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ABSTRACT
UNIVERSITY OFSOUTHAMPTON
FACULTY OFNATURAL AND ENVIRONMENTAL SCIENCES
School of Ocean and Ear8tience
Thesis for the degree of DoctorRifiilosophy
THE OLIGOCENE -MIOCENE TRANSITION: NEW INSIGHTS FROM THE
NEWFOUNDLAND MARGIN
by Richard Edwar&mith

As a major site of deepwaterformation,the North Atlantic playsa critical role in global climate.
To understand better how Earthoés c | ffongadogistss y st
to study the record of pastclimate changeencodedin the sedimentaryarchivesthataccumulate

in the deep Atlantic. Here, sedimentdrilled in severalcores on the NewfoundlandMargin by
InternationalOceanDiscoveryProgram(IODP) Expedition342is utilized to providefreshinsights
into palaeoclimatehistory, focusing on one of the more enigmatic eventsof the Cenozoic: the
OligoceneMiocene Transition (OMT), 23 million years ago. This is a tim&ervalthat Expedition
342 sediments have recorded in an continuous and expanded fasiioaralleledin previous
records. This thesis aims to shed new light on Natkhntic OMT climatevariability on both orbital

and millennialcentennialtimescalesand to increasethe fidelity of foraminiferal proxies in this
time interval. In Chapter 3, late Oligocene climate is shown to change cyclioalluborbital
timescales. Centenniatillennial timescale variability is a key feature Bfio- Pleistocene climate;
the record presented here is the first such record from earlier i€@¢in@zoic.These results show
that Atlantic meridional overturning ciatation is variable orsub-orbital timescalesover a wider
rangeof climate statesthanpreviouslyrecognizedln Chapter4, orbital resolution planktic stable
isotope records spanning the OMT are presented. These fiesdtdirst orbital-timescale reard

of sea surface conditions over the OMTeveal that temperatuichangesn North Atlantic surface
waters precede Antarctic glaciation/deglaciation and bott@tercooling/warmingby tensof kyrs.

In Chapter5, the excellentpreservatiorguality of foraminiferarecovered by IODP Expedition 342
is exploited in a rigorous assessment of the taxonoifrseveral planktic foraminiferal species often
used to generate palaeoclimate records ovelQNET, with a focus orGlobigerina bulloidesThis
guantitative, statistical approach enablesn subjective delineation of morphological variability
into morphospecies, and highliglgsbtlemorphological features that are critical to distinguish when
picking foraminifera for stablesotopeanalyses. Together,thee s ul t s of t hi s t he:¢
climate system in the lateligoceneto early Miocenewasmuchmoredynamicandcomplexthan

previouslyrecognized.
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o’c Plankticbenthic!**C offset

1B3c Stablecarbonisotopecomposition:*C/*?C of thesamplerelative to that of th&/PDB
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inorganiccarbonrelativeto thatof theVPDB standard
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Introduction

Chapter 1 Introduction

1.1 Motivations and thesisoutline

E a r tcllmétsis in a constantstateof flux. While the currentrate of greenhousgasadditionto

the atmosphere is unprecedented since at least the start of the Cenozoic (Zeebe et al., i&t16), if
even earlier in the Phanerozoic (Foster et al., 2017), studying how much, how quicklywhdtin
waysE a r tclimétschangedn the pastplays a vital role in predictinghow E a r tclimatsmay

behave in the coming century (Stockx14).

Much of our knowledgeaboutE a r tclméatsin the pastcomesfrom investigationof sediment
coresrecoveredrom the seafloor. In this thesis,| presentew resultsfrom the study of material
drilled by InternationalOceanDiscovery Program(IODP) Expedition342 on the Newfoundland
Ridge,in the North-West Atlantic (Norris et al., 2014). The North Atlantic is a region of critical
importance for palaeoclimate records, because this is the primary region of deep water fammation
the modern (Dickson and Brown, 1994). As a result, this region is highly sensiglabedchanges

in temperature, ocean circulation and contineramatiseaice coverageSignificantvolumesof deep
water have formed in the subpolar North Atlantic since at least the Eocene Oligocene
Transition, 34 Ma (Davies et al., 2001; Miller and Fairbanks,1983; Scherand Martin, 2008),
making thisregionwels ui t ed t o i nvestigate t he hévemakedd s ,

palaeoclimatehistory over the past 65 Ma and beyond (Bender,2013; Zachoset al.,2001a).

Recovering sediments spanning much of the Cenozoic, sbthe most intriguing materialrilled

by Expedition 342 was of Olighiocene (33.923.0 Ma) age. This expedition was the firsttdl
sediments across the OligoceMéocene Transition (23 Ma) of sufficiently high sedimentatiate

to permit generation not only of orbithimescale palaeoclimate records, but also hijher
resolution (millennial timescale) datasets. The high sedimentation rates of this material,
consequence of drift sedimentation, have an additional benefitlaheich sediment hagnabled
exceptional preservation of calcareous microfossils, in comparison to the modergteoto

preservatiorguality typical of pelagicsedimentgNorrisetal.,2014).

In this thesis, | begin by considering North Atlantic climatariability on suborbital (i.e.,
millenniakc e nt enni al ) t i me s c aorbitak climate va@dbibtyp ih ehelateSt ( i
Oligocened). Such wvariability is one -@lf7ka) he
climate.DansgaardDeschgeeventgDansgaarcetal., 1993),HeinricheventgHeinrich,1988)and

Bond cycles (Bond et al., 1997) are associated with @ftamatic climatic variability osub orbital
timescales,of particularly high magnitudein the North Atlantic. Identification of thesecycles

in palaeerecordsrequireshighly expandedsequences,e., sequencesharacterisedy a

13



Chapter 1

very high sedimentation rate of more than several cm/kyr. However, it is rare wuithdediments

in the marine realm dating from earlier than the Pliocene(i.e., >5.3 Ma) that haveadequate

age control. As a result, it is uncertain whether climate variabilitpud¥orbital timescales has been

a pervasive feature of Eart hdés wdsinsteadtredativehor whet her
stable. In this chapter | report investigas of stratigraphicallyexpandedsedimentary sections of

Oligo-Miocene age from the Newfoundland Margin at Site U140&re,sedimentation rates of >20

cm/kyr offer a rare opportunity to investigate whether climate vasieslib-orbital timescales in th

pre-Pliocene. Did such variability occur even in the warmer waridhe OligoceneAf so,is this

variability more akin to the dramatic variability seenduring Pleistoceneglacials, or the lower

amplitude variability observed during tHelocene?

I n Chapter 4 (ADecoupling of sur DligoceneMiotahe deep Nor t
Transi ti ono) rresolutiom reaoodénto ttdmtexs by presgniing results which siesd

light on one of the most striking episodesof the Cenozoic:the OligoceneMiocene Transition
(OMT). While this episodeof major Antarctic ice-sheetexpansionand retreatis relatively well
studiedfrom the perspectiveof a numberof deepoceanrecords(Beddowet al., 2016;Learetal.,

2004; Liebrandet al., 2011;Palikeet al., 2006a;Zachoset al., 2001b),very little is known about

the climate of the North Atlantic at this time, or more generally about climate from the perspective
of the seasurface.ln this chapter,a high-resolution(averagesamplespacing~2 kyrs) seasurface
stableisotoperecord is presentedusing material collected at Site U1406. This record is also
compared with an unpublished benthic stable isotope record from the same site (Liebrand et al.,
prep) to enabledirect comparisonsof plankic-benthic offsets and (a)synchronicities providing

new insightsinto the potential mechanismsnvolved in the OMT climatic event. Was the sea
surfaceresponseo the OMT strongeror more restrainedthan the deepwater response®id the

surfaceanddeepocearnrespondsimultaneouslyo the OMT, or did oneleadthe other?

All palaeoclimateaeconstructionsely on proxy evidence;how canwe improve the accuracyand

fidelity of these proxies in the Olighli ocene ? I n Chapt @ligo-Mioceheh Tax o n o my
Globigerina bulloidesand related forms: refinement using a multivariate statistidastering

method,and investigationof stableisotopeb e h a v il @anduétg rigorous assessmenf the

planktic foraminiferal taxonomyof severalspeciescommonaroundthe OMT. As a result of the

oftensignificant variability in stableisotopeincorporationbetweendifferent speciesof planktic

foraminifera, generation of accurate records requires consistent and precise #batiifisation.

The most abundant surfadevelling species present in material recovered by IODP Expe8uian

overthe OMT is typically Globigerinabulloides However,uncertaintyexistsover the taxonomy

of this speciesand similar forms in the Late Oligoceneand Early Miocene.Suchindividuals are
typically @©.lpeaasbslibifeé edvhas fiound e aMidcene rbutthihan the mi
distinction betweenpre-mid-Miocene and modernforms has beensuggestedo be unnecessary

(Pearson and Wade, 2009) . I n addition, immchil e i mages

14
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different speciesin standardtaxonomicworks, in practice,the rangeof intra-speciesvariationis
often very large. Consequentlyit canbe very difficult to decidewith certaintywhich speciesto
assignto someindividuals. With the aim of reducingboth of theseissues,n this chaptera setof
morphometricmeasurementsre made on all individuals that have an appearancestrongly or
moderatelysimilar to G. bulloides Without pre-assigningany taxonomic information to these
morphometrianeasurements, statisticalclusteringmethod(Ezardetal., 2010;PearsorandEzard,
2014) is then used to determine the statistically most likely number of morphological dreups
speciesand/or morphotypes)into which theseindividuals should be divided. The aim of this
chapteris to provide a quantitative,unbiasedyepeatableapprachto delineatingtheseforms into

morphospeciesn away thatis usefulto subsequenwork bothin thisthesisandelsewhere.

1.2  Setting the scene: The OligocenBliocene Transition (OMT)

1.2.1 Introduction to the Oligocene-Miocene Transition (OMT)

The Oligocene (33:23.03 Ma), a stepping stone between the largehfreee Palaeocene/Eocene

and the extensivelyglaciatedworld of the Pleistocenejs bookendedby episodesof significant
Antarctic glacial expansion: the Eoce®figocene Transition (EOT), and th@ligoceneMiocene
Transition (OMT). The EOT saw the initiation of sustained lesgale Antarctic glaciatioCoxall
et al., 2005; Coxall and Wilson, 2011; Ehrmannand Mackensen1992; Kennettand Shackleton,
1976; Sagnottiet al., 1998; Shackletonet al., 1975), a resultof a long-term Cenozoicdeclinein
atmospheriqpCQO; (Beerling and Royer, 2011; DeContoand Pollard, 2003). Following the EOT,
Antarctic glacial coverage waxed and waned cyclically, with a number of glacial eivelitated

by cyclicity in benthic i*®0 data (Figure 1.1a; Liebrand et al., 2017; Miller et al., 1991). The

intensity (and also cycle Ashapeo i n dois@ntt i

through the Oligocene: glacial extent was greatest during theQMibcene Glaciallnterval
(MOGI; Figure 1.1b) ), peaking at ~28 Ma, before graduallyetreasing until ~24 Mé_iebrand
et al., 2017). However,this gradualreductionin glacial coveragewas abruptly interruptedat the
end of the Oligocene by a dramatic expansion of Antarctic glaciation. Multiple benthic
foraminiferal stable isotope records from the Equatorial Pacific and Equatorial and ARtarttic
haveshownthat the OMT was a worldwide phenomenonwith a global rise in benthicii*?0 and
WC of ~14 over ~200 kyrs, f otméspaw@idureb V.1 aad2;r
Beddowet al., 2016; Lear et al., 2004; Liebrandet al., 2011; Palike et al., 2006a;Zachoset al.,
2001b).
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Introduction

Figure 1.1 (opposite)In all panels, the OMT interval proposed by Liebrandadt
(2017)is indicatedby the grey shadedarea.Panela: global compilationsof benthic
foraminiferal ii*®0 (Zachos et al., 2001a) and atmospheric p(B®@erling andRoyer,
2011) records with purple and blue shaded areas indicating timing ofafpegtmanent
Antarctic and Arctic glaciation, respectively. Pabelbenthicforaminiferal i**C and
U0 records from Site U1264 (Walvis Ridge; Liebrand et al., 2016),thtHuration
of the Mid-OligoceneGlacial Interval (MOGI), asproposeddy Liebrandetal. (2017),
shadedin blue. Orbital solutionsare those calculatedby Laskaret al. (2004). Panel
c: benthic foraminiferali**C and ii"®0 records from Site U1264Walvis Ridge;
Liebrand et al., 2016), and a benthic foraminiferal Mg/Ca record from Site U926

(MawbeyandLear,2013).Shading/baratbaseof this panelindicatethetimeintervals

studied in each chapter of thiesis.

90°N
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180°W 90°W 0° 90°E 18C°E

Figure 1.2 Global paleogeographic reconstruction for 23 Ma, construatisihg

GPlates (accessible onlinetdtp://portal.gplates.org/Buperimposed as redrclesare

all IODP sitesfrom which orbitalresolutionbenthicstableisotoperecordshavebeen

generated across the OMT, plus 3465.

Since the initial-lodemabhlfée ciasotoope®fevt dhediedi Mi h ¢
hasprovideddirect evidenceof extensiveAntarctic ice coveroverthe OMT, in the form of a 250

kyr erosionalhiatus (Naish et al., 2001), supportedby a major shift in the Chemicallndex of
Alteration of mudrocksthatindicatesassociateghysicalerosion/mechanicateathering/Passchier

and Krissek, 2008). Estimates of sea level change, from inverse modelling of b&fitic
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(Liebrand et al., 2011) and backstripping of the New Jersey continental margin (Peka2@Q2l.,
Pekar and BConto, 2006) have been interpreted to indicate a sea level fall and rise of b&fween
and 80 m acrossthe OMT. It is noted,however,that while theselines of evidencesuggesthat
Antarctic glaciation was extensivethrough the OMT, palynological evidenceindicative of the
persistenceof NothophaguqSouthernBeech)and sparsetundrathroughoutthe late Oligocene
early Miocene at CapeRoberts(Askin and Raine,2000) suggestghat at least small pocketsof

Antarcticaremainedatleasttransientlydeglaciatedhroughouthe OMT.

While initial attemptsto deconvolvethe benthicti®0 changeoverthe OMT into ice volume and
temperature change (Lear et al., 2004) have been called into question becausdéovapuoiferal
preservatiorandthe effectsof carbonatesaturationstate(Elderfield et al., 2006) on foraminiferal
Mg/Ca, a recordof foraminiferal Mg/Ca recordacrossthe OMT at SitesU926 and U929 (Figure
1.1c; Mawbey and Lear, 2013) suggests that the OMT glaciation occurred in twoest@psscent
of the twostep EOT (Coxall et al., 2005). In this interpretation, de@per cooling precededitial
ice growth;ice growththenstalledastemperaturegcreasedbeforegrowing againastemperatures
dropped (in both cases by2EC). Thus, the total deepater temperature drop was ~3°fd)lowed
by an almost complete recovery in the deglaciation phase of the OMT. Giverddbptea
temperaturesre setby surfacetemperaturest sitesof water masssubduction,it is unsurprising
that several direct records of surface temperature also indicate temperature change @M the
Palynological records from China and North America indicate cooling coincident with ondet of
OMT (Kotthoff et al., 2014; Miao et al., 2013). Meanwhile,a dust record from the Equatorial
Pacific suggests southward movement of the {itepical Convergence Zone (ITCZoincident

with the OMT, also indicative of NH cooling (Hyeong et 2014).

1.2.2 What was the cause of transient glacial expansion and retreat ovéhe
OMT?

Taking theseforaminiferal and sedimentologicalecordsinto account,the glacial expansionover
the OMT is postulated to have been equivalent to a change freB0%0o0 ~100% othe modern
volume of ice on Antarctica(Beddowet al., 2016; Liebrandet al., 2017). Suggestecxplanations
for the dramatic glacial expansionat the OMT typically invoke astronomicalforcing, i.e., the
periodic variability in E a r trdtafios and orbit (Hays et al., 1976; Milankovitch, 1941). This

variability can take three for ms: cyclitety in the
Sun (eccentricity); cyclicity in the tite angle of
position and rotation of t he Eart hoés otheb i t al pat h

maghnitude and latitudinal/seasonal distribution of solar insolation on the Earéx&oplereduced
obliquity and eccentricityreducethe effects of seasonalityresultingin milder summersGiven

that the limiting factor for ice sheetgrowth is not winter accumulationrate but summer
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melting rate (Raymoet al., 2006), a prolongedinterval without warm summersas a result of the

coincidenceof anodeof low variability in obliquity with low eccentricityaidsice sheeigrowth.

Records of Oligocene climate variability are typically dominated by eccentricity (100 kyky40D0
and obliquity (41 kyrs), and on longer timescalesby nodesin both eccentricity (2.4 Ma) and
obliquity (1.2 Ma; Liebrandet al., 2017; Palikeet al., 2006b; Wadeand Palike,2004),althougha
single record from the high-latitude South Atlantic has a marked absenceof strong obliquity
forcing (Liebrandetal., 2011). The OMT is oneof severalintervalsin the Oligocenewherea 1.2
Myr nodein obliquity coincideswith a 400 kyr eccentricityminimum (Figure 1.1b), resultingin
particularly low seasonality, which has been suggested as a potential caus®bfTii{&achoset
al.,2001b).However this explanatioris not entirely satisfactorypecauseéntervalsof similarly low
(or even lower) seasonality, for example those centred on 19.7, 20.7, 24.4, 25.4 Ma (Ladkar et
2004), do not appear to be associated with major Antarctic glacial expansions (PalikZ0é6al.,
Determining why the OMT occurred at theMDboundary, rather than at one of the otirgervals

of low seasonality, remains an important unanswgueston.

A crucial first step towards answering this question is understanding the mechanism thihocigh
orbital forcing drove climate in the Oligdliocene. The dominance of longer orbitpkeriodicities

in the Oligocene, especially the 400 kyr cycl&i?C and carbonate flux records, Hesensuggested

to be a resultof amplification associatedvith the carboncycle, a consequencef the

long residence time (~100 kyrs) of carbon in the ocean. Incorporation of such orbital modiflation
organic carbonburial into modelssuccessfullyreproduceghe 400 kyr cyclicity seenin climate
records (Mawbey and Lear, 2013; Palike et28lQ6b).

The U*3C change over the OMT is of a larger magnitude than that typical of the Olig(fignee
1.1), suggesting the operatioof carbon cycle feedbacks associated with OMT coolarg
glaciation. Firstly, blanketing of the Antarctic continent by ice has been suggested teetiaged
global weathering rates, causing a doubling of p@ed resultant increase i'*Cpic (Lear et al.,
2004). Conversely,a substantialaddition of nutrientsto the oceansover the OMT, a result of
weatheringof large areasof newly exposedcontinentalshelvesfollowing eustaticsealevel drop,
has been suggested to have triggered an increase in productivity as evidenced by ibergased
foraminiferal accumulationratesover the OMT (DiesterHaasset al., 2011). Enhancedorganic
carbon burial associatedwith this productivity rise would have sequestered®C and increased
U"Cpic. Enhancedproductivity (and organiccarbonburial) over the OMT hasalternativelybeen
postulatedto have occurredbecauseof intensified upwelling as a result of increasedatitudinal
temperaturegradientsassociatedvith global cooling (DiesterHaasset al., 2011; Zachoset al.,
1997).

The rapid retreatof Antarctic ice in the recoveryphaseof the OMT haslong beendifficult to

reconcile with the results of coupled GCM-ice sheetmodel experiments. At the heart of this
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problemis the ice sheethysteresiseffect (Figure 1.3): onceformed, the top of a large polar ice

sheet has high albedo and a surface elevation far above thdisaofy small amount of warming

may melt the ice sheetbds mar grisedmustotcurtorassdaeb st ant i al \
snowline sufficiently to trigger major melting of the ice sheet(Oerlemans;1981; Oerlemansand

Van Der Veen, 1984; Weertman, 1961). The results of icetshedel experiments hageggested

that pCQ, higherthan 500 ppmv (Gassoret al., 2016) or 800-1100 ppmv (Pollard and DeConto,

2005) would be required to cause significant melting of a large Antarctic ice sheet (Figuyetl.3),

in existing records, there is little evidence of pi&rease across the OMT (Figure 1.Bagerling

and Royer2011).

0°C line

pCO, = 800 ppmv
Only once most of the ice sheet
surface is >0°C can collapse begin.

pCO; = 300 ppmv
Only when pCO; is
this low, so that the
land surface
temperature is 0°C,
will an ice sheet be
able to grow.

Figure 1.3 Schematic figure demonstrating the ice sheet hysteresis effect.|p@Is
are illustrative. Land surfaceis illustratedin brown, and the ice sheetin blue. Low
pCQO:levels are required to trigger ice sheet growth, because the freezingéitmy
line) must descend to the land surface. However, one this ice sheet has famusd,
all its surfacearealies at least hundieds of metresabovethe land surface,so the
freezing line must ascend dramatically (triggered by a substantial rise in |p@s)

for significant ice sheet melting tzcur.

Our increasingly extensive understanding of the glanigrglacial cycles of thePlio-Pleistocene
has come from exploitation of sediments that are sufficiently expanded to enable identificfation
orbitatHtimescale variability. Yet over the OMT, with tk&ception of benthic stablsotoperecords,
almost no orbitaktimescale climate records exist. For example, the highest resolutionproxy
records of ocean circulation (Scher and Martin, 2008) andf§B€xrling and Royer2011)have
typical sampling intervals of >100 kyrs. Meanwhile only a single orbitattimescale planktic
foraminiferal stable isotope record has been generated, and this ihesmoclinedwelling

foraminifera (Beddow, 2016); not a single orbttalescale published record of sesurface
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conditions exists. The recovery of planktic foraminifeich expanded sections across the OMT
IODP Expedition 342 (Norris et al., 2014) offers a unique opportunityto gain insightsinto the

OMT atresolutiongraditionally restrictedo morerecentintervalsof geologicaltime.
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Chapter 2  Materials andmethods

2.1 Materials: IODP Sites U1405 andJ1406

21.1 Site descriptions and splice/age modebnstruction

All material studiedin this thesiswas recoveredfrom IODP Sites U1405 and U1406 by IODP
Expedition 342 (except for the SEM images from Site U926 in Chapter 4). AtlBEi#%05
(40°08.30, 51°49.20Nj/; 4287 m water depth), 270 m, 220 m and 228 m of core wecevered
from Holes A, B and C, respectively(88%, 101% and 98% recovery,respectively) A shipboard
splice was generatedising biostratigraphicand physical property data (Norris et al., 2014); this
was subsequently refined using XRF elemental composition data as detailed in ChBptktiisy

on preliminary shipboard biostratigraphic (calcareous nannofossils, planktonic foramiaifdrs
radiolarians) and palaeomagnetic age control, subsequentlssed palaeomagnetic analyses
core uchannels (T. van Peer, pers. comm.), together with 2 cm resolution XRF scannin@data

Liebrand, pers. comm.), were used to refine thenaagel.

At Site U1406 (40°21.08, 51°39.0Ny/; 3798.9m waterdepth),267 m, 241 m and223 m of core
were recovered from Holes A, B and C, respectively (94%, 95% and 94% recogspgctively).
A shipboardsplice was generatediusing biostratigraphicand physical propertydata(Norris et al.,
2014); this was subsequently refined using 2 cm resolution XRF elemental compositiquatata
Peer et al., in prep). Building on the preliminary shipboard biostratigrdphicareousiannofossils,
planktonic foraminifers andadiolarians) and palaeomagnetic age consubsequenshorebased
palaeomagnetic analyses on corehannels were used for initial refinement of dgemodel (T.
van Peer,pers.comm.). This age model was then orbitally tuned by matchingcyclesin XRF-
measured In(Ca/K) to cycles in orbital forcing (specifically obliquity mirfué*eccentricity;

T. van Peer, persomm.).

Almost the entirety of the materialrecoveredat Site U1405is of late Oligoceneto early Miocene
age;this shortdepositionaldurationmeanssedimentatiorratesare extremelyhigh in partsof the

record, sometimes exceeding 20 cm/kyr. However, this sedimentation is not contwitioesyeral
short hiatuses. Meanwhile, material recovered at Site U1406 predominantly spaniltf®ocene
to early Miocene, with an additional small amount of Palaeocene mater@leredNorris et al.,
2014). Sedimentation rates at Site U1406 are typically lower than those a#8&gut the record
at Site U1406 is much more continuous, with only a single major hiatus, mithé@ligocene. Site
U1405 is therefore more suited to the higisolution study presented in Chapewhile SiteU1406

is bettersuitedto thelonger,orbitaltimescalestudypresentedn Chapter4.

23



Chapter 2

2.1.2 Modern oceanographicsetting

Therearetwo primary controlson modernoceanographyat Site 1405 (Expedition342 scientists,
2012; Meinen and Watts, 2000; Pickart et al., 1999): cool LabradorSeaWater (LSW) heading
south, and the warm North Atlantic Current (NAC) heading north (Figure 2.1). LSW, fornteal to
north of Site 1405 in the LabradorSea,is a cool, low salinity, nutrientrich water mass.lIt is
transportedsouthwardsy the LabradorCurrent;during this transportmuch of the LSW sinksto
form deep water as part of the Deep Western Boundary Current (DWBC) (Palter et al., T2608).
bathymetryof the SoutheastNewfoundlandRidge forcesthe DWBC offshore and towardsthe
surface. This causes the DWBC to encounter the overlying North Atlantic Current (NA@eath

of ~1500m (at the locations of Site 1405/1406; Figure 2.1). The NAC is a compontet@dlf
Stream, which transports warm, highisigdy, nutrientpoor waters northwards. Forms tble DWBC
(Boyle et al., 2016; Davies et al., 2001; Miller and Tucholke, 1983), NAC (Pinetet al., 1981,
Wade and Kroon, 2002) and LC (Barron and Peterson,1991) haveall beenactive since at least
the Oligocene,when North Atlantic overturningwas initiated (Boyle et al., 2016; Daviesetal.,
2001; Miller and Tucholke,983).

2.2  Foraminifera and their use as palaeoclimat@roxies

A multitude of proxies are used to reconstruct past climate conditions, raniom
sedimentologicakto geochemicalto ecological (Hillaire-Marcel and Vernal, 2007). Among the
most utilized proxiesin palaeoceanographgre thoserelying on the geochemisty of benthicand
planktic foraminiferal calcite. The stable isotope geochemistry of planktic foraminiféiscisssed
in Section2.1.2. However,given the importanceof accuratespeciesidentification for producing

reliablestableisotoperecords] first turnto thetaxonomyof plankticforaminifera.

Figure 2.1 (opposite) Modern NW Atlantic temperatures. Top andniddle:
representative winter and summer SSTSs, respectively; tARAC front is theregion
where temperature contours (in °C) gather togeithenediately north of Sitefl1405
and U1406. Data is from February and August 2016 for the winter and suplotgr
respectively;the datasourceis the NOAA Optimum Interpolation(Ol) SeaSurface
Temperature (SST) V2 monthly 1° spatial resolution average dat&smtom:
latitudinal dept h profile of t empher at ur e at
approximatelatitude of Sites U1405 and U1406. Values are averagedfrom 1955
2012, and originate from the NOAA World OceanAtlas 2013 version 2. All data
plotted with NASA Panoplysoftware.SeeSection3.1 for further information about

data sources used in thiigure.
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22.1 Planktic foraminiferal taxonomy

Planktic foraminifera are unicellular, heterotrophic zooplankton, some species of wiush
symbionts (Hemleben et al., 1989). Typically growing over the course of several weekmths,
pl anktic foraminifera form fcsed €0i11.0e mms Plamktid s , or 0t
foraminifera are highly abundant: their calcite tests account for around 28&%slminatgproduction
in the modern oceans(Langer, 2008), and they are a significant componentof many seafloor
sediments (Seibold and Berger, 2013). Because the test is all that renfaiss|liforaminifera, the
taxonomy of thesefossils relies entirely on the conceptof A mo r p h o swherebysgesias ,
are delineatedusing shell morphology (Forey et al., 2004; Pearsonet al., 2006; Smith, 1994).
Forty-five such morphospecies exist in the modern oceans, but hundreudsaefextinct species
have been identified throughout the geological record (Aze et al., 2011). \Weilaorphospecies
approach has recently been revealed to be overly simplisticméttymorphospecies in fact made
up of several genetically distinct groups (Aurahs et al., 2@kk|ling and Wade,2008; Morard et
al., 2009;Quillévéréetal., 2013; Vargaset al., 1999),the absencef geneticmaterialin fossilized
foraminifera means that the morphospeciesapproach remains the most suitable method for

distinguishing fossilorms.

Morphospecies concepts are based around the holotype, i.e., the single individual on wirgth the
formal definition of a speciesis based.In biology, speciestypically occupy distinct regions of

mor phospace (wher e Omor p hdimensianal seh of axes caentaihigdlp ot het i c al
information about morphological variability), (see Dobzhansky and Dobzhansky, M3,

1963). However, many morphospecie®f planktic foraminiferainsteadtendto occupyé c |l oud s 6
within morphospacehat are not separatedby 6 e m pmoypldospacerabachnickand Bookstein,

1990). This range of morphologicalvariability within planktic foraminiferal speciesmeansthat

there is often significant debate within the micropalaeontologicalcommunity as to how
morphologiesshould be delineatedinto morphospecieg¢Aze et al., 2011). As a result, differing
personalpreferencesover 6 | u mpor hgg@P| iof morphogp@&ciesneanthat typical reference

works, for examplethosedescribingplanktic foraminiferain the Oligocene(Bolli and Saunders,

1985; Kennett and Srinivasan, 1983; Spezzaferri, 1994), are often not entirely consistezdichith

other.

In an attemptto makemorphospecieslelineationmore quantitativeand lesssubjective thereis a
growing interestin the applicationof morphometricmethodsto planktic foraminiferaltaxonomy.
Thesemethods,also frequently applied acrossa range of other biological fields (Adamset al.,
2013; Rohlf and Marcus, 1993; Slice, 2007; Zelditch et al., 2012), quamtiéyrphological
differencesand similarities betweenspeciesin a repeatablepbjective way. Early applicationsto
planktic foraminiferatook pre-defined speciesconceptsand attemptedto quantify the variability
both within and between species (HesWlliams, 1984; Malmgren and Kennett, 1971®77,Scott,
1976, 1975). While this approach is still applied to some taxonomic questions faugahs
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etal., 2011; Quillévéré et al., 2013; Spezzaferri et al., 2015; Wade and Olsson, 20818 rnative
approach is to abandon pe&isting morphospecies concepts. In this approexchphological
variability is assessed in a quantitative, objective way with no (or at least feaweaiori

assumptions (e.g., Tabachnick and Bookstein, 1990; Wei, 1987). New statigibathavesince
enableddeterminationof the statistically most likely numberof clustersinto which a group of
measuredndividuals falls (Ezard et al., 2010), enabling quartitative determinationnot only of
the morphological differencesbetweenindividuals, but of the number of morphospecieito

whichtheyaremostappropriatelclassified(PearsorandEzard,2014).

2.2.2 Planktic foraminiferal stable isotope measurements

The stableisotopecompositionof foraminiferais one of the oldest(Emiliani, 1954,1955, Urey,

1947, 1948) and most widely used geochemical proxies in palaeoclimate.widespread
geographicdistribution, long-ranging (over millions of years)fossil record, high abundanceand

easily preservedcalcium carbonateshells of foraminiferamakethemideal for constructinghigh-

resolutionoxygenandcarbonstableisotoperecordsthatrevealvaluablepalaeoclimatiénformation

(Pearson, 2012; Ravelo and Claude, 2007; Rohling and Ctag@).

Oxygenexistsasthreestableisotopeson Earth, the two mostabundanbf which are*?0 (99.8%)

and*®0 (0.2%) (Rosman and Taylor, 2009). When oxygen is incorporated into@myalmateial,
including foraminiferal calcite, fractionationoccurs.For conveniencejn foraminiferal

calcite this fractionation i s genreotad (Equatimdx pr e
2.1), where the standardusedis typically Vienna Pee Dee Belemnite (VPDB; Coplen,2009).

Positivel*®0 thusreflectsenrichmentn G20 relativeto the VPDB standard.

#$n/ #+ ua

#$n/ T
& ,2&834&'4

|#$|

0 (= B s s *x1000

Equation 2.1 U**Ocanpis the 'O value of foraminiferal calcite; Samplerefers to
foraminiferal calcite; Standard typically referstieDB

The extentto which oxygenin seawateris fractionatedupon incorporationinto foraminiferal
calcite dependson the growth temperatureof the test. This effectis primarily a resultof kinetic
fractionationi heavier isotopes are less reactive than lighter isotbjes this differencebecomes

less significant with increasing temperature. In inorganic calcite, the relagorsiveen
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Chapter 2 temperatureand isotopic compositionof precipitatedcalcite is easily calculated(Epsteinet al.,

1953; McCrea, 1950). However, foraminiferal calcite precipitation is biologically mediateitheso
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relationshipof i"®Ocarbto temperaturds not the samein inorganic calcite (Bé and Donk, 1971;
Grazzini, 1976; Shackleton et al., 1973). Differences in calcite precipitation between speares
that each species requires its own temperaiti®@cancalibration in the form of Equation 2.2he
socalled i v i d fafl etlbat causetheseinter-speciesdifferencesare discussedn more detail
below (Sectior.1.3).

T(AC) 20cani 50k ( U+ "%0guk 1 U 1¥0sw)?

Equation 2.2 T is the averagewater temperaturein which the foraminifera grew;

U0carvis the average test?0 value;i*®Oswis the averagé™O value of theseawater
in whichtheforaminiferagrew;a, b andc arespeciesspecificconstants

Temperaturai®Ocamncalibrations are frequently determined using culture experiments (Betals

1998;ErezandLuz, 1983;Speroet al., 2003),which havethe advantage¢hatall parameterganbe

precisely controll ed, but the di sadvamaékatge t hat t he
difficult to replicate the marine environment exactly. Alternatively, calibrations cahe

determinedusing foraminifera collectedin sedment traps (Mulitza et al., 2003) and core tops

(Duplessy et al., 2002), where the isotopic composition of individuals can be compardzlosth

CTD sensodata.

As shown in Equation 2.2{**Ocamalso varies depending on the oxygen isotopic composititreof
ambientseawatein which theforaminifergrows, ii"®Osw, which s affectedby bothlocal andglobal
processesThe lighter atomic massof *°0 relative to **0 meansthat water moleculescontaining
%0 are preferentially evaporated; conversely, water molecules contdfidngre preferentially
precipitated in rainfallii®Osw is therefore reflective of the local evaporation/precipitatiatance,
and thus of salinity. This relationshipcan be complicaed by additional factors such as river
outflow, iceberg melting and thermohaline circulation (Rohling and Cooke, 1988precipitation
biastowards'®0 alsoresultsin anaccumulatiorof isotopicallyheavywatermolecules

in ice sheetsat the poles,leavingthe oceanisotopically light: the 1?0 valuesof modernaverage
Antarctic ice and seawaterhavebeenestimatedas-50 a and-0.28a , respectively,againstthe
Pee Dee Belemnite standard (Shackleton et al., 1975). Because the timescales of igeosiibe
and retreat are greater than the mixing time of the ocean, the isotopic effects of changingeice
volume affect the whole ocean uniformly. On a longer timescale, changes in oftpg&onation
can also occur because of changes in the rock cycle (principally changes in chemical weathering),
but given that thesechangesoccuronly on timescaleof 10° years(Jaffréset al., 2007; Veizer et
al.,, 1999; Wallmann, 2001), they are typically assd to be constant for the purposes

palaeoclimaticeconstructions.
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Alongside stable oxygen isotopes, the other element typically measured in stable @swhsess
carbon.With two stableisotopes:*’C (98.9%) and **C (1.1%; Faure, 1986), the stable carbon

isotope composition of foraminiferal calcite is generally reportéd®@sfor conveniencéEquation
2.3).

#9 #: #9  #

8/ 8g_ 8/ 8 '
1#9g = &— .0 283484 1000

#9q/ #:
8/™°8 283484

Equation 2.3 U*Ceanis theli**C value of foraminiferal calcite; Sample reféns
foraminiferal calcite; Standard typically refersiBDB.

The effect of kinetic fractionation oiit°C is minimal;i*Ceantherefore primarily reflectsi**c of
the seawater in which the test grow8Coic; DIC = Dissolved Inorganic Carbonate) (Willianes
al., 1977). During photosynthesi$CO, is preferentially fixed over its heavier counterpai€O;
(Park and Epstein, 1960); as a resiifff{Ccancanbe used a proxy for a number of processethin
carboncycle. Intervalsof enhancearganiccarbonburial areassociateavith aremovalof C from
the ocean,andthusa rise in i*Cpic; converselyoxidation of organiccarbonis associateavith a

drop inii**Coic (Emerson and Hedges, 1988). Planitanthic gradients ifi*C can also be used
estimatethe strengthof the biological pump,i.e., the intensity of primary productivity, given that

2C-rich organic matter is progressively oxidized as it sinks to the sea floor (Boyle, 1988; Hilting
al., 2008; Hodell et al., 2003; Toggweiler,1999). As with i*?0, caremustbe takento accountfor
the effects of changing ocean circulation and freshwmaitoff. In addition, as withi*?0, there an
offset betweeni*Cea, and ™ *Cpic (Romaneket al., 1992; Turner, 1982), which is not constant
betweenspeciesand so offsetsmust be appliedin orderfor recordsfrom different speciesto be

comparable (Ravelo and Fairbank395).

2.2.3 Vital effects and inter-speciesvariability

In addition to interspecies variability, the range 60 andi**C from individuals within thesame
speciesfrom the samesamplecan be significant. While some of this is a result of the time-
averaging of geological sampling, even samples recovered over short time intervakefionent
coresor sedimenttraps typically show sizeablevariability in both i*?0 and i**C (Billups and
Spero,1996,1995; Gansseret al., 2011; Killingley et al., 1981; Leducet al., 2009; Schiffelbein
andHills, 1984).Consideratiorof the impactof the so-calledfi v i et fafl e(Betgserétal., 1978;
Rohling and Cooke, 1999; Wefer and Berger, 1991) that cause this variability is thus edsential
productionof accuratestableisotoperecords(Fraassand Lowery, 2017). The reasonsfor these

vital effects are nowonsidered.
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Firstly, different speciesof planktic foraminifera are adaptedto live in differing environmental
conditions, and thus each have their own depth preference ranging between the surfabte0énd
m depth (Figure 2.2; Bé et al., 1977; Fairbanks and Wiebe, 1980; Hemleben et al.|. a89&@rd
etal., 2011; Schiebeland Hemleben 2005). Different speciesn the samesamplemay therefore
have grown in water of markedly different temperature #fi@pic. While determination ofdepth
habitatis relatively simple with extantspecieswhere speciesabundances recordedin plankton
tows at different depths (Fairbanks et al., 1982, 1980; Mortyn and Charles, 2003; Rawtlo
Fairbanks,1992), establishingthe depth preferenceof extinct speciess lesssimple. Thereis no
way of quantifyingthe absolutedepthrangeof anextinctspeciesbut relative ii*®0 valueswithin an
assemblagean be usedto determinerelative depth ranges(Pearsonet al., 1997; Pearsonand

Wade, 2009; Stewart et €2012).

e Globigerina bulloides
Trilobatus primordius
e Globoturborotalita woodi

MIXED
LAYER
[ ]

THERM-

BENTHIC OCLINE

Cibicidoides mundulus (infaunal)

Figure 2.2 Depth habitatsof all foraminiferamentionedin this thesis.Exactdepths
are unknownbecausanost of thesespeciesare now extinct; thesedepthshave been
estimatedbasedon relative ii*®0 values (see Appendix 1 of Aze et al., 2011 for
references). Many modern species move through the water column thootgheny;
this effect hasnot yet beenaccuratelyquantifiedfor the Oligo-Mioceneforms listed

here.

Secondly, a number of processes cause a relationship between test stable isotope corapdsition
ontogeny.Even if the typical depth habitat of a speciesis well establishedmost speciesalso
migrate through the water column, sometimes multiple times, over their lifespan (Hemledlen et
1989). Eachchambermay thus havegrown at a different water depth;in addition, somespecies
undergoa final gametogenesistep before death,associatedvith the addition of a thick calcite

crust at a depth several hundred metres deeper than the typical habitat for the species (Buplessy

al., 1981), which consequentlysignificantly changesthe averageli®0 value of the whole test
(Kozdonet al., 2009). All planktic foraminiferaare postulatedto experiencedecreasingatesof
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growth with age;the consequentiecreasén metabolicactivity thus causesa reductionin carbon
fractionation as test size increasesAs a result, foraminiferal test i*°C tendsto increasewith
increasingtestsize (Bergeret al., 1978;Birch et al., 2013;Kahn, 1979;Ortiz et al., 1996; Ravelo
and Fairbanks, 1995; Spero et al., 1997; Vincent and Berger, 1981; Wefer and BergerThig91).
relationshipis particularly strongin specieswhich hostsymbionts,postulatedo be a resultof an
increasen the quantity of photosymbioticorganismghatthe foraminiferahoststhatis proportional

to size. During photosynthesis, these symbionts preferentially rerf@drom the seawater

surroundingthe foraminifera, raising the i"*Csw value of the local seawaterfrom which the test
calcite precipitates(Berger et al., 1978; Birch et al., 2013; BouvierSoumagnaand Duplessy,

1985; Norris, 1996; Raveloand Fairbanks,1995; Spero,1992; Speroand Lea, 1993; Speroand
Williams, 1988, 1989). Since the increase in symbiont abundance is proportional to theasedace

of thetest,asmallincreasen radiuscancausea significantincreasen foraminiferaltestii**C.

Thirdly, not all foraminifera within an assemblage will have grown during the same s&asuoa.
specieshavebeenshownto bloom whena certaintemperaturas reachedwhile othershavepeak
blooms coinciding with maximum nutrient levels (Jonkers antefa, 2015; Schiebel et alL995;
Schiebeland Hemleben,2005). Even within a single speciesthere may be multiple blooms per
year. Several studies have exploited this behaviour to gain information about seasfroality
foraminiferal assemblages (Tang abibtt, 1993; Wit et al2010).

Fourthly, Acryptic variabilityodo withinonan a
morphospeciesn fact encompasseseveralgenotypescan causesignificant intra-speciesstable
isotope variability (Kucera and Darling, 2002). This variability typically arises becaaeseh
genotypehas a different habitat preference While genetic material is not available for fossil
foraminifera, the discovery of significant foraminiferal genefariability has spurred attempts
more precisely delineate fimorphotypes®arlimg t hi
etal.,2006;Morardetal.,2013;Quillévéréetal.,2013).

A numberof strategiescan be adoptedto accountfor thesefi v i & fafl e Eirstlg, accurateand
consistenspeciesonceptareessentialvhenpicking foraminifera;morphometrianethodscanaid
fulfilment of this objective, as discussed above. Secondly, picking individuals within a naizew
rangereducesthe effect of ontogeneticvariability (Ezardet al., 2015). Thirdly, to minimize the
intra-speciesvariability within a single sample,it is preferableto measuresamplescontainingas
many individuals as possible.lt hasbeenestimatedthat >400 individuals would be requiredto
produce a measurement with reproducibilityddf. 18 wi th 90 % ¢ o arnfdHlilld,e n c e
1984). While early mass spectrometersrequired a number of individuals of this order of
maghnitude in order to conduct a measurement, modern mass spectrometers used fisosipble
analysisrequire only a fraction of this numberof individuals, with samplesas small as single
individuals now semroutinely measured (Ganssen et al., 2011ljrigley et al., 1981; Koutavaet

al.,, 2006; Leduc et al.,, 2009; Tang and Stott, 1993). As a result (and becausdinoé- the
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intensivenes®f picking foraminifera),it is hasbecomeextremelyuncommonto run hundredsof
whole foraminiferal tests in the same analysis. However, several studies adampraactwhereby
a large number of tests are picked, broken into fragments that are then homogeitizad aliquot
takenfor analysis(Bolliet et al., 2011; Brijker et al., 2007). This methodrelies on the aliquot
selectedbeing representativeof the samplei an issue dealt with by repeatanalysisof further

aliquots amecessary.

224 Taphonomy

The final factor that must be consideredwhen generatingforaminiferal stableisotoperecordsis
taphonomy, which refers to any change that takes place in the calcite tests of forantiatfeezn
their deathand subsequentecoveryfrom seafloorsediment.Productionof stableisotoperecords
that are faithful to the stableisotope compositionof the original, pre-burial foraminiferal tests
requiresavoidanceof foraminiferal testswhich have undergonepostmortem alteration;a set of
criteria for exceptionally preserved foraminifera was proposed by Pearson and BurgessT{zH08).
three primary mechanismghroughwhich postmortemalterationoccursi dissolution,inorganic

precipitation, and recrystallizatidhare nowdiscussed:

Dissolution can occurin the water column itself if the wateris undersaturatedwith respectto
carborate; this effect is typically limited in shallow waters (Bissett et al., 2011 pdmirsfrequently
as a result of corrosive bottom waters (Berger, 1971; Hemlebenet al., 1989; Lipps, 1979).
Dissolution also commonly occurs as soon as foraminiferal tests arrive at the sehBoeorganic
matteris oxidizedto acidify porewatergJahnkeet al., 1997; Jahnkeand Jahnke 2004;SelfTrail
and Seefelt, 2005). The effects of dissolutiom @ften readily visible underlkinocularmicroscope,
with foraminiferal tests damaged and fragmented (Dittert and Henrich, Z@ysorand Prell,
1985; Thunell, 1976); records of fragmentation and average shell weight can lesqgsadtitative
proxies for dissolution(de Villiers, 2005; Le and Shackleton,1992). Care must betaken when
interpreting stable isotope records from foraminifera which hadergonalissolution,asdifferent
parts of the foraminiferal test can be more resistantto dissolution than others; given the
ontogenetic variability in stable isotope composition outlined abalssolution can therefore

introducebiasto stableisotopemeasurementd.ohmann,1995).

Secondly, foraminiferal tests can gain pdspositional inorganically precipitatectalcite

overgrowths, a result of pore waters infiltrating the sediment surrounding the cadste
Afexceptionally preservedo Ffriohrsdiménts,ithfoeghwhicliig pi cal |y
difficult for pore waters to permeate (Norris and Wilson, 1998; Pearson et al., 2001; Paadson

Wade, 2009; Stewart et al., 2004). Thirdly, foraminiferal tests can undecggstallizationywhereby

the original calcite crysis precipitated during foraminiferal growth are replabgdlarger,

secondary crystals formed after the test has been buried. This processmasuttsomorphismof

the original crystalson a micron-scale,so original shell morphologyis often
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retained (Hodell et al., 2007; Pearsonand Burgess,2008; Sextonet al., 2006a). While calcite
overgrowths and recrystallization are easily visible in SEM images, both can be difficdntidy
undera binocularmicroscopeln particular,the retentionof shell morphology(evendown to the
level of poresandspinebases)during recrystallizationmakesthisaformof fi ¢ r ydpita gce n e s i
The degreeof translucencyof the test has beensuggestedas a proxy for recrystallization:tests
which havebeenwell preservedypically havea é g | aappearancewhereashosewhich have

undergone recrystallizati o2006g.ppear more O6fr o

Overgrowths and recrystallization occur in different waters than those in which foramuyiésva
andso alter the foraminiferal test stableisotopecomposition(Kozdonet al., 2011,2013; Schrag,
1999). This process typically only causes significant changes to foraminité@a(Pearson esl.,
2001,2007; Sextonet al., 2006a;Williams et al., 2005); ii"*C is not strongly affectedbecausehe
stable C isotopic composition of pore waters and fonéferial calcite are usually similgPearson,
2012) . Whil e this would appear to rendehasdat
been suggested that this diagenetic effect is typically sufficiently consistent at individuahsites
overall trends in short records are generally faithful to the original biogenically precipitdtéie,
evenif the absolutevalueshave beenaltered,though this is dependenton sedimentatiorrate
(Sexton et al.2006a).

2.3 XRF corescanning

Alongside foraminiferal geochemistry-Ray Fluorescence (XRF) core scanning is anothaely
usedmethodfor obtaining palaeoclimatologicatlata. XRF scanningis a non-destructivemethod
for analysing the elemental composition of sediment cores. Crucially, this method pemnalitses
at sufficiently high resolution (down to 1 mm in this thesis) to enable productioeasfcontinuous
records,asopposedo lower resolutionrecordsprodu@d from analysesf the morewidely spaced
discrete samplestypically usedin palaeoclimatestudies.XRF core scanninghasbeen used to
measure proxies for a diverse range of palaeoclimate applicathmhsding investigation of dust
transport, lacustrine sedimentation, primary productivity and lmalfbonatecontent of marine
sedimentsas well asfor stratigraphy(e.g., Bahr et al., 2005; Gebhardtet al., 2008; Jaccardet
al., 2005; Kuhlmannet al., 2004; Richte et al., 2006; Rothwell and Croudace2015).

The process of XRF scanning involves amay source at a 45° angle to the split sedinmnface.
The X-rays cause ionization of atoms in the sediment, i.e., one or more electrons are &jwuted
the ionized atoms.Immediatelyupon this ejection,an electronfrom a higher orbital shell falls to
replace the displaced electron. In the process, this electron releases energy in the fohotah.a

The frequency of this fluorescent radiation is proportiomattte square of the atomicumber,
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foll owing Mosel eybs Law (Mosel ey, 1914) X- The

rays penetrate is dependent on atomic weight, and also on the chemical compositiomafrthe
For flaveragemarine sedimentswith significantamountsof Si, Al and/orCa andsomeF e ¢his
penetrationdepthis 1 mm for Fe, 0.5 mm for Caand0.05mm for Al (Richteretal., 2006).The
emitted photons are recorded (in counts per second: cps) by a detector perpendiculsouccthe
with the number of counts at each frequency broadly proportional to the abundartbe of
correspondingelementin the sediment.This relationshipis not absolutebecausea number of

factors can cause scattering ofays and/or the emittguhotons.

The factors that causescattering,and ways of minimizing these effects, are now considered.
SurfaceroughnesqRichter et al., 2006) s typically reducedby first smoothingthe core surface
usingthe edgeof a microscopeslide. This smoothingis acrosscore, not down-core,to avoid any
up-/down-core contamination.The smoothedsurfaceis then coveredwith a thin ultralenefilm in
order to prevent contamination of the detector by the sediment, and to prevent se@sication
(Richter et al., 2006). Given that condensationon the sediment surface can bias XRF
measurements, with water preferentially absorbing radiation emitted from lighter elef@enial,
Si; Ge et al., 2005; Hennekamand de Lange, 2012; Koshikawaet al., 2003; Tjallingii et al.,
2007),thisfilm is not placedon the sedimenuntil the corehasequilibratedwith roomtemperature.
Nevertheless, additional factors that cause scatter, such assgmwariability (R6hl andAbrams,
2000) and sediment inhomogeneities such as burrows (Jansen et al., 1998), caomop&esated
for. Thuswhile attemptshave beenmadeto calibrate XRF measurementto absoluteelemental
abundanceglLyle et al., 2012; Rousseatet al., 1996; Weltje and Tjallingii, 2008), XRF core
scanning records are typically more cautiously interpreted as relative, rather athstute,

measurements.
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The following chapter,entitled i S totbital climate variability in the OligoceneNorth Atlantic
O c e ais written in the style of a shortformat researcharticle, with the intention of future

publication.While the manuscriptwas written entirely by RichardE. Smith, Paul A. Wilson also
assisted with manuscriptliting.
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Chapter 3 Sub-orbital climate variability in the

Oligocene North Atlantic Ocean

Major changesin atmospheric, marine and terrestrial climate at millennial and centennial
timescales are best known from the circuaNorth Atlantic of the Pleistocene epoch(~2.5
million years ago to present) when the great ice sheetsof the northern continents were in
transition between their maximum and minimum extents. These rapid fluctuations irclimate
involved variability in Atlantic Meridional Overturning Circulation (AMOC). Vigorous
AMOC is postulatedto have beena feature of global thermohaline circulation sinceat least
the EoceneOligocene Transition (~34 Ma), though the precise timing of its initiationis
uncertain. Here, we present a record of palaeoceanographicvariability in the North-West
Atlantic during the latest Oligocene (~23.2 Ma). We find evidence of high frequencglimate
variability on millennial timescales from ~2000 to ~170 years) in sediment geochemistrsea
surface plankton ecologyand temperature/salinity. Our results, from a time well before the
developmentof large ice sheetsin the northern hemisphere,suggesthat millennial -centennial
climate variability in the North Atlantic operatesunder a broader range of climatic states

than previously observed.

In the Holocene,E a r tclimate underwentpronouncedchangesn temperaturehydrology and
ocean circulation on centenniatillennial timescales (Mayewski et al., 2004; Wanner et2408,
2015). This variability is often cyclical, with cycle duration varying with latitude endironment.
Variability on similar timescalesextendsback to glacial periodsof the Late Pleistocenewhere
cyclical climatic behaviour is typically of higher ampiite and more globally synchronoudere,
DansgaaréDeschger (BO) events (Dansgaard et al., 1993) are associated with climatic clodnge
dramatic magnitudeand extent: Greenlandair temperaturevariability exceededL0°C within as
little as a few decades (Her et al., 2006), and global teleconnections drove synchrartmrges

in terrestrial hydroclimate, for example by modulating the West African and East Asiasoons
and SouthernHemispherestorm tracks (Markle et al., 2017; Mulitza et al., 2008; Wang et al.,
2001). These HD events have been suggested to have similar periodicities (~1500 year8 ton d
cyclesd (Bond et al ., 1 9kBown examiplé afsubrarbialperiquicity n o u r
in the Holocene thoughthis is debatedObrochtaet al., 2012). The largestamplitudesub-orbital
shifts in the marine realm are observedin the North Atlantic, a result of its critical location as

a site of deep water formation. Both Holocene (Chapman and Shackleton Q@@det al., 2003;
Thornalley et al., 2009) and Late Pleistocene(Clark et al., 2002; Gottschalk et al., 2015;
Rahmstorf,2002) recordsshow a relationshipbetweenmillennialtimescaletemperaturehanges
andthe strengthand/orflow pathof North Atlantic thermohalinecirculation,thoughthe causality

of thisrelationshipis questionedBarkeretal., 2015).A varietyof mechanisméavebeen
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proposedo explain both Holocenemillennial climate variability (Bond et al., 2001; Darby et al.,
2012; Debret et al., 2007) and@events (Clark et al., 2002; Dima and Lohma2®09;Ganopolski
and Rahmstorf, 2001; Kleppin et al., 2015; Peltier and Vettoretti, 2014; Petersain, 2013;
Rahmstorf,2002; Rasmusseeet al., 2016;van Kreveld et al., 2000; Zhanget al., 2014),generally
invoking periodicities arising from internal oceanand/or atmospheredynamics,solarinsolation
variability, or in the caseof D-O eventsonly, periodic ice sheetand seaice growth/retreat.
However, a definitive pacemaker for millenntahescale climate variability haget to be

established.

The rangeof climatic statesin which high amplitude sub-orbital climate variability (i.e., D-O
events)is expresseds reasonablywell-establishedRecordsindicate a temperature/icevolume
thresholdfor high-amplitudesubrorbital variability in the Late Pleistocenghat was only passed
during glacial periods (McManus et al., 1999), with a reduced amplitude afrbital variability
and general climate stability in the Pliocene/early Pleistocene, when NHG wasxesssive
(Bartoli et al., 2006; Bolton et al., 2010; Draut et al., 2003; Friedrich et al., 2013). Sub-orbital
variability is also of low amplitudewhen NHG is at a maximum;insteadit is typically glacial
periods of intermediate Northern Hemisphere ice volume in which the most proncubeatital
variability is observed(Birner et al., 2016). Yet, the rangeof climatic statesover which lower-
ampl i tude;ty¢Hélbitabundmakility takes place is not well establishewvhile
terrestrialvarvedsedimentfiavebeendocumentedn recordsstretchingbackto the Late Oligocene
(Fox et al., 2015) and further back throughthe Phanerozoiqde Winter et al., 2014), thereis a
paucity of marine records with sufficiently high sedimentation rates in thBlgreene The handful
of such marine sedimentarysequenceshat have beenstudiedlack the age control thatenables
precise identification of suborbital periodicitiesin Plio-Pleistocenerecords (Anderson,1982;
Elrick and Hinnov, 2007; Fischeret al., 1985). In particular,thereis a sparsityof recordsfrom

the North Atl antic, despit e t-arbital climateygdriabiityd s

Here, we testfor sub-orbital climate cyclesin North Atlantic recordsfrom the latest Oligocene
(~23.2Ma), aninterval which providesa novel setof backgroundconditionsin which to testfor
the presence of high frequency climate variability (Figure 3.1a). In the latest Oligotetaectica
was covered with a sizeable ice sheet, but this was only up to half the volumenobdiesn
counterpart, with periodic, orbitally driven episodes of exgdan and retreat (Liebrand at,2017).
While thereis limited evidenceof Arctic seaice (Darby, 2014) and localized mountainglaciers
on Greenland (Bernard et al., 2016; Eldrett et al., 2007) as far back as the late (Eddamel ~38
Myr ago,respectively)major NHG wasnot initiated until the Late Pliocene(~2.6 Myr ago; Bailey
et al., 2013; Knies et al., 2014). Our records thus have the potential to shed ligjgtraiure of
millennial-centennialvariability under a very different climate state to the one thatprevailed

during the Pleistocene and Holocene. At the same time, Late Oligotea®nic
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configuration,with an Atlantic Oceanof similar shape(if somewhatarrower)to today, enables
comparisorwith modernrecords Crucially, dominantpathwaysof oceancirculationin the Atlantic
were, to a first order, similar to the modern;this is demonstratedy benthicforaminiferal stable
isotope ratios (Miller and Fairbanks, 1983), seismic stratigraphy (Boyle et al., 2016; Dasies et
2001; Miller and Tucholke,1983) and radiogenicNd isotopes(Scherand Martin, 2008; Via and
Thomas, 2006), which indicate significant NADW production/ANI@t least as early #seeEocene

Oligocene Transition (~34 Mahwards.
Sub-orbital variability at the seafloor and seasurface

We present results from an 11.2 m interval of drift sediments at Integrated Ocean Bithigiam
(IODP) Site U1405,locatedin the NW Atlantic off Newfoundland(40.1°N,51.8°W, waterdepth
4287m). Based on our robust age model (constructed using magduiet@and cyclo-stratigraphy;
seeMethodsand Supplementaryrigure 3.1) the durationof this interval is 51 kyrs, indicatingan
average sedimentation rate of 22 cm/kyr. This is an order of magnitude highertythial

Palaeogene records from pelagic sites, and is higher even than that of Iberian Margvi3de

2444/U185 where the planktic foraminiferal 1**0 recordthat is most similar to GreenlandD-O
variability is found. Site U1405 thereforeprovidesa rare opportunityto testfor the presenceof

suborbital climate cyclicity in the pr®liocene. We first present a higasolution (1 mnscanning
interval) record of %0a0s (Figure 3.1b), measured by-Ray Fluorescence (XRF) coseanning
and calibrated with discrete coulometric measurements (Supplementary Figure 3.Z2p0d03
record traces the proportion of the sediment composed of biogenic carbonate, generallyframging
1 to ~20%, which is primarily composed of planktic foraminifera and coccolithopHerigs no
significant nonbiogenic carbonate component). Clay, trangmbity the DeepVesternBoundary
Current(DWBC; Boyle et al., 2016), makesup mostof the remainderof the sedimentalong with

a modestbiogenic silica component(4 to 17% in 19 samplesanalysed;seeSupplementary

Information).

Close inspection of our %CaGQecord reveals wellesolved cyclic features osuborbital
timescales (Figure 3.1c, 3.2b,c), and mtdper method (MTM) spectral analysis shows thatse
are regularly repeating (Figure 3.2a). When tested against a ied mmwdel, threeregular
periodicities are found to have a statistical significance of over 99%: ~2000, ~1000 angai320
and two have statistical significance above 95%: ~600 years and ~170 years. CatissoatBon
cannot account for these changpknktic foraminifera are exceptionally weglteserved irthese
clay-rich sedimentg(Figure 3.3). Cyclesin %CaCQ thus indicate cyclic changesn the relative

balanceébetweerclay sedimentatiomndbiogeniccarbonateain from theseasurface.
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quastcyclic behaviourd, In purple, 1 cm resolution record showing proportiorathf

planktic foraminiferathat are surfacedweller Globigerina bulloides demonstrating
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Figure 3.2 Spectralanalysisof sedimen®6CaCQ. a, This multi-tapermethodspectral

analysis (See Methods) of the record presentedireveals very strongperiodicities

r

(>99% confidence against a red noise model) at several frequencies (corresponding

~2000 year, ~1000 year and ~320 year periodicities), and additsigaificant

periodicities (>95% confidence) at frequencies corresponding to ~600 and/edid)

b andc, ~5 kyr and ~2kyr zoomed interval of recdk in black, with filters ofrecord

1bin purpleatperiodicitiesof ~1000and~170years.
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Figure 3.3 Scanning Electron Microscope (SEM) images@f bulloides a,b,c,

Apertural, side and spiral SEM images, respectively; dbulloides Scale bar is100
pm. d,e,Closeup SEM images o6. bulloides illustrating exceptionapreservation,

includingretentionof growthlayers,visiblein e. Scalebaris 10 um.

First, we considervariableclay supplyasa mechanisnfor controllingthe observechangesn clay
to carbonatéburial. Suchvariability overlonger(Myr) timescaless observedhroughthe Cenozoic
in integratedboreholeseismicrecordsfrom the JJAnomaly and NewfoundlandRidges,implying
changeablestrengthof the DWBC, andthus AMOC (Boyle et al., 2016). Thereis precedenfor
similar AMOC variability but on shorter,suborbital timescalesin multiple recordsof the late
Pleistocenewith a cooler Northern Hemisphereassociatedwith reducedNorth Atlantic Deep
Water (NADW) formation (Elliot et al., 2002; Rahmstorf,2002). Our data show severalstrong
periodicities in Al/Ti similar those seen in %Ca&€(2200, ~1000, ~300 and ~16@ears;
Supplementary Figurg.3) consistent with mineralogical variability (Bahr et al., 2014) in response
to changes in deep water current strength. This observation is consistent with vaiiab#itiment
provenance at periodicities from -4lkyrs seen in K/Ti XRF core scanningcord from the mid
Pleistocene North Atlantic (IODP Site U1314, 56°N; Gritzner and Higg?04,0).Variable clay
sedimentation, and resultant cyclic dilution of biogenic carbonate, may thepddigra role in

driving our %CaCGQ@record.

Alternatively, variability in %CaC® could be driven by changes in sea surfaz@bonate
productivity, which we assess by recording the proportion of the planktic foraminifssaimblage
made up by the surfagbvelling speciesslobigerina bulloidegFigure 3.1d). In the moderocean,
G. bulloides an asymbiotic species, is often used as a productivity indicator becdtssaidance
in high northern/southerdatitudes and low-latitude upwelling regions (Fraile et al., 2008).G.
bulloidesmay have hostedymbionts in the Palaeogene (Pearson and Wade, 280@herefore
had a different ecologyto today, but the high-amplitude variability seenin our record(ranging

from 8 to 35%) indicates highly variable surface water conditions enborbital
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timescales.Crucially, cyclesin %CaCQ and % G. bulloides are of the samesign: enhanced
sediment carbonate content is associated with surface water ecology changes thatGavour

bulloides

Given the absenceof an age model of much higher resolution,which would not be possibleto
generate using current techniques, it is not possible to assign either of the above mechahisms as
sole or dominant driver of changes in our %Ca@ord. Instead, we note that regardlessheir
relativeinfluence,andasa resultof the proximity of Site U1405to sitesof formationof the same
deepwaterthat bathesthe seafloordirectly below, both of thesemechanismareindicatorsof the

same process: cyclic change in surface oceanographic conditions at Site Ul149&wieestigate

thisoceanographigariability in moredetail.
Indicators of oceanographicchange

Today,the surfaceoceanhydrographyof Site U1405is stronglyinfluencedby the North Atlantic
Current (NAC), a component of the Gulf Stream that transports warm, high satinttjentpoor
watersnorthwards(Figure 3.4a,b). However,Site U1405alsolies within the rangeof the frontal
zone betweenwaters of the NAC and the Labrador Current (LC), which transportscool, low
salinity, nutrientrich Labrador Sea Water southwards. Movement of this front is deelumented
in modern instrumental records, which reveal latitudinal shifts on annual rantii-decadal
timescales(Han, 2007; Hirahara et al., 2013). We assumethat both a proto-Labrador current
(BarronandPeterson1991)anda proto-Gulf Stream(Pinetet al., 1981; WadeandKroon, 2002)
operatedin the latest Oligocene,consistentwith the EoceneOligoceneorigins of modern day
North Atlantic circulation (Boyle et al., 2016; Davies et al., 2001; Miller and Fairbanks,1983;
Miller andTucholke,1983;ScherandMartin, 2008;Via andThomas2006),andthusthatthefront
operated broadly similarly to today. Movement of the front is also seen wPRlistocengecords,
shifting southwards during episodes of enhanced NHG, driving changes in productivity befcause
the higher primary productivity in the frontal zonerelative to watersbathedby the NAC alone
(Friedrichet al., 2013; Naafset al., 2010; Taylor and Ferrari,2011; Villanuevaet al., 2001). The
cyclical pattern in carbonate export productivity we observe in the latest Oligepgggestperiodic
variability in the influence of the frontal zone on hydrography at Site UIRKIS.suggestsyclical
variability in the southerly reach of the frontal zone, and thus in the relativestrengths of the
NAC andLC.

To better assess the magnitude of temperature/salinity variability at Site U14@tesemnplanktic

foraminiferal stable isotope records generate@obulloides(Figure 3.1e). Theplanktic
S . _ o .
rs?r%(ﬂ%q 90%8283%5%i‘éﬁr{'ﬁ‘g'ﬁér"}j’f%?c fo?a%iﬁif‘erglfgdnél e%/ssenc%bflagaarpes'.'l%ig ma%nl G g(l)?su Pt

1*80 variability is comparableo that at nearbylocationsassociatedvith sub-orbital variability in
timesof modestArctic glaciationduringthe Plio-PleistoceneThesencludeplankticforaminiferal
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Figure 3.4 Bathymetry and sea surface temperature (SST) in the modeth-West
Atlantic. a, Bathymetryof the modernNorth Atlantic, with the locationsplotted of
IODP sites U1405 and U1313, and a site (42.5°N, 51.5°W) lying in the Mdldintic
CurrentLabradorCurrentfront. Schematicpathsof the modern Gulf Stream/North
Atlantic Currentand LabradorCurrentare also shown.b, AverageSST from 1955
2012.c, Average monthly (red line) and annual (blue markers) SST at sites marked

aandb. See Methods for dasmurces.

180 variability of ~0.50 . 7cﬁJrin% Marine Isotope Staﬂe?MIS) 5 at the Blake Quter Rid(]:Je
(32°N), southwestof Site U1405anddirectly underneattihe flow pathof the NAC (Oppoetal.,

2001; Vautraverset al., 2004),and ~0.3-0 . 6ad subtropical gyre IODP Site U1313 during the
Late Pliocene (Bolton et aRp10).
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Foraminiferalabundancés not high enoughin our samplego generatea pairedMg/Catemperature

proxy recordfor G. bulloides Therefore,to assesghe relative contributionsof temperatureand

sallnlty near Site U1405, we considerSST-!*®0sy relationshipsin the northwestNorth Atlantic

R

observed is caused by temperanhange

To determine the extent to which temperature changes at Site U1405 are representatbasief
regional temperature changes, we compare satdbitved sea surface temperature recdrdsm
the years 1981 to 2017 at Site U1405 with those at a loca#i6@ km north (i.e., in the middle of
the frontal zone) and at IODP Site U1313, ~1600 km east,an archetypalNorth Atlantic sub
tropical gyre site (Figure 3.4c). Variability at the frontal locationis significant, with the rangeof
seasonalariability typically ~15 °C and an inter-annualrangeof ~3.7 °C, while at Site U1313
variability is greatly reduced,with seasonabnd inter-annualvariability of ~7 °C and ~1.7 °C
respectively. Variability at Site U1405 is intermediate, with seasonal aneainteral variabilityof
~10 °C and ~2.3 °C respectively, indicating that variability at Site U1405 is influesmeewhat,
but not dominated,by the NAC-LC frontal zone. As a result, temperaturechangesherein the
modern are indicative of temperature variability in the-Bopical gyre, suggesting that owgcord
indicates suibrbital temperature variability in the wider North Atlantic and is not simgfynction

of a frontalzone.
Sub-orbital climate cyclicity: a persistentfeature of E a r tclintate

Next, we considerthe broaderregional implications of our results. Surfacewater density (i.e.,
temperatureand/orsalinity) in the modernhigh latitude North Atlantic is closely associatedvith
AMOC strengthin instrumentalrecords(Latif et al., 2004; Rahmstorfet al., 2015) and model
experiments (Roberts et al., 2013). Specifically, enhanced AMOC is associategigriificantly
cooler than average temperatures justmoftSite U1405 in the Labrador Sea but mildisarmer
than averagetemperaturegust southof Site U1405,where NAC influenceis stronger.The flow
path of the NAC is alsoseento changewith AMOC strengthin instrumentalrecordsand model

experimentsmoving further south with intensified AMOC (Joyce and Zhang, 2010; Sanchez

Franks and Zhang, 2015). Changesin surfacewater density (indicatedin our record b?/ 1¥0
variability) andthe relative influence of the NAC and LC (indicatedby ecologicalvariability) at

Site U1405, together with potential changes in DWBC strength (indicatednimeralogical
variability of clay sedimentation) therefore imply changes in the strength of AMOSliborbital

timescales in the latest Oligocene. This refethip is not necessarily surprising givethe
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relationship between North Atlantic temperature and AMOC strength over millennial timegtales
both the Holocene(Thornalleyet al., 2013) and latestPleistocengClark et al., 2002; Rahmstorf,
2002),with coolerintervalstypically associateavith weakenedAMOC.

OQur observations i ndicat e -othitalgperiodicities whicb actoeek i mat e has
wider rangeof backgroundclimate statesthan previously observed.The similarity of the ~1000

and ~2000 year cycles we observe t eOevemntdints ange of va
at a common pacemaker acting in the Late Pleistocene and latest Oligocene, as daegatity

of a variety of Late Pleistocene/Holocene centennial climate cycles to the smaller lengthvegcles
observe(e.g.,192 year[Prasadet al., 2004], 205 year[Neff etal., 2001],~200year[Raspopovet

al., 2008]and 169 year[McDermott et al., 2001] cyclesas potentialequivalentsto the ~170year

cycleswe observe).But what is the ultimate pacemakeiof thesecycles?While most proposed

mechanisms for late Pleistocene millennial climate variability involvénternal
oceanic/glacial/atmospheric dynamics, others suggest an external solar forcingcathdprovide

a mechanism without requiring significant NHG. Gleissberg (~87 yearPaMiiesSuesg~210

year) cycles, generally attributed to solar variability (Pgkistand Damon, 2003; Wagnet al.,
2001),havebeenmodelledto producecyclic climate behaviouron periodsof ~1500years(Bond

et al., 2001; Braun et al., 2005; Dima and Lohmann, 2009; though tliebstedMuscheler and

Beer, 2006]) and ~200 years (Seidenglanz et al., 2012; Weber280d),However,in the absence

of a causal mechanismboth for the cycles themselvesand for theiri nt er acti on with Ear
climate, such a connection remains speculativagardless of thadentity of the pacemaker, the

existence of centennial and millennial cycles in btite Pleistocene/Holocene and latest Oligocene

is indicative of a driver which acts over a wide raigelimatic statesor a rangeof driverswhich

vary in influenceas climatic parametershange.Ourresults call for new records from additional

climate states (e.g., in greenhouse climatesjeterminevhetherthisrangeof climatic statess even

broaderthanwe haveidentifiedhere.

3.1 Methods

Age model

All ages referred to herein refer to the GTS 2012 timescale (Gradstein et al., 20lE8¥therwise
stated. In the Late Oligocene and Early Miocene, twelve magnetic revessaksidentified
shipboardacrossa 135 m interval stretchingfrom the top of subchronC6AAr.3r (age21.688 Ma)
to the base of subchron C6Cn.3n (23.295 Ma; Expedition 342 scientists, 20123ethis interval

as the basis of our age model. Reversal positions between the top of sub6Boir
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(22.268 Ma)and the base of C6Cn.3n were refined with measurements mad®@@s University

of Southampton (T. van Peer, pasmm.).

XRF corescan data were collected across the whole study interval (C6AA.3r to C6Cn.3njrat 2
resolution. When placed on the shipbd magnetostratigraphic age scale, sevéeatigenous
elemental ratios (which we interpret as proxies for lithology) show periodic behawuittr,
particularly clear cycles in Si/Al and Ti/Fe (Supplementary Figure 3.1a). {dydérmethodspectral
analysisof theseratiosindicateghepresencef severaktrongperiodicitiesof length~20.5kyrs, ~33
kyrs and ~100 kyrs. Given the similarity of theseperiodicitiesto orbital cycles of

precession (~21 kyr), obliquity (~41 kyr) and eccentricity (~180), we interpret themas

originating from the orbital forcing that is a pervasivefeatureof climate changeon 10°*10° year
timescaleshroughouthe CenozoiqHaysetal., 1976;Zachosetal.,2001a).

Having detectedhe footprint of orbital variability in an extendedLate OligoceneEarly Miocene
interval of Site U1405, we generated a detailed age model for our specific study interval, subchron
C6Cn.3n. There are nearly 3 complete cycles in Si/Al and Ti/Fe during subcB@m.3n
(SupplementaryFigure 3.1c). The estimatedrangeof durationof this subchronfalls between62
and 106 kyrs, with uncertainty arising from differing cyclostratigraphiterpretations
(SupplementaryTable 3.1) indicating that thesethree cyclesin the XRF data seriesare either
precessionor obliquity-driven. We interpretthe cyclesto be precession (not obliquity-) driven,
basedon threelines of evidence.First, we note thatthe ~33 kyr i o b | i signal segnin our
spectralanalysisis weakerthanthe ~20.5kyr precessiorsignal,aswell as being at a periodicity
>15% shorterthan the expectedobliquity periodicity. Second,a precessiorsignal is consistent
with the strongerrelativeinfluenceof the North Atlantic Currentrelativeto the LabradorCurrent at
our site today (see main text), which would favor a-latitude (precession) ovehigh- latitude
(obliquity) orbital forcing. Such behaviouris seenin Late PleistoceneNorth Atlantic records,
with precessionalinfluence on clay mineralogy at latitudes as high as 51.9°N (Bout
Roumagzeilles et al., 1997). We also note the high carbonate content of Site U1405 ariitether
on the JAnomaly Ridge (Expedition 342 scientists,2012); in the modern, sedimentcarbonate
content is higher on sea floonder the NAC than that under the LC (Biscaye et al., 1976). Third,
~60 kyr durationof subchronC6Cn.3nis consistentwith a greaternumberof literature estimates
(SupplementaryTable 3.1) than a duration of ~120 kyrs (Beddow, 2016; Billups et al., 2004;
Gradsteinet al., 2012; Liebrand et al., 2016). We thereforesubsequentlyassigna precessional
forcing to the cyclesin Si/Al and Ti/Fe, with a spacingof 20.5 kyrs betweeneachprecessional
peak.We also note that, regardlesof whetherthe durationof subchronC6Cn.3nis ~60 or ~120
kyrs, there is no doubt that the variability we observe in our record (Figures 3.1, 3.2) takesplace

suborbitaltimescales.

To accountfor shortterm changesn sedimentatiorrate through our recordwe tune our record

spanning subchron C6Cn.3n to the precessional maxima and minima identified in filterezh8i/Al
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Ti/Fe (dashed lines in Supplementary Figure 3.1c). Note that we use a splice that is nfoolified

the shipboard splice for logistical reasons; see the Appendix. Based on the spectral analysis peak
theserecordsat 20.5 kyrs, we assigna duration of 10.25 kyrs (i.e., half a precessionatycle)
betweeneachmaximaand minima when tuning. The tunedrecord, on a floating timescale lies
betweenthe first andlast of the precessionaimaxima/minimathatfall in subchronC6Cn.3n(i.e.,

the left and rightmost dashed vertical lines in Supplementary Figure 3.1c). In Figures 33.2and

we assign absolutgges to our floating timescale based on the age of the top of subChomn.3n

on the GTS 2012 timescale but, because of the uncertainty in this age (Supplementar$.ITgble

we stressthat, althoughour studyis not concernedwith issuesof absoluteage,the absoluteages

that we assign are associated with saneertainty.
XRF core scanning

For the XRF core scandatapresentedn the Age Model sectionabove(i.e., the 2 cm resolution
data presented in Supplementary Figure 3.1), data were collected using an Avaatech (SEjal No.
instrument at the Gulf Coast Repository, Texas A&M University. Measurements wereieaga

cm downcore over a 1.2 chrarea with a dowstore slit size ofLl0 mm, using generatosettingsof

10 kV, a current of 1 mA, and a sampling time of 20 seconds. For the data presentedaimntiest

of this article (i.e., the 1 mm resolutiondata presentedn Figures3.1 and 3.2), datawere

collected at using an Avaath (Serial No. 12) instrument at MARUM, Bremeddniversity.
Measurements were made every 1 mm daare over a 12 mfrarea with a dowatore slit sizeof

1 mm, using generator settings of 10 kV, a current of 1.0 mA, and a sampling timeset@0ds.

In both cases the split core surface was covered with a 4 um thin SPEXCerti Prep Ultraleioel foil
avoid contaminationof the XRF measurementnit and desiccationof the sediment.The data
reported here were acquired by a CanberfIRXS Silicon Drift De¢ctor (SDD; Model SXD15CG
150-500) with 150eV Xray resolution, the Canberra Digital Spectrum Analyzer DAS 1000 and an
Oxford Instruments 100W Neptunerdy tube with rhodium (Rh) target material. Raw dgtactra
were processedby the Analysis of X-ray Spectraby the Iterative Least Square(WIN AXIL)

package from CanberEaurisys.
Spectralanalysis

XRF records(on the tuned age scale)were first linearly interpolatedto fill in gapsfrom data
removed because of sample disturbances at the top and bottom of each sectitreraodcasional
sampleshad beentaken prior to XRF core scanning.The interpolatedrecordhasan

artificial sampling interval of 5 years. This record was then detrended with a Gaussiarfilietch
(frequency0 yrs*, bandwidth0.0003yrs?). Linear interpolationand detrendingwas performed
using Analyseries software (Paillard et al., 1996). Nextlievgs lying more than Sstandard
deviationsfrom the meanof this detrendeddatawere removed.Using this method,0.5% of the

Al/Ti data points were removed; no outliers were identified in Ca counts. A seliueat
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interpolation(againwith artificial samplingintervalof 5 years)wasperformedto fill in gapsleft by
removeddata points. Following thesedata preparationsteps,a spectralanalysiswas performed
using SSAMTM Toolkit software (Ghil et al., 2002; Figar3.2a and Supplementary Figudeb).
Filters of selectedrequenciesnverethengeneratedn Analyseries(Figure 2b,c) usinga Gaussian

filter.
Estimation of sediment %CaCQ;content

To obtain a higkresolution proxy for %CaCg) we first measured %CaG@sing an AutoMatetr

CM5015 coulometer at the National Oceanography Centre, University of Southampttiacréie
1 cm crushedsampleswere measuredwith carbonatecontentrangingfrom 1 to 29 %. We then

calculated the average XRfeasured Ca counts over the corresponding interval in the otiner
half. A linear regressiorof coulometrydatato XRF datashowsstrongpositive correlation(R? =

0.88; Supplementary Figure 3.2). This regression (%Ga€0.00018428 x Ca counts)was
subsequentlyapplied to the whole record shownin Figures 3.1 and 3.2 to generatea record
of %CaCQ.

Taxonomy of Globigerinabulloides

Although forms similar to moder@lobigerina bulloidesre, in the Oligocene, typicallgssignedo
the ancestral speci€lobigerina praebulloidegBlow, 1979; Bolli and Saunders, 198&nnettand
Srinivasan,1983), the individuals we observeshow only minor differencesfrom the modern
species. We therefore use the modern species name, following Pearson and Wade2diayg
a conservative taxonomic definiti-gp(Heinlebehi ch

andOlsson2006),ratherthancancellatewall texturewereincluded.
Foraminiferal faunal assemblagecounts

Sampleswere freezedried, soakedin Calgon and washedover a 63 pum sieve with de-ionized
water. The coarse fraction was retained, and @read at 40°C. This sample was thaty-sievedto
retain all material in the >180 um size fraction. All samples contained >70 plafiokéiminifera
(>100 individuals in 82% of samples). The total numbers of a) individuaBadfigerinabulloides
and b) individuals of all other remaining planktic foliaiferal species were recorded; the ratd

these is presented in FiguBd.d.
Planktic foraminiferal stable isotopes

From the samewashedsamples3-20 individuals of G. bulloideswere pickedin the 180-212 pm
size fraction, with 3-20 individuals picked dependingon abundanceg&6 individuals in 77% of
samples). Picked individuals were transferred to reaction vials and analysed using 1& Kiel

Carbonate Device attached to a Thermo Finnigan MAT 253 dual inlet mass spectro&eSat

University of SouthamptonAnalytical precisionis 0 . 0 &1&) for !'°0. Data were calibrated
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using a two-point calibrationto standardNBS 18 and an internal standard(GS1). Resultsare

reportedrelativeto the ViennaPeeDeebelemnite(VPDB) standard.
Modern oceanographicdata

All mapsare plotted using NASA Panoplysoftware (https:/ivww.giss.nasa.gov/tools/panoply/

Bathymetrydata(Figure 3.4a)is the GeneralBathymetricChartof the Oceang GEBCO) 30 arc
second grid, version GEBCO_2014 (20150318) (obtained from
https:/ivww.bodc.ac.uk/data/hosted data systems/gebco_gritdbddaymetry data/gebco_30_sec

ond_grid/). SeaSurfaceTemperatureg(SST) map data (Figure 3.4b) is taken from the NOAA
World Ocean Atlas 2013 version(Bttps:/ivwww.nodc.noaa.gov/OC5/woal3/woal3data.himl)

Values are averaged from 193812, and are interpolated from their 0.25° spatial resoluS&T.
time-series(Figure 3.4c) are from NOAA Optimum Interpolation(Ol) SeaSurfaceTemperature

(SST) V2 fpttps:/ivww.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.hiorijhly 1° spatial

resolution averages. This data originates from satellites, ships and buoys. Because tha ST dat
interpolated to a 1° x 1° grid, data for Site U1313 is feoodinates 41.5°N, 32.5°W (67 km N
thetruelocationof Site U1313)anddatafor Site U1405is for 40.5°N,51.5°W (49 km NE from the

true location of Sit&)1405).
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Supplementary Figure 3.1 (previous page) Constructionof age model. a, 2 cm
resolution Al/Si and Ti/Fe records, generated by XRF core scarmiddTM spectral
analysisof the recordsshownin a, revealingthree periodicitiescloseto precession,
obliquity and eccentricityc, A zoomed interval o&, showing only subchron C6Cn.3n
(the study interval; see Figure 3.1b). Overlain in heavy blue and red are 20.5 kyr
Gaussiarfilters of the data.Dashedines align with maximaandminimain the data,

andareused(with aspacingof 10.5kyrs)to tunetherecorddetailedin the maintext.
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Supplementary Figure 3.2%CaCQ calibration. Crosslot of %CaCQ, as measured
in discretel cm samplesby coulometry,and Ca counts,as measuredy XRF core
scanning. The fit is a straight line, with a forced y intercept of zero. The twodzstey

pointsweredeemedutliersandexcludedrom calculationof the bestfit line.
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Supplementary Figure 3.3Al/Ti record.a, In Al/Ti, measured by XRFcorescanning.
b, Spectral analysis of the Al/Ti record, revealing several v&rgng periodicities
(>99% confidence interval) at ~2200, ~1000 and ~300 years, gtrohgperiodicity at
~180years.
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Supplementary Figure 3.4Modern NW Atlantic surface’®Osy and salinity. a,

Estimated modern surface wat&lO on an interpolated 1° spatial grid (LeGraratel
Schmidt,2006; Schmidtet al., 1999).b, Modern Averageseasurfacesalinity 1955
2012 (same data source as Figure 3.4b; see Methmdsatitudinal transeqtl®

latitudinal resolution) at 51.5°W of estimatBiq,, SST and predicted®Oc. buloides
usingaculturecalibrationfor 11-chambereds. bulloides(Bemisetal., 1998).
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3.3  SupplementaryTable

Reference Site Start End Subchron
length
GTS 2012 (Gradstein 1218: 23.233 [23.295 62 kyrs
et al.,2012) EquatorialPacific
Billups et al.,2004 1090: 23.237 |23.299 62 kyrs
SouthAtlantic
DEUUOUW €T dr.,ZU10
U1313: 23.211 |23.286 73 kyrs
(based on'*C) EquatorialPacific
Liebrand et al.2016 |1264, 1265, 1266:/23.247 |23.332 85kyrs
Walvis Ridge
Beddow et al.2016 U1313: 23.212 |23.318 106kyrs
(based on CaC¥$) EquatorialPacific

Supplementary Table 3.1Literature estimates of the duration of magnetidchron
C6Cn.3n.
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Chapter 4

The following chapter,entittedi D e ¢ o uop duiifanegnd deepNorth Atlantic watersover the
OligoceneMioceneT r a n s iistwrittemirdthe style of a researcharticle, with the intention of
future publication. While the manuscript was written entirely by Richard E. Smith, Pawil&on

also assisted with manuscrautiting.
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Chapter 4 Decoupling of surface and deep
North Atlantic waters over the OligoceneMiocene

Transition

4.1 Abstract

The Antarctic ice sheetwas highly dynamicin the Oligoceneand Miocene,with orbitally-forced
cycles of expansion and retreat. The Oligoebtiecene Transition (OMT; ~23 Ma) stands @ad
one of the largestof thesecycles.The OMT terminatedthe late Oligocenewarming trend with a
pronounced transient glaciation in which Antarctic ice volume is generally inferfev@increased
and subsequentlydecreasedy at least half its modernvolume over severalhundredthousand

years.Here we presenta ~0.8 Myr-long (23.422.6 Ma) high-resolutionplanktic stable

isotope [*?0 and!**C) record across the OMT from IODP Site U1406 in the Nuvist Atlantic,
a critical regionfor modernoceancirculation. Our recordbenefitsfrom excellentpreservatiorof

clay-hostedforaminiferal calcite and high sedimentatiorrates(~2 cm/kyr), and has an average
sampling interval of ~2 kyrs. We identify substantial short and metditm (16-10° years)

variability in planktic 1*®0 of upto ~ 1 . Sirderpretedto be the productof significantregional
surfaceoceantemperaturechangesand latitudinal shifts of the front betweenthe North Atlantic

Current and Labrador Current. Comparison of our results to an unpublished benthidsstaige
record from the same site reveals that changes in the surface ocean generally lead thoseaon the
floor by tensof thousandof years.This finding indicatesa previously undetectedlecouplingof
surfaceand bottom watersover the OMT that implies that the North Atlantic playeda role in

triggering Antarctic glaciation ardgglaciation.

4.2 Introduction

The OIic};ocene and Miocene epochs are characterised by recurrin% benthic foramifi®eraties,
interpreted as episodes of high latitude climate change involving the growth and refreat

major Antarctic ice sheets (Liebrand et al., 2017; Miller et al., 1991, Palike et al., 2006baki¢ade
Palike,2004) following the initiation of major glaciation at the EoceneOligoceneTransition~34
Ma (Coxall et al., 2005; Coxall and Wilson, 2011). The boundary between the Oligoeade

Miocene epochs(523.03 Ma) coincides with a particularly high amplitude beHiishift of ~ 1 &
observedn recordsworldwide (Beddowet al., 2016; Billups et al., 2002; Liebrandet al., 2011;

Palike et al., 2006a;Zachoset al., 2001b),known asthe OligoceneMiocene Transition (OMT).

The OMT s interpretedto reflect Antarctic glacial expansion(Naish et al., 2001; Passchierand
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Krissek,2008) to aroundits presentvolume over ~200 kyrs, from a baselineof up to half of its
current volume (Gasson et al., 2016; Liebrand et al., 2011) or even a deglaciated state (Lé¢brand
al., 2017). This glacial expansions equivalentto ~30-80 m of sealevel change(Liebrandet al.,
2011; Miller et al., 1991; Pekar et al., 2002); meanwhile a low resolution Mg/Ca datedseites
thatdeepwatertemperaturesooledby about3°C associatedavith this transientevent(Mawbeyand

Lear, 2013). Low resolution terrestrial records indicate surface cooling in North Ameridesand
over the OMT (Kotthoff et al., 2014; Miao et al., 2013), but an absence ofrbggitution surface

records means the timing ofistcooling relative to Antarctic glacial expansiorpizorly constrained.

While the glaciationstageof the OMT hasbeenlinked to an orbital configurationfavouring low
seasonalityand thus cool polar summers(Palike et al., 2006a;Zachoset al., 1997, 2001b), the
relatively rapid deglaciationstageof the OMT haslong proven difficult to reconcilewith the
results of coupled GCNte sheet model experiments. This rapid (~150 kyrs) infedezgfaciation
is at oddswith the strengthof CO, hysteresisassociatedvith large Antarctic ice sheetsn initial
couplednumericalexperimentgPollard and DeConto,2005) in the contextof apparentlymodest
changes in pC@evels (Beerling and Royer, 2011). This picture may be beginning to chauitte,
recentwork suggestinghat large Antarctic ice sheetsmay have beensensitiveto smaller pCO.
changeghan previouslysuggestedGassoret al., 2016); meanwhilea terrestrialrecordindicates
that there may have beena brief pCQ; rise associatedwvith the deglaciationstageof the OMT
(Reichgeltetal., 2016).However,high resolutionrecords necessaryor investigationof the precise
timing of climatic changeover the OMT, are sparse gspeciallyfrom the marinerealm. The only
publishedrecord of surfaceoceanconditionsfor the OMT comesfrom the Equatorial Atlantic
Ocean; this record is of modest temporal resolution (~4 kyr sampling intervalshenvesrelatively
little change in sea surface conditions, with inferred temperature variability lesghiizseen in
bottom waters (Paul et al., 2000; Pearson et al., 1997). This picture of modest chtdmegriiface
Equatorial Atlantic contrastswith a recordof pronouncedhermoclinecooling of 4-5°C over the
OMT in the Equatorial Pacific (Beddow, 201&xguably the biggest OMT data gaptle absence
of recordsfrom the North Atlantic Oceana critical site of deepwaterformationtodayand,asit is
widely suggested,since the EoceneOligocene Transition (Davies et al., 2001; Miller and
Fairbanks, 1983; Via and Thom&€06).

4.3 Methods

43.1 Site description andoceanography

A sedimentary sequence spanning the Oligoddiaeene Boundary was recovered BQDP
Expedition 342 at Site U1406 in the North-West Atlantic sedimentdrifts on the Newfoundland
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Margin (Figure 4.1). Here, clagch sediments give rise to relatively expanded sectigr&scm/kyr)
benefitingfrom excellentagecontrol (van Peeret al., in prep) and superblypreserveaalcareous
microfossils from a loation proximal to the sites of deep ocean convectmotay (Norris et al.,
2014). Present day surface waters at Site U1406 lie on the southerly edgdrontietween the
Labrador Current (LC), transporting cool, less saline water southwards, ardothte Atlantic
Current (NAC), a component of the Gulf Stream bringing warm, more sakibernorthwards We
refer the readerto (Smith, 2017a)for an assessmentdf the modernfront andits behaviourin the
Oligo-Miocene.At depth,Site U1406is bathedby the DeepWesternBoundaryCurrent, inferred
to have flowed since the early-/mid-Eocene,which transportedthe clay thatmakesup a large
componenbf our samplegBoyle etal., 2016).Surfaceanddeepwatercurrentsdathing Site U1406

during the OligeMiocene were thus broadly similar to theiroderncounterparts.

Elevation (1043 m)

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1

Figure 4.1 Locationsof all existing high-resolution benthic stable isotope records
acrossthe OMT. Seemaintext for referencesSite U1406,the focus of this study,is

highlighted (together with nearby Site U1405) by a red star. Coloapsesent
bathymetry.

Consideratiorof the relationshipof thesecurrentsto the wider oceanin the Oligo-Miocenemust
takeinto accounttectonicdifferencesfrom the presentday, andthe resultantdifferencesin ocean
circulation. In the presentday, the only connectionfrom the Atlantic to the Pacific Oceanis the
Drake Passageand so deepwater formationis active in the highly saline North Atlantic, with a
secondary component in the Southern Ocean; meanwhile the low ssalatgy North Pacificis
highly stratified. Salinity is therefore the primary control on the location of deep Vi@ateration.
In the late Oligocene/earlyMiocene, the open Tethys Seaway(Woodruff and Savin, 1989) and

Panama Gateway (Haug and Tiedemann, 1998) enabled significant low latitecieasinal

62



Deoouping of surface and degy North Atlantic wateis over the Oligocene-Miocene Transition

exchange. As a result, models indicate that the high latitude salinity gradient betwdelaiie
and Racific basins was greatly reduced relative to today (von der Heydt and Dijkstra, 2008),
Consequently, the influence of temperature on the geographic distribution of deefonratgion
was elevated at the expense of salinity, with these modelatidiaesultant deep watiermation

in both the North Atlantic and North Pacific, as well as the Southern Ocean. It is thus likéhethat
NAC and DWBC were weaker than their modeonnterparts.

4.3.2 Sampling

We use the revised splice and age model of van Peer et al. (in prep). Approximately 400 Biscrete
cm samplesweretakenevery4 cm alonga part of the revisedsplice correspondingo aninterval

from 22.59 to 23.34 Ma. Sedimentation rate varies fromd.®2 cm/kyr (mean 2.2 cm/kybeing
generally higher after than before and during the OMT. Sampleswere ovendried, soakedin
Calgonandwashedover a 63 um sievewith de-ionized water. The coarsefraction wasretained,

and ovendried a40°C.

4.3.3 Stable isotopeanalyses

Where possible (47% of samples), we picked a large number (40) of individuglanitic
foraminifera Globigerina bulloides(Figure 4.2; Smith, 2017b) from each sample, brokeir
chambers open and mixed them together before removing an aliquot for analysis, leawimgh
materialfor subsequente-runs as needed(Bolliet et al., 2011; Brijker et al., 2007). This same
approachwastakenfor sampleswith only 11-39 individuals (31 % of samples)in orderto retain
enoughmaterial for analysis,sampleswith 10 or lessindividuals (16% of samples)were not
crushed.The rangeof stableisotopevariability amongindividuals from the samesamplereflects
seasonalitydepthzonationand the time-integrationinherentin geologicalsampling(Fraassand
Lowery, 2017; Schiffelbein and Hills, 1984). The variability arising from these factorsbean
minimized in favour of a cleaner dowrore record of mean environmental change by analyaing
large numberof individuals per sample,which the crushingand homogenizatiormethodwe use

facilitates.

The remainingsamples(7%) containedfewer than threeindividualsin the 212-250 um fraction,
and so individuals were insteadpicked in the 180-212 um fraction, where possible.As many

species of planktic foraminifera have isotopic offsets between size fractions (FriedricB@&t2),,

to assesshe magnitudeof this effectin our datawe measured**C and!*®0 acrossforaminifera
from four size fractions: 150-180 yum, 180-212 pum, 212250 um and 250-300 um in four samples

(Supplementary Figure 4.1). This analysis reveals no offset of consistent sign betw&86-2i&

um and 212250 pm fractions in*®0 (the range of offsets of the small relative to large fraction is

0.15to + 0 . 0 Buaanaverageoffsetof + 0 . 2(Eadge+0.14to + 0 . 3 i &3C. We therefore
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add 0 . 2 2o03all !"*C data generatedn the 180-212 um fraction in order to make the data
comparable to the rest of aacord.

Sampleswere analyzedusing a Kiel IV CarbonateDevice attachedto a Thermo Finnigan MAT
253 dual inlet massspectrometerat NOCS, University of SouthamptonAnalytical precisionis

0. 0 §1&) for "®*0 and0 . 0 §1a) for !13C._ Data were calibratedusing an internal standard
(GS1). Results are reported relative to the Vienna Peedee belemnite (VPDB) standards@is

were comparedwith a benthicstableisotopedataseigeneratedn the samesamplegLiebrandet

al., inprep).

434 Time seriesanalysis

Stableisotope records(on the tuned age scale) were first linearly interpolatedto accountfor
changes in sedimentation rate, with the interpolated record having an artificial sample spdkcing of
kyr. This record was then gdeended with a Gaussian notch filter (frequency 0.0 Mybsndwidth

4.0 Myrs?); both of these steps were performed udinglyseriesoftware (Paillard et al.,1996).

Following_thesedata preparationsteps,spectralanalygs were performedon both benthic and
lanktic I"*C and!*®0. as well as on the benthitankiic offsets ¢3°C andqp®0) usingSSAMTM
oolkit software (Ghil et al., 2002). Coherencyand phasedifferencesbetweenthe planktic and

benthicrecordswerealsocalculatedusingAnalyserieswith a 95% confidencdevel for coherency.

4.4 Results

4.4.1 Foraminiferal ecology andpreservation

Based on interspecies stable isotope comparis@isepigerina bulloidesand Globigerina
primordius are consistentlyinterpretedto have dwelled in the surfacewatersof the OMT ocean
(Greenopet al., submitted;Pearsoret al., 1997; Pearsorand Wade,2009). We choseto generate

our recordon the former becausef its more consistenabundancehroughour record.However,
118 _ ; ; X P 118 o
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seen betweeh'®Og. buiides here at Site U1406 and botfOg. buiides (Smith, 2017a) and!**Og.
primordius (O. Friedrich, pers. comm.) at nearby Site U1405. The restriction of the interspétses

to Site U1406 may be attributable to a slight gradient in plafitéminiferal preservatiorbetween
the two sites, and indicates that one species is more resistant to diagenesis dltaer fimspection
by binocular microscopeindicatesthat the OMT planktic assemblageat Site U1405 is truly
i g | afsllswing the terminologyof Sextonet al. (2006) whereasat Site U1406, plankticsfrom

the OMT sectionshow signs of incipient diageneticalteration, with a generally opaque
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appearance and occasional partialigsolved foraminifera. These interpretations atdbstantiated

by SEM analysis (Figure 4.2; all images generated at NOCS, University of Southamptonoés part

the present study). Material from U1405 shows an exceptiapaonomy with smoottvall surfaces,
well-defined poresand pronouncedvertical growth layering seenin both G. primordiusandG.

bulloides(Figure 4.2: panels 2B). This contrasts somewhat with Site U1406: hepewthbanding
is sometimesobscuredby secondarycalcite precipitation (i.e., recrystallization) which gives the
test surface and pore boundaries a rougher appearance (Figure 4.2: paneWddotethe greater
wall thicknessof G. primordius and suggestthat this thick, fairly cancellatewall structure
gives G. primordiusan enhanced resistance to diagenesis relativ@. tbulloides which has a
t hi nlukoidest yipe o wal | ( PX®@Y. son and Wade,

If dissolutionwas the primary mechanismof diagenesisn G. bulloides preferentialremoval of

outer layers of calcite (which would likely have grown during a life stage lived in deepethand

clgoler, waters) would cause a shiftto more negaff@ (Lohmann, 1995). That the offsef
|

Lo o R SR S e e
typically fairly constanbvershortrecords(Sextonetal., 2006a) meaningthatthe primary signalis
most likely large enough (with a range inaure c or d o f >2.0a) t h are

preserved.

Sy

decrease it°C with depth. Thé">C difference between fellow surface dwel@r primordius and
G. bulloides (Supplementar gure_4._2) suggt;estsG. bulloidesin the Oligo-Miocenehada large
isotopic offset from seawat&rC, similar to its modern counterpart, rather than that suskedters
were unusually isotopically light (Greenop et sdilbmitted).
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Figure 4.2 Scanning Electron Microscope (SEM) images of laBigocene/early
MioceneG. bulloidesfrom Sites U1406, U1405 and 926.-&alndividuals from Site
U1406, showing good preservation but with early signs of diagenesis visiblese
up view. 2ab: Individuals from Site U1405, showing exceptiongkeservéion,
including retention of growth layers in 2b.-Balndividuals from Site U926showing
moderate recrystallization. Scale bar is 100 um fec,land 10 pm for 2& and 3ab.
Foraminiferawere picked from samplesU1406C 9H 4W 102104 cm (within the
study interval presented here), U1405C 20H 5A%Bcm and U926B 51H 4VE8-30
cm. All imageswere producedat NOCS, University of Southamptonas part of the

presenstudy.

4.4.2 Planktic stable isotopes

Extended records have revealed a stronygcle~405

in the Oligocene (Palike et al., 2006b; Wade and Palike, 2004); we also observe this pacing in our
. 13 118
OSSN SRR LAY S BRI e eSB! s S arB L RO dhift AR botR SfaiAkER 4

benthic 1"*C and!'®0 (Figure 4.3; Supplementary Figure 4.3), consistent with otherds.
Taking valuesat 23.30 Ma as a baseline the magnitudeof the shift overthe OMT is~ 1 . na
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lanktic!*C and ~1. 5 a®oi Frmllovpiri%mih_rkcbviery b)&~22.9 Ma, plankti’O then .
radually increases until ~22 .7 Ma, r attael i ng sever a

during the OMT. While plankti¢**C follows broadly similar patterns on long (~40&kyr)
timescales, posDMT values never completely recoverttmse seen prOMT. This baseline shift

from one sideto otherof the OMT matchessimilar shifts seenin benthic!**C recordselsewhere
(Beddow et al., 2016), attributed to a global shift in the carbon cycle causing enhanpedt

productivityoverthe OMT (DiesterHaassetal.,2011;MawbeyandLear,2013).

§H P g 5!1355] R ﬁmeesdcales %fnthoustar{bse @ %ehmolﬂsraﬁ)dg gf yea?‘s.tfln‘lé fhﬁgﬁﬁ? and s pronoun

frequency variability is particularly clearly defined during the descent into the Gi3.2523.12
Ma; betweenpoints A-C on Figure 4.4 and Supplementaryigure 4.3), but it is dampenediuring
the peakof the OMT (betweenpoints C-F), beforereappearingpostOMT (point F andyounger).

Variability on ~10** kyr timescaleds particularly strongin "0 postOMT. This is likely duein
partto a higher samplingfrequency(becauseof higher sedimentatiorrate) postOMT than pre-

OMT,; thisis demonstratetdy a 4 kyr resamplingof the data(Supplementaryigure4.4).

Figure 4.3 (opposite)New and previously published palaeoclimate records athess
OMT. From top to bottom: the top panelillustratesa benthic!**0 recordfrom Site
U1264 (Liebrand et al., 2016), with the OMT shaded in purple. The main phoeis

a compilation of datafrom the interval studiedin this chapter,which encompasses
most but not all of the OMT interval (as suggested by Liebrand et al. (2016) simaded

the top panel. The global benthiéO stack (Beddow et al., 2016) is a stackexfords
from (I)ODP Sites U926, U929, U1090,U1218,U1264 and U1334. Bottom water

temperature data was calculated fr@&mumbonatudlg/Ca data in Mawbey andlear
(2013). Thigdata was first converted to temperature usingthembonatugalibration
in Lear et al. (2002), assuminga modernseawatemMg/Ca ratio. The datawas then
normalized by removing the average (calculated using only ddtaimerval presented

here) for each record. Sources of atmospheric pdaa are given
.18, . K
oS e AR IR G RSR S 0 P RRL L Al g A8 AR

1*®0 record generated on the same samples (Liebrand et al., in prep) is also @otted
the base of thigure.
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Deooupling of surface and degp North Atlantic wateis over the Oligocene-Miocene Transition
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Figure 4.4 (opposite) Comparisonof planktic and benthic 1*°0 recordsfrom Site
U1406 acrossthe OMT. The interval presentedn this figure lies entirely within the

duration of the OMT interval as suggestediy Liebrand et al. (2016). From top to
bott om: Labels denoting 6coolingd and 6

basedon interpretationof planktic (this study) and benthic(Liebrandet al., in prep)

1'%0 records.qp®0 is calculatedonly when planktic and benthicstableisotopeshave
beenmeasuredn thesamesample Orbital solutionsarefrom (Laskaretal., 2004).

4.4.3 Comparison of planktic and benthic!~“records

Foraminife_ral!180 is a function of seawatetemperatureandlocal seawaten!lso, with changesn
thelatterdrivenby changesn local salinity andglobalice volume.Variability of globalice volume

affectsplanktic and benthic!*®0 equally;in the absenceof SSTdataand modelling of "®Oscawater
qf, the whole ocean,changesn surfaceconditionsare thereforebestrepresentedhot by planktic
1”0 alone, but by the residual change in the planktic 8record relative to the benthic recotlei.e.,
planktic-benthic offsetgp°O. We ascribe all changesdn®O to variability in surface temperature

and/or salinity; these are minimum estimatedctwHikely underestimate the true surface
variability, hidden hecause synchronous temperature changes,in benthic records would'8Bange
without changingp°O. Conversely, it is possible that changegdifO could instead reflectstatic

surface conditionsand highly variable bottom water temperatureswhile we cannotrule this out
without independent temperature proxies at Site U1406, the magnitude of changd®Ods
sufficiently large (2 a) t hat it woul d require vohanges | ar
(approachingl0°C). This would be very difficult to reconcilewith the modest(2-3 °C) bottom

watertemperaturehangeeconstructedrom both Mg/CaestimategFigure4.3; MawbeyandLear,

013) and inverse madelling of bentit®O (Liebrand et al.2011). N
omparison o plarﬁﬂ(t)lc anlgigoenthlc records reveacfs Ieao% anc)J lags on the scale of indrbidaial

b inbdetnni e b fempinan s et ST OERG © o
BeRARSTRESSRY =2 ky 2% 83 RARC(RIESBAERI DG G SMoHRIFNAA: BY ChgLsastin

0 at 23.13 Ma rises to-6 . 6 & , increase of ~1.0&in i nd

temperatureand/orrise in salinity at the seasurfaceof sufficient magnitudeto raise residual

1%

planktic!*®Ovaluesby~ 1 . 0 & .
This shift to peak planktit®0 values is followed by a longéerm recovery (23.1:22.93 Ma) of

w?0 of ~2.1&, which strikingly begi!fGisréaahed p o i
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at 23.05 Ma (point 6D6). These resuldimtasttggest t hat
glaciation over the OMT were associted with cooling and/or salinity increasein the North

Atlantic, this trend was reversed tens of kyrs before maximum glacial expansiowdeszpooling.

This warming phase appears to have endedwaig through the OMT deglaciatiomhen

a rise of planktic !*°0 coincidentwith a fall of benthic!*°0 (and consequentise of q3°0 by
~ 1 . 3fpn 22.9322.89 Ma (betweenpoints 6 Ednd 6 F thdicatesrenewedcooling/salinity

increase in North Atlantic surfaeeters.

444 Spectral analysis

To assessvhethera lead of the planktic recordover the benthicrecordis also found on shorter
timescales, and to investigate the relationship of both planktic and benthic recortigaldorcing.
we presentresultsof multi-tapermethod(MTM) spectralanalysis(Ghil et al., 2002) and

H H H ' 13 ' 18
YRl BRI QOIS Rdtg B ThBIARKES A0SR Carive P b SHEREP TG RNy,

obliquity and preces®n) in benthic!*?O (Figure 4.5) and I**C (SupplementaryFigure 4.5). We
note that the spectral peaks we identify do not have their frequencies as tightly constrtiosd as

identified in existing benthic records;this is an artefactof the relatively short duration of our
record.

YEMR BB e e ALRO N R S PRGN A S R AL eSRPB SR RGSEITIRY
and power at the frequency corresponding to eccentricity is not strong. A wavelet athatysih
the duration of the record indicates that the most clearly defined cycles of the wholeirécose
between23.2423.07 Ma (betweenpoints 6 A@nd 6 Ddn Figure 4.4) i unfairly biasthe spectral
analysis;strong eccentricityand weakerobliquity and precessiorforcing are visible throughthe
duration of the wavelet analysis. The three cycles in this interval do not appear to be pacsd by
of the dominantorbital forcings. This may be dueto a small errorin the agemodel(T. van Peer,

pers.comm.).

We assess the relative pacing of our planktic and benthic records by orbital forcaaicliating
coherencyandphaseoffsetsbetweenthe records.The recordsare coherent(>95% confidence)at
all .orb'ital frequenciesexc_e%for oinqu_ity in 1'%0, which is as expectedgiven the weaknesof
R B e b S o SRS R AT IR 540 Bl St
benthic record by ~6 kyrs). This analysis therefeneeals that the lead of the planktic recaneer
the benthic record doesnot only occur on the timescalesof whole orbital cycles, but also on

millennialtimescales.
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Figure 4.5 Time seriesanalysisof Site U1406 planktic and benthic I'?0 records.
Panelsa and ¢ Multi-Taper Method (MTM) spectral analyses of planktic doshthic

records, respectively, with confidence levels in red (99%) and orange (R&nges
of dominantperiodicitiesof orbital forcing areindicatedin purple shading.Panelsb
and d: waveletanalysisof planktic and benthicstableisotoperecords,respectively.
Warmer colours indicate higher spectral power. Panebherence betweeplanktic
and benthic records. Red line indicates 95% confidence level. Paielse offsetsf
planktic relative to benthic stable isotope records. The dark purple line représents
meanphaseoffset estimate;pale blue and greenlines representhe upperand lower

estimates of this rangeaspectively.
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4.5 Discussion

45.1 Interpretation of planktic 10 variability: salinity or temperature?

B R RSN R ARG SRR RS DR

Atlantic is approximatelyii®Oscawater = (0.5823*salinity) i 19.969 (R?=0.64; relationship
determinedfrom a linear regressiorof all seasurfacesalinity and ii*®Oseawaterdatafrom 30-50°N,
40-60°W from the Global Seawater Oxygé&8 Database v1.21 [Bigg and Rohling, 20@&;hmidt

S G g S R Gt R G

planktic!*®O rise (i.e., riseimg®0) of ~1.04& during t heofofdllofi ati on of
~2.1a duri ng etwbuld resultefrono sabnityychanges afs~+1.7 and--3.6

respectively, assuming no temperature change and modern salinity (Supplementary Figli@ 4.6).
put the magnitude of these changes in context, they are several times higher than dppdsit
signto) thelarge,seaice driven salinity anomalief thisregionatthe LGM relativeto themodern
(Vernal et al., 2000). While salinity changes may have been amplified by the positiie 0fL406
near the NAGLC front, across which the amplitude of salinity variability is sevesainity units,

the relationshipof higher (lower) salinity with higher (lower) temperatureacrossthis front

precludes frontriven salinity changes from being a driver of laageplitude!*®0  variability,
following discussion in Smith et al. (2017a). In summary, we infer that regional charsgdisiiny,
evenwhenamplified at Site U1406 becausef its frontal location, mostlikely hadonly a limited

el .‘Ji%r%é@& IR e B DRI o CRbe SRR R

observe over th

We now consider the effect of varlablllty of temperature on plankfi®. The temperature )
sensitivity of moderrGlobigerina bulloides 4., 9AC per 1la, deta&aymined in c

1998) and plankton tow (Mulitza et al., 2003) experiments. While uncertainty reroaersvhether

ancestral forms of. bulloideshosted symbionts (Greenop et al., submitted; Pearaod

Wade, 2009)we discount this as having more than a small effect on SST sensitiVifpobased
on the similar sensitivities t&. bulloidesof modern symbiotic species lik&lobigernoides

sacculiferor Orbulina universaBemis et al., 1998; Mulitza et al., 2003he @O rise of~ 1 . 0 &

going into the OMT (betweenpoints6 Ad@nd 6 Cdhn Figure 4.4) thusreflectsan SST drop of at

s3sliof RLesFalmes woerm@é%mg [FasmAlP R INRYROrales Je s PR though

subsequent fall iad®0 ~2.148 associated with dewoduldci ation (b

73



Chapter 4

thus be associatedvith a ~10°C warming, i.e., to a temperature-5°C higherthan pre OMT; the
subsequent ogfo 3& rroins epoiimt G6E®&) would cotig,espo
to a temperature ~1°C lower thare-OMT.

Given the proximity of Site U1406to the NAC-LC front, it is likely that any temperaturesignal

recorded here is amplified in comparison to the wider North Atlantic. The dominapoeceksion

over obliquity in the spectral analysis of our plankfi® record indicates a dominatawer
latitude influence, suggestinghat Site U1406 lay southof the front during the OMT asit does

today; large front-associatedemperaturechangesat Site U1406 would thus suggestsouthward
movement of the front. Significant southward shifts of the Arctic Front have precedent, ahleast
intervals of NHG, having been inferred from records both in Pleistocene glacial p@viotigyre
and Molfino, 1996; Villanueva et al., 2001) and during the intensificationof NHG in the Late
Plioceng(Naafsetal.,2010),thoughthelatteris debatedFriedrichetal., 2013).

To assess the extent to which such frontal movements may have amplified the temperatwae signal

Site U1406, we considepl?’C,_ the offset between planktic and, benttfE€. Global changes ithe
carbon cycle drive changes in planktic and benthic records simultaneously and cause noichange

od°C; any change ig*C variability is thus indicative of changes in either the source of sudiace

deepwaters,or in local surfacewater export productivity. In the presentday thereis a strong

13 : . T
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thereforeresultin higher (lower) planktic 1*®0 and lower (higher) og®C, basedon the modern
salinity-temperature relationships of the LC and NAC, and assuming constant qanddaetivity.

We thereforeinfer thatwh_erechangzesn oo °C and planktic I*°0 are coincident,for examplethe
~0. 7a c?)lﬁil ti g3, 2 Ma (point OAOG6,..I n Fcomadent
with a ~ 0 this may eeféect fraomtal movement. The planktf© change wouldhus
represent frontal amplification of a weak regional signal. However, thesdtaimaous oxygeand

carbonchangesare only associatedvith higher frequency(< ~100 kyrs) variability; thereis no
longekrterm cp°C changeconcurrentwith the broad cooling and warming periodswe infer from

planktic 180 overthe OMT (seewarming, cooling labelsin Figure 4.4). We thereforeinfer that
these intervals of surface cooling and warming likely reflect sizeable regional sudageerature

changestatherthanjustasmallregionalsignalamplified by the frontal proximity of Site U1406.

45.2 Comparison with existing records

The Northern Hemisphere cooling we infer over the OMT follows similar observatiotesrestrial
records (Kotthoff et al., 2014; Miao et al., 2013) and inferencesfrom dust recordsindicative
of a temporarysouthwardshift of the Intertropical ConvergenceZone (ITCZ) over the OMT

(Hyeongetal., 2014).NH cooling overthe OMT is also predictedby inversemodelling of
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benthic!*®0, which estimatesa ~10°C cooling of NH meanannualtemperatureover the OMT
followed by warmingto a full recovery(Liebrandet al., 2011),thoughwe note that this cooling

estimate is an average over all latitudesB@9ON, and is thus likely an overestimate femperature
changeat Site U1406. Similar NH surfacecooling was also recordedat the LGM, where Site
U1406 was ~3.5°C cooler than the modern(Annan and Hargreaves2013); and at the Eocene
Oligocene Transition (EOT), when the cooling step preceding ice growth is associated~&fiG a
cooling in high latitudes (4%0°N; Liu et al., 2009), alongside tropical cooling of-32C (Wadeet
al.,2012).

However,the significantplanktic !0 variability we observeat Site U1406is markedlydifferent

to the minimal variability seenin the only other surfacedwelling planktic foraminiferal record
generatedo dateoverthe OMT (Paulet al., 2000;Pearsoret al., 1997).In this record,generated

on surfacedweller Globigerinoidesprimordius the planktic 1?0 shift of ~ 0 . @®\er the OMT
itself (Figure 4.3) is dwarfed by t heplankiange
OMT shift at Site U926 is so smallthatit is lessthanthe benthicchangeat the samelocation,an
observationinterpretedby Pearson(1997)to be indicative of bottom water cooling and constant
surface temperatures. This interpretation is not consistent with the signtBoapératureariability

we observeat Site U1406. It is also not consistentwith the only other existing high
. . Ilg . . .
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180 changeof ~ 1 . $ #&ecordedoverthe OMT, althoughthe high varianceof the record,noted
by the author, may make this an overestimate(Beddow et al., 2016). We note the moderate

diageneticrecrystallizationseenin foraminiferaat Site U926, in contrastto the generallygood
preservation, with only minor recrystallization,Zite U1406 (Figure 4.2). We thus suggest tihat
Site U926 record i s ar tdepbsitienal dihgengsisdahd theduatoriad s a

Atlantic SSTmayhavein factbeenmorevariablethanthis recordsuggests.

The tensof-kyrs lead of planktic over benthit?o through the OMT at North Atlantic Sit€)1406
is markedly different to the timing of changes at equatorial sites 1334 and U926.awfter
approximately synchronous onset of the OMT in bd#émktic and benthic records at Site)1334,

O St e M R S R R e

waters underwent little temperature change during Antarctic ice growth/bottom water cbaling,

cooled substantially(estimatedby the p a p eautliossas ~4-5°C) during the benthic recovery
. . . . 18 .. -
BREP A SR B 725 R ARGl Gh W e AL P AR SR Mg s a) SR YR RN

Figure 4.3), indicating that a lag of planktic I'®0 over benthic!*®0 was a pervasivefeature of
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equatoriallatitudesduring the recoveryphaseof the OMT, in stark contrastto the mid-latitude

North Atlantic, wheresurfacewatersbegantheirrecovery~70kyrs beforebottomwaters.

45.3 Wider oceanographicchange

We now consider the processes that may have caused these temperature changescofigidiest

the interval of glacial expansionand surfaceocean/terrestriatooling during the descentnto the
OMT. We suggest that the initial surf acwas coo
a result of the sharp drop in annual insolation at Site U1406 (Figure 4.4). Similar cepiswes

are seen coinciding with the two other intervals withtipatarly low insolation, at 22.66 ar&?.74

Ma. However, this does not explain why this NH surface cooling was sustainedgvesmd

strengthenedyetweernpoints6 Bahdd Cwhereinsolationis nolongerata minimum.

We interpret point 6 B @here benthic I*®0 falls significantly, as being associatedvith major
bottom water cooling and Antarctic glacial expansion.There are a numberof mechanismsvia

which this Antarctic glacial expansioncould have causedsustainedNH surfacecooling. While
glacial expansionin this interval was most likely a result of an orbital configurationfavouring
reduced seasonality, with consequent reduced summer glacial melting enabling sustashegtice
growth (Palike et al., 2006a;Zachoset al., 1997,2001b),the reasonfor the cooling is lessclear.
Once potential scenario involves pg&@awdown as a result of glacial expansion (Liebrandlet
2011; Mawbey and Lear, 2013); while no such changehas beenidentified in publishedpCQO:
records, the low resolution (tens of kyrs) of these records (Beerling and Royer, 2011; Ziahng et

2013) may mask brief changes over@idT.

Given that OMT pCQ; estimatesare not significantly higher than those requiredin modelsto
initiate Arctic ice sheetgrowth (Figure 4.3; Beerling and Royer, 2011; DeContoet al., 2008),
significant Arctic land- and seaice growth may thus have occurredover the OMT; evidencefor
Arctic sea ice (Darby, 2014, 2008; Krylov et al., 2008) and localized mountain glani@msenland
(Eldrett et al., 2007) stretches back to the Eocene. This would likely $stagagthenedhe LC
relativeto the NAC, thusshifting the front betweenthem southwardsasobservedduringepisodes
of NH glacial expansionin the Plio-PleistocendMclintyre and Molfino, 1996; Naafsetal., 2010;
Villanuevaet al., 2001).Sucha processat Site U1406 would amplify the global signalassociated

with pCO, decrease, contributing to the significant cooling of surface waters weirndeir record.

Alternatively, given the significant extent of SH sea ice modelled following continglaeiation
over the EOT (DeContoet al., 2007), it is reasonabldo suggestthat similarly large amountsof
Antarctic seaice were associatedvith the OMT. Antarctic seaice expansionis associatedvith
enhancedAABW productionin the Pleistocenepecauseof cooling and enhancedsalinity as a

resultof brine rejection(Ferrariet al., 2014). We suggesthat a similar strengtheningof AABW
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over the OMT, as suggested based on comparison of bélthiand sea level (Pekand
DeConto, 2006), could have increasednet heattransporttowardsthe SH, thus leadingto NH

cooling. Records providing better constraints on the extent of Antarctic sea ice over thea@MT

required to test thisypothesis.

We now considerthe surfacewarmingin our recordfrom ~23.12Ma (point 6 Cid Figure 4.3),
which is followed ~70 kyrs later (point 6 D ®y) the deglaciationstageof the OMT. In the last
glacial termination, regional leads and lags in temperature were typically associatellehiiplolar
seesaw,and semiperiodic strengtheningand weakeningof NADW formation (Broecker,1998;
Denton et al., 2010). However, these mechanisms operate over thousands, nbthtensandof
years,andcannotexplainour results.We insteadconsiderthe possibility of a brief pCOyrise, such
as a ~20 kyr rise at the OMT glacial termination recently inferred fraerr@strialrecord (Figure

4.3; Reichgelt et al., 2016). Large ice sheets have an inertia to climatic chdoges;
SRBlS S Hag ARSI QIO SIBIA! [reing s haatid axms s uine ElgrPlsiaiess e

would thereforenot be surprisingfor a CO-inducedwarmingto causethe planktic I*®0 recovery
to begin before the benthic recovery (although a 70 kyr lead would be unusually I&ige)ever,

while we do not rule out a brief spikein pCGO;,, andsomesubsequenivarming, this is difficult to
reconcile with records of deep water (Figure 4.3; Mawbey and Lear, 2013)hanchocline
(Beddow, 2016) cooling over the interval betweeninitiation of planktic and benthicrecoveryat
Site U1406. We also note that proposedmechanismdor carbonstoragechangesover the OMT
deglaciation for examplecarbonateplatform formation (Opdyke and Walker, 1992) and organic
carbon oxidation (Mawbey and Lear, 2013), can only explain 4@ once the deglaciation has

begun, not ~70 kyrs befotlais.

Alternatively, Antarctic meltwater could have caused NH warming. The rapiditArérctic
deglaciationfollowing glacial expansionover the OMT, with an averagesealevel rise of ~30
cm/kyr (Liebrandet al., 2011; Miller et al., 1991; Pekaret al., 2002), would have addedlarge
amountsof buoyantfreshwaterto the SouthernOcean likely decreasingAABW formation.As a
result, the relative proportionof deepwaterformedin high northernlatitudeswould increaseas
demonstrated in a numerical Earth system model studying rapid Antarctic melting asswdiated
anthropogeniowarming (Swingedouwet al., 2008). The resultantnet increasein heatflow to
northern latitudes would warm the North Atlantic. Modelling workeiquired to establishvhether
such a scenario is plausible given Antarctic melting rates in the OMT recovery. In additide,

this mechanismmay have sustained\NH warming once Antarctic melting hadbeguniit is hardto
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their minimum (maximum). However, this is not consistent with deep water tempestineates
and!*®0sy estimates from the Ceara Rise (Mawbey and Lear, 2013). Additighudally distributed

benthictemperatureecordsarethusrequiredto testthis hypothesis.

Finally, we considerwhetherorbital forcing could have caused\H warming. Sucha mechanism
could in turn explain why Antarctic deglaciationfollows NH warming: given the importanceof
temperaturan determininglocationsof deepwaterformationin the Oligo-Miocene (seeSection
4.3.1), NH warming would most likely reduce NH deep wébemation. This would enhancéhe
relative proportion of deepwater formed in the SouthernOcean,thus enhancingheattransport
towards the SH and perhaps playing a role in initiating Antarctic deglaciation. However, tiere is
markedrise in insolationat 40°N over this interval in currentastronomicalmodels(Figure 4.4),
althoughwe note that uncertaintystill remainsin the precisetimings of obliquity and precession

cycles in the Oligocene (Laskar et 2D04).

4.6 Conclusions

Our resultsdemonstratéhat the OMT was associatedvith s_ignificantsurface!lso varia_bilitP/ in
the North Atlantic, which we interpret as reflecting higimplitude surface temperatwariability

Crucially, this North Atlantic cooling and warming leads Antarctic glacial exparend retreaby
tensof kyrs, implying that processesn the North Atlantic may have playeda role in triggering
Antarctic glacial expansion and retreat over the OMT. While climate variability aréutakctica

has beensuggestedo drive variability in the North Atlantic in the Pleistoceneparticularly in
AMOC strength (Patara and Boning, 2014), our inference that this connection has also dperated
otherway round on tensof-kyrs timescaleshasimportantramificationsfor our understandingf

both mst and future climates. The North Atlantic plays a dominant role in modern climegtause

it is a site of significant deepwater formation, but doesit retain this role at times when large
amountsof deepwater are also formed elsewhereand when Northern Hemisphereglaciationis

only of modestextent?Is behavioursimilar to what we observealso found during the lower-

amplitude benthi¢'®0 cycles that are pervasive throughout the Oligocene (Liebrand e2@17),
or doesits restrictionto the OMT explainwhy this cycle wasof particularly high amplitude?Our

data highlight the pressing need for additional kigbolution records of temperaturecean
circulation and pC@over theOMT.

78



Deooupling of surface and degp North Atlantic wateis over the Oligocene-Miocene Transition

4.7  SupplementaryFigures
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Supplementary Figure 4.2 Comparison of stable isotope measurementsGn
bulloides,G. primordius and C. mundulusfrom Site U1406.C. mundulusdatafrom

Liebrand et al. (iprep).
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