organic carbon (TOC) analyses were performed with a
SinceE. huxleyiand G. oceanicacannot be responsible forThermo FlashEA 1112 elemental analyzer using aspartic
alkenone production during most of the Cenozoic and theid (36.09% of carbon) and nicotinamid (59.01% of carbon)
Mesozoic, the biological sources of alkenones preservedaimcalibration standards (n = 5 with variable weight for each
pre-Quaternary sediments need to be elucidated in ordest@ndard). Accuracy was checked using in-house reference
better constrain paleoenvironmental reconstructions basednaierial analyzed with the samples (fine ground low carbon
these biomarkers. sediment; 0.861 0.034% of carbon (standard deviation;

[6] Based on the consistent cooccurrendeatfculofenestra n = 12)). All samples were analyzed twice and the repro-
coccoliths and alkenones in marine sediments dating backitgibility achieved for duplicate analyses was better than
the Eocene (45 MaMarlowe et al.[1990] suggested that 10% (coefficient of variation).
the most probable Cenozoic alkenone producers are t02b§ Alk Anal
found within the genuReticulofenestravhich belongs to the <~ enone Analyses
Noelaerhabdaceae family ligmiliania and Gephyrocapsa  [10] Samples (10 g) were ground and extracted by way
However, this study did not compare alkenone concentgd-sonication (5 ) using 50 mL of Dichloromethane (DCM)/
tions with Reticulofenestraabsolute abundances. MoréVethanol (MeOH) (2:1 v/v). Following evaporation of the
recently,Bolton et al.[2010] argued thaReticulofenestra solvents, the total lipid extract was separated into three
species were the main alkenone producers during the f&@tions using chromatography over a column of inactivated
Pliocene, based on a correlation betw@aticulofenestra (4% HO) silica, with hexane (Hex), Hex/ethyl acetate
abundances andsgalkenone concentrations in sediment$7:3 v/v) and DCM/MeOH (1:1 v/v) as eluents. The sec-
Yet, other alkenones (e.g.ggf were not considered. ond fraction, containing alkenones, was dried undgr N

[7] Here, we investigate the cooccurrence of alkenongi¥/lated (pyridine/N,O-bis(trimethylsilyl)trifluoroacetamide
and coccolithophore genera and species during the RtBSTFA, 2:1 v/v, 60°C for 1 h) and dissolved in hexane
Oligoceneearly Miocene by comparing nannofossil asserfer analysis by gas chromatography (GC/FID) and gas
blages and species-specific absolute abundances with atk&omatography/mass spectrometry (GC/MS).
none contents (§ and Gg alkenones) in sediments from [11] Alkenones were identified by GC/MS using a
the Deep Sea Drilling Project (DSDP) Site 516. This allowd4D800 Voyager spectrometer interfaced to an HP6890 gas

2 of 12
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chromatograph equipped with an on-column injector and2&. Comparison Between Alkenone
DB-5MS column (30 m 0.25 mm 0.25mm). The oven and Nannofossil Contents

temperature was programmed from 60°C (1 min) to 130°G,¢ Our working hypothesis is that, under good preserva-
at 20°C min *, and then to 310°C (20 min) at 4°C mi ion conditions, the alkenone concentration should be related
Helium was used as the carrier gas at constant flg¥/the number of coccoliths of alkenone-producing taxa in
(1.1 mL min 7). _ sediments. A similar assumption has already been used to
[12] Alkenone abundances were determined by GC/FiRentify biological sources of alkenones in sediments of late
using hexatriacontan@-Css alkane) as internal Sta”dardQuaternary [e.gMilller et al, 1997; Weaver et a).1999]
The GC was a HP-6890 Series gas chromatograph cgRy pliocene age [e.gBolton et al, 2010; Beltran et al,
figured with an on-column injector and a HP5 (30 m 2011]. Here, we compare major trends of absolute and rela-
0.32 mm 0.25mm) capillary column. Helium was usediye apundances of coccolith genera to variations in total
as the carrier gas at constant flow and the oven temperafyji@none concentrations.
program was the same as for GC-MS analyses. Samples wqtg| Simple and multiple linear regression analyses
injected twice anq th_e reproducibility achieved for dgpllca@igniﬁcance threshold = 0.05) were used to determine
alkenone quantifications was less than 10% (coefficienttfi relationships between alkenone contents and relative/
variation). absolute abundances of coccolith genera, and betwegep
2.4. Micropaleontological Analyses (data fromPagani et al.[2000b]), abundances of coccolith

lides f | fossil i %eenera and mean sizes. The normality of the input data and
[13] Slides for calcareous nannofossil quantitative anglgjqyal distributions was checked using a Shapiro-Wilk test.

ysis were prepared following the random settling methog satistical | £ d using the JMP ;
[Beaufort 1991b] (modified byGeisen et al[1999)). A g1 (SAS institate) sofware,

small amount of dried sediment powder (5 mg) was mixed
with water (with basic pH, oversaturated with respect
calcium car(bonate) andpthe homogenized suspengion gas Taxonomy Used for the Noelaerhabdaceae
allowed to settle for 24 h onto a cover slide. The slide w gmlly

dried and mounted on a microscope slide with Rhodopas$ig] Since the early publication dflarlowe et al.[1990],
Coccolith quantification was performed using a polarizinge genusReticulofenestraas been considered by different
optical ZEISS microscope (magnification 1000 A stan- authors as the most probable alkenone producer during the
dard number of 500 calcareous nannofossils (coccolitbenozoic. However, species of the geReticulofenestra
and nannoliths) were counted in a variable number (betwegs generally considered to have a high morphological plas-
10 and 30) of field of views. In order to test the reprodugcity, and theDictyococcitesand Cyclicargolithusgenera
ibility of our quantification, each slide was counted twicare often considered as junior synonym®eficulofenestra
and the reproducibility achieved was high (coefficient ¢&.g., Theodoridis 1984;Marlowe et al, 1990;Young 1990;

variation: 10%). Aubry, 1992;Beaufort 1992;Henderiks and Pagank007;
[14 Absolute abundance of nannofossils per gram pfenderiks 2008]. Consequently, these genera have often

sediment was calculated using the formula been grouped either as reticulofenestritisticulofenestra

Dictyococcite$e.g.,Henderiks and Pagan2007;Henderiks

XVN VEM A HP ap 2008]) or more simply aReticulofenestréReticulofenestra

Dictyococcitest Cyclicargolithusfe.g., Aubry, 1992]). This
rouping can result in misleading conclusions when trying

where X is the number of calcareous nannofossils per gr precisely define ancient species involved in alkenone

of sediment; N the number of nannofossils counted in e duction. A taxonomic revision is beyond the scope of
sample; V the volume of water used for the dilution in tl Qi )

! X ) : s work andDictyococcites Reticulofenestraand Cycli-
settling device (mL); M the weight of powder used for th(?ak[golithusare distinguished here on the basis of distinctive

suspension (g); A the surface considered for nannofo ; : ; :
counting (cm); H the height of the water over the cove?rjgggzgligg;al features in optical microscope (Table 1 and

slide in the settling device (2.1 cm). Species-specific relativ
abundances (percentages) were also calculated from the tptal
nannofossil content. # Results
[15] Coccolith size is a proxy for cell size in anciend.1. TOC

Noelaerhabdacea¢nderiks2008].Henderiks and Pagani 1,q The studied samples are characterized by a low total
[2007] have already evaluated the size variability within thgganic carbon content (0.06% on average; Figure 2a).
reticulofenestrids (namely species of the gef&tculofe- jgher values are recorded at the base of the studied interval
nestraandDictyococcitepat Site 516 and its implications forang g slight trend to decreasing values is observed from 25
the interpretation of measured alkenone-bageg, values. g 20 Ma, with a mean TOC content of 0.08% and 0.04%

Here, we pair the reticulofenestrid size data with the meggore and after 20.5 Ma, respectively (Figure 2a).
size variability ofCyclicargolithusin the same 24 samples

studied byHenderiks and Pagarf2007]. In each sample, 4.2. Alkenones

100 individual Cyclicargolithuscoccoliths were measured [2q] One G and two Gg alkenones are present in all the
from four replicate slides, rendering statistically robust essamples studied. These were identified as heptatriacontadien-
mates of mean size and its varianderideriks and Térner 2-one (MeG;.), octatriacontadien-3-one (E43) and
2006]. octatriacontadien-2-one (Meg&»), respectively. Megy.»,
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Table 1. Distinctive Morphological Features Used to Distinguish the Three Noelaerhabdaceae Betimrm{enestra, Dictyococcites,
andCyclicargolithu at DSDSP Site 516 During the Late Oligocefarly Miocene

Noelaerhabdaceae Genus Distinctive Morphological Features
Reticulofenestra Elliptical coccoliths with a prominent open central area and with no slits in the distal $tégle{ al, 1966].
Dictyococcites Elliptical coccoliths with a large central area closed or virtually closed in line with the distal shield.
The central area of the distal shield frequently shows a median furrow or a minutBg@ckman 1980].
Cyclicargolithus Circular to subcircular coccoliths with a small central area and high tube dgaley; [1971].

Larger coccolith size range th&eticulofenestrandDictyococcite§Henderiks 2008].

EtCss.0, and MeGg.» alkenones account for 55%, 33%, and [23] The mean absolute abundance of nannofossils is
12% of total alkenone content, respectively, and no signifi:0  10° nannofossils per gram of sediment and does not
cant variation of these proportions is observed through steow any significant stratigraphic trend across the late
time interval studied. Oligoceneearly Miocene (Figure 2d). Coccolith assem-
[21] The total amount of these ketones is relatively loWlages are dominated by four genera, which account for
(0.03ng per gram of sediment on average), with a maximun®%..80% of the total assemblage, nameReticulofenes-
of 0.13ng per gram of sediment at about 23 Ma (Figure 2ltya, Dictyococcites Cyclicargolithus all belonging to the
and values attaining the detection limit at around 20 ahelaerhabdaceae family, a@ccolithus No significant
17 Ma. A general trend to decreasing alkenone contentsigatigraphic trend across the late Oligoceagly Miocene
seen from 25 to 16 Ma but three periods of increasing toislobserved when all the Noelaerhabdaceae are combined
alkenone content are observed at about 2322% and (Figure 2e). The mean absolute abundance of Noe-
19.5.17.5 Ma (Figure 2b). This overall distribution matcheserhabdaceae is 3.4 10° coccoliths per gram of sediment
with that of TOC (Figures 2a and 2b). The same variatio(fSigure 2e).
are observed when each alkenone is considered individualljz4] For each genus of Noelaerhabdaceae, relative and
Similar trends also occur when alkenone content is expresabdolute abundances show similar variations through time
relative to TOC (Figure 2c). In Figure 3, quantitative alkenoirfEigures 3b, 3c, and 3d). Three shifts in coccolith assem-
data expressed per gram of sediment are compared to abkmes can be distinguished: (1) Between 25 and 20.5 Ma,
lute and relative abundances of Noelaerhabdaceae coccolibscolith assemblages are dominatedQyglicargolithus
43. Coccolith Assemblages representing on average 30% (1.40° specimens per gram
= ) ) ] . of sediment) of the total nannofossil assemblage, whereas
[22] Coccoliths are well preserved in all investigatepictyococcitesepresents 25% (1.3 10°) and Reticulo-
samples since delicate coccoliths that are prone to diss@dyrestra 15% (0.7 10°); (2) between 20.5 and 17.5 Ma,
tion, such asSyracosphaerand Pontosphaeraare com- coccolith assemblages show a dominancBiofyococcites
monly observed with pristine structures. This indicates thabo; 2.3 10% and an increase (from 15% to 45%;
coccolith assemblages are notimportantly biased by select\@ 10°t0 2.0 10°) in the proportion oReticulofenestra
dissolution in the water column or diagenetic effects, ighereasCyclicargolithusshows a sharp decrease in abun-
agreement with previous studies at Site 3ér{deriks and dance (8%; 0.42 10°); and (3) assemblages between

Paganj 2007]. 17.5 and 16 Ma are characterized by the dominance of
(a) wt%TOC (c) Alkenone concentration (ug g TOC™) (e) Noelaerhabdaceae (coccoliths g sediment™)
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Figure 2. (a) Total organic carbon content (wt % TOC), (b) total alkenone contgnpdr gram of
sediment), (c) total alkenone content relative to T&¢ er gram of TOC), (d) absolute abundance of
nannofossils (specimens per gram of sediment), and (e) absolute abundance of Noelaerhabdaceae (cocco-
liths per gram of sediment) at DSDP Site 516 during the late Oligoearig Miocene. Error bars represent
coefficients of variation.
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Cyclicargolithus relative abundance (%) easily distinguishable from other reticulofenestrids due to
its larger size and distinct subcircular shape.

[27] Processes of degradation in the water column and in
sediments may affect alkenone and coccolith records differ-
ently, leading to misleading interpretations of the sedimen-
== Cfloridanus tary record. In the present case, several observations argue
o= G abisectus against the effects of such potential preservation biases.

[2¢] First, records of coccolith assemblages can be skewed
by the dissolution of susceptible species during settling and
sedimentary buriaHoth and Coulbourn1982;Gibbs et al,
2004;Young et al.2005]. Such selective coccolith dissolu-
tion is not observed within the studied nannofossil groups at
DSDP Site 516 Hlenderiks and PaganR007; this study].
Sediments from Site 516 are calcareous oozes with little
evidence of dissolution or cementation precipitat®arker
et al, 1983], and no significant secondary calcite over-

S T growth is observed on coccolith&rnyu et al. 2002]. An
important effect of diagenesis affecting the recorded cocco-
lith assemblages can thus be excluded.

[29] Second, a majority of organic matter produced in the
surface oceans is generally remineralized before and after
C. floridanusandC. abisectusat DSDP Site 516. It should reachlng thzgeaﬂgor. Tr,:ﬁ con(}entr?tlonsf of TOC atf‘d alke-
be noted thaC. floridanusis entirely responsible for thegict)igiss 'gnsde r|emen S atlre | us ? U?C |onf ct)h pres_e_rval lon co?—
Cyclicargolithusabundance trend. o present only a fraction of he original expor

productivity. Nevertheless, the relatively high sedimentation

rate (17 m/Ma) and the relatively shallow water depth
Reticulofenestrg45%; 2.0  10%) with smaller amounts (1313 m) of DSDP Site 51@Bfrker et al, 1983] induced
of bothCyclicargolithug9%; 0.44 ~ 10%) andDictyococcites a limited oxidation and a relatively rapid burial of organic
(8%; 0.42 10°). In generalPictyococcitesndCyclicargo- matter into the sediments compared to other oceanic settings
lithus abundances show opposite trends (Figures 3b and B&)ukhopadhyay et al1983]. Moreover, the paleodepth of
This record is consistent with the resultsHefnderiks and the studied site did not change significantly during the time
Pagani[2007] although the apparent timing in assemblagpan investigated. Changes in TOC and alkenone con-
shifts is slightly different due to different sample spacing. centrations in sediments may also reflect varying sedimen-

[25] The coccolith size ofCyclicargolithus which is tation rate. However, the sedimentation rate calculated
strongly linearly correlated to its cell diametetehderiks according to the age model of the studied interval does not
2008], ranges between 4 and @th (N = 2454). Mean show significant variation$’pgani et al, 2000b;Henderiks
size per sample varies between 6148 0.24 (95% con- and Paganj 2007]. Thus the observed overall decrease in
fidence mean) in the late Oligocene and 84% 0.18 TOC since 21.5 Ma (Figure 2a) likely reflects a decrease

20 25 30 35 40 45 50

Early Miocene

‘ Oligocene ‘

Figure 4. Relative abundances Gfyclicargolithusspecies

(95% confidence mean) in the early Miocene. in primary productivity in response to paleoceanographic
changes (mainly linked to temperature and nutrient con-
5. Discussion centrations Pagani et al. 2000b; Henderiks and Pagani
. 2007]) rather than changes in sedimentary dilution or
5.1. Alkenone Producers at DSDP Site 516 organic matter degradation. Despite the fact that alkenones

[2¢] Significant correlations between the abundance @present only a very small fraction of TOC, the significant
coccoliths of the main alkone producers (nanteuxleyi covariation observed between TOC and total alkenone con-
andG. oceaniciand the alkenone concentration have beeent (Figures 2a and 2B = 0.69,p < 0.0001) suggests that
observed in late Quaternary sediments [@iller et al, alkenone distribution also reflects variations in the abun-
1997;Weaver et a).1999]. Based on this observation, pardance of alkenone producers rather than an erratic degrada-
allel distributions of reticulofenestrid coccoliths and alk&ion of alkenones relative to TOC. It should be noted that
none contents have been used to identify past biologigaése biolipids are generally considered less prone to degra-
sources of alkenones in Pliocene sediments Bofion etal, dation than other phytoplankton-derived lipiddup and
2010; Beltran et al, 2011]. The similar variations at DSDPWakeham 1994; Gong and Hollander 1997, 1999]. In
Site 516 between the absolute abundandgyoficargolithus addition, the association between organic matter and the
coccoliths and the total alkenone content (Figure 3) suggesikium carbonate of coccoliths might have produced a
a significant contribution of this genus to alkenone produghysical and chemical protection against remineralization
tion between 25 and 16 Ma. More precisely, alkenone pi@rmstrong et al.2002], as coccoliths have very likely acted
duction is supported by the speciesfloridanuswhich is as ballast and reduced the residence time of organic matter
entirely responsible for th@yclicargolithusabundance trend within the water columnKlaas and Archer2002].

(Figure 4). Although reticulofenestrids are sometimes confsg Finally, the apparent similar variations between the
sidered as species having high morphological plasticdundance o€yclicargolithusand the total alkenone con-
which may bias their taxonomy [e.gBeauforf 1991a], tent are supported by statistical analyses which show that,
C. floridanusrepresents a very characteristic morphospeci@song all tested Noelaerhabdaceae genera, only absolute
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Figure 5. Correlations (linear regressioass 0.05) between alkenone contemyj per gram of sediment)
and (a) relative and (b) absolute abundancé¥yoficargolithusduring the late Oligocenearly Miocene
at DSDP Site 516.

and relative abundances of this genus produce significanfi] It is worth noticing that no change in the proportion
and positive linear correlations with the total alkenone coof the different alkenone isomers (MgG, EtCsg.,, and

tent ® = 0.36.0.44, p < 0.0005; Figure 5). Such a correMeCsg.5) is observed throughout the entire time interval
lation is unlikely the result of diagenetic processes. Still, ité®nsidered in this study. This may imply that all alkenone-
possible that a better preservation of the calcite of coccoligieducing species produced the same type of alkenones
compared to alkenones has led to an underestimation ofdbeéing the late Oligocen&arly Miocene, which may not
contribution of Cyclicargolithusto alkenone production. be surprising since the alkenone compositions of modern
This may partly explain whyCyclicargolithusrepresents coccolithophorids (essentiall$. oceanicaand E. huxley)

only 40% of the total variance of alkenone concentratiosre rather similar\folkman et al. 1995]. It is possible,
However, other taxa may have also contributed to the alkeywever, that the original distribution of alkenones at DSDP
none production at DSDP Site 516 sin€gclicargolithus Site 516 contained alkenone isomers with more than two
has a limited stratigraphical range (frod0 Mato 13 Ma unsaturations, since triunsaturated and tetraunsaturated
[Young 1998]). The continuous cooccurrence of thalkenones are known to be far more reactive toward diage-
Reticulofenestragenus and alkenones throughout theetic processes than their diunsaturated homologues [e.g.,
Cenozoic sediment record is the main argument to infer itGsimalt et al, 2000;Rontani and Wakehara008].

the most probable ancient alkenone producer [elarlowe ) L

etal, 1990]. In the present study, the quantitative distributioh?- Paleoenvironmental Implications

of Reticulofenestrahows an inverse trend compared to that[32] Past atmospheric GQoncentrationspCO,) can be

of alkenone concentrations (Figures 3a and 3d). Moreovestimated from the carbon isotopic fractionation between
when consideringReticulofenestraplus Cyclicargolithus ambient CQ and the algal cell (37.9) that occurred during
abundances in a multiple linear regression calculated verswgine haptophyte photosynthesiagper and Haye4.990;
alkenone concentrations, the fit does not incre@se (.45, Jasper et al.1994;Bidigare et al, 1997, 1999;Pagani et al,

p < 0.001) with respect t6yclicargolithusalone & = 0.44, 1999], based on the expression

p < 0.0005). These observations suggest a weak contribution

of the genusReticulofenestréo alkenone production in the 1 _ .

time interval considered, although a contribution of this parz ¥ 1 D= COpap; @
genus cannot be completely excluded. Abundances of ) )

Dictyoccocites(Figure 3c) do not significantly correlatewhere ps7:2is calculated from the difference between the
either with the general trend of alkenone concentratio@grbon isotopic compositions of diunsturateg; lkenone
However, a contribution ddictyococcitego alkenone pro- (¢°Cs7) and foraminifera carbonated {Cioram) [s€€
duction cannot be excluded especially after 20.5 Ma wherBagani et al, 1999]. ¢ is the carbon isotope fractionation
small increase in alkenone content coincides with a shél to all carbon-fixing reactions (here assuming 25
increase inDictyococcites(Figures 3a and 3c). It is also[Popp et al. 1998]) andsbe represents the sum of physio-
possible that noncalcifying haptophytes, for which there is lgical factors, including growth rate and cell geometry, that
mineralized fossil record, have contributed to the alkenoa@ect total carbon isotope discriminatidrajvs et al, 1995;
production at DSDP Site 516 although extant noncalcifyifPpp et al. 1998]. The magnitude of terehe is estimated
alkenone producers (e.gsochrysis galbarjaare not con- by the phosphate concentration of the surface ocean

sidered as an important source of alkenones in modern off@idligare et al, 1997, 1999Pagani et al. 1999]. In oligo-
ocean sediment§/farlowe et al, 1990]. trophic settings, it is generally assumed that the influence of
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Table 2. Pairwise Linear Regressions Between Alkerdii€ (d"Cs7.2), pa7:2 Cyclicargolithusand Reticulofenestrids Mean Cell Size,
and the Ratio oCyclicargolithusto Noelaerhabdaceae

Reticulofenestrid Cyclicargolithus
d*3Cs7.» p37:2 Mean Size Mean Size Mix Mean Size
p37:2 R= 0.96
p < 0.0001
Reticulofenestrid mean size R =0.68 R= 0.68
p = 0.0003 p = 0.0003
Cyclicargolithusmean size R =0.69 R= 0.67 R =0.75
p = 0.0002 p = 0.0004 p < 0.0001
Mix mean size R=0.33 R= 0.36 R =0.86 R =0.50
p=0.112 p = 0.085 p < 0.0001 p=0.013
Cyclicargolithug Noelaerhabdaceae R= 0.67 R =0.62 = 034 R = 0.60 R= 0.17
p = 0.0003 p=0.0013 p = 0.099 p =0.002 p=0.419

haptophyte growth rates ops;.»is negligible [e.g.Pagani et al. [2000b] at DSDP Site 516. This correction was
et al, 2005]. based on the cell diameter of reticulofenestrids, namely
[33] Considering that larger phytoplankton cells, witliReticulofenestraand Dictyococcites considered as the
higher carbon cell quota relative to surface area, fractionatest probable alkenone producers during the Cenozoic.
less than smaller cells under similar £ and low growth Indeed a significant correlation exists between alkenone
rates [e.g.L.aws et al, 1995;Popp et al, 1998],Henderiks d"*Cs7., (and therefore p37:2 and reticulofenestrid mean
and Pagani2007] applied a cell size correction to the termize R = 0.68, p = 0.0003; Table 2). Yet, the present
be in order to revis@pCO, trends reconstructed Bagani study suggests that another major alkenone producer at

Coccolith mean size (um) pCO2 (ppmv)
3 354 45 5 55 6 65 7 75 8 85 9 100 200 300 400 500 600
—— 16 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1
C)) (b)
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2
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(6]
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—
©
i 21
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"o 24 1
C
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3
ks)) 25 - -7+ reticulofenestrids o e e s e e e |
5| M -m- Cyclicargolithus 8 9 10 11 12 13 14 15 16 Pagani et al. [2000]
L €037:2 (0/ ) Henderiks and Pagani [2007]

pafzz (oo this study

Figure 6. (a) Mean size variability at Site 516 of reticulofenestriRisticulofenestrplusDictyococcitel
andCyclicargolithus as determined in the 24 samples studietiegderiks and Pagaf2007] (error bars

indicate 95% confidence intervals); (b) alkenone-derivgd., record [fromPagani et al. 2000Db];

(c) revisedpCO, estimates after cell size corrections (see detailed methods in waetkrgeriks and
Pagani[2007]) includingCyclicargolithus(blue) compared tpCO, estimates oPagani et al.[2000b]

(grey) aniHenderiks and Pagaf2007] (red). Shaded bands and lines depict minimum and maximum esti-
mates with propagated 95% confidence levels of input factors. Dashed lines represent minimum estimates
assuming no diagenetic alteration of biogenic carbonates used to determine paleo-B8da(iseet al,

2005].
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Figure 7. Relatlonshlp between,sz.» (< ), cell volume to surface area ratios (V:S#m), and growth

rates fng d 1), calculated with constant GQg) = 10 nmol kg ! [after Henderiks and PaganR007].

The contoured growth rates represent values under continuous light chemostat experiments and need to
be corrected for the effect of day length and respiration in natural sefiiligalre et al, 1997, 1999].

The stars depict thec6 decrease inpsz7.2between 20.3 and 19.5 Ma, which, under constant, CQrre-

sponds to an increase in Noelaerhabdaceae cell sizes and growth rates.

this site wasCyclicargolithus which had an overall larger Cyclicargolithushad 30% to 60% lower specific growth
cell diameter than the reticulofenestrids (Figure 6a). Wes than the reticulofenestrids.
have thus reevaluated the interpretation of publishegl,  [3¢] Without access to cell geometry data and detailed
values (Figure 6b)Hagani et al, 2000b] and reestimatednannofossil dat&®agani et al[2000b] initially calculated an
paleopCO, values considering the mean cell size ajverall 60% increase in haptophyte growth rates to explain
Cyclicargolithus Prior to 20 Ma, this results in higherthe distinct 6 decrease in 37, observed after 20 Ma
pCO, estimates (max. 34850 ppmv) compared to values(Figure 6b). Here we combine theyclicargolithusand
presented bydenderiks and Pagarj2007] due to the rela- reticulofenestrid data (based on their mean size and respec-
tively high proportions and larger size Gf/clicargolithus tive proportions relative to the total Noelaerhabdaceae
After 20 Ma, Cyclicargolithusis less common than largeabundance), and show that the 8hiftin ,37.,is supported
reticulofenestrids, resulting pCO, estimates (<400 ppmv) by an increase (23%) in mean cell size (V:SA) and by an
that are similar to those determined blenderiks and overall increase in mean growth rates &4% (Figure 7).
Pagani [2007]. Overall, the newpCO, estimates stay The distinct 6 shiftin 37.,may thus be partly explained
within the ranges previously reported IRagani et al. by changes in the major alkenone producers with different
[2000b] (Figure 6c). growth rates under similar G@onditions: from assemblages
[34] Relative differences in growth rates between reticdominated by slow-growin@yclicargolithusto dominantly
lofenestrids an@€yclicargolithuscan be evaluated using thereticulofenestrids with higher growth rates. Pairwise corre-

following model Henderiks and Pagank007]: lations (Table 2) show that there is a significant correlation
betweerd™*Cs., (and therefore P37, 3 and reticulofenestrid
MF COugp %+ pazz 1+ =Kvisa &b mean sizeR = 0.68,p < 0.001);d"Cs;., and Cyclicargo-

lithus mean sizeR = 0.69,p = 0.0002); andf**C57.,and the

. : licargolithugNoelaerhabdaceae abundance raRo=(
where the termbe from equation (2) is nhow expressed b)pyc
specific growth raten) and a constant (Kss) that is 0.67, p = 0.0003). Finally, the observed variability in

defined by the cell volume to surface area ratio (V:SA) nkeeanrornee;re(;gioznarlzcrj]kfg; Ztar‘]r: ngI ei(oplg;wnaendggg ?nmrwgg:\e
i i 37:2
eukaryotic species’ppp et al, 1998] Noelaerhabdaceae cell size and in thgclicargolithug

Ky.sa %49  2225V:SAD &b Noelaerhabdaceae abundance rd&is 0.81;p < 0.0001).

[35] Under constant [C&,,], and assuming no vital 6. Conclusion
effects in y37..between different haptophytes, similar values[s7] A comparison of nannofossil and alkenone absolute
of p37.2c0uld be generated by large cells (high V:SA) withontents in Atlantic sediment samples (DSDP Site 516)
low growth rates and/or small cells with high growth ratespanning the late Oligocene to early Miocene suggests that
(Figure 7). In this scenario, our reconstructions indicate thia¢ specie€yclicargolithus floridanusvas a major alkenone
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producer between 25 and 20.5 Ma, explaining at least 40%3] Dictyococcites antarcticufHag, 1976]: in contrast

of the total alkenone content at this site. The contributievith D. hesslandiithe specimens dd. antarcticug4. 8 mm)

to alkenone production by lardctyococcitess supported show no pore but a narrow and elongated rectangular central
in younger sediments whereas thaRefticulofenestrape- area (namedfurrowZ by Haq [1976] andestraight band
cies appears less pronounced. These observations challeydgackmar{1980]). The straight extinction band along the
previous statements thdeticulofenestrawvas the most major axis occupies at least one half of the total length of
important alkenone producer during the late Oligoceady the elliptical central aredBfckman 1980].

Miocene. The relatively high proportions@yclicargolithus  [44 Dictyococcites hesslandijHag, 1966; Haq and
before 20 Ma and its larger cell size lead to higher paldoshmann 1976]. for these specimens, the central area of
pCO, estimates than those previously determined withdhe distal shield exhibits a small pore, from which extinction
considering this genus. Finally, the variability in alkenort@ands radiate (8 nm). Two morphometric size classes
d*3C,,.,and pa7:2are explained by changes in mean cell sizgere distinguished in this study.@nm and >5mm).

as well as changes in the major alkenone producers wijth . .

different growth rates. This highlights the importance ofal-3: GenusCyclicargolithus

careful evaluation of the most likely alkenone producerd4s] This genus is represented by circular to subcircular
before using alkenone-based proxies for paleoenvironmegtgcoliths with a small central area and high tube cycles.

reconstructions. Although Theodoridis[1984] assignedCyclicargolithusas
a junior synonym ofReticulofenestrathe emended diag-
Appendix A: Taxonomic Remarks nosis of Bukry [1971] clearly separates this genus from

Reticulofenestra
[ss] Taxonomy used in the present work follows Hap-[4¢] Cyclicargolithus abisectus[Muller, 1970; Wise
tophyte phylogeny as revised Moung and Bowii1997] 1973] are large species (>in).
and Saez et al[2004]. [47] Cyclicargolithus floridanugHay et al, 1967;Bukry,
1971] are species smaller thanrfr@.
Al. Noelaerhabdaceae Family

[39] NoelaerhabdaceagJerkovic [1970], emended by A2.  Other Coccoliths
Young and Bowrj1997]) is the dominant family in most [45] Other coccoliths that do not belong to the
Neogene assemblages, considered as the Cenozoic ancesiglherhabdaceae family and found in the studied samples
the modern alkenone producEmilianiaandGephyrocapsa are listed here:Calcidiscus leptoporus[Murray and
ALl GenusReticulofenestra Blackman 1898;Loeblich and Tappanl978], Coccolithus

" miopelagicugBukry, 1971],Coccolithus pelagicudVallich,

[40 Elliptical to subcircular coccoliths with a prominent|877; Schiller, 1930], Helicosphaera spp. Kamptner

open central area and with no slits in the distal shield. Thg54], Pontosphaerapp. Lohmann 1902], Syracosphaera

rather simple morphology dReticulofenestrgHay et al, pulchra [Lohmann 1902], and Umbilicosphaera spp.
1966] makes subdivision into species notoriously pfOE:ohmanr,l 1902].

lematic. The conventional taxonomy is primarily based on
size. This is unsatisfactorily and arbitrary, but of stratigraphigs i
' ; . Nannoliths
value Backman 1980;Young et al.2003]. In this study, a _ _
subdivision of four size-defined species was employed4d] Nannoliths are thought to be related to coccoliths but
during the assemblage counts: @gticulofenestra hagii have peculiar structures. Nannoliths found in the studied
[Backman 1978]: morphospecies B nm in length, with a Samples ar®iscoasterspp. [Tan 1927] andSphenolithus
central opening shorter than In8n; (2) Reticulofenestra SPp- [Grassg 1952].
minuta [Roth 1970]: morphospecies smaller thannB; [ .
- . . 50] Acknowledgments. We would like to thank two anonymous
(3) Reticulofenestra mmUtUI@fGarmer’ 1967; Haq .and reviewers for their constructive comments and critical review. This study
Berggren 1978]: morphospecies.B nm in length with a used Deep Sea Drilling Project samples provided by the Integrated Ocean
central opening longer than Infn; and (4)Reticulofenestra Drilling Program. We thank Walter Hale from the Bremen Core Repository
pseudoumbilicugGartner, 1967, 1969]: larger morphos- o' s efficiency.
pecies (57 nm).
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