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Abstract

Robust experimental protocols for the clumped isotope analysis of foraminifera are
Sadlrof AAKSR dzaAy3 (KS lisftapddydeRaticAdalysef(MIBA).& G !y

Key advances includsample cleaning and preparatiprdevelopment of a corrective
algorithm to overcome a persistent sample size effetd optimisation of standard

measuremens for projection ofn47 valuesnto the absolute reference frame.

Aforaminifera clumped isotope temperature calibration is derived through measurement of

25 Alantic core top samples:

3FTYXTEBILOP TITEITC XF-),T” T p X PTBL O O ¢

The calibration showgjood agreement withprevious studies However, measurement

uncertaintyremains too large for reliable temperature reconstructions

In addition, ahighresolution, nultiproxy study of North Atlantic core MDR51 is

conducted, offering exceptional resolution through MI&2L It showshighly variablesurface
temperatureswithy dzY SN2 dza 02t R SEOdzNE A 2 y & ® 3C rR2cerdd NA & 2 y
has provided additional detail on the relationship between ice rafting and oceanic ventilation.

The AMOC shows evidencesnippressioriollowing H10, H6 and H4.

Thenew ice raftingrecordhas provided enhanced detail on specific Heinrich Stadiahts,
offering improved clarity on théming and nature of H3 and H6 as well as showingl5a,
H7a and H7b exhibit suppressed magnituglecomparison to other Heinrich event$he
onset of coolingsshown to precede ice rafting, supporting the growbagly of evidence that

Greenland cooling acted as a driver of ice rafting, as opposbkditmga symptom of it

Finally, anew multispecies stable isotope record of core U1302 from the Labrador Sea is
presented, offering improved resolution and timing m@shts on the Termination Il transition

and MIS5ePlateap { K2NIi f APSR Aaz202LA 0 SEOdNBARYE R
transition. Comparison othe isotopic signatures of epipelagic amgsopelagi¢oraminifera

species supporearlier findngs of a highly stratifiedrater masguring thelastinterglacial.
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Chapter 1. Introduction

The climate underpingountlessaspects of human society. Our architecture, agricultural
systems, disaster preparedness, diet, infrastructure and countless other aspects of our culture
have all been shaped by the particular climate in which we live. Tlhgue climatic stability

of the Holocene has allowed human civilisation to flourish and global population to expand
to unprecedented levels. Yet anthropogenic climate change over the coming decades and
centuries threatens these climatically fib@ned elenents of society that have developed

over thousands of years.

¢tKS SEGSYylG 2F a20AS80GFf AYLIOG&azZ FyR KdzYl yA
changes, rely heavily on our ability to predict how the climate will evolve under anthropogenic
forcing.Looking to the past can provide context to constrain model projections and provide

historical analogies to the modern day.

No study of the climate would be complete without a look to the oceans, which play a major
role in transporting and distributing heahrough the thermohaline circulation. This vast
global conveyor carries volumes of water equivalent to 20 times the combined discharge from
Fff GKS gRroekeR IDA1)nNe &taiid heat is transported from the equator to
the high latitudes, where it is released to the atmosphere from surface waters before they

sink to the abyss.

Changes ithisoceanic circulation havplayed a major role in the millennial scédeg.Barber

et al, 1999; Clarkt al,, 2001)and long termLynchStieglitzet al., 2007)climatic changes of
the Quaternary EarthBetter understanding of the drivers of circulation change, and the
subsequent climatic response will help inform predictions of the futurevhenincreased
precipitation and temperature over thehigh latitudes (Meehl et al, 2007) combined with
freshwater input from Greenland Ice Sheeelt may actto significantly altethe modern day

thermohaline circulatior{Huet al.,, 2009; Jungclawet al., 2006)

This study looks timprove our understanding of the Quaternary Ocean by developing a novel
new method to quantify palaeocean temperatures using the clumped isotope analysis of

fossilised foraminifera. It then produces high resolution records of the Quaternary Ocean



from two sites that are highly influenced by the thermohaline circulatiotihe North Atlantic

and South Labrador Seato inform our understanding of historical oceanic changes.

1.1 Aims and thesis outline

Objective 1:The development of a foraminifera clumped isgbe palaeothermometer

Chapters 2, 3 of this study aim to producefaraminiferaclumped isotope calibration for use

in palaeoclimate reconstructiongvieasurementswere made usingthe University of East

Ly3f Al Q& -lsofofologueRati@ahalysder (MIRAT the first mass spectrometer

specifically designed for clumped isotope analy$tse ubiquity of foraminifera throughout

GKS 62NIRQa 20Stya YI1S G4KSY |y ARSIt LINRBEe& F2NJ
clumped isotope method has the potential te@rcome many of the problems with existing

temperature reconstruction methods namely a lack of knowledge of the isotopic and

chemical composition of the palaegcean.

The development of a foraminifera calibration will first require robust experimentibppls
to be established for the measurement of foraminifera. These are explored in further detail

in chapter 2 Objectivesnclude:

1.1 Development of sample preparation techniques foraminifera clumped isotope
measurements Existing clumped isotope foranifera studies employ a variety of
techniques for the removal of contaminants prior to measurem(emny.Grauelet al.,

2013; Tripatiet al, 2010) This study will investigate the impact of different pre
cleaning treatments and the post dissabnt CQ purification process to ensure
consistent and reliable data acquisition. This is explored further in sections 2.3.3 and
3.5.2.

1.2 Minimisation of sample sizéAt the beginning of this study, standard sample mass
was approximately 6 mg. This is equerdlto 600¢ 700 foraminifera tests. In order
to reduce microscope based sample collection time and maximise the resolution of
future palaeestudies, this must be reduced. This is discussed in section 2.4.

1.3 Streamlining of standard measurements and estaltisnt of a robust methodology
by which sample data can be reported against other laboratdBiestion 2.5 explores

different methods by which measurements of laboratory standards can be used to
2
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minimising error and running timeéevoted to standard measurements.

Objective 2:The creation of a high resolution multiproxy record of the North Atlantic during

the last glacial cycle

Chapters 5 explosthe multiproxy analysis of North Atlantic core MD2851.The study site
sits below he rortherly flowing limbs of the North Atlantic Current, at the southern tip of the
Gardar Drift, where exceptionally high sedimentation rates offer the opportunity for

extremely high resolution environmental reconstructidigglisoret al., 2006)

Additional study of this area has the potential to inform our understanding of many of the
long term and millennial scale climatic fluctuations over the Quaternary, their causes and
effects. Improved understanding of the AMOC response to historical freshwater forcing can
be used to contextualise predictions under anthropogenic climate change. Spegittually

study aims to:

2.1 Establish a high resolutiochronology for north Atlantic ice rafting eventduch
uncertainty still exists as to timing and magnitude of Heinrich events. In particular,
Heinrich events 3 (H3) and 6 (H6) which appear as prolonged and less pronounced in
much of the sedimentary recort(Hemming, 2004)Recent studies have postulated
the existence of an additional event H5a between H6 an@Réshid, Hesse, & Piper,
2003; S. Van Krevedd al., 2000) This study aims to provide clarity on the magnitude
YR GAYAYy3 2F GKAA SHISPaitiO2tvil KERQD g 8§ K.
detailed ice rafting chronology is constructed in section 5.7.

2.2 Improve understanding of the relationship between Heinkstents and cooling
intervals.Better understanding of the timing of Greenland cooling in relation to ice
rafting events can help determine whether Heinrich events were a driver of
Greenland cooling or merely a response. This is explored in detail inrs&cti.2.

2.3 Improve understanding of the role of the AMOC in long term and millennial climatic
fluctuations? There is strong evidence to suggest that the AMOC slowed, or
reconfigured in response to a H10, H6, H4 and WH8a{et al, 1997 Waryet al.,

2015) However limited response has been observed durnadting intervals. This

study aims to provide clarity on whether AMOC response was uniform across all
3



Heinrich events and whether AMOC alteration was a driver of, or response to,
Greenland cooling. This explored further in section 5.8.

2.4 Provide clarity on the timing and nature of major climatic transitiéusestions still
remain as to the nature of transitions between major palaeoclimatic stages. In
particular, this record will look to improve undéasding as to the magnitude of
temperature transition and deep ocean response to the MIS 5/4 transition and the
timing and cause of high frequency climatic fluctuations during the transition out of

full glacial conditions and into the Holocene.

Objective 3: Production of a high resolution isotopeecord of the Labrador Seaver

Termination Il and the last interglacial

A high resolution isotope record from the Labrador Sea during the last interglacial is produced
in chapter 6. The region is a key site ofDNMA formation which drives the modern day
thermohaline circulation. This study aims to improve understanding of Termination Il and MIS
5e the last interglacial where environmental conditions were analogous to the modern day.

Key objectives:

3.1 Provide claty on the timing and natur@ermination lISection 6.2.1 looks to provide
detail on Termination Il, providing improved estimates for start and end dates and
detailing the nature of the transition. Did Termination Il exhibit cold reversals such as
the Youmyer Dryas, observed during Termination 1?

3.2 Improve understanding of the environmental conditions during MIS the Labrador
SeaWere conditions in the last interglacial similarttmse of today? Did the region
act as a site of deepwater formation as it does today and was the climate stable, or
did it undergo climatic fluctuations similar to those observed in the early Holocene?

This is addressed in section 6.2.2



Chapter 2. Clumped isotopanstrumentation and methodology

2.1 Introduction: Background and chapter outline

¢CKS ! YADBSNRAA (& -1BotopolguaRatiocAngl@er iVIRAEcanze drfling i 201

after five years of development. ItisK S ¢ 2 NX RQa FANE G Yydés@ned LIS O
for clumped isotope analysi®énniset al, 2013) Previous studies had used modified
ThermeFinnegan 253Affek & Eiler, 2006; Eiler & Schauble, 2004; Gleisil., 2006)or
Elementar Analysensystemrmeoprime (Rosenheimet al, 2013)instruments which, whilst

capable of producing high quality data, required exteasionlinearity corrections and often

large sample volumes. The MIRA design and setup, described in detail in 2gtipomised
unparalleled measurement precisioneduced data correction procedures, and enhanced

throughput compared with existing instruments.

In the intervening years, much effort has gone into refining the experimental procedure and
standardising the methodology to ensure the production of consistligh quality data.
2017 saw the establishment of a laboratory calibration, produced largely from modern
brachiopod carbonates and a limited number of controlled temperature precipitgta,
2017) This was followed by the first published data to come from the instrument, a study of
a calcite vein system from the Derbyshire Platform in the Southern Pennind®dudKiset

al., 2019)

This chapter details the experimental methodology employed on the UEA clumped isotope
system, and the many instrumental and procedural improvements that have occurred since
the inception of this project in October 2015. The majority of work has focuseshiople
preparation, particularly the cryogenic gas cleaning line (sec@@?3 with the aim of

finalising a methodology which can eventually be automated.

Since theeventual aim of this project is to apply the clumped isotope technique to
foraminifera, of central importance has been the need to reduce sample sizes frontit8e 6
mg which were being used at the project inception. This has proved extremely challenging
because of a persistent offset in measuyety between large and small samples. Such sample

size effects have been observed in previous stu@e®m & Eiler, 2007; Wacker & Mainz, 2013)



but remain largely unexplored within the scientific literature. Sectid explores this

phenomenon, and the efforts to eliminate it.

Additional investigations intalata processing techniques are also explored, in particular
refining projections oh47 measurements onto the absolute reference frame (ARF). Most
laboratories have now adopted the ARF projection procedures outlinBéimiset al. (2011)

that allows data to be compared between laboratories. This methodologyuires
development of a transfer function, derived from regular measurement of rkatooy
standards with knowm47 values. Yet the timeframes over which transfer functions are
applied, and the regularity of standard measurements for their construction, are seldom
reported within the literature. Sectio2.5 explores these question further, developing a
robust methodology for UEA absolute reference frame reporting and a method for assessing

transfer function accuracy that can readily be adopted byeotaboratories.

2.1.1 Overview of existing research into clumped isotope palaeothermometers

Clumped isotope analysis offers a means by which palaeotemperatures can be deduced which
is independent of the isotopic and chemical composition of calcite precipitatgters. The

basis of clumped isotope geochemistry dates back to the discovery that the substitution of a
heavy isotope into a chemical bond lowers its vibrational frequeaiegt accordingly, its zero

point energy (Bigeleisen & Mayer, 1947; Urey, 194Thus bonds between twoelavy
isotopes have a lower zero point energy than bonds between light isotdpgsaré2.1). As

such, a higher degree of headyeavy isotope bonding should occur in low energy
environmentsg i.e. at lower temperatures. Thus clumpedtisoe analysis looks at the degree

to which heavy isotopes bond (or clump) together within the calcite lattice.

Molecules with two heavy isotopes bonded together (known as doubly substituted
isotopologues) remain relatively rare within the natural enviromnhd-or example, the most
common doubly substituted isotopologue of carbon dioxid€!0*0, is present at just 44.4
ppm, assuming stable isotopic composition equal to VSM@u¢r, 2007)*C’0*0 and
12C180, are present at even lower abundances of 1.5 ppm and 1.6 ppb respectividy,
2007) Until recently this rendered their detection and measurement beyond the realms of

technological possibility.
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Figure2.1 Energy content of a hydrogen malde with bond distance. The red
lines represent the morse potential (the potential energy of a diatomic molecule)
at different quantum states. The expanded window shows that at the zeroth level,
the morse potential of the hydrogen molecule is roughly deuthat of a
deuterium molecule. (Sourc&iler, 2007)

However the adaptation of a Thermo MAT 263 a4 & LISOUGNBYSGSNI G/ k
Geological and Planetary Sciences in the early 2000s to include an additional three Faraday
collectors at masses 4749 paved the way for the first clumped isotope measuremé¢giier

& Schauble, 2004)Since then successful mass spectrometer measurements have been made
on Elementar Analysensystemésoprimes (Rosenheimet al, 2013) Nuwinstruments
PerspectiveqLacroixet al, 2018)F YR G KS | Yy A @S N& A (i &sotopdfogud | & (i
RatiocAndyser (MIRA]Denniset al, 2019) Laser spectroscopy has been applied to clumped
measurements of methangOnoet al, 2014)and the recently deployment of the MAT 253

ultra, promises measurement of isotopologues and their fragments with unprecedented

resolution(Eileret al.,, 2013)



The first carbonate based clumped isotope temperature calibration derived the relationship
between calcite precipitation temperatures and heavy isotope clumping from a combination
of laboratory and naturally precipitated inorganic calcites, as well as tropical and deep sea
corals (Ghoshet d., 2006) As the field of clumped isotopes has developed, further
calibrations have been derived from nunoeis carbonate sources including, but not limited

to, fish otoliths(Ghoshet al., 2007) brachiopodgCameet al., 2014) molluscqEagleet al,

2013) travertines and ttas (Keleet al,, 2015) laboratory precipitategJautzyet al., 2020)

andsedimentary siderit¢Fernandezt al., 2014)

Until recently the number of foraminifera based calibrations remained limited. The large
sample sizes required for clumped isotope analysis (typically in the order of several
milligrams) madeforaminifera measurements time consuming and impractical. Tdve
existing foraminifera calibrations combined foraminiferal calcite alongside other bulk
carbonates(Grauelet al, 2013; Tripatet al, 2010)and exhibited considerable variation in
their gradient and interceptHoweverthe last few years have seen thablication of the first
solely foraminifera derived calibrations and these show much closer agreement with each
other (Breitenbackhet al,, 2018 Piasecket al., 2019 Peralet al,, 2018) Indeed several recent
studies have now successfully used clumpsdtope analysis of foraminifera to infer
palaeotemperaturegEvanst al., 2017; Henkest al., 2018; Piaseclt al., 2019; Thornalley

et al, 2015 RodriguezSanzt al., 2017)

2.1.2 Definition of Delta values

Since clumped isotope measurements employ gas source mass spectroinztrgrbonate
sample is used must be converted to a gas phase prior to measurement. This is achieved
through reaction with orthephosphoric acid to produce carbon dioxide, accogdin the
standard procedure outlined bWwcCrea {950) Doubly substituted bonds within the
carbonate lattice produce carbon dioxide of mass 47, as opposed to mass #askef CO

with no heavy isotope substitutions. Thus clumped isotope carbonaertbmetry measures

the concentration of carbon dioxide with mass 47.

As with conventional stable isotopeghe measurement is made relative to a standard,
normally a laboratory produced carbon dioxide of known bulk isotopic composition. The

measurement ofnass 47 oftie sample relative to mass 47the standard is defined as".

8



Where N is the number of isotopes presehtowever,the concentration of mass 47 ions
within a sample is dependent on the stajde bulk, isotopic composition i.e. more doubly
substituted isotopologues would be expected in a sample with a high concentration of heavy
isotopes. Thus to account for this47 is calculated by normalising’ to the N47/N44 ratio

that would be expectd from a sample with the same stable isotopic composition, given a
random (or stochastic) distribution of ions within the calcite lattice. This is calculated

theoretically according t§Wanget al., 2004)

0T X
0T T
0T X
0T T
1 0T X
0T T
0T X
0T T
Thus
0T X
o 0T T
Y1 X STx p pPpTTIT
0T T

2A0K GKS adzo N> OGA2Yy 2F wm | yR YdzZ GALX §OF GA2
N49 can be substituted for calculationjof5 - n49.
2.2 Reporting methods and terminology

Prior to exploring the field of clumped isotopes further it is necessary to define some basic

reporting methods and terminology.



2.2.1 Clumped isotope error reporting

Throughout this study ® % confidence intervalstell be used when reporting clumped
isotopic measurements as recommended [jller et al (2017) with the exception of
laboratory standards and foraminiferal measurem&measured under standard procedures.
Muller et al. 2017)suggest that the standard error, commonly used as a measure of analytical
precision in clumped isotope stig$, cannot adequately capture the full variance of most

measurements where only a few repeats are possible due to the large sample sizes required.

The findings oMdiller et al. (2017)were corroborated in this studysing the dataset of 146
laboratory standardJEACMSmeasurements obtained between January 2018 to May 2019.

This large datas alows establishmenbf the meann47 with a high degree of certainty (
0.396+0.006': = &Gl YRFNR RSGAFGAZ2Y I nonct 2y GKS
hypothetical measurements are generated around a mean0o8964 with a standard
deviation of 0.067, it can be determined whether the standard error of this small hypothetical
dataset encapsulates the we#stablished UEACMSTmean. By repeating this thought
experiment 5000 times it is shown that the standard error will only encapsulate the true mean

785 % of the time. Thus95 % confidence intervals are required when reporting MIRA

measurements to ensure true means are captured.

A limited number of exceptions are made. The large number of laboratory standard
measurements, conducted under standard experimental procedure, allow the reporting of
standard deviation with a high degree of diolence For standards measured under novel or

test procedures, 8 %confidence intervals shall be used.

For foraminiferal samples measured under standard procedures, the pooled standard

deviation is calculated according to the formula:

Where: k = number of samples
S, Setc. = sample standard deviations
ni, e etc. = number of repeaneasurements for a single
sample.

10



The pooledh47 standard dviation for all foraminifera measurements in this study is 6.03
on the absolute reference frame. The pooled standard deviation is then used to calculate a

standard error for each foraminifera sample based on the number of measurements made.

2.2.2 Referenceifame reporting and acid temperature corrections

Unless otherwise stated, g7 measurements are reported on the absolute reference frame
(Denniset al.,, 2011)to allow comparison with values in the published literature. Sec#idn

details hown47 measurements can be projected from a local laboratory frame (denoted
GKNRdzZAK2dzi a [wCO G2 |y WIoazft dzi $aborae® F SNBYy
comparisonsi *C andt O of carbonate samples are reported on the VPDB scale unless

otherwise stated.

Clumped and stable isotopic values are corrected to an acid reaction temperaturé@f 25
For the 87°C reaction employed throughout this study, a correction of 8.06is applied to
Nn47 values, assuming a temperature sensitivity of 8.00/2C as reported by(Guoet al,
2009)

1180 is corrected using a fractionation factor calculated from the common acid bath

temperature relationship defined b8wartet al. (1989}

v VL pT

8t
v PITT O WYX T

This gives a fractionation factor of 1.008 at the laboratory reaction temperature®af.87

2.2.3 Laboratory standards

UEACMS(UEACarraraMarble-STandard)

UEACMSIE the most commonly usestandard, sourced from BDH marble chips which have
been crushed, homogenised and sieved to a grain siz€ 208um. It is a natural carbonate
standardwith no obvious signs of discolouratipsuggesingit is relatively pureUEACMSIB
used predominany as a means to test ddg-day drift in MIRA and the sample purification

line, as well as to construct the transfer function with which samples are projected onto the

11



absolute reference frame. The laboratory acceppety value is 0.3820.0Qp :'based on

129 meaurements between January 2018 avddy 2019.

ETH1

A fine powdered Carrara Marble heated to06T at a pressure of 1% mpa for 10 hours
(Meckler et al, 2014) The standard was obtained from ETH Zurich as part of an inter
laboratory calibration project in 2013. ETH1 is used predominantly to construct the transfer
function with which samples are projectashto the absolute reference frame2ublished
estimates on47 values for ETH1 have recently been revised down from Q\2ékleret al,
2014)to 0.258 (Bernasconiet al, 2018) The UEA long term average measured value is
noHyn :: 0 repedtéd medsure®nBs against heated gase$his is closer to the
NBOSY(l ndonH Fiebigetali(Z0) G S FTNRY

A cretaceous chalk from Northern Germany, obtained alongside ETH1 from ETH Zurich. Both
ETH3 and ETH1 were chosto have a stable isotopic composition close to that of most
marine carbonategBernasconkt al, 2018) ETH3 is predominantlysed as a laboratory
standard with which samples are projected onto the absolute reference frame. As with ETHL1,
acceptedn4? values for ETH3 have recently been revised fidatkler et als. (2014)
estimate 0f0.705: ,to0 0.691: (Bernasconet al, 2018)F y R n d(Fiebiget at, 2019)

The UEA long termaverage measured value is 0.662 ¢ ! weGad on repeated

measurements against heated gases

BDHRT

Carbon dioxide produced from acid digestion of BDH marble chips and equilibrated with
water at room temperature before being dehydrated and cleaned. 014 a clean gas and

thus canbe measured t@high precision to moitor day-to-day drift in MIRA.

UEAOESJEAOstrichh-EgaShell)

12



A modern ostrich egg shell which has been ground to a fine powder. It contains proteins
native to the egg shell structure makj it a useful standard with which to assess the

performance of the sample purification line.

UEATHAUEATurkishHydrothermalCarbonate)

An internal laboratory standard, UEATHC is an inorganic hydrothermal carbonate,
precipitated in concentric rings within a pipe at tk@maraFissure Ridgé Turkey at a
constant temperature of56 2 °C. The material was ground into a fine powder and
homogenised prior to measurement. A noticeable discolouration suggests presence of iron
oxide with such impurities making it ideal for testing the performance of the MIRA purification
fAYyS® ¢KS (2vda i&SN¥AAOBMpEB B dnoontsKirkd I & SR
2017)

2.3 Experimental setup

2.3.1 Instrument setup and design

The MIRA (Multiple Isotopologue Ratio Analyser) isotope ratio mass spectrometer at the
University of East Anglia is the first mass spectrometer specifically designed for clumped
isotope analysis. A detailed description of MIRA can be foubeimiset al. (2013)which is

summarised in the following section.

Sample gas is inputted via a VG micro dual inlet system for SIRA series Il instruments,
consisting of variable volume sample and reference bellows, matchethsapillaries anca
changeoveivalve for switching between sample and reference infptiggre2.2). Dual inlet
systems have been widely employed in clumped isotope measurementsE@gteet al,

2015; Tangt al, 2014; Zhangt al., 2018)since they provide stable conditions over the long

measurement times required.

13
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Figure2.2 MIRA dual inlet system as operated in Labview software. Sample and
reference gases inputted through valv@sand RI respectively. Input bellows can

be manually adjusted. Analyte gases inputted into MIRA through valves RC
(reference) and SC (sample). HV2 and LV are connected to high and low vacuum

pumps respectively for evacuating the system.

The ion source imodified fromastandardNier type(Nier, 1947)o give improved collimation

of the ionising electron beam and matching of the source emittance window with the

acceptance window fathe magnetic analyser. It consigifan ionisation cavity traversed by

an electron beam. A repeller plate at the rear of the chamber propels the ions through a three

component immersion lens consisting of an ion exit Slinfnx 06 mm), focusing plate and

ion source slitgy mm= 05 mm), each separated byzamm3 | LJ®

the source slit acts to limit dispersion in therplane.

The instrument geometry is shown kigure2.3. A 120 magnetic sector minimiseoverall

path length between the ion source and resolving slits. This acts to limibioimteractions

FoAnyhbeyond

at Ad

in the flight tube and reduce beam broadening which may give rise to secondary electron

generation through ion collision with the instrument hardwdfiéght tube, lens slits etc.).
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Figure2.3 MIRA instrument geometry (Adapted frobenniset al. (2013))

The electromagnet is constructed from &t thick high purity iron plates with 2 x 600 turn
coils made from2 mm diameter polyester resin copper coated wire. A resistance based
feedback mechanism ensures field stability is maintained to better than 1 in 5000 during

ambient temperature fluctuatios.

Six farady cups allow detection of ions of mass d49. The array has a front resolving
apertureof 2 mmwidth prior to an election supression plate and final screening aperture. A
deep aperture in the front faraday support provides screening agaesbndary electrons

scattered from the resolving slits.

System acuum is maintained witfive[ S8 62t R ¢2 1nl Tn[ ®abm RNI 3
pumpst two on the source block, one at the detector housing, one orctiengeoveralve

and one on the inlefThe five pumps are backed by two Leybold DiVac 0.8T diaphragm pumps
running in seriesin this configuration, vacuum pressures as low as 3*%hEaare readily

achieved.
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2.3.2 MIRA instrumental performance
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Figure2.4 MIRA peak shapes with a major beam intensity of 7.8%1and source
vacuum of 3x14 hPa Xaxis is accelerated potential in volts.

Instrumental stability is evident in thexeeptional beam quality and shajg@own inFigure
2.4. MIRA achievemean routine measurement precision of 0y00: with a linear response

in 47 across a range f’ from -6n  :'to +61 :(Figure2.5), reducing the number of
standards needed for nalinearity corrections and increasing sample throughgDenniset

al., 2013) Minimal interaction of sample ions with instrumental hardware eliminates the
generation of secondary electrons and thus no pressure baseline efecdbserved.
Instrument sensitivity of one ion detected per300 sample gas molecules enables

measurement of small sample volumes over short integration times.
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Figure2.5 The zero gradient obtained from p|0ttinlgd75ampleworking reference ga¥S
N4 7sampleworking reference gadOr @ suite of gases heated to 1MOC (stochastically
distributed) with variabléoulk compositiordemonstrates the long term linearity
of MIRA (dapted fromDennis(2014). Compared alongside Theraknnigan 253
(Huntingtonet al., 2009)and IsoprimgRosenheinet al,, 2013)instruments.

The three mostegularly measured laboratory standard$EACMSTETHL and ETH&xhibit

a long term drift on the local reference framigigure2.6). Average monthly drift across a-17

month operational periodetween January 2018 and 8 March 201%wan ®nm 3= LIS NJ Y
This drift wa thought to arise from a gradual builgh of water within the instrument source.

Further evidence to support this assertion comes from a reversal in the upward trend
observed after e installation of additional water traps on the MIRA sample purification line

in March 2019 (See secti@3.3for details).

Average long term standard deviatiorr filie three laboratory standardswéa n ®npy :: 2¢
the period January 2018May 2019. For detrended data, prior to March 8 20th@, average

standard deviatonwa n®noc :: ®
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Figure2.6 n47 (LRF) for three laboratory standards (ETH1, ETHBBACMSTmeasured between January 2018 and May 2019.dasfelshows

long term instrumental drift and righpanel detrended data prior to the installation of additional water traps. Solid horizontal lines show the
measurement means, shaded areas the standard deviation. The grey vertical bar at day 431 markslidomstbadditional water traps on the
sample purification line. Dashed lines are linear trends through each standard, prior to and subsequent to tlatiamstdladditional water traps.



2.3.3 Sample purification line

The low abundances of mass 47.@@pically 46ppm in stochastically distributed samples
with 180/*%0 and*C/**C concentrations equal to VMSOW and VPDB respectisitdy, 200))

mean that exceptionally pure samples are required for clumped isotope analysis.
Contamination of just 45 ppb at mass 47 will result in an approximatélgm :'shift inn47,

equivalent to a ~3C temperature shift at earth surface temperatur@sler, 2007)

Figure2.7 shows the current setup of the MIRA manual@Qrification line through which

all samples are prepared for clumped isotope analysis. Throughout this study, the purification
line has been through many iterations which are summariset@aiple2.1 and explored in
detail below. In the current setup, hot 20%phosphoric acid, is pumped under vacuum via a
dedicatedturbomolecular pump down to a base pressure of 6 x“liabar. This acts to
remove water vapour from the system prior to sample reaction. Samples droppedint
common acid bath held at 80+ 0.2°C with temperature maintained via a watgrcket and
circulation systemSamples are letb react for 30 minutes. Liberated €@ immediately
passed over three cold traps held 10 °C with liquid nitrogen pum@ which act to
dehydrate the sampleliberatedgasis continually frozen into a subsequent coldfinger held
under liquid nitrogen throughout the reaction, which provides sufficient temperature
gradient to aid gas transfer. At the end of the reaction, fin& of the three cold traps is
defrosted and water vapour pumped away via the dedicated acid vacuum pump, ensuring

that minimal water vapour passes into the main section of the purification line.

The clean sample gas is sublimatddoom temperatureinto a coldfinger of known volume
andthe pressure recorded for use in a post measurement sample size correiimsample
isfrozen into a second coldfinger (transfer time 5 minutes) which acts to increase pressure
and reduce sample transfer time througet next step of the line. The sample is now passed
through a 2 cmlongglass tube ot mminternal diameter, filled with Porapak Q adsorbent
material to remove halocarbon and hydrocarbon contaminants. A further two coldfingers act
to increase pressure andid gas transferbefore the sample is loaded into the mass
spectrometer. At each coldfinger, the sample is held under liquid nitrogen and non
condensable gases pumped away. Liquid nitrogen traps connected between the purification
line and the vacuum mafald prevent water from entering the purification line via the

vacuum system.
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The majority obamples in this study were run between October 2018 and May 2019. During
this period the purification line remained largely unchanged from the format described above.
The only changes being the installation of an additional water trap immediately h#exdid
reaction vessel, the addition of liquid nitrogen water traps between the purification line and
vacuum manifold, and installation of a dedicated acid pumping line (prior to this the acid was
pumped via the same system as the rest of the line). Modudion of the purification line is

described in detail below and summarisediable2.1.

Acid reaction vessel

Clumped isotope studies generally employ one of three reaction methods: individual reaction
vessels (e.dennis & Satag, 2010; Tripatet al., 2010, common acid baths (e.§agleet al.,

2015; Tanget al., 2014)or Kel deviceqe.g.Breitenbachet al., 2018; Meckleet al,, 2014)
Reaction temperatures range from 2& to ® °C with n47 vales corrected for acid
fractionation to a reaction temperature of 2% when reporting on the absolute reference
frame. At the beginning of this study, samples were reacted overnight & 26 individual
reaction vessels. In September 2016 the decisias wade to install a common acid bath
after evidence of sample requilibration with water vapour over prolonged periods of close
proximity within the reaction vessel. In the absence of an automated system for individual
reaction vessels, all samples wesacted at the same time, generally late in the evening on
the day before analysis. This meant little control over reaction time, and those samples
analysed late the following day remaining in contact with water vapour in the reaction vessel
for extended @riods. This resulted in an offset between standards run earlier in the day and
those run laterincreasech47 spread when reacting at 2&8 compared with a common acid
bath has been observed previously\Backer & Main£2013) who noted that the effect was

most extreme in smaller4&~mgsamples, similar to those analysed at UR&cent analysis by
Swartet al. (2019)has confirmed these findings, showing that variable contact time between

sample C@and acid has a measurable impactjotv.
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Figure2.7 The current MIRA purification line setup. CF = coldfinger. Times at the top of the diagram indicate transfer times thebusgageaof

the line
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Table2.1 Chronologicasummary of the MIRA purificatn line changes

Line section Dates Description Temperature Transfer time
Acid reaction  Sep 2015 Samples reacted offline in individual reaction vessels in a water bat 25°C overnight
Sep 2016 Common acid bath installed. Heated with watéculator from water 56°C 60 minutes
mains
Jan 2017 Additional water circulator installed 87°C 30 minutes
April 2018 Separate acid vacuum pumping line installed N/A N/A
Water traps Sep 2015 2 x ethanol cooledoil traps -110 £ 5°C
May 2018 Liquid nitrogen pump cooling system installed -80 + 5°C With acid reaction
Third cold trap installed, ethanol cooled, evacuated via dedicated vaci -115 + 5°C
March 2019 line
Liquid nitrogen traps installed between vacuum manifold and purificat
line
Porapaktirap Sep 2015 21 cmlength,9 mmdiameterU trap. Cooled with liquid nitrogen pumps -25°C + 3C 60 minutes
Nov 2015 7 cm length4 mmdiameterlinear trap, ooled with Peltier devices -7 £1°C 20 minutes
Oct 2016 24 cm length4 mmdiameterlinear trap, ooled with Peltier devices and -20 £ 1°C 60 minutes
water jackets
March 2017 12 cm and 7 cmd mmdiameterlineartraps both tested -20 + 1°C 30 and 20 minutes respectivel’
Jan 2018 24 cm length4 mmdiameterlinear trap, ooled with Peltier devices and -20 + 1°C 60 minutes
water jackets
May 2018 12 cmlength,9 mmdiameterU trap, cooled with liquid nitrogen pumps 20+ 2C 30 minutes




Thefirst iteration of the common acid bath was heated with hot water directly from the water
mainsto a temperature of 5& 2 °C. Reacting online allowed more flexibility over the number
of samples run each day and ensured all samples were reacted for the daration
However,system stability was compromised ffiyctuations in mains water temperature

Thus a hot water circulator, at 871 °C was installe in January 2017.

Water traps

In September 2015, at the start of this studygter was removed from reactant gas with two

coil traps cooled t6110 °Cwith ethanol. After each reactiomhe traps were warmed to room
temperature and continually evacuated with vapour pressure recordedeasaps defrosted.
Negligible rise in vapour pressure from defrosting of the second trap suggested that the vast
majority of water was removed in the initial trap such that the sample could be considered

dry.

In May 2018 the ethanol cooling system waplaced with a liquid nitrogen system featuring
continuous temperature monitoring and automated nitrogen pumping to improve
temperature stability. Trap temperatures were raised-89 °C in an attempt to address the
greater degree of scale compression eb&d on MIRA compared with other instruments
(Denniset al,, 2013) A potential source of scale compression arises from fragmentation and
recombination of carbon dioxide molecules through electron bombardment imotheource.
When water is present, hydroxide ions, produced from fragmentation of water in the ion
source, preferentially combine with carbon monoxide ions, preventing their recombination
back into C@molecules. Thus through this reaction, it is hypotkedithat water may act to

reduce scale compression.

Increasing the temperature of the water traps-80 oG brought the UEA system more in line
with existing experimental setups where scale comprass$less pronounce®ennis &
Schrag, 2010; Guo & Eiler, 200e hope was that by allowing small quantities of water into
MIRA, this would saturate the ion source and reduce scale compression. Unfortymaiely
such reduction was observedable2.2 shows MIRA scale compression during periods of
freezing at80°C and; 110°C with almost identical scale compressmbserved over the two

phases.
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Table2.2 Scale compression with water trap temperature. No reduction is
scale compression is observed with a shift to warmesO (°C)

temperatures
Month Stretch factor Trap temperatureC)
Mar-18 0.9928 -110
Apr-18 1.115887 -110
Sepl8 1.108377 -80
Oct18 1.05095 -80

In March 2019 water trap temperature was decreased, thl5°C in an attempt to limit the
amount of water in the MIRA system since it was thought to be a potential cause of the
ongoing size effect being observed between large and small samples (See 2&dtomore
details). An additional water trap was installed immediately after the acid reaction vessel and
pumped via a separate vacuum line to ensure that minimal water entered the main vacuum
manifold through which the résof the purification line was evacuated. Additional liquid
nitrogen traps were also installed between the purification line and the vacuum manifold to
stop water passing from the manifold to the later parts of the purification lgure2.7 The
current MIRA purification line setup. CF = coldfinger. Times at the top of the diagram indicate

transfer times through each stage of the

Porapakirap changes

At the start of this study the Porapak trap was constructed fromnan®inner diameter, 21
cm length glass tube filled with Porapak Q absorbent material and cool&dto5 °C with
liquid nitrogen pumping. In October 2016, following the publicatiofRafterseret al, 2015)
T which showed running Porapak traps at temperatures beld®°C esulted in sample
fractionation T the decision was taken to move to a deswgith improved temperature
stability, just7 cmin length, 4mm inner diameter and cooled ta7.0 £ 1.0 °C withPeltier

devices.

Testing of the shorter trap suggested that it was insufficient to effectively remove
O2y Gl YAYF GA2Y T NEgWe2®RThustha tBaplias Erigtifenid $oda o
version a month later.
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This configuratin remained unchanged, aside from brief alterations of trap length to

investigate the sample size effect (sect@d#d) until May 2018 when the decision was made

to revert back to a liquid nitrogen cooled system as was present at the start of the study. The

decision to abandon a Peltier device cooled trap was taken because of poor reliability of the

devices which needed continual replacement and would lead to extepdedds when the

purification line was out of operation.
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n49 (LRF) values when [ified with the 7 cmtrap suggesting contamination is

present.

2.3.4 Calculatingn values from MIRA output data

A single measurement consistd four 20 minute acquisitionsthroughout which mass

spectrometer input is alternated betweesample and reference gasegery  secong.Peak

centering and pressure balancing svperformed before each measurement with a 7.5 £ 10

A signal yielded from the mass 44 be#fmough volume adjustment athe input bellows.

Thereafter pessuresare balancedautomaticallyafter eat 20-minute acquisition
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MIRA output data files consist of total ion counts at massesA@in single second intervals.

The first 10 seconds of each 30 second integratidefisinrecorded to remove the effect of

gas mixing in thénput capillaries andon source. Thus the output file contains blocks of 20
single second counts which alternate between sample and reference, giving a total of 3200

single second counts.

Delta valueswvere calculated usingn algorithmwritten in the R programming language as

part of this study, based on an original script developed by Paul Dennis in Wolframm

Mathematica. R is a free, open source software and thus was chosen so that it could be

accessed and edited by multiple users.chesnatic overview is given Figure2.9. Values of

Ris, R7 and <are taken fromBrandet al. (2010)as recommended bipaéronet al (2016)

Recent work byPetersenet al. (2019)has shown that universal adoption of the so called

W.NF}YyYR LI NFFYSGSNARQ | O0Ga G2 NBRUAeSperdtuyeld SNI | 6 2 NI (0 2 NB

sensitivities.

Collector counts at each maagre averaged over 20 second intervals.

8 —B 6°h-B 6°8 —B & 1)

Where C* is the collector count at mass * in one second intervalsdandgs a 160 term
variable containing averaged collector counts over 20 second intervals. R values, the ratio of
heavy isotopologues counts to mass 44 cowmese then calculated foeach mass for both

sample and reference gas.

Y (2)
2 8 z z z o z z 8 z 8 z z z z z 8 z
‘.I z F h 8 z 8 z z 8 z
(3)
Where] is a 160 term variable defined physically as the mass * to mass 44 ratio of the

sample relative to the mass * to mass 44 ratio of the reference gas calculated in 20 second
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intervals. Outlying values +s2andard deviatiaswere removedbefore an averagé value

over the whole rurwascalculated at each mass:

1 (4)

/ Data acquisition \

Reference acquisit 30s)
Bellows | x20 cycles
pressure
balance

Sample acquisition (30s)

x4
acquisitions

Remove first 10s of

After 4 acquisitions i
each acquisition

6 value calculations

Calculate average Calculate R values at
collector counts (C*) each mass (R*) in 20s
at each mass in 20s intervals for ref gas

intervals (1) and sample (2)

Calculate Running &
values at each mass g
in 20s intervals (3)

Calculate average
values at each mass
over entire run (4)

Remove outliers (+/-

20)

4 R value calculations )
Calculate R13, R17 and R18 Calculate R45 — R49 Calculate R45A— R49 of
o reforance eas Usive bk of reference gas sample gas using R45 —
. . & Gt e Using R13, R17 and R49 of reference gas and
isotopic composition and
Brand parameters (6-8) hg I L
B (9-13) composition (14)
4 Stochastic distribution calculations )

Calculate R18 of sample Calculate R13 and R17
gas given stochastic of stochastically
distribution of isotopes g distributed sample gas §
using R45 and R46 using R18 (sample) (16-
(sample) (15) 17)

Calculate R45 — R49
of stochastically
distributed sample
gas (7-11)

Avalue calculations

Calculate A45 - A49 from
R44 — R49 sample and
stochastic (5,

D47 - A49 corrections
(15-17)

Figure2.9 Schematic of MIRA data reduction algorithBracketed numbensfer
to equations detailed below.
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{AyOSX ¥ ——— p®unm (5)

where R* = the ratio of counts at mass * relative to the counts at mass whsihecessary

to obtain single values at each mass for:Rand R¥%ichasic R%amiS determined using

equation (14) and substituting th& value determined in equation (4)nd the R* of the

reference gas (R¥). R*er wasfirst calculated from equations {83) Eiler,2007) using values

of'Y ,%Y and’Y calculated from equations {(8) and 'Y Y and Y

values as outlined b@randet al. 2010) These describe the ratio 8ICA*C in VPDB and
¥o/h Ay +{ahz Ay SNYI0.628alista coadiant yharaceRsticof the T

relationship betweert’O and'®0 in the terrestrial water podBrandet al., 2010)

Y — p Y (6)
Y — p Y (7)
YooY (8)

The stable isotopic compositions of the reference gaslusesquations (& 8) must first be
independently measured. K is calculated according to the equafibn Y

Y

Y 'Y 8y )
Y Y ¢8Y 8 Y (10)
'Y  c8Y 8 ¢8Y 8 Y 8Y (11)
YooY c8Y 8Y 8Y (12)
Y Y 8y (13)
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With R valuesobtained, theywere substituted into (14) witht values from (4usedto

obtain RsamT Which canin turn be substituted into (5).

Y Y 8p ° (14)

R*swochastic- the ratio of CQ@at the mass of interest to the ratio of €@t mass 44, given a
stochastic distribution of isotopes within the sampleascalculated theoretically according
to equations (913) using sample R values in place of referenceegaMialues foly Y

and’Y  were calculated according to equations (1%)."Y  the ratio of'®0 to O in the
sample wasderived from the root of equation (12) given Bantroclet al,.. (1985)to account

for isobaric interferenceg interactions of beams consisting of several, indistinguishable

isotopologues of the same masg. and’Y  are calculated previously using equation (9).
od) 8Y ca& 8y 8Y ¢8Y Y i (15)
Riz and R; of the stochastically distributed sample gasre calculated with the following

equations derived bysantrocket al (1985)using values foty and’Y  calculated in

equations (15) and (9) respectively.

Y 08Y (16)
Y Y c8Y (17)
Values forY ,Y @& ™® were theninputted into equations (93) to obtain

R*stochasticvalues.With values folR*amand R%wchasticobtained, calculations ofvalues from

mass 4% 49 using equation (5ould be made

"Qrvalueswere then corrected using equations (1), derived fom (Wanget al., 2004)

Yt X Yix Yo Ytu (15)
Yty Yryg et (16)
Yiw YTt wcedt e arvu (17)
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2.3.5 Contaminant screening

The primary contaminants at mass 47 in carbon dioxide liberated from phosophoric acid
digestion of carbonates have been identifiedaggmnic andsulfur compounds(Guo & Eiler,
2007) NP0, NMN?O and “NNQO, fragments and recombination products from
halocarbons (e.g. C@®lom CHCI or CkCh) andother hydrocarbonsKEiler & Schaubl€004)
These can arise fro a number of potential sources including leaks during thegDéXication
procedure, sample and reagent impurities and background contaminants in the mass
spectrometerc arising from memory effects between samples or cleaning agents used to

service hardwre.

Background currents through massesd49 were recorded at the beginning of each day to
monitor for long term contamination buildp within MIRA and peak shape scans on all
masses prior to each runere used to highlight pressure sensitive backgrdsifigure2.4).
Any contamination identified from these proceduressthen corrected for in the output

data processing algorithm by subtracting background counts from the measured values.

Sample specific contaminantgere identified through monitoring ofn48 andn49. Eiler &
Schaubleg2004) showed that addition of pbO and N@to pure CQ resulted in systematic
interferences at masse44-49. Thus noticable offsets )48 vsn47 andnp49 vsnp47, that
deviate from those expected from a purely temperature driven signal can be indicative of
contamination from these two gases. They also showed that addition g2ICGind pentane

to purified C@produced highly linear trends betweg7,n48 and the intensity of the mass

49 ion beam. Halocarbon and hydrocarbon contamination should therefore be evident in

elevatedn48 andn49 values.

Thus contaminated samplegere identified as outliers on a plot gi48 againsf47 ¢ i.e.
samples deviating from a purely temperature driven signal. Outliene defined as those
laying outside a tukey fence on a single pass Tukey fitgure2.10 shows that whilst his
method is affective for idenitifying contamination at mass 48, limited precision on
measurements at mass 49 mean that a temperature driven relationship betywé&nand
Nn49 could not be determined (#=0.00184 for nospressure corrected and?+0.0169 for
pressure corrected samples). Thusvdsnecessary to apply a threshold filteringentifying

GK2aS al YLdd $a2 stankdarK devations from the mean as contaminated
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(corresponding tqn49 > 5%  :for nonpressure corrected data an@l9 > % :for pressure
corrrected data) When applied to all samples between january 2018 and May 2019, these

methods identifed 9.5 %of samples as contaminated.

Jan - Sep 2018 Jan - Sep 2018

=)
o~ g
- =
Y= 0.4252x+-0.0189 o 1=-60.2503x + -24.7146
=028 =Y #=0.015

g 4 o
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0.6 04 0.2 0.0 0.2
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o R*=0.3024
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Figure2.10 n47 vsn48 (left) andpd7 vsn4d9 (right) plots for norpressure
corrected (top) and pressure corrected (bottom) data. Outliers (contaminated)
samples areshownin red.

2.4 Sample size effect

2.4.1 Quantifying the sample size effect

Much of the changes to the purification line described in sec®.3.3 were driven by
attempts to overcome a persistent offset in measuretl7 between large and small sample
volumes. Similar offsets have been observed in preyistudiedGuo & Eiler, 2007; Wacker
& Mainz, D13) but have remained largely unexplored within the scientific literature.

Resolving the issue is of central importance to foraminifera studies where smaller sample
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sizes will reduce sample picking requirements and increase the achievable resolution of

palaeostudies.

Typical sample masses required for the operation of MIRA were aro8nu@at the start of

this study. By doubling the trap current in the ion source from 600 to 1200 YA and introducing
an additional focusing plate for the ionisation beam, ioaductionwasincreased nearly four

fold, amplifying the signal obtained from smaller gas volumes. This reduced the theoretical
minimum sample mass of purert@nate to approximatelit.5mg, however a mass ofmg

was generallyneasured for bulk carbonasavhere sample quantitywasnot limited. In theory

it would have beeipossible to reduce the minimal sample size further through bypassing the
sample input bellows and expanding the sample gas directly into the ion sddoveever,

this method provides reaced control over the ion beam intensity and a trade off with

measurement precision must be made.

Table 2.3 Clumped and bulk isotopic compositions dbrmgand 4 mg
UEACMS3amples run between February and Mha 2017. Uncertainties
are % %confidence intervals. N = number of measurements

Sample

e 0 st 13« 180y«
mass nnt 3 ¢ nny :: 48¢: (VvPDB) 1¥%Q: (VPDB)

2+02mg 7 -0.337 £0.027 -0.043+0.036 2.051+0.017 -2.057 +0.020

4+02mg 16 -0413+0.008 -0.130+0.021 2.061+0.016 -2.085+0.027

Measurements o2 mgUEACMS$amplesexhibiteda shift to highem47 values compared
with 4 mgsamples with no comparable offset in stable isotopic compositiBigi(e2.11and
Table 2.3). This effectwas seen across all laboratory standards suggesting that it is

independent of both clumped and bulk composition.

Guo & Eile(2007) postulatal that the sample size effect observed in their systeaslikely

due to isotopic exhange with water on glassware surfaces. Wésuled out for the UEA
system since samples exhixitconstant stable isotopic compositions regardless of sample
volume. It & postulated thathe effect couldhavearisen from either a constant background

contaminant at mass 47 or an isotopiceguilibration to lower temperatures.
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Figure2.11 Small 2 mg) vs standard4( mg) UEACMSTEamples run between
February and March 2017. A persistent offset is observgd@lihmeasurements
that is not seernn stable compositiong147 is shown on the local reference frame

2.4.2 Identifying the source of the sample size effect

MIRA instrumentatio

To test whether the sample size effect arises on MIRA or on the sample purificationdine, a
mg UEACMS3ample was purified and measured according to standard procedure. After this
initial measurement, the remaining sample was split on the MIRA samplg system and

~half of the sample pumped away. The remaining half size sample was measured again,
achievingn47 values of 0.3@ :'and 0.2% :{ARF) respectively. Since no offset was

observed, the source of the size effect could be attributed to the MIRA purification line.

Porapakirap

The Porapak trap was identified as the most obvious site at whickequidibration to lower

temperatures might arise within the purification lin&lonitoring pressure of the sample gas
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in the isolated poropak trap showethat a significant proportion aample gas is absorbed
onto the Porgak surface. Absorption exhibiteal Langmuir behaviour witthe quantity
absorbed proprotional to gas pressure given a constant absortion surface(lamagmuir,
1918) At-20 °Cnearly B %of CQ liberated from a typical sampl@asabsorbed onto a trap
of 7 cmlength, 4 mm diameter, demonstrating the potential for isotopic exchange at the

Porapak site, where gas molecules are heldiose proximity on the PorapakQ surface.

To testwhether re-equilibration occurs on the Porapak surface,GamgUEACMS$ample

was reacted and dehydrated before being split on the purification line into ~1/3 and 2/3
proporations to simulate the rough aumtities liberated from2 mg and 4 mg samples
respectively. These two gas samples were subsequently taken through the Porapak trap
separately before being measured. This experiment was repeated, giving an apdiagé
0.467+0.0H :(ARF) for the larger sample and 0.30®@.00 :(ARF) for th smaller sample,
confirming that the size affect was present and arising on the purification line after the acid

reaction and dehydration stages.

Table2.4 Examples of Porapak trap setups in the publislitedature

Laboratory Temperature Dimensions Reference
Caltech -20 oC Not given (Eagleet al., 2015)
ETH Zurich/ -20 oC 2 cmL x6 mm. (Grauelet al., 2016;
Cambridge University Meckleret al., 2014)
Harvard -10 oC Not given (Dennis & Schrag, 2010)
Imperial College -35°C 13cmL x8 mm. (Klugeet al., 2015)
London
Tulane University -15°C 185cmL x 125 (Rosenheinet al., 2013)
mm .

In laboratories that use Porapak trap setupsas opposed to gas chromatograph colurmns

for sample purification, considerable variability exists over the tapfiguration Table2.4).

Thus if the Porapak trap wadriving isotopic requilibration, it may provide some
explanation for the considerable variability observed between laboratories in interlaboratory
calibration sudies (Bonifacieet al., 2017) The recent wrk of Swartet al (2019)showed
strong evidence that stainless steel gas prep lines provided a medium for isotopic exchange,
and it would seem reasonable that a similar exchange may occur on the glassware and

Porapak Q material used in the UEA system. Howevigh, the exception of temperature
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(Petersenet al., 2015)there has been lite research into the impact of differing poropak

configurations.

To investigate the impact of Porapak trap configurationndi@, numerous trap dimensions
and temperatures were investigatedn each configuration, the sample size effect was

quantifiedwith repeat measurements AJEACMSTResults are summarised(n

No discernible trend between samplizas offset and trap length was observédgure2.120).

This would suggest either:

1 Reequilibration wa occurring elsewhere on the latter part the purification line,
perhaps on glassware surface or,

1 Even very small quantities of Porapak Q matevee sufficient to cause a noticeable
offset. However, since samples cleaned with & cm trap showed signs of
contamination im48 andn49, itwould have beerimpossible to overcome this effect
whilst still using a Porapak trap setup.

012
\

-~ Omm widthtrap &
~-<>-- Bmm width trap

AA4T (ARF) %o

0.04
l

Trap length (cm)

35



Figure2.12 n @t :,ithe offset inn47 between4d mgand 2 mgsamples with
differing trap setup

Traptemperature also hadttle impact on reducing the offset. It was hypothesised that lower
temperatures couldhaveslowed kinetics of isotopic exchange thus reducing the offset. Traps
run at-50 °C exhibited exactly the same offset as those run2f°C Similarly raising the
temperature to-10 °C had no impact on measuregd?7. When the trap was run at room

temperature, samples exhibited signs of contamination injtd8 andn49 signal.

A limited number of samples were also run with shorter transfer timeugh the Porapak
trap to investigate whether reduced contact time with the Porapak Q material would impact
the offset, however these samples exhibited signs of fractionation irr #table isotopic

signatures.
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Table 25 Porapak trap configurations andJEACMSTisotopic
measurements. Errors are 59 % confidence intervals. For single
measurements, error is twice long tetdEACMSStandard deviationp47

is not corrected for sample siZsection2.4.5. Temperature and transfer
time variations are in bold.

Length Inner Temp Transfer  Sample N nnTt 3 opg s A% o oy
(cm) Diameter (°C) time mass (ARF) (LRF) (vPDB) (vPDB)
(mm) (mins) (mg)

2.4 2005 60 4202 16 gon Gon loes 002
24 4 20£05 60 2x02 7 O3 OaE 200z Py
12 4 20£05 30 ax02 11 OFBE  158% 200k 0r
N i I
12 4 10£05 30 2x02 2 OB 000 98k 208
12 4 20£05 25 axop 1 027 Q0Se Adee 20w
12 4 20£05 15 axoz 1 02%r 0GB 2% 19T
T4 ames w0 awo2 4 ot ot G GG
7 4 20£05 20 2:02 4 020 09w 2l 207
12 9 20:05 30 4zo01 g O Odde 2O 158
12 9 20£05 30 2:01 4 Ofpr 000k 2 19D
12 9 +10£05 30 2x01 1 00 0003 A% 199
4 9 20£05 30 axo1 1 020 00BE 20% L9
4 9 20£05 30 2x01 1 O0%%e 02 209 199
4 9 50£05 30 axo1 1 0% Odle A2 198
4 o swmos 3 2s01 1 O3S 0u: 20 S
L e o e o O o g im
L0 ames s ma o O on am

Trap bypassed 4+01 2 003022:' %416; %%ﬁt 20'93'31
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Reaction vessel

With little progress in reducing the sample size effect achieved through altering the
parameters of the Porapak trap, investigations were made into whether contaminants were
arising in the acid reaction vessel. st this theory, full and half aliquots of laboratory
reference gas (BDRT) were left overnight in reaction vessels wittn® of phosphoric acid

to allow potential impurities from the acid to migrate into sample gas. These were compared
with full and hdf aliquots of reference gas that had been put straight through the purification

line with no acid contact. Results are summarisetiahle2.6.

Table2.6 Isotopic measumnents of BDH reference gas acid equilibration

test
o . aSl yC + Meandl80O
Mol N
Sample n nnTt G0y pny 6D (VPDB: 0 (VSMOW: 0
Half aliquot 2 08?)00;4 0.10 +£/0.07 2.04 +£0.08 33.74 +£0.09
Half aliquot
acid 2 1.00+/-0.06 0.23+;0.20 2.08 +;/0.04 33.81+;0.04
equilibrated
Full aliquot 3 0.90 +/0.01 0.20+£0.30 2.04 +-0.04 33.78 +£0.03
Full aliquot
acid 2 0.90 +/0.06 0.08 +t0.24 2.08 ++0.04 33.78 ++0.04
equilibrated

Little @1 NA I ( A %36 obsegfvednbatween acid equilibrated and ramid equilibrated
samples, nor between large or small samples. It is interesting that these experiments yielded
no sample size offset despite samples being taken through the Porapak traggbeing
measured. This would indicate that the offset cannot purely be due teequdibration on

the Porapak sdace and that it is dependent adhe presence of an acid reaction. Outgassing

of an acid derived contaminant would account for such befaviSince the effeatvas also
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observed in samples reacted in individual reaction vessels 4 #5s not dependent on acid

temperature, simply the occurrence of a reaction.
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Figure 2.13 Transfer functions for August September 2018 derived from
carbonates(dashed line)and temperature equilibrated gasgsolid line) n47
(ARF) values for temperature equilibrated gases are calculated(ianget al.,
2004)

Further evidence that a contaming arises from the acid reaction waobtained from
comparison of laboratory transfer functions derived from temperature equilibrated gases as
opposed to carbonate materialFigure 2.13). The carbonate desed transfer function
exhibited LISNBAAGSY(d AYyGdSNOSLII 2FFasSid O2ycaraid s

potentially from the presence of an acid derived contaminant.
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Conclusions

The absence of the sample size effect in equilibrated gases run througtutifieation line
suggessthat the cause of the sample size effect must ultiehalay in the acid reactioni(ee
equilibrated gases have not undergone an acid reaction). Yet the acid reaction alone cannot
account for the fatthat the effect wa observe when a large sample, from a single reaction,
was split into large and small sizes. Any contaminant present in the sample $tawaldbeen
present in equal concentrations in both small and large volumes since they will have been

well mixed in the reactiophase.

Thus it is suggested that the sample size effect arises from an interplay between the acid
reaction and the Porapak trap. The suggested mechamisses froma constant rate of
contaminant outgassing during the reaction phase which results irehigbncentrations at
lower sample volumes. As samples are subsequently transferred through the Porapak trap
stage of the purification line, this contaminant is more readily removed in larger volume
samples, since absorption onto the Porapak Q materialdpgational to pressure. This acts

to further amplify the sample size effect.

2.4.3 The sample size effect: candidate contaminants

Two types of contaminant coulthvelead to the offset that has thus far been described:

1. A carbonate derived contaminant, suabdolomite or carboxylic acids that reagith
phosphoric acid to produce GQvhich mixes with sample GOThis seems unlikely
since the sample size effect is observed across three laboratory standards (ETHL,
ETH3, UEACMST) as well as in coldwater cargdlea and there is no known single
contaminant that could affect both organic and inorganic samples in this manner.
Such Cemixing would also likely lead to offsets at other masses and this is not
observed.

2. An acid derived contaminant gas with a massdmpgonent.

This second option would account for the persistence of the sample size offset across multiple
carbonates and the fact that the offset is observed solely at mass 47. Such a contaminant

must arise in the acid reaction (since no offset is seenquilibrated gases) and is more
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readily absorbed by the Porapak trap in large samples (since the offset has been shown to
arise at the Porapak stage of the purification line). Such behaviour seems plausible given that

absorption of sample gas onto the PoekpQ surface is proportional to pressure.

Background scans during bake out of the MIRA inlet system have revealed large quantities of
CCI being degassed. Chlorine is thought to arise within the MIRA inlet system from di
chloromethane, a cleaning agent usedmanufacture of system valves. Whilst CCl leads to
contamination at mass 47, it is thought to derive from the MIRA system rather than the
purification line. Thus CCL contamination would cause an observable sample size offset in
equilibrated gases, rathighan solely carbonate derived gases, as well as causing a sample
size shift between large and small samples split on the MIRA input system, and this is not

observed.

Observation of the background pressur&hin the reaction vessels showdlat the acidis
continually outgassing water. Despite the presence of the water traps, recent analysis of
background masses on the purification line conducted by Paul Dandiglina Marcaising
a quadrupole analyser shaal that there is a continuous background lewdlwater present

which could give rise to the sample size offset.

It is theorised that water could dissociate within the Mass spectrometer source to form
hydronium, HO, which then combines with carbon monoxide (dissociated from carbon

dioxide) in the sorce, forming HO, &O+ at mass 47.

‘06 06006 §0

‘00 860 00 mb0

Further evidence to support this theory comes from the concurrent increase of signals at both
mass 18 (water) and 19 (hydronium) when the purificatineawas opened tdhe quadrupole
analyser.This would suggest that water wantroduced to the system and with it, the
production of hydronium ions. Protonation of carbon dioxide from disassociated water
derived hydrogen has been shown to cause measurable enrichments aesd$ and 46
(Leckrone & Hayes, 1998)his may be the first evidence that water derived products also

cause interference at higher masses.
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Further work is required to determine whether thigpothesisholds up to robust saitiny

and the recent acquisition of a quadrupole analyser by the stable isotope laboratory should
allow this. Should water be the cause of the sample size effect, a contributiofi@ofrom
water derived oxygen should be observable between small and Eagiples. So far this has

not been observed.
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Figure2.14 n47 (LRF) for three laboratory standards (ETH1, ETHRBACMST
measured between January 2018 and May 2019. Solid horizontal lines show the
measurement means, shaded areas the standard deviation. The grey vertical bar
at day 431 marks the installation of the additional water traps on the sample
purification line in Mirch 2019. Dashed lines are linear trends through each
standard, prior to and subsequent to the installation of additional water traps.

Efforts to eliminate the sample size effect are ongoing. Most recently, three additional water
traps were installed orhie purification line in an attempt to limit the amount of water passing
between the vacuum manifold and the latter stages of the line (sec8dh3. Initial

measuements of standards imnuiately after installation showed decreasing trend in47
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as would be expected with the ongoing removal of watég(re2.14). Ongoing monitoring
of the sample size effect will determine whether installinggh additional traps has been

successful.

It is worth noting that a water derived mass 47 component may provide some explanation for
the differing intercepts observed between laboratoriesii7 calibration studie¢Bonifacie

et al,, 2017) Sample drying methodology varies dramatically between [ahis. will give rise

to variable water derivegh47 signalsand subsequentlyariable degrees of offset from the

theoretical calibration line.

2.4.4 Choice of sample mass

The continued persistence of the sample size effect reqtinat all samples are measute

at constant mass. Generallglumped isotope measurements require comparatively large
sample gas volumes for extended integration times that allow part per million enrichments
to be resolved. Desired precision is generally achieved throt@inepeat meaurements of

4-5 mg with prolonged integrations time§Tripati et al., 2010)or through pooling a large
number (5199) of small (~12Qig) adjacent samples from relatively stable climatic periods
(e.gLeutertet al, 2019). Both methods require between®15 mgof sample However |f it

is desirable toachieve high resolution palaeoclimate records from foraminifera, rivalling
those obtained from more established proxies ldtable isotope®r Mg/Ca ratios, it will be

necessary to dramatically reduce samples masses even further.

Table2.7 Standard deviations f@ mgand4 mglaboratory standards.

nnTt
n (LRF; 0 Rmo/ VPDB: Rwmyh VPDB:':

ETH12 mg 9 0.0576 0.0131 0.0450
ETHY mg 10 0.0307 0.0087 0.0409
ETH2 mg 10 0.0404 0.02% 0.0711
ETH3 mg 11 0.0196 0.0155 0.0%7
UEACMSZ mg 9 0.05% 0.0252 0.0%7
UEACMSZ mg 9 0.0242 0.0242 0.0375
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In order toinvestigate the impact of reduced sample masses on measurement precision,
repeated measurements of laboratory standards ETH1, ETHRBACMSivere conducted
at masse® mgand4 mgover a threemonth period between November 2018 and January

2019.The stadard deviations are presentdd Table2.7.

{GF YRIFNR RS @2 gsdmplgs inkrgaseg in all theed standards when compared
to 4 mgand more than doubles in ETH3 ab@&ACMST{Table2.7). This suggests that any
reductions in uncertainty gained from additional repeat measuremen® migsamples will

be more than negated by decreasedeasurementprecision. Poorer precision is also

observed or2 mgsamples for stable isotope measurements.

— 2mg samples Nov - Dec 2018 o
—— 2mg samples Jan 2019
— 4mg samples Nov - Dec 2018
— 4mg samples Jan 2019
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Figure2.15 Transfer functions constructed frolimgand4 mgstandard samples
November 2018; January 2019. A migrating intercept is seen in smallang
sanples.

The impact of increased variability @fmgsamples can be seen by constructing transfer

functions for samples run between November and December 2018 versus those run in
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January 2019Figure2.15). 2 mgsamples exhibédl  n ®H ' 2FFaSG Ay AyidS

two periods whereag mgsamplesverewithin error. Since the sample size effect is thought

to arise from a constant background contamination at mass 47, smaller samples will therefore
exhibit a larger shift as ctemination levels drift over time. Thus in a small sample system,
standards will need to be run at more regular intervals in order to construct regularly updated

transfer functions.

The results of these experiments suggest thamgsamples should be run preference t@
mg samples. This will act to reduce the spread in measurements and limit the need for
additional standard measurements and more regular transfer function upddteag of

carbonate corresponds to about 500 foraminifera tests in the-38® pum size fraction.

2.4.5 Correcting for the sample size effect

As outlinedthroughout this sectiona persistentrend towards elevategh n T abderded
with decreasing sample siz€he impactwasreduced by measuring samples of consistent
mass 4 mg), yet thequantity of sample gas liberadethrough acid digestion remained

unpredictable, varying with the concentration of nearbonate inpurities.

Table2.8 Relationship betweem47 (LRF) and sample size (B EACMST
calculated by calendar month. Limited data prior to October 2808
throughout March 2019 mearthe relationship cannot be reliably
established during these periods.

Sample size
Month Gradient Intercept R range (mbar')
Janl8 13.84 -0.78 0.03 0.002
Feb18 7.68 -0.65 0.19 0.010
Mar-18 41.21 -1.46 0.98 0.002
Apr-18 7.66 -0.58 0.55 0.008
May-18 -6.85 -0.30 0.02 0.002
Sepl8 4.59 -0.51 0.07 0.006
Oct18 6.09 -0.53 0.76 0.024
Now18 2.29 -0.41 0.13 0.043
Decl8 25.42 -0.93 0.97 0.001
Janl9 8.41 -0.55 0.92 0.026
Feb19 18.85 -0.73 0.70 0.009
Mar-19 -16.16 0.00 0.09 0.004
Apr-19 6.68 -0.52 0.98 0.039
May-19 6.98 -0.56 0.66 0.018
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With little success in eradicating thsamplesizeeffect, it was necessaryto quantify and
correct for it after measuremeniThe correction was obtained from tlggadientof the plot
of inverse of the barrocell pressui@roportional to sample gas volumeakcorded during

purification - 3 A y & G Ipcal refe2nte fiarikeS

Analysis of long running laboratory standard datasEtgyre2.16 and Table2.8) showed the
relationship betweem n (LRF) and sample size changed over time, with theirghifbcal
laboratory reference frame, and it was therefore necessary to measure and define at regular
temporal intervals. Prior to October 2018 and throughout Februarilarch 2019, limited
spread in sample volume (barrocell pressure range <0.01 Hhbagant there was insufficient

data to reliably define the relationship during these periods.

A 2.z oA

October 2018 to May 2019 are presentedrigure2.16andFigure2.17. The spread in sample
sizes (inverse pressure range > 0.01 mpand regression fit @2 0.75) for the relationships
plotted inFigure2.17 were considered large enough to infer a reliable sample size correction.
The gradients for each of the four standa@te presented inTable2.9. For a given month,
gradients across the four standards fall within error a€le other, suggesting that the effect

is independent of the isotopic composition of the sample. Significant offsets in the gradients
between months for a single standard highligtithe need to regularly quantify the effect by

measuring standards of diffent volumes.

Table29a 2y G Kf & 3INIRASy(da F2N 6KS NBfFiA2yaKALl 60Si
sample size for four laboratory standards where R2> 0.75 and sample
volume range > 0.01 mbdr (as measured on purificatidime barrocell).

Month UEACMST ETH1 ETH3 Coral monthly mean
Oct18 6.09(*1.03) 6.09
Decl8 6.47(*1.17) 7.11(*0.51) 6.79
Janl9 8.41(*0.80) 8.76(*0.82) 9.08(*0.67) 8.61(*0.64) 8.71
Apr-19 6.68(*0.33) 6.68
May-19 5.75(*0.59) 5.75

It is clear that the magnitude of the effect is sufficient to have a dramatic impact on measured

n47 for even small volume variations. Foraminifera measurements are particularly
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susceptible given the variable amount of sediment contamination present in each sample,
making the quantity of gas liberated through acid digestion highly variable. For ajgiven
the typical pressuremeasured on the purification lineanged between 30 and 47 mbar for

4 mgforaminifera samplesThisgives rise to an offset approximatelyn ®m :': @

Thusfor the purposes of this study, samples run between October 2018 and Mayh2@tEd
sample volume correction applied before thexere projected onto the absolute reference
frame. This time period encompasstte majority of foraminifera samples measuredthis
study. Prior to October 2018, where insufficient data exists to reliable quantify theleam

size effect, no correction vesapplied.

month
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Figure2.16 wSt F A2y aAaKA LI 0S{6SSsizefonUEACMBWCO | YR
calculated by calendar month for 2018 (top) and 2019 (bottom)
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Since the size effegtas shown to shift with time, it wedesirable to minimise the temporal
window of the standard database from which the correction is calculated around the date on
which the sample isun. This time window selection wachieved with an algorithm, written

in the programming language R, which adheres to the following steps:

1. Standards from the four listed ihable2.9 were iteratively selected + one day
around the date on which the sample was run. This creates four standard
databases.

2. Each time a standard waadded to the database, the relationship betwgetv
and sample vimme was calculated for each standard.

3. For a given standard, once the sample volume range exceeds 0.01! ifasar
measured on purification line barrocell) AND>RD.75 for a single standard,eh
gradient of the relationship wsaused to correch47 of the sample on the LRF as
follows:

Yox Yty Dﬂ a
Wheren4d7.andn47 mare the corrected and measured sampié7 values, Ris the sample

barrocell pressure and m is the gradient of €7 vs barrocell pressutestandard pla.
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Figure2.17 n47 (LRF) vs inverse barrocell pressure for four laboratory standards
where R > 0.75 and range in barrocell pressures > 0.01 mbealculated by

calendar month.

Applying the correction toUEACMST ETH1, ETH3 and coldwater coral standard

measurements run betwee@ctober 201 May 2019 reducedhe spread im47 (LRF) for

all samplesKigure2.18& Table2.10Corrected and uncorrectgi47 (LRF) mean and standard

deviations for four laboratory standarfisA shift to lowem47 (LRF) values wabserved in

all standards. The mead 2 NNBO1I S®[ wC U

OF y

68 pATALRE) VRSB NE R

equal to the itercept of thepd7 (LRF) vs inverse pressure plot. Theoretically this value

represents an infinite quantity of sample gas (sinceE I—

measurement given negligible contamination.
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Table 2.10 Corrected and uncorrecteq47 (LRF) mean and standard
deviations for four laboratory standards

aSkty nn-aSky nn Uncorrected Corrected
Sandard uncorrected corrected nnTt nnTt
UEACMST -0.361 -0.545 0.069 0.055
ETH1 -0.407 -0.637 0.094 0.082
ETH3 0.069 -0.178 0.134 0.055
coral -0.059 -0.292 0.089 0.051
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Figure2.18 Uncorrected (left) and pressure corrected (rigtfEACMS3$amples

run between October 2018 May 2019 showing the shift to reduceal7 (LRF)
and reduction in data spread when the pressure correction is applied. Horizontal
bar is the sample mean and shadedjions, the interquartile range.

2.5 Projection onto the absolute reference frame

Denniset al (2011)highlighted the need for an absolute reference frame (ARF) onto which
clumped isotope measurements could be reported to enable comparison between

laboratories. Since each mass spectrometer exhibits a unique degree dinearty and

scale compressiorraw "Ovalues cannot be directly compared between instruments. Even

within a single laboratory, instrument parameters can change over time as components wear

and ambient conditions change. Thus it is hecessary to project measurements from a local
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laboratory reference frame onto a single, universal reference frame, herein known as the

absolute reference frame (ARF).

The projection method outlined in Denrgsal. (2011) describes a twostep process beginning

with the quantification of instrumental nofinearity with respect to bulk isotopic
composition Thisdescribes theelationship betweem47 andn48, andthe bulk composition

ofanl Y t @ 0AOFf &l YLX S SgAGK NBALISOGL*)iBnediitk S f I ¢
guantification is achieved via the ma@rement of a suite of gases, differing in bulk isotopic
composition, that have been equilibrated to the same, known, temperatures. The linear
regressions obtained when plottingvalues against*’ (both measured with respect to the

laboratory working refrence gas) describe the ndinearity of the specific instrumergEigure
2.19, top). The intercept of each regression line is the differencéualue between the
equilibrated gas and working reference gas when both have the same ibatopic

composition (@cwaio)-

"@ewep at multiple temperatures is then plotted against the accepted theoreticahlues

(Figure 2.19, bottom), calculated according to quantum mechanical and statistical
thermodynamic predictiongWanget al., 2004) The resulting transfer function is then used

to project laboratory measurements onto the absolute reference frame
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Denniset al. (2011)acknowledge the impracticalities of continual measurement ofesuit
gases and suggest instead measuring just a few laboratory standard gases, equilibrated to
known temperatures on a regular basis. This data can be usadjtst the underlying

linearity correction and monitoshortterm shifts in nonlinearity.

Dennis P(2014)showed that MIRA exhibits no systematic offse Ay n @I f dzSa
isotopic composition under measurement of such a suite of gg§égure 2.20),
demonstrating the linearity of the instrunme. As suchregular assessment of nen
linearity through gas suite measurements is najuied to interpret MIRA data, making

day-to-day projection onto the absolute reference frame a single step process.
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Figure2.20 The zero gradient obtained from plotting’sampleworking reference gas
VS N4T7sampleworking reference gasfOr @ suite of gases heated to 1MCPC
(stochastically distributed) with variablaulk compositiordemonstrates the
linearity of MIRA (adapted fromennis(2014). Compared alongside Thermo
Finnigan 253Huntingtonet al,, 2009) Thermo Finnigan Delta Plu¥ oshida
et al, 2013) and IsoprimgRosenheinet al, 2013)instruments.

At the beginning of this study, transfer functions were constructed from a suite of gases
equilibrated to known émperatures, predominantly 25C and 100 °C Absoluten47
values were obtained from the theoretical calculation$\tdnget al. 2004) In early 2018,
following the publication ofBernasconiet al (2018) in which the variation in gas
preparation and sample treatment were highlighted as a potential cause of discrepancy

between laboratories, the decision was taken to mawea carbonate derived transfer
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function. This has coincided with the period over which the vast majority of samples in

this study have been measured.

The UEA transfer functios constructed from the daily measurement of at least one of
three laboratory sandards: ETH1, ETH8,UEACMSTThese standards are of known but
differing n47 (ARF), established through long term measurement against equilibrated
gases. Laboratorm47 (ARF) values of ETH1 and EWeg used in preference to
published value¢Bernasconét al., 2018; Meckleet al., 2014)since the latter are found

to give rise to erroneously higit7 (ARF) values for samples of known tenagpure. The

plot of measuredn47 (47(LRF)) against knowm7 (47 (ARF)) defines a transfer
function which is used to project measurements from the local to the absolute reference

frame.

WhilstDenniset al. (2011)outline the generalised protocol with which to constrywt7
transfer functions, there is little published research on the number of standard
measurements required or the idetime window over which a transfer function should
be constructed for robust projections. The time window must be of sufficient length to
encompass enough standard measurements to define a robust relatignghilst being
short enough to limit the impactfdanstrumental drift over time. With a variable number

of standards run each dagnd instrumental downtime leading to an unequal temporal
spread in standard measurements, the optimum timeframe over which to calculate the
transfer function is not obvioudor is it apparent whether each sample should be treated
in the same fashion, instead it may be more effective to vary the transfer function time

window depending on the concentration of standards run in the days surrounding it.

To further investigate theptimum transfer function time window, four methods where

explored for constructing the transfer function:

Daily optimum method

19 nearest neighbours
Monthly transfer functions
Rolling window

b

These are explored in more detail throughout this section.

2.5.1 Daily optimum method

All 4 mgstandard data between January 2018 and May 2019 was pooled into a single

dataset (herein the standard dataset. Note this dataset has not been corrected for sample
54



size effect due to insufficient data making this impossible grddctober 2018 (section
2.4.9). In order to limit the spread in47 (LRF) caused by the sample size effect, only
standards weighing mg+ 02 mgwere considered. Ezh standard in the standard dataset

was iteratively selected (called the sample standard) and a transfer function dataset
created for it by iteratively adding standards run + n days either side of the sample
standard run date, with n increasing in integé@m one © 30. Each time a new standard

was added to the transfer functiodataset, a transfer function vgacalculated and used

to project the sample standard onto the ARF. The percentage error between the projected
sample standar@ f dzS | YR (KS #thed cauldied RGhis @ayft deS & |
possible to deduce the optimum number of samples to inclimd@e transfer function for

each day thagavethe minimum offset between standard samgié7 (projected) and the

I OOSLIESR Ol fdzSd® ¢KSaS WRwerd tlen Seditd prajiedt Q i NJ
sample data onto the ARF. Samplerethen corrected toa 25°C reaction temperature

using the theoretical correction of 0.Q(1°C?, calculated byGuoet al. (2009)

This method is particularly vulnerable to outlie¢sif the daily standard sample is
anomalous it will lead to an erroneous traesfunction, in turn causing a poor projection
of real sample data onto the ARF. To minimise this effect;pass 3eday rolling Tukey
filter (Tukey, 197 Ayas first applied to the standard dataset. This acts to renmsigadard
samples lying more than 1.5 times the interquartile range away fronstéwedardsample
mean. Six percent of measurementsre filtered out in this process, reducing the mean

standard deviation for the threstandardsamples from 0.06 :to 0.064: .

C2NJ I 3AAQPSYy alYLXS adlkyRFNRTZ GKS LISNOSydl :
additional measurements are added to the transfer function and a more robust fit is
achieved Figure2.21). Error gradually decreases tonainimum, at which point the

optimum transfer function is obtained, and subsequently increases as temporally distant
datapoints are added Y R G KS AYLI OG 2F AyaldNXzySydal t |
number of data points to inclie in a transfer functio varieddramatically betweert and

63 for the standard dataset the larger numbers being obtained after prolonged periods

of instrumental downtime during which substantial instrumental drift oezlirAveraging

the percentage error across all samplesshowy 2 2 0 @A 2 dzda Wdzy A GSNAE | §
samples to includeHigure2.21) therefore each day should have its own bespoke transfer
function. The average minimum percentage error across the entire standard dataset was

54 %
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Figure2.21 The variability in percentage error of calculated standard sample

lwC FTNRY (KS W @08daiipkeshave ient sdetdd at o 2

randomand shown to illustratk 2 ¢ (G KS W2 LI A stader@s to/ dzY o SNJ 2 F
include varies considerably between samples. The all standard average shows

the average percentage error across all standard samples for a given number

of data points included in the transfer function.

2.5.2 19 nearest neighbours

The daily optimum rathod outlined in2.5.1reveakdthat the median optimal number of

standards to include in a transfer function is Hbweverthe optimum time window over

which to alcubte the transfer function variedonsiderably between 4 and 30 days

(Figure2.22). Following from these findingie Wy S N &G ySAIKo2dzNEQ YSGIK2R
19 temporally closest standards to the sample run to calculate a transfer function unique

to the sample. If the pool of 19 standards does not include at least one of each of the

three laboratory standards, additiohatandards are iteratively added to the standard

pool £ n days either side of the sample run date, until this condition is mepas2 Tukey

filter (Tukey, 1977)s then applied to the standard pool standards to remawitliers

before the transfer function is calculated.
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Figure2.22 Histograms showing the idealised number of standards which
minimise offset inprojected n47 against accepted value (left) and the
idealised timespan for the transfer function (right)

2.5.3 Transfer function calculated by calendar month

The standard dataset vgasplit into monthly pools and agZass Tukey filtefTukey, 1977)
applied to eachmonth. A simgle, montly transfer function wa then calculated. The
transfer functions show little fluctuation between months, demonstrating the long term
stability of MIRA. Only February 2019 is significantly different from preceding and

subsequent months.

Whilst such limited monthly fluctuations suggest the monthly transfer function method
may provide reliable projections, this method is vulnerable to including temporally distant
standards in the transfefunction pool since aanple run towards the beginning end
of the calendar month is likely be temporally closer to standards run ipteeeding or
subsequent months. In addition, in months that features only a few days running time,

such as January 28, it was necessary to pool data with the previous/subsequent month.
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Table2.11 Monthly transfer functions Jan 2018May 2019

Month Gradient Intercept
Janl8 OnlyUEACMSIUN
Feb18 1.05(x0.049) -0.797(x 0.018)
Mar - 18 1.02(£0.043) -0.796(x 0.019)
Apr-18 0.896(+ 0.064) -0.710(x 0.064)
Sepl8 0.902(+ 0.040) -0.697(x 0.014)
Oct18 0.930(+ 0.048) -0.685(x 0.021)
Now18 0.874(+0.068) -0.644(x 0.026)
Dec18 0.964(+ 0.045) -0.671(x 0.018)
Janl9 0.914(+0.033) -0.65(x0.014)
Feb19 0.922(+0.042) -0.601(x0.014)
Mar-19 0.915(+0.014) -0.658(+0.005)
Apr-19 0.824(+0.18) -0.614(x0.061)
May-19 0.961(+0.043) -0.701(+0.018)

Applying the transfer functions above to project the standard dataset onto thegaRéan
I SN 3S LISNDOSy il 3S SNNEN FhBuiry WKEACMBTaE S LIG S R
was projected using the February 2018 transfer functtsince insufficient da existedto

construct a transfer function for January.

2.5.4 Rolling window transfer function

All the standards in a limited temporal window, centred on the sample run dages pooled.

If the pooldid not contain at least one of each of thansfer functionstandards, additional
standardswere iteratively added to the standard pool £ n days either side of the sample run
date, until this conditiorwasmet. A 2pass Tukey filtefTukey, 197 7vasthen applied to the

standard pool to remove outliers before the transfer functiwascalculated.

Windows from 8¢ 40 days were tested and used to project each of the samples in the
standard dataset onto the ARF. The average percentage difference betiveemojected
YR WI Q47 $ARE)BviRScalculated and presenteigure2.24. A transfer function
window of 22 days, centred on the sample run date is estimated to give the lowest percentage

error of 8.81 :06n average.
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Figure2.24 Percentage error in projected samples with length of rolling transfer
function window.

2.5.5 Evaluation of Transfer function methods

Using each transfer function method to calculate the average percentagetdfétween the
projected and the accepted values for the standard dataset, as above, is insufficient to
accurately assess the reliability of each method on independent standards. In this instance
the daily optimum method will clearly outperform the othemnethods since, by its very
definition, it obtains the lowest possible error for the standard dataset. However, it does not
necessarily obtain the lowest possible error for sample measurement projection. Where an

erroneous standard sample is run, thiskely to lead to construction of an unreliable transfer
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function constructed from other erroneous standard measurements (as these are most likely
G2 LINRP2SOG GKS 2NRAIAYIE aidlyRFNR &l YLXS o6l
minimise the projf© § SR SNNBNJ Ay GKS adlFyRIFINR &l YL SZ |

other samples run on the same day.

Thus in order to fairly compare the reliability of each transfer function method, an
independent dataset of samples with knoyd7 (ARF) vales is required. This \sabtained

from the full standard dataset by removing a random standard measurement on days when
multiple standardmeasurements are made. Randomly sgiieg the measurement eliminated

any bias that might arise from the ordering itieh standards are run. Thus two datasets are
obtained: the first containing 110 randomly selected standards run on days when multiple
standard measurements are made and the second containing the remaining 152 standard
measurements. The second datasethen used as the standard pofsbm which transfer
functions are constructed and tHest (the randomly selected standard datasdt)e sample

pool, from which samples are projected onto the ARF. The percentage error of these

LINE2SOGSR gl f 8494 S F onathefiicilated largdl Quised to assess the

accuracy of the transfer function method. Results are presentdabie2.12.

Table2.12 Comparison of foutransfer function methods.

Method Average % error  Average % error Standard deviation
using full using randomly  foraminifera data
standard dataset selected dataset

Daily optimum 54 10.7 0.08

19 nearest 10.3 115 0.025
neighbours

Calendar month 8.8 9.9 0.0

22-day rolling 8.8 11.3 0.033

Using the randomly selected standard dataset as the data pool to construct transfer functions
allows the daily optimum method to be fairly compared with the other three methdids.
error is still lower than both the 1hearest neighbours and 22ay rollirg transfer function
methods, however is outperformed by the calendar month method. Comparison of the other
three methods is most reliable using the larger full standard dataset projections. Both the
calendar month method and 2@ay rolling window performgually well here, outperforming

the 19 nearest neighbour method.
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A final evaluation is applied by using each transfer function methodology to project a suite of
15 foraminiferal samples (the calibration dataset, see secti6hd@hto the ARF. The average
standard deviation for each samplecalculated Astrong performing transfer functioshould
reduce the spread in data between samples. Results are summariSeabie2.12. In this
capacity the calendar montimethod performs the strongest, although there may be some
bias here as the majority of foraminifera core top measurements were taken in a short time
window between Januarg March 2019, meaning the impact of instrumental drift will be

minimal.

2.5.6 Choice of tansfer function methodology

With the calendar month methodology performing well in all three evaluation testsag

employed for use throughout this study.

For samples measured between October 2018 &maly 2019, which encompasses the

majority of samplesun in this study, calendar monthly transfer functions were constructed

from a pressure correctedt i F Y RIF NR RIFGFaSdoe {GIwWgrBRAENR npnt  YSIF adzN
corrected for sample volume on the local reference frame (See sezdosfor methodology)

LINA2NJ 62 6SAy3d NBINBaaSR F3aFAyad pnt 2y (GKS loaztd
function. Samples must then also peessurecorrected on the local reference frameigr to

applicationof the transfer function.

For samples run prior to October 20180 prior pressure correction waapplied since
insufficient data exists for reliable corrections (secttof.5. Thus measurea4d7 wasdirectly
regressed againgt47 (ARF) to create the transfer function. Sample data is not pressure

corrected.

2.6 Conclusions and further work

This study has explored the impact of sample sizpddhmeasurements for clumped isotope
analysis. Water contamination is suggested as the most likely cause of a persistent offset
between large and small samples, and several attempts to eliminate itxaiered. Although

the effect has been noted previougl§suo & Eiler, 2007; Wacker & Mainz, 20it33 seldom
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reported in clumped isotope studies and it is unclear the extent to which it is obsémved

other laboratories.

Although this study was unsuccessful in attempts to overcome the effectsiidemntified

both the acid reaction vessel and the Poragalparationtrap as playing an influential role.

The effect appears to arise from continual water outgassing during the acid realttisn.
suggested that e water molecules dissociate to form hgdium ions which react with
carbon monoxide, giving rise to a mass 47 contaminant. The Porapak Q trap plays a further
role in enhancing the effect by preferentially removing water from large samples. With a
potential cause of the effect now known, thisarc inform further efforts towards its

elimination.

The introduction of three additional water traps and a separate, dedicated, acid vacuum line
in March 2019averise to a declining trend in47 Figure2.14) which wabserved overltie
following month. This trend wsaconsistent with a decline in the background volume of water
within sample measurements. It is unfortunate that the timeframe of this study did not allow
for further analysis of the sample size effect suhsat to the installation of these traps and

it is suggested that this would be a beneficial exercise to help determine whether water is

indeed the cause of the sample size effect as postulated above.

It is clear that elimination of the sample size effextvital if high resolution foraminifera
studies are to be achievednd sample masses reduced beyond thengused here. Whilst

the correction developed in this study provides a means of correcting for the effect, it
introduces an additional layer of un¢anty to measurementsmaking it an inferior option

to eliminating the effect entirelysuchthat smaller samples can be measured to the same

degree of precision as larger ones.

If the sample size effect can be eliminated, additional refinements to thteuimental setup
will allow for further reductions in sample sizes below theb+hgof the current instrumental
limit. The MIRA inlet is equipped with a liquid nitrogen cooled coldfinger which makes it
possible to isolate the entire volume of sample gathiw the samplebellow, as opposed to
the current method of sample input which relies on room temperature passive transport from

the purification line, leaving an unused volume of sample within the inlet system. With the
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elimination of the sample size efit, this apparatus will make it possible to yield the same

volume of gas from smaller masses of sample.

Further reduction in the volume of the inlet system could also allow for measurement of
smaller gas volumes. Previous studies have made use of mebeliows for pressure
balancing of small samples and reference gases on dual inlet sy§@@apken, 1981)The
installation of similar apparatus would vastly reduce the volushehe MIRA inlet system

such that significantly smaller gas volumes could achieve the required ionibtarsity.

More speculatively, a wider issue for IRMS in genisrtile low ion yields compared with the

guantity of sample gas inputted into the ion source. MIRA has a high yield of one ion liberated

per-300CQal YLX § Y2t $OdzA Sa5 &8S8d S0Sy GKAa NBLNBaSydla

each increase in the coentration of ions yielded, a proportional decrease in sample volume

could be achieved.

Recent studies have demonstrated the potential of optical laser spectroscopy in clumped
isotope analysigProkhorovet al, 2019) The method has the potential to vastly reduce
sample size with sample volumes as low as [fiol being theoretical possible to achieve.
This order of magnitude change would bring sample volumes in line with those of more
established foraminifera temperature thermometers such as Mg/Ca ratios. It is still a
technique very much in its infancy but it will be exciting to see how it unfolds in the coming

years.

Aside from inroads into the sample size effect, this study has also shown that the choice of
timeframe over which a transfer function is compiled, to projeshpées onto the absolute
reference frame, has a substantial impact on the ARF value calculated. For the MIRA setup it
is suggested that monthly transfer functions produce the most reliable. ddtaveverthe

choice of timeframe will vary between laboratosiedependent on the frequency of standard
measurements and the rate of instrumental drift. It is hoped that the methodology and
algorithms developed here could be of further use in helping other laboratories refine the

accuracy of their ARF transfer furmsts in the future.
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Chapter 3. Defining the foraminifera clumped isotope calibration

3.1 Introduction

In the sixty years since the pioneering workEmhiliani(1953) fossilised foraminifera have
become one of the most wisely utilised tools for inferring palaeoceanograpimperatures.

Their geographical ubiquity and continual presence within sediment archives, dating back
tens of millions of years, make them an ideal tool for such purposes. Yet despite the
thousands of studies utilising foraminifera for temperature red¢amnsions, establishment of

a reliable, authoritative palaeothermometer has remained elusiVée methods and
limitations of some of these methods are outlined in this introduction, highlighting the need

for a new accurate means of quantifying palgemperatures such as clumped isotopes.

3.1.1 Overview of stable isotope studies of foraminifera

In his the pioneering studies of isotopic ratios in natural materldtgy (947)noted the

temperature dependence dfOconcg i NI GA2y X &dGFGAy3 KA& RA&O2

WX 2F LI NIAOdzZ I NJ AyiSNBad G2 B8Rt 2z23Iex !
content of carbonate rocks could be used to determine the temperature at which
GKS8 gSNBE FT2NX¥SR®Q

A short while later, alongside hislteague Samuel Epstein and others, he had determined

the temperature dependence 8fO in marine shelléEpsténetal, 1951y y 2 G Ay 3 G K

W¢KS C2NIYAYAFSNI akKz2dzZ R 60S Ay@SadAiaal adSR
of time, they may be of interest for the investigation of more recent
0§ SYLISNI GddzNBa oQ

Just two years laterEmiliani & Epstein(1953) derived the first palaeoceanographic
GSYLISNI GdzZNB SadGAYIFGSa FTNRY FT2NI YAYATFSBNI = |
curve Emiliani, 1966¢ame the first long term record of oceanographic temperatures using

1180 measurements of foraminifera.

It was with the first isotopic measurements of the polar ice sheets came the realisation that

the relationship between ®0 and temperature was far from straightforward. Ice sheets
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exhibited larget 20 fluctuations throughout the Pleistocene, reflective®@K I y 390y 1
precipitation - itself dependent upon the isotopic composition of the ocean from which it

derives(Shackleton, 1967)

2 SNB (KSaBh 2x0SdzQ/iindd kA 2ya Ay FFOG GKS RNAGSNI 2F 9YA
Dansgaard & Tauber (1968howed that up to 0 %of fluctuations in the record could be

attributed to shfts in ice sheet volume. Further confirmation of the ice volumel/isotope

relationship was provided b$hackleton & Opdykel973)who showed that the isotopic

record from a Pacific core correlated well with estimates of sea level from coral archives

(Broeckeretal, 1968 R dzZNA y 3 (G KS f I ad ‘®fcdmpPasition of forandriif@ad ¢ Kdzd G KS
was largely driven by the isotopic composition of the pataeean, a characteristic that is

extremely difficult to measure. Obtaining absolute temae (i dzNJ B0 wibNERL¥ further

hindered by species vital effects whereby poorly understood processes lead to differing

degrees of isotopic fractionation in the precipitation of foraminifera tests between species

(Ziveriet al., 2003) Over 70 years on from the pioneering studies of Urey, Epstein and Emiliani,

I NXB {90 Ipaabdhermometer is yet tcbe established.

3.1.2 Overview of other foraminifera based temperature reconstructions

Ly GKS I 0aSy 0% paaeaheryiometérzaentidniitBned to other means by
which temperatures could be derivedmbrie and Kippgs seminal 1971 paper used
multivariate analysis of fossilised foraminifera assemblages toalegtimates of sea surface
temperature during the late Cenzoic. By assuming that environmental variables were the
determinant of species abundances, they created mathematical relationships, or transfer
functions, that described the relationship between darinifera assemblages and
environmental conditions in the modern day. These relationships could then be applied back
in time. This approach was adopted by the CLIMAP g{@limap Project Members, 197i®)

their efforts to infer conditions during the LGM.

Later improvements adapted the mathematical techniques used to derive the relationships
between species and environmental varialfMorey et al, 2005 Roux, 1979)The modern
analogue technigue (MAT) works on a similar premise to trarfsfiections by assuming
modern relationships between environmental variables and species assemblages applied

back in time(Hutson, 198Q) But instead of deriving mathematical relationships, MAT
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techniques compare fossil assemblages to a database of modern analogues and deduce
environmental parameters based upon those which maokisely resemble the fossil

assemblage.

Whilst methods based on fossil assemblages provide a powerful method from which to derive
palaeotemperatures, theysuffer some drawbacks. It is particularly difficult to estimate
uncertainty within a given reconstrtion, and competing factors such as nutrient availability
and salinity make it difficult to untangle a purely temperature derived signal. This becomes
increasingly problematic going back further in time when vastly different environmental
conditions may rsult in relatively few suitable modern analogues for comparison.
Furthermore, the timeframe over which the technique can be applied is limited when it is
considered that approximatel0 %of North Atlantic foraminiferal speciggresentduring

the late Plbcenehave since become extinChapman, 2000)

In the mid1990s Nurnberg published several papers looking at the temperature dependence
of magnesium incorporation into foraminifera tegtdiirnberget al., 1996; Nurnberg, 1995)
Advancements in analytical technique acmhtaminant removal meant that he was able to
show a clear temperature dependence for the first time, something which had eluded earlier

efforts (Delaney & Boyle, 1985a@n and Douglasl973)

Before long numerous calibratiomuslies were published detailing the relationship between
Mg/Ca content of foraminiferal calcite and calcification temperature (&lglerfield &
Ganssen2000; Kozdort al,, 2009; Leat al, 1999) These appeared to show a high degree
of variability between speciegurthermorethere appeared considerable variation in Mg/Ca
temperature dependence even within species, according to the particulartipoalinethods

by which the calibration was deriveBarmeret al. (2011) were able to show that the choice
of calibration gave rise to temperature offsets up °Cfor North AtlanticG. inflatasamples.
Further difficulty in deriving absolute temperatures from Mg/Ca analysis arises from the fact
that salinity has beeshown to play a role in determining Mg/Ca contéKisakurelet al.,
2008)and, deeper in geological time, the Mg/Ca ratio of the ocean is known toEaans &
Miler, 2012)
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Three dominant methodologies for deriving temperaturesdavisen: stable isotope analysis,
magnesium/calcium ratios and fossilised assemblage derived temperature estimated. Y

suffer from competing influences which make it hard to untangle the temperature signal.

Mg/Ca ratios emerged as a means of est#litig palaeotemperatures towards the end of the
last century(Nuernkerg, 1995; Nurnbergt al.,, 1996) reliant on the much earlier discovery
that the degree of magnesium substitution into the carbonate lattice of foraminifera tests is
a function of temperatureg(Chave, 1954)Over the following decade, a flurry of studies
suggested that untangling the temperature signal might not be as simple as first envisaged. It
became apparent that rate of magnesium substitution vegeciesspecifi¢ giving rise to
numerous calibrations which showed variable temperature sensitivity between species, and
even geographical localifg.g.Elderfield & Ganssen, 2000; Ganssen & Kroo@02Rozdon

et al,, 2009; Skinner & Elderfield, 2003)st as with stable isotope analysis, additional factors
aside from temperature have now been shown to play a role in determining Mg/Ca content
including salinityKisakurelet al, 2008)and, deeper in geological time, variation in oceanic
Mg/Ca ratio(Evans & Mller, 2012)

3.1.3 Summary of foraminiferal clumped isotope work to date

The recentdevelopment of clumped isotope analysis provides an exciting new method for
deriving palaeotemperatures It overcomes the issues associated with competing
environmental influencessuch as water chemistry and isotopic compositi@nce he

clumped isotoj signature of a foraminiferia thought to bea sole function of temperature.

Several recent studies have successfully used clumped isotope analysis of foraminifera to
infer palaeotemperaturegEvanset al, 2017; Henke®t al, 2018; Piaseckaet al, 2019;
Thornalleyet al,, 2015 RodriguezSanzt al,, 2017) Yet the large sample sizes required mean
that its application has remained limited until the last few years. Not only does it make it a
time consuming measurement take, with extended sample picking times, it also limits the
resolution at which a study can be conducted due to limited sample material. Many studies
are forced to group stratigraphically adjacent samples to obtain sufficient measurement

material (e.g.Leutertet al, 2019; Rodrigue3anzt al, 2017)
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The first foraminifera derived palaeothermometers showed considerable variabilityein t
temperature sensitivitfGrauelet al,, 2013; Tripatet al., 2010)and were reported on their
local laboratory reference frame only, making intaboratory comparison and utilisation
difficult. In the intervening years, additional foraminifera calibrations have been published,

yet al show considerable variattifiin their temperature sensitivity and offs€fable3.1).

The most obvious source of discrepancy between laboratories lies in variability between
instrumental setups. Yet reporting the calibration onto the absolute reference frame (as is
the case in all the calibrations listedTiable3.1 aside from Grauedt al. (2013) and Tripait

al. 2010)) should overcome this.

Table3.1 Published foraminifera clumped isotopalibrations to date.

Calibration Calibration material Reference
P . s (Breitenbacthet al,
STXTBIOP U, T@PO Planktonic foraminifera 2018)

Slope derived from laboratory
p inorganic precipitates, offset fron

STXTBILOXSy TOC  modern day benthic foraminifera (Evanst al, 2017)

Foraminifera, coccoliths, otoliths
3T X TBIU T (p%-[ T8 Y T inorganic carbonate, @ep sea (Grauelet al.,, 2013)
coral, enamel biopatite

3T X T8I0 wx%T ™ C LW Planktonic foraminifera (Meinickeet al., 2020)

p T Benthic and Planktonic

STXTBIL P g TR T foraminifera (Peralet al., 2018)

3T X BT @ 87” ® U Benthic braminifera (Piasecket al, 2019)
Foraminifera, otoliths,
FT X TEILU Y X%T TSrp T Laboratory precipitated (Tripatiet al,, 2010)
carbonate
pT Foraminifera, ostrich egg shell,

FTXTBOC X, ™TMOT yopical bivalves, brachiopod, col  (Wackeret al., 2014)
seep carbonate

Other sources of discrepancy may arise in the different calibration materials utilistbe
different species of foraminifera measured. Whilst the theory suggests that the clumped

isotope thermometer is purely temperature dependent, it may yet be showrbé as
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been shown to exhibin47 vital effect{Spoonetret al, 2016)and it is certainly possibliat
other biogenic carbonates do the saniRecent analysis yeinickeet al. (2020)measured 14
species of planktonic foraminifera and found evidence of species specific affdgtie G.

ruberspecimensyYet furtherresearch into the phenomenon in foraminifeiarequired

3.1.4 Chapter aims and outline

The unigue instrumental setup at UEBhapter 2) means that it is necessary to establish a
laboratory specific calibration for foraminiferal calcite, derived as far as possible from the

planktonic species with which palaeotemperatures will subsequently be derived.

This chapter outlines effastto deduce such a calibration. Section 824 detail calibration
material, including experiments to precipitate inorganic calcite at controlled temperatures,

alongside foraminiferal species descriptions and temperature estimates.

Considerable thoughtsigiven to foraminifera sample preparation in section 3.5. EXxisting
studies employ differing techniques to remove sediment clays and biogenic calcite, with
contradictory findings as to the impact each method hagén signal preservation. Thus this
study evaluates the differing methods and defines a protocol for measuring all foraminifera
samples. The concluding sections (8.8.7) evaluate the calibrattoand compare to other

studies.

3.2 Non-foraminiferal calibration material

3.2.1 Inorganic calcite precipitates

For additional calibration material, inorganic calcite was precipitated at known temperatures
using a method adapted fromietzelet al (2009) in turn adapted from Dietzadt al. (2004)
andUsdowsket al. (1991)

359 of sodium bicarbonate was placed inside @ B0 low density polyethylene bottle and
filled with distilled water. The dation was saturated with carbon dioxide by bubbling through
CQ gas for one hour. pH vearegularly measured throughotiie bubbling with saturation

signified by a cessation of pH reduction. This wachieved at pH7.5. The bottle was
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immediately sealed to limit outgassing and placed inside a large 5L glass vessel filledwith 0.0
molar calcium chloride solution, prepared by dissolving €281 in distilled water. The
headspace of the outer vessel was purged with nitrogen to remor@sgpheric Cewhich

might otherwise migrate into the solution.

( T T
=N
NaOH buffer e S
To pH meter p - PETM bottle wall e
A \
2
P %
sy \
/ / CoO, —&=—— \
2 y g \
y Inner co Outer \
pH probe/ > solution 2 ® solution \
High pCO co,— = Low pCO
/ g
co, — | . \
€O, Ca™ /
e -
Y, da co,— o .
\_ HCo //
== ‘\;
\\ N\ co, — i — 4
. \\:\ 7
Magnetic stirrer \\\ >
\77—/

Figure3.1 Experimental setup for calcite precipitation experiments. Adapted
from Dietzelet al., (2004)

The outer vessel was sealed and maintained at constant temperature in an incubator or
temperature controlled room. The outer solution was stirred continuously to ensure even
migration of C@throughout. As the experiment progresses, i€Q gradient etween the

two solutions resultedn a migration of Cg&xhrough the walls of the polyethylene bottle from

the inner to the outer solutior{Figure3.1), where itformed calcium carbonate precipitate

according to the reaction:

Cd&*+ OH+ CQA CaCo+H

pH was continually monitored throughout the experimental run with a pH probe inserted
through a rubber bung at the top of the container to maintamartight seal. The solution
was maintained at pH 9 + 0.5 with the daily addition of small quantiti€&hiNaOH solution
inputted with a syringe inserted through the rubber bung. Calcite was precipitated at four

temperatures: 8C, D °C, 20 °Cand 4 °C The reaction wa considered to have reached
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completion when the rate of pH declirequalled0. The ime to reach completion ranged
from 124 days in the @°C precipitation experiment to 164 in the 5C experiment. At
completion precipitated carbonate waremoved from suspension via vacuum filtration and

physically removed from the sides of the reaction vessel with a plastic spatula.

Precipitation of calcites in isotopic equilibrium is notoriously difficult to achieve under
laboratory conditions(Watkins & Hunt, 2015)This method was chosen as the slow
precipitation rate, limited by the rate of osmosis of carbon dioxide from the inner to the outer
solution, was considered likelp lead to the formation of calcite precipitated in isotopic
equilibrium (Watkinset al, 2013) Enhanced precipitation rates have been shown to cause
kinetic fractionation effects Qietzel et al, 2009 Watkins et al, 2014) and isotopic
disequilibrium(Watkins & Hunt, 2015V atkinset al., 2013. Earlier studies employed active
degassing techniques whereby nitrogen is bubbled through sodium bicarbonate solutions to
remove CQ@and trigger calcite precipitatio AY 3 hQbSAf I mMdbdT T ¢ Nzl KA
or precipitation directly fron calcium chloride and sodium bicarbonate solutions mixes
(JimeneZ.opezet al,, 2001; Kirret al,, 2006) These studies have been unable to prove that
under such conditions, calcite is precipitated in isotopic equilibriGaplen(2007) and
Daéronet al (2019)both suggested that in fact most studies that ploy these methods gave
persistently low estimates of fractionation factomnsistent with kinetic effects through

the study of aslow growingO | £ OA S F NEN¢vadashd Gofckiai Cavés fvifich

they provided strong evidence thatey had been precipitated in isotopic equilibrium.
Additional studies have employed passive degassing techn{gdiek & Zaarur, 2014imet

al., 2007)where longer precipitation timescales are achieved, in line with those of this study.

Results

Between 1.6 and 2.9 grams of calcium carbonate was precipitated across the range of
temperatures. Purity was assessed usingaX diffraction and Xay fluorescene analysis

This was conducted on the room temperature precipitatdy usinga Thermo Scientific ARL
XTRA Powder Diffractometand Bruker AXS S4 Pione€@RF spectrometeat the University

of East AngliaThe final product was confirmed as®>%calcite wth minor traces (<@ %) of

chlorine, sodium, iron, phosphorus and silicéig(re3.2).
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Figure3.2 XRDanalysidor 20 °Ccarbonate precipitate experiment. Although the
predominant peaks indicate the majority is calcite, sommédentified material is
present.

Precipitation water isotopic compositions were measured on the Piccaro Cavity Ringdown
Spectrometer at the Stable Isotope laboratorytig University of East Anglend used to
calculate isotopic fractionation factors atifferent temperatures. 28 clumped isotope
measurements were takeof the precipitate samples, with six samples (thré¥*€and three
20°Csamples) rejected from the final analybiscause they exhibitesigns of contamination

through elevatech48 signad (see sectior2.3.5. Results are presented Trable3.2.

Calculated fractionation factors fol0PC and 4 °Cvary significantly from the equilibrium
values determined experimentally l§oplen(2007)andY A Y 3 (1097hBgure3.3),
suggesting that these samples have not been precipitated in isotopic equilibrium. Only the 5
°C precipitate lies within error of the Coplen line and thus is deemed to have been precipitated
in equilibrium. Furthe evidence to support this idea comes from thé7 measurements in
which 10, 20, and@Cvalues are higher than those measured in th€Sample, when lower

valuesareexpected at warmer temperatures from equilibrium precipitatidnis contradicts
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the findings ofWatkins & Hunt2015)who suggested that disequilibrium effects have little

impact on then47 signature of carbonates precipitated at Earth surface tempatures.

Table 3.2 Experimental data for inorganic calcite precipitation
experiments. N= total number pn47 of measurements withrejected
measurements in brackets,% is reaction time. Delta values corrected to
25°C reaction temperature. Errors aré 9oconfidence intervals.

Temp N (n47) tr 1 0carh - 1 ®Owatet ¢ h nmT 0! wi
(°C) (days) (vPDB (VSMOW
5 9 164  -6.43 (+0.06) -6.14 1.031  0.778( 0.06)
10 6 129 -10.55(x0.07) -7.12 1.027 0.901(x 0.05)
20 6 (3) 125  -12.66(+0.09) Not 0.814(+ 0.02)
measured
40 7(3) 124  -12.07(+0.09) -6.48 1.025  0.741(+ 0.05)
Q
2 - sc 8
< Precipitates (this study)
"""" Coplen (2007) i

---- Kimand O'Neil (1997)

29

28

1000 Ina

27
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Figure3.3 Inorganic precipitation sampledctionation factos and experimentally
determinedisotopic equilibrium fractionation lines frol@oplen(2007)and Kim
g h Q1987 t
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The cause of the disequilibrium in higher temperature samples is uncertain, however it is
postulated that the faster reaction time may be a contributing factor. This may have been
further exacerbated by manual buffering in the absence of an autotitrataffeBng was
conducted on a daily basis by slowly injecting small quantities of NaOH into the outer solution,
instead of constant monitoring and addition throughout the day aBiitzelet al. (2009) It

is suggested that gradual migration of @@m the inner to the outer solutio over each 24

hour period led to a COsaturated environment which triggered rapid precipitation, and

kinetic fractionation, once NaOH was added.

3.2.2 Coldwater coralkalibration material

Additional material was sourced from a North Sea coldwater dooglhela pertusacollected

in 2005 from the BP Magnus Platfor@l(579N, 1.58F; depth = 14@ 165 m) and kindly
donated for use in this study by The Deep aquarium in Hull, United Kingdom. The specimen
appears visibly pristine with no obvious signs of disc@ton (Figure3.4). The bulk sample

was milled to a fine powder and homogenised prior to measurement.

In order to obtain a growth temperature for the specimen, it wagsessary to first establish

age and seasonality of growth. Age is estimated from the length of skeletal extensions which
measured up to 66 mm in length, although the distance of the breaking point along the
skeleton from the base is unknown, meaning atteagth may be longeverage skeletal
growth rates of 26 mmyt have been observed inophelia pertusaspecimens on
anthropogenic substrates, including North Sea oil (Bgll & Smith, 1999; &8s & Roberts,
2006) Aguarium and natural substrate observations exhibit slower growth rates with skeletal
extensions of 9.4 mmyrobserved in samples collected from Norwegian FjghMsrtensen

et al, 2001) Since the specimen is thought to have been growing at time of collection, these

growth rates suggest an age of between aril 7.0 years when obtained in 2005.
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Figure3.4 Photographof the coldwater coral, showing a typical skeletal extension
prior to milling. Length shown is in cm.

To date, there has been little publishetktature on the influence of seasonality dwphelia
pertusa growth in natural environmentsAquarium studies suggest that rates are highly
influenced by food suppl§Mortensenet al,, 2001) itself a reflection of seawater origin and
rates of detrital depositioffFrederikseret al., 1992) InFlabellum alabastmn populations on

the Newfoundland coasmaximum growth rates are observed during the late summer and
early autumn, during maxima of temperature, zooplankton levels and deposition of

suspended detritugHamel & Mercier, 2010)

Unfortunately nain situobservations of North Sea growth seasonality exist, in part due to the
rarity of Lophelia pertusan the region, where the mud and sand of the surface geology makes
a poor substrate for population establishmefidavieset al., 2008) Gass & Robert2006)

postulate that growth is likely to occur predominantly in the spring and autumn when nutrient

supply is increased during spring algal blooms.

Growth tempeature was thus calculated from 6 CTD profiles obtained from the British
Oceanographic data Centre, taken from within 50km of the growth site in spring and autumn

between 1992 and 2004. The average temperature between 4465 m depth was
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calculated, givig an estimated growth temperature of 8492.1°C, with the error obtained

from the maximum and minimum observed temperatures.

Statistical modelling studiggedicta theoretical offset between thp47 values of calcite and
aragonite, witha greater degreef heavy isotope clumping in aragonite, compared with

calcite precipitated at the same temperatugdillet al,, 2014; Schaublet al, 2006) For the
temperature range @ 30°C Guoet al. (2009)calculated g147aragonitecalcite OF approximately

nonH 3:® ¢KS NFI2yAdGS aGNUH2OGdZNBE 2F O2NI £ & d:
when calculatingh47 values. However multiple experimental studies have failed to observe
statistically significant offsets )7 between the mineral structurg®ennis & Schrag, 2010;
Ghoshet al., 2006; Zaaruet al, 2013) Thus no correctiorfor the aragonite structure is

applied in this study.

3.2.3 Laboratory standards: ETH3 and UEATHC

Laboratory standards ETH3 and UEATHC provided additional calibration material with well
constrained growth temperatures an7 values. UEATHC provided additiomalterial at
the high end of the temperature range with a known growth temperaturget 2 °C. Further

detail is given in section 2.2.3.

3.3 Foraminifera calibration material

3.3.1 Core sites

Foraminifera calibration samples were taken from eight N@ktltantic core tops, spanning
latitudes 19N to 61.6°N (Figure3.5). Selection of multiple planktonic species from individual
core tops (eight species were used inal)f created a database of 25 unique foraminiferal

temperatures. Locations are givenkigure3.5 and Table3.3.
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Figure3.5 Calibration core top locations used in this study.

Table3.3 Core locations used falumped isotope calibration

Core Latitude(°N) Longitude(°E)
MD992251 57.448 -27.908
NEAPRO4B 61.367 -24.172
NEAPL6B 56.37 -27.82
NEAPL9B 52.765 -30.343
NEAF20B 42.488 -28.415
MD992252 57.48 -27.93
BOFS31K 19 -21.167
Rapid2614B 59.593 -41.167
Rapid2918B 58.8 -44.872
Coral 61.57 1.58
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3.3.2 Foraminiferaspecies descriptions

The morphology and habitats of the foraminifera species used to establish the clumped
isotope calibration are described below. Morphology descriptions largely taken from
(Kennett & Srinivasan, 198%)alcification ¢mperatures are inferred from World Ocean Atlas
data, Mg/Ca measuraents, and isotopic temperatures explored in further detail in
sections3.4.1to 3.4.3 NoteG. scitulaG. quinquelobandG.glutinataare not utilised as part

of the calibration dataset but are included here due to their use in infering temperatures

through the modern analogutechnique (See chapter 5).

Globigerinabulloidesé R Q gniN.J1826)

DescriptionA spinose species with low trochospiral test, usually with four spherical chambers
in the final whorl. An Umbilical aperture with a high spherical arch. Chambers increase in size

as they are added. Surface of fossilised testsiformly, and densley, perforatggigure3.6).

Distribution:G. bulloidess widely distributed ingmperate regions with numbers decreasing
towards the tropics (Kennett and Srinivansan, 1988)plessyet al. (1991)usedG. bulloides

as a proxy for summer sea surface temperatures, demonstrating that it matched the summer
SST isotopic temperature derived from core top samples between an optimum temperature
range of 7¢ 22°C. These findings haween questioned bganssen & Kroo(2000)who
suggesteds. bulloidessotopic temperatures showed greater correlation with the northerly
migrating spring bloom, reflecting the lowest surface temperatures in Februakfarch
between 30¢ 40°N and Mayg June temperatures further north. Ganssen & Kroon provided
further evidence to support this by showing th@ bulloidesxhibits a strong correlation
between its carbon isotopic compositiorand surface phosphates. Reproduction and
calcification are thought to occur mainly in the upperr6®f the water columr{Schiebekt

al., 1997 Bauch & Kandiano, 20Q7)

Glohigeranita glutinata (Egger 1893)

Description:A non-spinosesmall, medium to low trochospiral test consisting of three to four
spherical chambers in the final whaevhich increase rapidly in size. Smooth surfagh fine

perforations, that often appears shiny under the microscope in well preserved samples.
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Sutures are depressed and approximately radial. Low arched interiomarginal umbilical
aperture with a thin lip.n many samples the aperture is covered by irregular biigufe
3.8).

Distribution: A widely dispersed species from tropical sobpolar waters although widely
assodated with Nutrient rich, subtropical water<s. glutinata feeds on diatoms and is

therefore often associated with the spring blog@ttens, 1992)

Globigerinoideguber (white and pink 6 RQh ND A Iy &3 My Hc O

Description:A small to medium test with 3 globuwlahambers in the final whorAn umbilical
primary aperture with additional apertures situated in the sutures between chambers. In the
modern oceanG.ruberis found in both white and pink forms, with the latter variety found

solely in the Atlantic oceaffrigure3.7).

Distribution: A warm dwelling species. The white variety is readily observed throughout the

summer months in the upper® m of the Atlantic, with numbers declining after late

September (Schiebelet al, 2001) Found in tropical waters up to 45> AU Q& A a2G2LIAO

composition has been shown to reflect summer surface wat&anssen & Kroon, 20Q0)
generally calcifying at depths of¢®B0 m (Jonkers & Kucera, 2016lhe pink variety tend to

occupy shallower waters at mdepth (Jonkers & Kucera, 2016)

Globigerinoidessacculifer(Brady 1877)

Description:A medium to large spinose species with trochospirally coiled test and three

3t 206dzd I NJ OKF YOSNB Ay GKS FAYIE 6K2NIHOA ¢KS FAYI ¢

shape. The main aperture is interiomarginal, with small, suplementamgrtaes in the

sutures between chambel&igure3.7).

Distribution: Domhant in warm subtropial to tropical waters, generally south of %6
(Ottens, 1992)common in late summefChapman, 2010n the upper ® m of the water
column(Schiebekt al., 2001)

Globoratalialnflatad RQh ND A Iy &3 MyHcCO
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Description:A nonspinose, smooth surfaced test, trochospirally coiled with 4 spherical to
trapezoid chambers, larger on the umbilical side than the spiral side. A high arched aperture
(Figure3.6).

Distribution:G. inflatais a subtropical species, generally found in areas between 4 & 11

It has been used in palaestudies as an indicator or Northtlantic Current influXStaines
uriaset al., 2013) Highest abundances in the north Atlantic are observed in the late summer
months(Ottens, 1992)Clerouxet al. 2007)suggested that specimens tended to dwell at the
base of the summer thermocline (around.@n depth north of 38N) until temperatures
exceed 16C, at which point they migrate to depths reflective of conditions in the main
thermocline. Specimens have been observed calcifying down to depth®oh4Banssen &
Kroon, 2000)

Globaatalia truncatulinoides(sinistral)6 RQh ND A Iy &% My Hc O

Description:A nonspinose, medium to large conical shaped test with 5 triangular chambers
in the final whorl. Has an interiomarginal, thidknmed aperture with a low arch. Exhibits

both right and left coiling form-igure3.6).

Distribution: G. truncatulinoidess found at depth, down to 4Dm but average calcification
occurs about 26 m(Mulitzaet al, 1997 Ganssen & Kroon, 2000%0topic temperatures are
found to reflect those between 100 and @®n (Ganssen & Kroon, 20Q@yith the majority of

calcification taking place in the base of the summer thermocline, migrating to arouhch25

depth when temperatures exceed 26 (Clerouxet al., 2007)

Neoglobquadrinapachyderma(sinistral) (Bandyet al., 1967)

Description:A nonspinose, low trochospiral test with four to four and a half tightly coiled
spherical to ovate chambers in tHmal whorl, increasing in size as they are added. A low
arched and thick rimmed aperture is situated at the suture between the final and preceding
chamber (interiomarginal) which extends from the umbilicus to the periphery. A cancellate
surface with radil sutures on both umbilical and spiral sides. Some specimens have a

thickened surface of calcite crystals giving a rosette patfErgure3.6).
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Distribution:N. pachglerma(s)is a cold dwelling species, widely found in the polar latitudes
(Darlinget al., 2004)with some relict species in ngolar upwelling systems such as the Reru
Chile current and Oman margiiDarlinget al, 2006) N. pachydermas) are commonly
associated with summerlioming(Duplessyet al,, 1991; Jonkerst al., 2010; Simsticbt al,

2003) Calcification depth is variable, being observed at the sea surface in the western Nordic
seas to 28 m off the Norwegian coastSimstichet al, 2003) More generallyi *¥0 of N.
pachyderma(s)is thought to reflet that of waters just below the seasonal summer mixing

zone(Jonkerset al., 2010)

Neoglobquadrinancompta

Numerous studies have assumbd incomptaand N. pachydermds) to be opposite coiling
phenotypes of a single species. Coiling directitas been assumed a symptom of
environmental stress and thus to be used as an indicator for palaeoenviror(mgriricson,
1959 Boltovskoy, 1973)Howeverecent analysis suggests that coildtigection is inherited
(Norris & Nishi, 20013nd that the two phenotypes represent separate spediling,et al.
(2006)suggest that the two species diverged in the late Miocene. For this shedarlirg

et al attribution of the name Neoglobquadriniacomptashall be adopted to describe the
dextral coiling specied. pachydermds)will be used solely to describe the sinistral coiling

morphology(Figure3.7).

Distribution:N. incomptas prominent in the temperature north Atlant{®arlinget al., 2006)
in shallow (top 10 m) mixed layer depth¢§Schiebekt al, 2001) generally peaking in late
spring and the summer seasons in the higher latitu@Emkers & Kucera, 2016hapman,
2010)

Globorotaliascitula (d'Orbigny, 1826)

Description: A nosspinose species with ¢ 5 compressed biconvex chambers in the final
whorl. The test is medium to low trochospiraltivchamber inflation on the umbilical side
and a narrow interiomarginal aperture with a pronounced lip. The spiral side exhibits strongly

curved sutures, occasionally penetrated by circular porggufe3.8).
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Distribution:G.scitulais a deep dwelling species associated with the spring bi@mpman,
2010) Commonly found in tropical wate south of 38N but can also been found further
north, up to 60N (Ottens, 1992)

Globigerinaquinqueloba(Natland, 1938)

Description: Small, slightly depressed trochaalpiest with five chambers in the final whorl.
The aperture is a small slit, often hidden under a-lap extension on the final chamber.
Early chambers have a reticulate surface and the final chamber is often spiicay

distributed Figure3.8).

Distribution: Mbst common in warrsubtropical and temperate areas butsa known to
occurs inpolar regions(Carstenset al, 1997) Thought to calcify at depths within the

pycnocline (25 75 m) (Simstichet al., 2003)
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Figure3.6 Foraminifera species used in this study a) umbilical view, b) axial view,
c) spiral view. 1%5. bulloides2)N. pachyderm4s)(axial view sourceKennett &
Srinivasan, 1982B) Gtruncatulinoices (dextral coiling}) G. inflata(all images
Bruce Hayward)
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Figure3.7 Foraminifera species used in this study (continued) a) umbilical view,
b) axial view, c) spiral view. 1) €acculifer(lmage: Bruce Hayward)) &. ruber
(SourceKennett & Srinivasan, 19823)N. incomptallmage: Bruce Hayward)
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Figure3.8 Foraminifera species used in this study 1€itulaa) umbilical view,
b) axial view, c) spiral view. 2) gutinataa) umbilical view b) umbilical view with
aperture covered by bulla c) spiral view. 3)gGitinata a) umbilical view, b) axial
view, c) spiral view. (Images sourced from Kennet@ridivansar{1983)
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3.4 Estimating foraminifera calcification temperatures

3.4.1 World ocean Atlas temperatures of foraminifera calibration samples

Calcification temperaturesvere calculated using species predicted habitat depths and
seasonality (described in sectiBrB.2 from the World Ocean Atlas 1994 (her8#OA)(Table
3.40) (Conkrightet al., 1994) For species which migrate throughout the water colueug.G.
truncatulinoidesand G. inflatg the calcification deptiwasinferred from the depth ofthe
summer mixng layer at the core top sitd-{gure3.9). When temperatures exceed 1€, a
variale thermocline calcification depthvas assumed (Clerouxet al., 2007) Temperatures
were calculated by interpolating between the four nearest WOA data locations to the core

site.

Use of the 1994 dat&$ aloweddirect comparison with other assemblage based foraminifera
temperature reconstructions (e.gflaumanret al, 2003) The 1994 dataset provides global
average temperature estimates at fiesolution between 1900 and 1992. Such an extended
time period is thought to be more reflective of the top2lcmof core sediment from which
samples are taken, than latterly publish&dorld Ocean Atlas datasets which offer more

recent, and constrained time periods.
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Table 3.4 Calcification depths and seasonality for core top foraminifera
samplesG. inflataand G. truncatulinoidegs) depths based on depth of
the summae thermocline at each locatioffFigure3.9)

Species Depth Seasonality Reference
G. bulloides 0-50 m NEARO4B, MD9®252, Ganssen & Kroon (2000
NEAPL6B, NEAROB Schiebekt al. (1997
May ¢ Jun Bauch & Kandiano (2007
BOFS 31K
Febg March
Rapid 2614B
Julg Aug
Ginflata NEAPL6B, NEAP Jun- Aug Clerouxet al. (2007)
19B,NEAFR20B Ganssen & Kroor2Q00)
75¢ 100 m
BOFS31K
150-400 m
Gruber(p) 0-30 m Jun- Aug Ganssen & Kroo2000)

Jonkers & Kucer@016)

Gruber(w) 0-10 m Jun- Aug Ganssen & Kroof2000)
Jonkers & Kucer@016)

Gsacculifer 0-50 m Jul- Sep Chapman(2010)
Schiebekt al. (2001)

G 150-250 m Jun- Aug Clerouxet al. (2007)
truncatulinoides
(s)
N. pachyderma 75-100 m Jun- Aug Jonkerset al. (2010)
(s)
Nincompta 0-100 m May-Aug Chapman (2010)

Schiebekt al. (2001)
Jonkers & Kucer@016)
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3.4.2 Mg/Ca ratio inferred temperatures of foraminifera calibration samples

Additional calcification temperature estimations were constructed from Mg/Ca ratio
measurements on nine core tagamples $eeChapter Sfor methodology where suficient
sample remained afteclumped isotope analysis. Inferring temperatures from foraminifera
Mg/Ca ratios is hindered by varying degrees of temperature sengitivi¥lg uptake between
species Elderfieldet al, 2002 Anandet al., 2003; Thornallegt al., 2008)and considerable

variability in pullished temperature calibrations.

Table3.4 Calcification depths and seasonality for core top foraminifera sam@emflata

andG. truncatulinoide$s) depths based on depth of the sumntieermocline at each location
(Figure3.9) shows calcification temperaturefor Mg/Ca measured core tops in this study
calculated using several published calibrations and compared alongside WOA temperatures.
Temperature inferences varconsiderably, with a range of up to 12C observed irG.
bulloides Thus it can behown that the Mg/Ca calibration chosen will have a dramatic impact
on the subsequent clumped isotope calibration constructed from it. Generally higher
temperature estinates tend to come from calibrations derived from subtropical cqesg.
Anandet al, 2003; Elderfieldet al, 2002)and lower estimates from those derived from

multiple North Atlantic mid latitude core tofg.g.Barkeret al., 2002)

Comparison of Mg/Ca temperature areénces against WOA temperature svased to assess
the validity of each calibrationT@ble3.4 Calcification depths and seasonality for core top
foraminifera samplesG. inflataand G. truncatulinoidegs) depths based on depth of the
summe thermocline at each locatiofFigure3.9)). In seven out of the nine core samples
analysed, the minimum offset between WORdaMg/Ca inferred tempeatures wa observed
when the geographically cdest derived Mg/Ca calibration waised Table3.6). In the two
instances where the geographically claseaibrationdid not provide closest agreement with
WOA derived temperaturess( sacculifem NEAP 20B ar@.ruber(p) in BOFS 31K), it is the

second latitudinally closest calibration that provides the best match.

Thus the proximity, particularly latidinal distance, of calibrain sites to core top location
was shown to be the most important factor when choosing which calibration to use in Mg/Ca
temperature reconstructions. For the purposes of the clumped isotope thermometer

developed in this study,hbse calibrations producing the smallest offset from WOA
90



temperatures are used. Errors quoted are calculated from calibration uncertainties in the

printed literature.
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Table 3.5 Inferred Mg/Ca temperatures for Mg/Ca core top measurements using published calibrations. Bracketed number is the offtiet Wéonld Ocean Atlas 1994

estimated temperature (WOA). All temperatures are@ Values in bold exhibit the smallest offset from the WOA estimate for a given sample. Calibrations from left to right:
Leaet al. (1999) Elderfield & Ganssen (200(®ingle species (SS) andltngpecies calibrationsBarker & Elderfield (2002Jhornalleyet al2008 Kozdoret al. (2009) Cleroux

et al (2008)Single species (SS) andltnspecies calibrationsf;armer (201Q) Anandet al. (2003)(Single species (SS) and multi species calibratibidgrfieldet al. (2002)

Errors calculaté from calibration uncertainties

oo pees WoA [ L TS ELS e TV Komm coom Gl png ol e S e
(multi) (SS)
Ny G.bulbides 91 26 (165"75; g; (12;; (132_'75; 16.0 (6.9) (154 ‘56) (ﬁ"i) 213(122) 107
Ny Gbuloides 157 29 (116?'5 (106?'7‘; (117.'41) (11%9) 129 (2.8) (105_'2("; (295 '963 235(56) 127
Noagp G.bulloides 87 2.2 (15‘%'3(; (14%!3) (154 52) (129'29) 10.0 (1.3) g;‘ (ﬁ'_g) 17.6(89) 9.9
Z%alpdifcl_l) pachZ(.;erma 4.8 1.2 (ii?_) (2'.3) (i:;) 22
T BB g e w
Ny Giflaa 145 20 (1021) (1.362) (1f'05) (1f'05) (259;50) (1;3_'5) (272 '5(; 162(1.7) 85
NZEO'LI\SP G.sacculifer 19.2 2.7 (12720) (12666; 14.0(5.2) (22280) (21035) 22533 8.5
POr>  Gsacculfer 233 29 (157.';; (167 12) 14.6 (8.7) (202_'76) (22112) 236(03) 90
Bﬁis G.ruber(p) 232 3.0 (157.66) (13? 57) (23? '35) (203.)'2(; (211.5 24412 90




Table3.6 Geographical range of published Mg/Ca calibrations (top) and
their proximity to Mg/Ca sample core top locations (bottom). Distance is
calculated from the migboint of the calibration longitude/latitude range

where appropriaé.

Calibration Calibration type Latitudinal range  Longitudinal range
CN) (°E)
Leaet al. (2009) Laboratory culture - -
Elderfield and Core top 30-60 -25
Ganssen (2000)
Barker and Elderfield Downcore 59.46 -23.53
(2002)

Thornallyet al. (2009) Core top 62.1 -17.8
Kozdoret al. (2009) Core top 62.27¢ 79.40 -25.95¢ 13.11
Clerouxet al. (2008) Core top 17.4¢60.6 -92.9--8.5

Farmer (2010) Core top 17.4¢ 60.6 -92.9--8.5
Anandet al2003 Sediment trap 32.08 -64.25
Elderfieldet al Downcore
(2002) 19 -21.167
Geographically closest Distance
Core Latitude(°N)  Longitude(°E) calibrations (km)

NEAF04B 61.367 -24.172 Thornallyet al. (2009) 345

NEAPL6B 56.37 -27.82 Barker and Elderfield (2002) 354

NEAP20B 42.488 -28.415 Elderfield and Ganssen (200C 391
BOFS31K 19 -21.167 Elderfieldet al. (2002) 0

Kozdon (2009) 1586
Rapid2614B 59.593 -41.167

93



25

* G.bulloides , [
N.pachyderma(s) ﬁi{—«
* G.ruber [ 7

® G.truncatulinoides(s)
Gg.sacculifer \ i
-{ = G.inflata %//

20
»

15

Mg/Ca Temperature { C)

10

1
|
{

\
™~
S
AN
N
Y
N
\
N

e T T T T
0 5 10 15 20 25
WOA Temperature (° C)
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Mg/Ca temperatures show good agreement with WOA inferred temperatufiggi(e3.10),
with 7 out of 9 samples falling within calculated err@@slow R °C, tere is a slight tendency

for warmerMg/Ca temperature estimatesompared withthose from the World Ocean Atlas.

3.4.3 Stable isotopic inferred temperatures of foraminifera calibratiomsples

Additional core top temperature estimates were calculated from stable isotopic

temperatures using the Shackleton equati@hackleton, 1974)

Y p@ &P | O 10
™ 1 U 1 0
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1 8Q0scawateris then calculated according to the relationship derivedigrouxet al (2008)
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Figure3.11 Pairedt *¥0 and WOA temperatures. Dashed line is 1:1 line

This methodology waused in preference to obtaining®Oseawaterdirectly from observational
datasets such asegrande & Schmi@2006)and NASA GEOSECSs, since it enatalledilation

of 1 ¥Qseawaterat multiple depths and eradicateahcertainty arising from sparse measurement

sites within the databases.

Salinity data wa obtainedfrom the World Ocean Atlas 199€onkrightet al., 1994)at the

relevant calcification depths and seasonalifyalfle3.4) by interpolating between the four

nearest WOA data points.®®Oscanater €r70rs were calculated from the salinity range over
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species depths and seasonality at each core location in the WGéalka. This was used,

alongsidel ®¥Owraminiterato calculate temperature error.

Isotopic temperatures show good agreement with WOA temperaturégu¢e 3.11) with
somedisparityabove 20°Cwhere isotopic temperatures tend to predict warmer conditions

than those observed in the WOA dataset.

3.5 Foraminifera sample preparation

Bulk core top material was sieved into constrained size fractions and individual gpekics
under binocular ptical microscope. Between 450 a6@0 individual tests provided sufficient
material for a single clumped isotope measurement, dependent on the density of calcite and

size fraction of the particular species.

3.5.1 Consideration of diagenss

Post depositional diagenesis has long been known to alter isotopic and chemical signatures
of foraminiferal calcitgDelaney, 1989 Kozdonet al.,, 2013)and has been suggested as the

Ol dzaS 2F w02 2 f(CrowléyR& JZKachos,LA0DGh& &by Erroneously cool
temperatures are inferred from foraminiferal calcite compared with modelling studies during

the mid-Cretaceous.

Recent work has suggested that diagenetic effects are also measurable in clisofmgic
signatures(Stolperet al, 2018) This is problematic since primand7 signatures must be
preserved in fossilised calcite in orderaocurately infer palaeoceanographic temperatures.
Negative temperature offsets up to 1ZC have been observed, reflecting the cooler
depositional environment under which diagenesis oc¢umutertet al., 2019) Furthermore,
the effect is most prominent in planktonic specissch as those studied here, where the
temperature gradient between primary calcificatioand depositional environment is

greatest(Edgaret al., 2013)

At earth surface temperatures,iabenesis arises from one tiree processes: carbonate
dissolution, cementation of minerals in carbonate pores and meghism, or

recrystallization(Killingley, 1983)
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In situmeasurements from the Sargasso §danjo & Erez, 1978nd laboratory experiments
(Subhaset al., 2018)suggest that foraminiferal calcite can be subjected to substantial
dissolution over just a few months in @usic waters. Hence care was taken to ensure that
only pristine specimens were obtained, with no visual evidence of fragmentation or
dissolution. For the two Rapid cores located off the Greenland margin, it was not possible to
obtain sufficient pristine magrial and a small number of tarnished specimens had to be used,

however their inclusion was limited as far as possible.

Carbonate cementation and neomorphism require further consideration. Both have been
shown to impact foraminiferal calcite during eastages of burial and therefore may be
AYLRNIFY(G G2 GKS NBtFGAGSt e WY2 @REdNidker ala | Y LI S
2001) Sextonet al (2006) suggested that sanies subjected to such diagenetaffects
iSYyRSR (2 SEKAOAG | WFNR&GEQ | LIII NI yOS dzy
WIfFaaeQ FLIISENFyOS FNRY LINARAGAYS &aLISOAYSy:
with clear, glassy appearances. Yet stippled surfaces in spinosesspeeigommon and this
2F0Sy 3IAGSa | WFNRAGEQ | LIISIENIyOS S@Sy T2NJ
authoritatively identify nordiagenetically altered specimens with a binocular microscope
alone. Here it is necessary to examine specimerder scanning electron microscope (SEM)

for signs of calcite overgrowths and infillingfgure3.12).

SEM analysis of core top sampté<s. bulloidesrom core NEAR9B andG. truncatulinoides

(s) from NEAROB reveaddno visual evidence of calcite overgrowths or infillirfgigre3.13

and Figure3.140), suggesting that diagenesis effects are negligible in core top samples. This
agrees with the findings @tolperet al. (2018)who proposel that diagenesis effeciare most

prominent in burial sites below 1km in depth belowethea floorAs such, fossilised samples

could be assumed to be void of digenetic effects due to their relatively shallow burial depths
(between 10¢ 40 m). All cores in this study from which palaeo samples were taken exhibit

high sedimentation rates, liting contact with oceanic waters and potential sources of
secondary calcite. Furthermore, all palasares exhibit a high clay concentration which has
685y aK2sy (2 fAYAG a4802yRINE OFfOAGS F2NYI

contact with poe waters Sextonet al.,2006)
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Figure3.12 SEM image dfl. truempyishowing calcite overgrowths (indicated by
arrow) as a results of diagenesis (soutcgutertet al., 2019

Fiebig et al(2019)showed that diagenetic alteration gives risedeviationin then47 vsn48
relationship from that expecteffom a purely temperature driven sign&eviations from this
relationship are used to screen all samptes contamination (sectior2.3.5 and thus any

diagenetically altered samples should be identified and eliminated through this process.

3.5.2 Foraminifera precleaning pocedure

Scanning electron microscope (SEM) analysis of crushed foraminifera core sauplded
extensive contamination frorsoccolithophoresand other detrital material captured within
test chambersKigure3.13 and Figure3.14). The slow settling rate afoccolithophoreqon
average 13.8 cm dayWinter & Siesser, 199esults in yearly to decadal depositidtonjo
(1976)theorised that such slow settling rates could result in translational displacement of up
to 10° km in oceanic waters of 5km deptffhus occolithophoresprovide a potential
secondary source of sample calcite whighy have been formed at sites with very different
temperatures from those at the core location. Their removal prior to analysidearly

desirable to exclude potential alien temperature signals.

A second potential source of contamination comes from sedimentary minerals and residue
test proteins which have the potential to react with phosphoric acid and creatdarimants

at massesof interest T although the precise nature of such reactions remains largely
unstudied. It is clear therefore that a sample cleaning procedure to remove sediment

contamination prior to acid digestion should be considered.
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Existing studies have adapted oofetwo similar precleaning treatments developed for trace
element analysis(Boyle & Keigwin, 1985nd Barkeret al (2003) Broadly similar, the
methods physically crush tests and remove large chamber debris under the microscope,
before repeated washing in diked water and methanol to remove fine sediment. An NaOH
buffered HO, wash is applied for removal of organic matter on the calcite surface before a
final leach with dilute acid to remove secondary surface calcite. Existing clumped isotope
studies have taded to omit the final acid leach step, presumably to avoid sample
fractionation through dissolution. Solution concentrations, as well as the number and

duration of each wash differs between studies. $able3.7 for details.

Whilst these cleaning procedures have been adopted, little research has been published into
their impact on foraminifera sample$ripatiet al (2010)confirmthe validity of the method
by showing that the procedure has no measurable impact on laboratorydatds, but

provide no detail othe effect on more porous foraminiferal calcite.

In addition,there is muclconflictingevidence on the impact dfydrogen peroxide washing.
Grauelet al. (2013)observe significant calcite dissociation and recombination fpamoxide
washing- apparent under SEM analysis, whereas Tripa#l. (2010)report no such effect. It
is likel that the disparity arises from the more aggressivmifute wash in @ %H,O;, solution
at 100°C, tested by Grauekt al. (2013) compared with the 1% 60 minute rinse inl %
solution favoured by Tripatit al. 2010) Thus Grauett al. (2013)chose to omit this stage

from their final cleaning procedure.

The recent study oPeralet al. (2018)tested both of these hydrogen peroxide treatments,
concluding that both the Gralet al. (2013) and Tripatet al. (2010) treatments led to some
degree of carbonate dissolution on foraminiferal calcite, evident under scanning electron
microscopeanalysis Despite the differing degrees of dissolution, no offset in either clumped
or dable isotopic signatures between the two methodologies was measured, suggesting that
the impact was below instrumental detection. Such disparities in the existing literature, and

the lack of published data give rise to the need for further research.

In this study, laboratory standartd EACMSTHENd foraminiferal samples from two North
Atlantic core tops were subjected to each stage of a cleaning procedure adapte énder

et al (2003) UEACMS3amples were cleaned in both powdered and granulated forms, with
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the former thought to more closely resemble finer foraminiferal calditBEACMSIE known

to be a relatively clean sample and thuasused b assess the impact of the procedure on
pure calcite, removing any signal from contaminant removal. The core top samples NEAP 19B
G. bulloidesand NEAP 20B. truncatulinoides(s) were chosen since their high abundance
allowed for multiple measurements arttle two species reflected both opes( bulloidel

and tightly coiled G.truncatulinoide$ test morphology with the former considered more
susceptible to sediment capture in open test chambers.Gdvulloides600 specimens from

the 300- 355 pm size fraction were picked and f@.truncatulinoides 400 from the 355

500um size fraction. Thig/as sufficient for @ mgclumped isotope measurement.
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Table3.7 Preacid digestion cleaning procedures for existing clumped isotope studies of foraminifera
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Prior to finalising a methodology, investigation was conducted into the impact of ultra
sonication on sample loss and contaminant removal. tHtraication is a key part of the
cleaning procedure, aiding the release of contaminants tightly bound to tkéealrface.

In less robustG. bulloideshowever, it leads to enhanced test fragmentation and
undesirable sample loss during surfactant removal. Each foraminifera sample was ultra
sonicated in ultrapure water in ten second increments before surfactanremsved, the
sample dried overnight in a drying ovemd finally weighed to gain an estimate of sample

retention. The results are presented Tiable3.8.

Table3.8 Foraminifera sample retention after repeated ultrasonication

Sonication time G. bulloides Gtruncatulinoides(s)
(seconds) % of sample remaining % of sample remaining
Start 100 100
10 90 96
20 81 97
30 79 96
40 76 82
50 72 80
60 69 79
70 68 79
80 65 79
90 64 79
100 64 79

Mass loss is greatest (. bulloidesamples, likely a reflection of the higher concentration

of contaminant being removed from open test morphology compared Go
truncatulinoideqs), as well as enhanced fragmentation of less robust test calcite leading
to increased sample loss during surfactant removal. SEM images of samples subjected to
60 seconds of ultrgonication suggest that this is sufficient to remove all visible evidence

of sediment contaminationHigure3.13 and Figure3.14). SEM images of foramiaial

calcite subjected to longer periods of ultsanication show enhanced fragmentation
(Figure3.15). Thus any mass loss beyond 60swansidered to be due to samptEmoval

alone. This is confirmed in a plateauing of mass loGstiuincatulinoidessamples beyond

60s as contaminant removal ceased and the more robust calcite tests exhibited reduced

vulnerability to removal in surfactant compared with bulloides
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Figure3.13SEM images @. bulloidesrom core NEAP19B. Tophambers have been crushed to allow internal investigation under SEM. No further
cleaning has been conducted. Detrital matter, uthg alarge concentration ofcoccolithophorescalcite isclearly present. Bottom) Sample
subjected to6 x 10 secondnsing in ultrapure wate(3x10s)and methanol3x10s)No further visible sign afontamination.
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Figure3.14 SEMimages of Gruncatulinoides Top: Crushed with no further cleaning. Detritalccolittophorescontamination clearly present.
Below. Sample subjected to 6 x 10 second rinsing in ultrapure water (3x10s) and methanol (3x10s). No further visildergamio&tion.
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Figure3.15 SEM imagesf NEAP 196. bulloideshowing the effect of length@ng sonication time on
time clockwise from top left: 6090s, 120s, 150s

‘EEm

increasifigaggmentation. Total sonication



Once idealised ultrasonication time had been derived, the followingclaaning procedure

was defined:

Foraminifera testswere fragmented by gently pressing between two glass platedree
sediment trapped in test chamber€arewastakento avoid extreme fragmentation during

this process by using minimal force and thus avoiding additional sample loss. Large sediment
grains or discoloured tests were removed with a paintbrush under a biapcthge

microscope. The sample was then transferred to a miemtrifuge tube.

{FYLX S& 6SNBE NAYaSR dzaAy3d (GKS WYAYyDMdadyr as
ultrapure water and allowing to settle for 30 secon@ipernatantwas then removedy
pipette, taking away clay particles in suspension and leaving behiddi=%f fluid in the
micro-centrifuge tube.The sample was then ultrasonicated for ten seconds to release
contaminants tightly bound to the calcite surface, before rinsing agatB@®uLof ultrapure

water, allowing to settle for 30 seconds and removing surfactant. This process was repeated
a minimum of two times with additional rinses if visible signs of contamination remained

under the binocular microscope.

Thisrinsing process as repeated a minimum of two times using 3fl0of Aristar methanol.
The lower viscosity of the methanol, compared with water, encourages finer particulates into
suspension. Repeat rinses were conducted if visible signs of contamination remained. Residue

methanol was removed by rising twice300 LL of ultrapure water.

Next, 300 L of alkali buffered @ %H,O, was added to the sampland the tube inverted
several timegto ensure good mixing between the reagent and sampie bubbleswere

removed by agitahg the solution, ensuring constant contact between reagent and sample

¢ 5 RISNPES RE2 R BISHAINESBS RY
1. A 20-minute room temperature reaction. The sample is agitated after ten
minutes to remove air bubbles
2. A more aggressive20 minute 1@ °C reaction, more closely matching the

methodology ofBarkeret al (2003)but rejected byGrauelet al. (2013)as it wa
seen to cause secondary calcite overgrowth. This step is repeated twice.

After both methods, supernatant wearemoved by pipetting and excess reagent removed by
rinsing twice in 50QiL of ultrapure water.
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A final acid leach toemove calcite overgrowths vBaconducted with the addition of BOuL
of 0.0L mnitric acid, after which the sample wailtrasonicated for 30 seconds and allowed
to settle before surfactantvas removed. The sample wainsed twice in ultrapure water,

trandferred to a durham tube using a wide nozzle pipette and left to dry overnigh® &E.5

Clumped isotope measurements BEACMST{powdered and granulated) an@. bulloides

were conducted after the following stages of the procedure to monitor the effects on isotopic

composition:
1 Uncleaned
I Water covered only and dried overnight in a drying oven. This test was conducted to

monitor for isotopic exchange between surfactant waded calcite

Rinsed only: After water and methanol rinsing and allowed to dry overnight
After weak peroxide clean (rinse / weak peroxide clean)

After the more aggressive peroxide clean (rinse / aggressive peroxide clean)
After full treatment (rinse / Aggmesive peroxide clean / acid leach)

= =4 -4

The sameneasurements wereonducted forG.truncatulinoideqs) samples, omitting water

covered and full treatments.
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Table3.9 UEACMSand foraminifera core top measurements conducted after each stage of thelpaming procedure. n = number
of clumped isotope measurements. Errors ake%confidence intervals.

No treatment Water covered Rinse Wedk peroxide Aggressive Full treatment
peroxide
UEACMST
n 16 8 8 8 3 3
nnTt 3 6 0.403 (£ 0.02) 0.387(x 0.01) 0.426(% 0.02) 0.406(x 0.04) 0.354(x+ 0.02) 0.366(x 0.009)
nny 3= 0.081 (£ 0.04) 0.058(x 0.15) 0.147(= 0.07) -0.379(x0.09) -0.093(+ 0.03) -0.047(x 0.06)
1B 6+t 1.930(x0.04) 1.969 (x 0.03) 1.986(+ 0.03) 1.985(+ 0.06) 1.961(+ 0.004) 1.980(+ 0.01)
18’ 6t 8.225 (£ 0.20) 8.225 (+ 0.08) 8.229(x 0.07) 8.369 (x 0.22) 8.606(x 0.01) 8.534(+ 0.07)
G. bulloides
n 4 4 4 4 4 4
nnTt 3 6! 0.579(x0.06) 0.624 (£ 0.04) 0.698 (£ 0.03) 0.625 (x 0.07) 0.721 (£ 0.01) 0.721 (£ 0.02)
nny :: -0.219 (£ 0.16) -0.044 (£0.09) -0.169 (x0.12) -0.194(x0.17) -0.009 (£ 0.05) 0.026 (+ 0.05)
18 6+t £ -0.234(x0.05) -0.307 (£0.07) -0.375(x0.05) 0.037 (+ 0.04) 0.089 (+ 0.09) -0.252 (+ 0.04)
18’ 6+t £ 1.454 (+0.08) 1.454 (+ 0.05) 1.510 (x 0.07) 1.525 (+ 0.04) 1.554 (£ 0.05) 1.5789 (+ 0.04)

G. truncatulinoides

n

nnTt (ARF)
nny 3
18 6t
18 6t

3
0.557(+ 0.02)
-0.284(+ 0.10)
0.937(x 0.15)
0.986(+ 0.22)

N/A
N/A
N/A
N/A

5
0.693(+ 0.05)
-0.102(£ 0.12)
0.962(+ 0.03)
0.986(+ 0.08)

3
0.634(x 0.04)
-0.322(+ 0.03)
0.928( 0.05)
0.984(+ 0.06)

3
0.76( 0.07)
-0.013( 0.06)
0.965(x 0.09)
0.990(+ 0.09)

N/A
N/A
N/A
N/A
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Figure 3.16 Isotopic measurements after each stage of the peaning
procedure folJEACMSIRboratory standard. Peroxide (A) is the more aggressive
of the two peroxide treatments.*0 values corrected to 2& using fractionation
factor of 1.008 at 87C and 1.01025 at 2%, calculated according (Swartet al.,
1989)

Clumped isotope measurements were conducted sporadically between April 2016 and
November 2018 due to significant instrumental downtime. Throughout this period, the MIRA
purification line underwent multiple changésection 2.33), most notably migrating from
reacting samples at 2% in individual reaction vessels to using af@€ommon acid bath.

All data has been corrected to 28 according to the method &wartet al. (1989)yet an
undesirably large spread in the data remaingliilkarising from the different pesses each

has been subjected to on the purification line. Data is summaris&dlie3.9.
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Figure3.17 Isotopic measurements after each stage of the-pleaning procedure for core tof®. bulloidegtop) and Gtruncatulinoides)
foraminifera samples (&uncatulinoide$s) not water covered or subjected to full treatment). Peroxide (A) is the more aggees§ithe two
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No differencewas observed between powdered and coarse graindBACMSTEamples
(Figure3.16). Rinsingand the weaker peroxide treatmerttad little impact on UEACMST
stable or clumped isotopic signatures, however a shift to lopgr valueswas observed

when subjected to the more aggressive peroxide and acid treatments. Shifts from uncleaned
sampleswere also observed for 13C for the full treatment and *¥O for the aggressive
peroxide and full treatments. SinddEACMST known to be a pure calcite, this shifas
interpreted as the impact of the treatment on the calcite rather than a signature of any

contaminant removal, likely arising from a fractionation in the acid digestion step.

Interpretation of the foraminifera datavashindered by the large spread in data, however the
measurementswere sufficient to show that, as Wittd EACMS® | Y LJt 4% &hHtswpre
observed in bothG. bulloidesand G. truncatulinoidegs) for aggressive peroxide and full
treatments. The impact of the rinsing protocol is less obviou&. Ibulloidesamples, rinsed
and uncleaned samples fall within error of each other, in contragbttruncatulinoideg(s)
where a significant shift in47 is measured. The question then arises as to why an effect
should be observed 5. truncatulinoidesind notG. bulloidesThe impatof contaminant
removalis expectedto be more apparent in the open test morphology of the latter species.
It is assumed then that the offset (.truncatulinoideg(s) is a measurement anomaly arising
from the shifting experimental setup between measuremts. It is stressed however that
further work is required to confirm this and with additional time, it would have been desirable

to repeat some of these measurements.

C A Y | 48 vhéch is widely used as an indicator of contamination in clumped isotopéest
remains constant (within error) through each stage of the cleaning process. This suggests that
any contaminant being removedas either unreactive in reagent acid, present only at
concentrations below the instrumental detection level, or that thésérg MIRA purification

line wassufficient to remove products arising from acid digestion of contaminants.

With no obvious reduction in contamination of foraminifera samples gained from sgmgsle
cleaning and an undesirabbdteration of clean standardalcite from the more aggressive
treatments, itwasconcluded that there is no benefit to applying prleaning procedure to

foraminifera samples.
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3.5.3 Size fraction tests

Temperature dependent proxies such as Mg/Ca ratios and stable isotopic composition are
known to vary with foraminifera test siz€lerouxet al., 2008; Friedriclet al., 2012) Small
juveniles tend to calcify in warm surface waters, before descending in the water column to
coder temperatures and acquiring a secondary layer of gametogenic calcite. Thus proxy
measurements of larger specimens tend to be more characteristic of cooler environments
and it is therefore desirable to pick samples from a tightly constrained size fi§Eti@drich

et al, 2012) However, the large samples required for clumped isotope analysis- (866

for a sngle measurement) mean that it is not always possible to obtain a sufficient quantity

without increasing the size fraction window.

In order to investigate the impact of test size p47, size fractions 250300 pum, 300- 355
pm and 355500um of G.bulloidescore top NEAP 19B and 25800 pm and 300 355 pm of
N. pachydermdgs)from core U130532.06 mdepth) were measured in triplicate. The results
are presented imable3.10.

Table3.10 n47 (ARF) measurements for foraminifera size fraction tests.
Three measurements were taken for each size fraction. Errors afé 9
confidence intervalg147 reported on the ARF.

Size fraction(um) G. bulloides N pachyderma(s)
212- 250 0.668+ 0.Qv
250- 300 0.676 £ 0.0 :: 0.722 £ 0.t
300- 355 0.694 + 0.0
355- 500 0.683+0.8

G. bulloidegxhibitedlittle variation inn47 over a large range of size fractioNs pachyderma
(s)exhibited a shift inn47 between the 212250 pm and 25Q; 300 pm size fractions, shifting

to colder values in the large size fraction. Such shifts have previously been observed in Mg/Ca
measurements of interglaci®. pachydermds)samples from the same cofelume, 2018)

Effort was thereforemade to pickN. pachydermgs) samples from as constrained a size
fraction as possibleysuallythe 250¢ 300 um range which captures predominantly adult
specimensG. bulloidesamplesvere picked from a larger range of size fractipaghough n

practicesize variation wasiinimised as much apossible.
112



3.6 Temperature calibration ofn47

A n47 temperature calibratiowas constructed from the samples described in sect®8,
consisting of 25 core top planktonic foraminifera samples, a single coldwater coral specimen
and three inorganic calcites: ETH3, UEATHC andG iBorganic precipitate. Additional
inorganic precipitates produced for this study are not included in the calibration dataset due
to evidence that they have been precipitated out of equilibrium (sec8dhl). Calibration

material is summarised ihable3.11.

Two single measurement samples, Rapid188 N. pachydema (s) and MD992251 N.

incomptg were omitted from the calibration dataset due to contaminat{see sectior2.3.5.

Single repeat measurements of BOFS 31K and R&BB. inflataand two repeats of the 5
°C laboratory precipitate weralso omitted from calculations ofn47 averagessince all
showed evidence of fractionation during sample purification by comparison of their stable

isotopic composition with repeat measurements.
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Table 3.11 Summary of Clumped isotopealibration dataset. All

temperatures (T) are ifC. N = number of clumped isotope measurement
repeats. Samples in bold omitted from the final calibration due to
evidence of contaminatiom47 errors are standard errors calculated from
the pooled standarddeviation. Temperature errors are calculated as
described in sectio3.4. WOA, 1994 = World Ocean Atlas temperature,

adk/F I adk/ i S isotdSidN@mpetzilif >See sacfidn
3.4 for details.
Size na7
Species fraction o! wCU0 T(WOA, T (Mg/Ca) ¢ 1)
Core (um) N 1994)
BOFS 31K G. ruber 300-355 2 0.649+0.02 23.2+1.6 23.0+25 275%04
BOFS 31K G sacculifer 300-355 3 0.655+0.02 23.3%3.0 236+1.0 26.3+0.3
BOFS 31K G bulloides 300-355 2 0.673+0.02 20.0%+0.5 26.9+0.8
BOFS 31K G.ruber (w) 300-355 3 0.651+0.02 23.3%15 255+0.2
BOFS 31K G inflata 300-355 3 0.665+0.02 13.5+23 17.3£45
BOFS 31K N.incompta 250-300 1 0.659+0.04 20.9%3.9 245+1.1
MD99% 300- 355
2252 G. bulloides 1 0673+0.02 8.8%1.0 8.8+0.3
MD99% 250-300
2252 N. incompta 1 0634+0.04 94+26 10.4+£05
NEARO4B  G. bulloides 300-355 3 0.651+0.02 8.7+0.9 10+1.0 8.9+0.2
NEAFO4B  N.incompta 250-300 1 0.675+0.04 9.3+2.4 10.2+0.7
NEAPLEB  G. bulloides 300-355 1 0.634+0.04 9.1%1.1 128+1.0 8.8+0.2
NEAPL6B G. inflata 300-355 1 0.670+0.03 8.5+0.8 8.8 +0.2
NEAPL6B  N.incompta 250-300 1 0.649+0.03 9.7+2.7 9.8+0.5
NEAPL9B G.inflata 300-355 3 0.705+0.02 9.0+0.6 9.3+0.3
NEAPL9B  N.incompta 250-300 2 0.647+0.02 105%3.1 10.1+£0.3
NEAP20B G. ruber 250-300 3 0.658+0.02 18.6+2.4 17.7+£0.3
NEARP20B  G.ruber (w) 300-355 1 0.663+0.04 19.1+2.1 17.8+0.4
NEARP20B G sacculifer 250-355 3 0.665+0.02 19.213.4 205+22 17.7+03
NEARP20B  G. bulloides 300-355 3 0.646+0.02 15.7 1.5 159+22 13504
NEAPR20B G.inflata 300-355 2 0.697+0.02 14.5+0.3 141+12 13.4+0.7
NEARP20B  N.incompta 250-300 2 0.688+0.03 16.44.3 149+0.7
G 300- 355
NEAR20B truncatulinoid 3 0685+0.02 13505 134+06 128+04
es(s)
Rapid26 G. bulloides 300-355 3 0.664+0.02 6.8+1.4 7.6+ 0.3
14B
N. 250- 300
Rapid26 pachyderma 1 0679+0.02 4.4%04 6.7+4 43104
14B (s)
N. 250- 300
Rapid29 pachyderma 1 0653+0.04 44x04 59+04
18B (s)
coral 3 0.738%0.04 8.9+2.1
1
ETH3 9 0.6280.008
THC 9  0.605%*0.02
50C
precipitate 7 0.711:0.04
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3.6.1 Regression fitting and evaluation methods

The York least squared methd@¥ork, 1968has become the standard tool for regression
fitting in isotope geochemistry (e.gonifacieet al., 2017; Tripatiet al., 2010) This method
accounts for analytical uncertainty by applying a weighting to each datapoint based on the
inverse ofthe measurement uncertainty in both the X and Y dimensidtmveverthe York
regression iswotoriously vulnerable to outliers and prone to giving skewed reg@thn &
Menke, 2002)

In order toinvestigate the impact of regression methodology, six regression tymse

applied to the calibration dataset for comparison. The standard York method of fitiisg

applied alongside ordinary least squa@®LS)} YR F2dzNJ I RRAGA2Yy hf WNP
robust fits are less susceptible to sample outliers which may skew small dataset regressions

such as in this study.

w20dza i NBINBaaAiAzy adlairadrda KI @GS GKSANI NP
Maximum likelihood (Mestimation) techniqugHuber,1964). The subsequent decades saw

the introduction of alternative methods which looked to increase robustness in both the
LINBRAOG2NI YR NBaLRyasS O NAIFoftS 61 dooSNDa 2
response variakl) whilst improving computational efficiency. Yet robust regression fitting
remains largely unexplored in the geosciences, perhaps because of the numerous competing
methodologies or the lack of computational software developed to implement them

(Stromberg, 2004)

Fortunately, many such robust regression fitting methods can now be easily implemented
within the MASS package for the statistical software R. The statistical methodologies of each
fitting technque go beyond the scope of this study but in general, are achieved through
repeated regression fitting and #®@eighting based on residuals. The four robust regression

techniquesexplored in this studgppplied are:

| dz6 SNA al EAYdzY f A-le@dsdioKBIdb&, 1984 GA Y| GA2Y 06¢
¢ dz| S &quare estination

Quantile regression

MM-estimation(Yohai, 1986)

=a =4 —a -
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All data (foraninifera plus coral and inorganic calcitg)d foraminifera onlgalibrationswere

produced using WOA, stable isotope, and Mg/Ca temperatures for the four robust methods,

Ff2y3&4ARS _2N)] Qa NBINBaarzy YSGK2R Iwg® 2NRAYIFNEB f S|
then assessed with a leave one out cross validation to determine the average percentage

offset in predicted value against the measured value, alongside root mean square er

Vulnerability to outliers waassessed by iteratively removing each datapwirthe regression

and calculating the percentage change in gradient from that produced by the entire dataset

(Figure3.18). Those regressions with a high vulneraptiit outliers exhibida higher average

shift in gradient compared with more robust methods.

Regression types

== 0OLS
——— Quantile

0.80
|

1 1

A4T (ARF) %a

10572

Figure3.18 Example leave one out regression plot showing shifting gradients as
each datapoint igemoved and the regression recalculated. Variability in the
gradient is used to assess the vulnerability of the regression to outliers. M
regression and ksquare regression not visible.
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3.6.2 Calibration results

Thecoral sample waiidentified as a statisticaltliers within the full dataset, lying more than
2 FTNRY (K Figwe3. BNEBravius atydies have suggested that coldwater coral
samples exhibit higher thaexpectedn47 values, which have been attributed to-called
WAHA G ¢ pddiy Brigiédioadiractionation processes in biogeracbonatethat lead to
non-equilibrium precipitation(Spooneret al, 2016) Thus the coldwater coral sample wa

excluded from the final calibratioregressions calculated below.

Calibrationsvere produced for full data and foraminifera only datasets for the three different
methods of deriving calcification tempsure (WOA, Mg/Ca and®O temperatures), giving
a total of six calibrations. Each of these six calibraticascalculated using the six regression

methods outlines in section 3.6.1. These are presented in the following pages.

WOA derived calibrations are presentedFigure3.20 and Table3.12 on pages 11% 116.
Mg/Ca temperature derived calibrations are presente#figure3.21andTable3.130n pages
117 ¢ 118 and isotopic temperature derived calibrations are presenteBigure3.22 and
Table3.14 0on pages 11€ 200.
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Table3.12 n47 calibrations derived from WOA temperatures. Final selected calibration in bold.

Mean leave one

Mean leave one %

i Calibration R : e
Regression out % grad shift  prediction error RMSE
All data regressions
York 8 8 ] 8 8 0.3176 1.62 2.36 0.0203
a
T
Least Square FTXTEBIp YEMBI MU L pT M Tt mntmgte ¢ m 0.3240 3.20 241 0.0204
Bisquare ST X TBIP @ WBIC C 0%1 ™ voomt gc 03175 4.28 2.48 0.0204
MM regression FTXTABIP XTTBITNO w‘.).TT[ T8 VO OTBIT @ ¢ 0.3214 4.17 2.46 0.3214
Huber maximum p
likelihood 3T X 8t po WBTTTL L T ™ LV W p'r[8'[ poT 0.3175 4.28 2.48 0.3175
T
Quantile regression T XTEBIp YYdtg ¢ ¢ pT ™M ox urg @ wmm  0.3229 2.60 3.18 0.3229
Foraminifera
York 3T X TP TT QMBI TT W w%T ™ 0 Q PT C TI P 0.0236 9.17 2.22 0.0181
I
Least Square T X TEBITTE W T Y TteT T Yrmwdtwy X 0.0335 14.15 2.27 0.0180
Bisquare T X TBITTQ QMBI T ‘*’%T ® Qo U C e 0.0302 16.42 2.27 0.0180
MM regression 3T X 8t U ® ordt T W w%-[ i) (T c'r[fﬁ) CTmp 0.0326 14.31 2.28 0.0180
Huber maximum p
likelinood 3T X T T @ Qs T P 'r[T ™ (o T8t WX X 0.0302 16.42 2.27 0.0180
T
Quantile regression 31 P ™ p Yurp ¢ w¢g  0.0144 9.27 2.11 0.0182

XT[STpQTlTISIpT[wT
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Figure3.21 n47 calibrations derived from Mg/Ca temperatures
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Table3.13 n47 calibrations derived from Mg/Gamperatures.

Mean leave one

Mean leave one %

Regression Calibration R out % grad shift prediction error RMSE
All data regressions
York 2T X TBIC O CTBUT T U%T @ WX crdtu p ¢ 0.5260 6.68 3.13 0.0219
s
Least Square FTYXTWBICT PTABITTX C pT ™ X @ wdt Yu x 05270 6.12 3.05 0.0220
Bisquare FTXTBICCOMAIT OCH T WT TU® L UL T 0.5244 7.72 3.00 0.0220
MM regression FTYXTWBICOTTBITT U‘,),— T YT UT8BIL p W 0.5266 6.74 3.04 0.0219
Huber maximum p T
likelihood 3T X TEIC C QMBI TT X C ~ ™ wT Tt P @ x 0.5244 7.72 3.00 0.0220
s
Quantile regression FTYXTBICTMWBIT @ ¢ pT ™M p¢Tm®ouuTtT 05089 2.57 4.27 0.0224
Foraminifera regressions
York T X TBIP p WBIP ¢ H%T T® ¢ p pT wp ¢ 0.0636 24.21 2.79 0.0200
s
Least Square FTXTEBIPPCOBIPU XF'?T T ¢ X T P YL 0.0682 25.30 2.83 0.0199
Bisquare FTYXTABIPpPPBIP Y XPTT[ ™™ ¢ P1mg poy 0.0680 30.63 2.99 0.0199
MM regression 2T X TBIP DT PBIP @ H%T @ C U pTEh wp | 0.0681 26.81 2.89 0.0199
Huber maximum p T
likelihood 3T X 8t pp p'r[8'[ pu XT ™ ¢ 1] O'T[fﬁ) (TRURV] 0.0680 30.63 2.99 0.0199
p T
Quantile regression FTXTEIP QXTEIP Xy T8 ¢ QP& p oY goog2 48.76 2.32 0.0205
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Table3.14 n47 calibrations derived from isotopic temperatures.

Mean leave one Mean leave one %

Regression Calibration . -
9 out % grad shift  prediction error RMSE
All data regressions
York FTYXTEBICTMXTBITTO LIJan T PT XTBIT U 0.3089 1.86 2.46 0.0203
]
Least Square FTYXTEIP X TMWBTTU ceT ™ UT Wt ¢ ¢ 0.3209 3.68 2.45 0.0205
Bisquare FTXTEIP @TUBP L peTT[ T YXpPmP Yny 0.3165 4.63 2.49 0.0204
MM regression 2T X TBIp @ UTBLTT O qJ%T ™8 @u yrsrT pu 0.3188 4.71 2.48 0.0203
Huber maximum pT
likelihood FTX TP QTUBITIU G ~ @ X p P8l ¢ W 0.3165 4.63 2.49 0.0204
T
Quantile regression FTYXTEBIPULITABIPU peT M x Yo Yy 0.3164 2.16 3.17 0.0204
Foraminifera regressions
York FTXTEBIPp MYXTBITTYT pTT[ ™ ouLPMP Mp w 0.0356 7.92 2.18 0.0180
]
Least Square FTXTBITY MBI Q ljJeT T x Y xm8t Y ¢ o 0.0488 11.45 2.21 0.0179
Bisquare 3T X T T @ LTS TT x%-[ ™™ YT QrP MG U 0.0450 14.05 2.23 0.0179
MM regression 3T X 8 T X TSt 1T gt %T ™ X W pr@ Tp W 0.0481 12.09 2.23 0.0179
Huber maximum pT
likelihood 3T X 8t T (0] UTIST TT (0] qJT T Pt ¢TIt Ygo 0.0450 14.05 2.23 0.0179
]
Quantile regression FTYXTBPp MITATTY XeT ™ 1 T mg u 0.0358 5.87 2.04 0.0180




3.6.3 n47 calibration: Discussion

In all calibration methds, the model fit to the data waimproved (higher coefficient of
determination) with the inclusion of theon-foraminifera samples, ETH3?G precipitate and

UEATH® Ly (KSasS wydz (i AUEATHEA theli58@ preCipitatel oI { A 2
considerable leverage over the regression, forcing the gradient to higher values than in purely
foraminiferal regressions. It would be beneficial to obtain additional datapoints in tigeo@5

°C temperature range to provide greater confidence in the calibration at these relatively
higher temperatures, and it is unfortunate that the other laboratgiecipitates were

unsuccessful as they could have been used to bridge this temperature gap.

Regressions derived from the Mg/Ca dataset exhibit the high&saBes, although model

fits are relatively poor for all datasets given the considerable noiseirwitie data. In all
dataset regressions, robust fits offer little advantage over the traditional York regression. In
nearly all regressions, leawme-out analysis and RMSE calculations suggest poorer
temperature prediction from robust fits. Similarly, igaone out gradient shifts are larger for
robust fits, suggesting that they offer little advantage over the York or ordinary least square
regressions in terms of robustness to outliers. This may be a symptom of the dataset which,
once the coral is removetas no obvious outliersthus removing the advantage that robust

fits hold over York and least squared regressidnsa dataset with less noise, robust
regressions may yet be found to be advantageous since outliers will likely be more

pronounced from tle temperature driven signal.

The York regression of World Ocean Atlas temperatures offers both the lowest percentage
error of prediction and gradient shift in leave one out analysis whilst exhibiting? amdR
RMSE comparable to other regressions. Thugs iisedfor comparison against other

calibrations.

FTYXTBICPPTMBITO W— T8 MWOTEIT TT W R=0.318 (3.1)

A first test of the calibratior(3.1) is to use it to derive core top temperatures from the
calibration dataset. This exercise reveals considerable offset, averagif@, &etween
inferred temperatures and WOA temperaturdsiqure3.23). Further refinement is required

to bring the clumped isotope calibration down to levels of certainty obtained from existing
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palaeotemperature proxies such as Mg/Ca ratios, where uncertainties are generally quoted

to within one or two degreese(g.Elderfield & Gansse200Q Barker & Elderfiel@002)
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Figure3.23 Calibration inferred temperaturederived from UEA foraminifera
calibration (equation 3.1) and plottegigainst WOA temperature®ashed line is
1:1 line. Hled diamond is UEATHC sample.

Comparison with previous studies

A summary of recent clumped isotope calibrations is givehainle3.15. The most obvious
comparison for this study is with recent calibratswf Breitenbaclet al (2018 and Meinicke

et al (2020) to date the only published absolute reference frame calibragiderived solely
from planktonic foraminiferaThis study derives a shallower gradient and greater intercept
than boththese studieg falling within error of theBreitenbachet al. (2018)calibration, yet
exhibiting a significant difference from Meinicke al. (2020).

The most obvious cause of the discrepabegween this and the itenbachet al. (2018)
study comes fromthe large degree of variability in47 measurements in both studies
Relatively low coefficients of determination (3.1 in Breitenbatlal. (2018)and 3.2 in this

study) suggest that much of the variabilityn#7 arises from sources other than foraminifera
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calcification temperaturethe likely culprit beingneasuremennoise. Repeat measurements
may act to reduce calibration uncertainty and bring the two calibrations more in line with

each other.

Additionaldiscrepancybetween this studyand the two aforementionedmay arise from the

different species of foraminiferaised to derive each calibratiomMultiple studies have
suggested foraminifera exhibit speciasLISOA FA O W@GA Gt 2FFasSdiaQ Ay
they precipitate out of equilibrium (e.g. Nylaetlal., 2006; Padost al., 2015). Furthermore,

different species are known to exhibit varying sensitivities to other temperature proxies such

as Mg/Ca incorporation (see section 3.4.2). Thuslar species specific offsetaay also

impactn47 temperaturesensitivity, but as yet, the extent remains largeheuplored.

Of the 14 species in their calibratioMeinickeet al. (2020)suggest thabnly G. ruberdeviates from
their calculated foranmiiferan47 calibration. However, this species is included in the calibration of this
study, alongsidéN. incomptag which is not present in théleinickeet al (2020) calibration. Thus

inclusion of these species in this djumay act to increase offset between the calibrations.

Furthermore, he different methods used to project laboratory measurpd?7 onto the

absolute reference frame (ARF) in each stwdy also give rise to calibration offsetall

studies utilise carborta derived ARF transfer functisybut use different absolute ARF values
F2NJ OKSANI Wly26yQ adl yRFNRE&End0.66A Jor BTHUZRE dza S
ETH3 standards respectivelglerived from repeated measurements of the two standards
agairst laboratory equilibrated heated gase3reitenbachet al. (2018)and Meinickeet al

(2020)use values 00.258 and).691 - , takenfrom Bernasconet al. (2018) Additionally, a

larger acid fractionation factor of 0.062, calculated fr@rfliese & Lohman(R016) is used

to project measurements from theOPCreaction temperature to 25C compared with the

same value (0.062, calculated frg@uoet al., 2009) used to projecfrom 87°C in this study.

To assess the impact of the different data processing methiodé A & & ( dzRas egn R G I
recalculated byrojectingn47 onto the absolute reference usitige Bernascongt al. (2018)

Nn47 values for ETH1 and ETIdBd an acidrictionation factor calculated from Defliese &
Lohmann (2016), replicatirilbe methods of Breitenbachkt al. (2018).Using this methodology,

the following calibration is obtained:
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FTYXTOP WEINMT(— T PP UTBILP O R=0.3994 (3.2)

This adjusted calibration shows much closer agreement with the Breitendtaah (2018)
study. An additionalimprovement in Rin is also observed, albeit with slightly greater
percentage gradient shift and prediction error from leave one out analysss @nd 3.01
respectively). Model predicted temperatures also exhibit a reduced offset from WOA values

using the Breitenbacht al. (2018)n47 calculation methodHigure3.24) with a mean offset

of 6.9°C, compared with 8.2C using the UEA methodology.
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Figure 3.24 Calibration inferred temperatureslerived from equationusing
Breitenbachet al. (2018) p47 calculation method(equation 3.2) and plotted
against WOA temperaturep47 values for ETH 1 and ETH3 are obtainech fr
Bernasconet al. (2018) and aracid fractionation factor calculated fromefliese
& Lohmann (2016Dashed line is 1:1 line. Filled diand is UEATHC sample.
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Table3.15 Comparison of clumped isotope calibration (this study) with previous foraminifera calibrations andelthemt studies

Temperature range

Calibration Reference Carbonate C)
FTXTEIC P PMBITIO mQTT[ T TTWoTdI T TT ( This study Foraminifera, ETH3, inorganic precipitate 5.5¢56.0
This studyBernasconi (2018) ETH
FTXTHIOP WBITT _T[ T® p p UTBT U P ¢ standard values, Muller (2016) Foraminifera, ETH3, inorganic precipitate 5.5¢56.0
Y fractionation factor
3T X T8I0 p UTIBT TT Y %T ™ p 0 TP (Breitenbactet al., 2018) Planktonic foraminifera 2-27
- Slope derived from laboratory inorganic
3T XTIV O Xe— T8t W ¢ (Evanst al, 2017) precipitates(Zaaruret al.,, 2013) offset 5-65
Y from modern day benthic foraminifera
p Tt Foraminifera, coccoliths, otoliths, inorgani i
3T X TBUU TCQIET T X - T@L Y TCXTEU X ¢ (Grauelet al, 2013) carbonate, deep sea coral, enamel biopati 2-28
3T X T8I0 X u%[ ] p T (Guoet al., 2009) Theoretical calibration
FTXTHT CUTBITTTT T %T TP YTMBIT C (Jautzyet al, 2020) Laboratory precipitates 5-726
3T X TBIO WXT\ITC p%[ T8 C U WBIC U L (Meinickeet al., 2020) Planktonic foraminifera 0-28
FTYXTSITT MBIMU %[ TH U WL @ T (Piasecket al., 2019) Benthic foraminifera 1.4¢ 185
ST XTEIT p O T %[ % T (Peralet al., 2018) Benthic and Planktonic foraminifera 23-250
p Tt L Foraminifera, otoliths,
BT XTBILYXTBIP O < TEIPT T O Y (Tripatiet al, 2010) Laboratory precipitated carbonate 0.9¢29.9
p T UEA laboratory calibration Modern brachiopods 0.3¢ 600
FTXTBIOLTUBINT o T& TP @HBIT P (Kirk, 2017) Inorganic precipitates 26
p T - . .
3T X T8O ¢ XTHITT C (pT T® T O T8t o T\ (Wackeret al, 2014) Foraminifera, ostrich egg shell, tropical 9-38

bivalves, brachiopod, cold seep carbonat




This exercise suggests that adoption of universal data processing procedures, as advocated
by Bernasconiet al (2018) may reduce a lot of the discrepancies seen between
calibrations. It is intergting, however, that the recent foraminifera derived calibrations of
Evanst al (2017)andPiasecket al. (2019)show significantly higher gradierasid lower
intercepts despite adopting the same data processing protodeifgufe3.25 and Table
3.15). Both these calibrations are derived from benthic specimens and it is possible that
the calibration offsets reflecspeciesspecifictemperature sensitivities. The fact that the
gradient and interceptof Peralet al. (2018) derived from a mixture of benthic and
planktonic specimens, falls between these benthic derived calibrations and the planktonic
derived calibrations of Breitenbadt al. (2018) and this study, addurther weight to this
argument. Piaseckiet al. (2019) considerspeciesspecificcalibrations but suggest that
there is no offset between different benthic species. There are no existing studies that

consider benthic and planktonic calibrations derived from the same experimental setup.

09 — This study
= = This study (Bernasconi et al. (2018) ETH values, Muller et al. (2016) fractionatiof
= = Breitenbach et al. (2018)
— = Wacker et al. (2014)
0.8+ Piasecki et al. (2019)

Peral et al. (2018)

Evans et al (2017)
— = Meinicke et al. (2020) = --::":
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Figure 3.25 UEA foraminifera calibration (this study) calculated with
laboratory best practicdequation 3.1)and Brefenbachet al. (2018) ARF
projection methodologiegequation 3.2compared with existing foraminifera
calibrations. Grey shaded area is th® % confidence interval of the UEA
projection methodology slope.
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Vital effects may offer some explanatidior the offset between the foraminifera
calibration derived here and that of the existing UEA calibration which is largely derived
from brachiopod samplex(rk,2017)(Table3.15). L 1 Q& | f a2 @62NILIK y 2]
(2017) calibration was derived over a much é&argemperature range anit is possible that

temperature sensitivity varies at higher temperatures.

However, it is difficult to compare the two calibrations directly since experimental
procedure has changed considerably since this first calibration was produced. Notably, the
methodology by which samples are projected onto the ARF has changed fromesiad h
gaseqKirk,2017)to carbonate standards. Unfortunately, it is not possible to project the
foraminifera data from this study onto the ARF using ik (2017) methodology since

no heated gases were measured during the experimental window. In addition, the reaction
procedure has moved away from 26 reactions in individual vessels to arf8@common

acid bath and the Porapak trap setup has undergseeegeral iterations. Just as the
pioneering calibrations from CalteqfGhoshet al., 2007)have been updated over time
(Eagleet al., 2015) so too should the UEA laboratory calibrations, particularly whilst the

experimental setup is evolving.

Fnally, all recent calibrations derived from inorganic calc{tésleet al., 2015; Kelsomrt

al., 2017; Kluget al., 2015; Tangt al.,, 2014)show much steeper gradients and reduced
intercepts, more in line with those derived from benthic foraminifera than those derived
in this study. This suggaghat planktonic foraminifera exhibit reducqg7 temperature
sensitivity compared with inorganisamples. Further work is required to confirm the
existence of foraminiferal vital effects, as well as their amplitude and -species

variations.

364 / 2YOAYAY3 RIEGE FNRBY Ydzf GALIX S &ddzRAS
foraminifera calibration

It has already beediscussed that an undesirably high levehafasurementoiselikely
led to a reduced model fit to the daten this study. An obvious way to reduce this
uncertainty is through additional data collection to improve counting statistics. Since this

wasnot possible within the timeframe of this study, an initial first step to improve counting
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statistics is to combine datasets from the existing foraminifera clumped isotope studies

detailed in sectior8.6.3

Only the Breitenbachkt al. (2018) and Wackest al. (2014) datasetare considered here,
sinceGrauelet al. 2013) and Tripatet al (2010)data isreported on a locased laboratory
reference frame. tlis not possile to project these to the ARF without access to
temperature equilibrated gas data. The other studies are derived from benthic
foraminifera and, as discussed, appear to show vital offsets from the planktonic samples

explored in this study.

In order to comine the datasets from these three studies, it is first necessary to ensure

that all data is projected onto the ARF in the same manner to eliminate data processing

discrepancies. As discussed in secBofi3 Breitenbachet al. (2018) usd a carbonate

RSNAGSR GNI yaTSNI Fdzy Ol A Beyhascodigh dl ZA8)farEBHL W OOSLII SRQ
and ETH3. Again, without access to laboratory standard data used in the transfer function

projection, it is not possible to correct the Breitenbasthal (2018) dataset to the same

methodology employed in this study. Instead the data from thislgwas aligned to that

of Breitenbachet al. (2018), using their ARF projection methodolodyernasconkt al.

(2018)values of ETH1 and ETH3 and an acid fractionation factor of .879 RS NA GSR FTNRY
Defliese & Lohmanii2016) were used to correct the data from this study onthe

Breitenbach ARF dataframe.

Similarly datarbm Wackeret al. (2014) wa updated with a greater acid fractionation
factor of 0.082: ¥ R S NA O8liBse & NBmMan(2016) as opposed to the 0.069 =
derived fromGuoet al. (2009)which is usedn their study. The regression w@roduced
agairst World Ocean Atlas temperatures for all datasets. Results are preseri@dhie
3.16 and Figure3.27. Note that WOA temperature uncertainty was unknown for the
Breitenbachet al. (2018) study and thus York regression weightirag only applicable to

the Y-dimension.
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Table3.16 n47 calibrations derived from combined data from this study, Breitenledet (2018) and Wackest al. (2014)

Mean leave one

Mean leave one %

Regression Calibration R out % grad shift prediction error RMSE
All data
pT
LeastSquare O ' X TBUC X WBLTLO Wigm T& @ O XTBIT X G ) 5yag 1.28 2.12 0.0179
Bisquare 3T X TG X XTBUTT L (pan T QT ¢T8t @ YU 0.5230 1.63 2.14 0.0177
MM regression a1 x T@1C X XTBU T C Q%T ® @1 ydioco 05235 1.39 2.13 0.0177
Huber maximum p T
likelihood 3T X T3 ¢ X anr Mo mT ® ot CT8t T X G 0.5230 1.63 2.14 0.0177
. p T
Quantile FTXTBC QCTBITL Q=g T@W YOO OYT 5519 7.10 3.81 0.0177
regression
Foraminifera data
York a1 X TBIC ) OTBI T O (p%T M uuvcmit oy 02454 1.14 2.11 0.0181
pT
Least Square O T X TBIC P @ PBITIL Gogm T8 O WOTBIQ G T () g4 2.10 2.12 0.0175
Bisquare 3T X T8t C o] lIJT[8'[ X ppTT[ ™ o (0} T8 Yo 0.2890 2.02 2.13 0.0175
MM regression 3T X T&1 ¢ ¢ TT @81 TT O (ppTT[ ™ oo XT[8'[ T O) 0.2898 211 2.13 0.0175
Huber maximum p T
likelihood FTXTBIC P PBITTU ¢ ~ ™ eIt T 0.2890 2.02 2.13 0.0175
Quantile p
regression 3T X T3 ¢ (0] CT8t TT X pT e LIJ o T8t LIJ (O] 0.2769 5.26 2.02 0.0177
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Figure3.27 Inferred temperaturefrom the clumped isotope calibration dataset
using the combinediata from Breitenbaclet al. (2018) and Wackeet al. (2014)
(equation 3.3) plottecagainst WOA temperature®ashed line is 1:1 line. Filled
diamond is UEATHC sample.

Of the six regression types, York offers enhanced robustness to outliers and better prediction,

alongside the smallest RMEEable3.16). The derived temperature calibration is:

FTXTBOPIMBITNC X— TP X PTAIC T G R =0.495 (3.3)

The average offset betweennferred temperatures using equation 3.3and WOA
temperatures of the calibration dataset is PQ(Figure3.27). This regression lies with@mror

of the Breitenbactet al. 2018), Wackeet al (2014) andhe Bernasconi ETH value adjusted
calibration produced in this studgquation 3.2) however it exhibits significant offsets from
the calibration produced using UEA internal standdedgiation 3.1) The five regressions are

summarised iMable3.17.
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Table 3.17 Summary ofinalised calibrations

Calibration

Mean
leave one
out %
grad shift

Mean leave
one %
prediction
error

RMSE
6 0

Mean model
temp vs WOA
offset (°C)

Reference

L
3~T)(Tl8ICppT[8tT[0(x)eT T8 TTWOoTET T T (

L
3T XTBIOP W TTT ceT T® p P UTIBT L P ¢

3TXT[810pUTl8IT[l|JeTT[ ™ p 0 TP

T
3T X TBTLO ¢ XTBI T C (peT T TT O TSI O TT |

T
3~Txn8roprn8tncx’37 T p X PTBL O O «

0.32

049

0.31

0.99

0.50

1.62

2.35

0.57

2.36

3.01

2.09

0.020

0.021

0.018

8.2

6.9

7.1

This study, UEA internal
ETH values, Gua al
(2009) acid fractionation
factor

This study, Bernascoat
al. 2018) ETH values,
Defliese & Lohmann
(2016)acidfractionation
factor.

Breitenbachet al. (2018)

Wackeret al. (2014)

This study, combining
data from Breitenbaclet
al. (2018) andwWackeret

al. 2014)




3.6.5 Testing calibrations with palaeo samples

The three calibrations produced in this stufgquations 3.1¢ 3.3) were used to produce
palaectemperature estimates from three North Atlantic cores: U1305, NEAP 18K and-MD99
2251 at selected depths between marine isotope stages36 Temperature estimates are
compared with those from established methodologies such agQd ratios(Barker &
Elderfield, 2002; Kozdogt al, 2009)andthe modernanalogue techniquéPflaumam et al.,
1996) Experimental methodologies are detailed in chapfeResults are summariséaTable

3.18.

All n47 temperature reconstructions, acss the three calibrations, exhibit sizeable offsets
from Mg/Ca values, ranging between 5.2 and &9 Better performance is observed at low
temperatures, reflective of theN. pachyderma(s) samples than at warme6. bulloides
dominated temperatures. Theombined dataset calibratiofequation 3.3)exhibits the best
performance with an average offset of 3@ across all samples. This, and the fact that the
calibration exhibits the lowest RMSE, alongside the highéan robustness to outliers,
demonstraes that it outperforms the other calibrations and is recommended for future use

in inferring palaegemperatures in foraminifera cores.
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Table3.18 Temperature estimates from palaeamples using the three calibrations derived in this stpdy. uncertainty is standard
error calculated from pooled deviation. Clumped temperature uncertainties are inferred jigofruncerginty. Mg/Ca temperature
uncertainty calculated from calibration uncertainty. Bracketed numbers are the temperature offset from Mg/Ca temperature
estimates (where available) and assemblage estimates otherwise.

Core Depth Species Size nnrT nnrt T(°C) T(°C) T(°C) T Mg/Ca T(°C)
(m) fraction (UEA stds) (Bernstds) Equation 3.1 Equation 3.2 equation 3.3 (°C) Assemblage
U1305 26.06 N.pachydermgs) 212300 0.680+0.022 0.73Gt0.042 5.9+11.9(0.7) 2.8415.1(3.8) 9.24#15.5(2.6) 6.6+ 4.5
27.91 N.pachyderm#s) 212300 0.6870.026 0.7370.052  2.5+13.8(4.9) 0.5418.3(6.8) 6.9418.9(0.5)  7.4+4.8
32.06 N.pachydermgs) 212300 0.6970.015 0.756:0.030  -2.3+7.5(4.6) -5.3+9.5(7.5) 0.949.8(1.3) 2.3+27
32.11 N.pachyderm#s) 250300 0.702:0.019 0.768:0.033  -4.7+9.1(7.2) -8.8410.0(11.4)  -2.7#10.3(5.3) 2.6+2.9
32.21 N.pachydermds) 250300 0.706t0.022 0.748:0.037 -6.5+10.4(8.9) -2.8112.1(5.2) 3.4+12.5(1.0) 24+28
32.26 N.pachydermds) 250300 0.684t0.022 0.738:0.042 4.0£117 (1.7) 0.3+14.6(1.9) 6.7+15.1(4.4) 23x2.7
NEAP18K 600 G. bulloides 300355 0.672:0.019 0.7190.037  10.3+10.85.5) 6.6+13.4(9.1) 13.246.9(2.6) 15.8
632 G. bulloides 300355 0.690.022 0.7350.042 1.0+11.3(13.3)  1.3+¥14.8(13.1) 7.747.6(6.7) 14.4
660 G. bulloides 300355 0.686t0.019 0.734+0.087 3.0+£9.9(11.7) 1.6412.7(13.1) 8.016.5(6.7) 14.7
MD992251 1612 G. bulloides 300355 0.63#0.024 0.682t0.052 31.1+17.321.4) 20.2£23.0(10.4) 27.1423.6(17.4) 9.8x1 12.1
1698  N. pachydermgs) 250300 0.668:0.019 0.716:0.042 12.6+11.48.3) 7.6415.8(3.2) 14.146.4(9.8)  4.3+3.7 5.1
1824 G. bulloides 250355 0.6510.034 0.698:0.073 22.3+23.0(12.4) 14.2431.7(4.4) 21.0432.8(11.1) 9.9+1 11.8
1892 N. pachydermgs) 250300 0.726t0.024 0.7810.052 -14.9+10.317.6) -12.5#15.815.2) -6.5416.1(9.3) 2.8%3.1 4.7
1962  G. bulloides 300355 0.65%0.024 0.704:0.052 18.8+15.27.2)  11.9£1.0(0.3)  18.5#1.5(7.0) 11.6+1 9.6
1972  N. pachydermgs) 250300 0.676:0.024 0.726:0.052  8.0+13.5(3.2) 4.3+19.2(0.5) 10.8419.7(5.9) 4.8+3.9 5.3
2100  N.pachydermgs) 250300 0.70%0.024 0.754:0.052 -7.1+11.3(12.3) -4.8+#17.3(10.0) 1.4#17.7(3.8) 5.2+4.1 6.3
2139 G.bulloides 300355 0.696t0.024 0.745:0.052 -1.8+12.0(12.2) -1.7417.9(12.2) 4.5+18.4(5.9) 1041 9.5
2180  N.pachydermgs) 250300 0.7110.024 0.762:0.052 -8.9+11.1(12.8) -7.1#16.8(10.9)  -0.9+#17.2(4.8)  3.9+3.5 2.9
2212  G. bulloides 300355 0.692:0.017 0.741#0.037 -0.2#8.5(10.8)  -0.6+12.6(11.2)  5.7+12.8(4.9) 10.6+1 10.0
2274 G. bulloides 300355 0.682t0.024 0.730:0.052 4.9+13.0(5.5) 3.1+19.0(7.3) 9.5+19.4(0.9) 1041 15.8
2300  N.pachydermgs) 250300 0.70G:0.017 0.75G:0.037  -3.9+8.2(9.0) -3.3#12.2(8.5) 2.9+412.4(2.3) 52+41 7.0
2348 G. bulloides 300-355 0.685:0.024 0.733:0.052 3.4+12.8(5.4) 2.0418.7(6.8) 8.4419.2(0.4) 8.8 11.1
Average offset (all species) 8.9 7.9 5.2
Averageoffset (N. pachydermds)) 7.6 7.1 4.3
Average offset®. bulloide} 10.5 8.6 6.4




3.6.6 Usingn47 temperatures to infer salinity

Since the clumped isotope thermometer gives rise to temperature estimates that are
independent othe isotopic compositiof precipitation wates, it is theoretically possible to

use clumped temperatures to infet®O of seawater using the Shackleton equation.

Y p@ &y 1 O 70
1 0 70

Using paired clumped and stable measurements of fossilised foraminifera reduces the
unknowns within the equation to one, thus allowing it to be solved {8Oscawater High

resolution stable isotopic temperatures can then be recalculd@tedi K 6 SG G SMDO2y a i
of palaeowaters. C dzNJi K S N30 2oNEalEeavaters 0 ¥0sw) can in turn be used to

calculate palaeosalinityccording to the relationship derived Blerouxet al. (2008)

1 0 0Viaéeéyv Pp@@T™T™ L Yi WAORE Q

To test the validity of using clumped isotope measurements for such a stt¥@yand salinity
of seawater wa calculated for the calibration dataset using paired clumped and stable
isotopic measurements and compared to those derived from the WOAsdat& %O

calculated from salinity using Cleroux relationship). Results are presentedbie3.19.

| YFEAYdZY 2FF&4SG 27F nmndminferred aAndl WA calunddd®Basy 6 S i 6
with an average offsetof 9 @ C 2 NJ O 2n¥Haelmoddkra dhy, the okfset between the

most depleted parts of the surface Arctic Ocean and enriched parts of the surface Atlantic is
around 5¢ p @ p (Legrande & Schmidt, 2008}lobal average change in seawater betwee

It OAlIE kAYOGSNAEF OAFf SLIA &ehkagtial, 2082) Sad A Yl SR
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Table3.19 Comparison of 180 of seawater(t 1®Osw), salinityand isotopic temperatures (Tisoplculated from pairegh47 and1 180 foraminifera
measurementand WOA salinity datéor the calibration datasefn47 tenperature is calculated using the combined calibration derived in section

364118 NBLIZ2NISR Ay £ t.6%0isthE avarage meAsur@d®O ok fgfaminifeta
. nTt nT 1180gyy 1 180gyy nT WOA Salinit ¢Aaz2 Tiso(WOA Tiso
Core Species n(°C) LHOr 4{1805W WOA offset sglinity salinity offsety 1 1805w 4 18(§5W) offset
NEAF20B G. bulloides 18.9 0.481 0.925 -0.281 1.2 36.18 34.02 2.2 18.9 135 5.3
NEAF20B G. truncatulinoides 3.0 1.007 -2.184 0.065 2.2 30.61 34.64 4.0 3.9 12.8 8.8
NEAF20B G. inflata -1.0 0.924 -3.255 0.138 3.4 28.69 34.77 6.1 0.3 13.4 13.1
NEAF20B G. sacculifer 11.2 0.289 -0.991 0.104 1.1 32.75 34.71 2.0 115 16.0 4.5
NEAF20B G. ruber 14.0 -0.115 -0.779 0.099 0.9 33.13 34.7 1.6 14.0 17.7 3.7
NEAF20B G. ruber (w) 121 -0.130 -1.242 0.099 1.3 32.30 34.7 2.4 12.2 17.8 5.7
Rapid 2614B G. bulloides 11.6 1.943 0.616 -0.281 0.9 35.63 34.02 1.6 11.3 7.6 3.7
Rapid 2614B G. pachyderma 4.6 2.888 -0.082 -0.192 0.1 34.38 34.18 0.2 4.8 4.3 0.5
Rapid 2918B G. pachyderma 13.3 2.411 1.296 -0.231 15 36.85 34.11 2.7 12.1 5.9 6.2
BOFS 31K G. sacculifer 15.1 -0.740 -1.221 1.326 25 32.33 36.9 4.6 14.8 26.3 115
BOFS 31K G. ruber 18.1 -0.992 -0.773 1.326 2.1 33.14 36.9 3.8 17.9 27.5 9.6
BOFS 31K G. ruber (w) 17.0 -1.019 -1.078 0.874 2.0 32.59 36.09 35 16.6 25.4 8.8
BOFS 31K G. incompta 14.0 -0.367 -1.052 1.326 2.4 32.64 36.9 4.3 13.9 245 10.6
BOFS 31K G. inflata 11.0 0.303 -1.028 0.545 1.6 32.68 35.5 2.8 11.2 17.3 6.1
BOFS 31K G. bulloides 7.8 -0.577 -2.922 1.432 4.4 29.29 37.09 7.8 7.2 26.0 18.8
NEAF20B G. incompta 2.6 0.560 -2.806 0.121 2.9 29.50 34.77 5.3 3.3 151 11.8
MD99-2252 G. bulloides 7.8 1.587 -0.500 -0.325 0.2 33.63 33.94 0.3 8.2 8.8 0.6
MD99-2252 G. incompta 25.0 1.265 2.770 -0.259 3.0 39.49 34.06 5.4 23.7 10.4 13.4
NEAP4AB G. bulloides 17.1 1.581 1.446 -0.314 1.8 37.11 33.96 3.2 16.3 8.9 7.5
NEAP4B G. incompta 4.5 1.354 -1.450 -0.253 1.2 31.92 34.07 21 5.4 10.0 4.6
NEAPL6B G. bulloides 25.1 1.608 3.009 -0.292 3.3 39.92 34 5.9 23.2 8.8 14.4
NEAPL6B G. incompta 18.2 1.400 1.526 -0.264 1.8 37.26 34.05 3.2 17.5 9.8 1.7
NEAP16B G.inflata 9.3 1.666 -0.099 -0.242 0.1 34.35 34.09 0.3 9.5 8.8 0.7
NEAPL9B G. incompta 19.1 1.279 1.616 -0.314 1.9 37.42 33.96 3.5 18.4 10.1 8.3
NEAPL9B G. inflata -3.9 1.474 -3.336 -0.303 3.0 28.55 33.98 5.4 -1.9 9.3 11.2




The major contribution to this isotopic offset is from uncertainty in & temperature. It is
noticeable that the largest isotopic differences arise in those samples whegithderived
and WOA temperature offset is also the greatest. The offset betwn47 and WOA
calculated: 8Osy gives rise to similarly large offsets between calculgtéd salinities and

WOA values, with an average of 3.4 PSU and maximum of 7.4.

These results suggest that, given the uncertainfydi measurements using the current UEA
setup, itis notpossible to make reliable inferencestdfO of palaeowaters. Since®Oswis in

turn used to infer palaesalinity and isotopic temperatures, further refinement of the
methodology will be required t@educe uncertainty im47 before additional information
about oceanic conditions, or high resolution isotopic temperatures, can be deduced. Some

suggestions are explored in the following section.

3.7 n47 calibration¢ conclusions and further work

This study bs provided a proof of concept that palaeotemperatures can be successfully
inferred from foraminifera samples using the UEA clumped isotope facilities. Measurement
uncertainty remains undesirably high however, typically giving rise to temperature

uncertairties of+ 10¢ 15°C, and further methodological refinement will be required to bring

the uncertainty in line with those of established proxies.

The majority of measurement noise is known to arise within the sample purification line. An
automated line, cuently under construction, will go some way towards ensuring more
uniform treatment across samples and thus improve reproducibility. Further work is also
required toovercome the sample size effert discussed in detail in chaptert2 which acts

to increa® variability between samples of differing volumes. Although this is corrected for
during data processing, it introduces another layer of uncertainty and its removal is desirable.
Should the sample size effect be resolved, it would allow measurement gflss@s low as

1.5 mg, compared with the curredtmgmass samples. A sample which is currently measured
in triplicatecould theoretically be measure&&itimes. Assuming no reduction in measurement

precision for smaller samples, this would vastly improwentiog statistics, reducing standard

errorfrom0.019: Ay | GNRALIX AOlF GSOYBRRAMBYGY G0 8FSAD

found in reduced sample picking time and the possibility of higher resolution studies.
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This is only the fourth clumped isotopmlibration that employs planktonic foraminifera to
report on the absolute reference frame. It is reassuring that much of the discrepancy seen
between laboratories in the pioneering studies@fauelet al. 2013 and Tripatiet al. (2010)
appear b be being resolved as the slopes and intercepts of more recent planktonic
foraminifera studiegBreitenbachet al.,, 2018;Peralet al, 2018 This studyWackeret al.,

2014 falling within error of each othewhen projectedonto the ARF

The importance of consistent data processing is further highlighted in segt8 where
adopting the d& processing methodology &freitenbachet al (2018 to project data from

this study onto the ARF results in the two calibrations becoming almost identical. In order for
data processing methodologies to be brought in line, universal agreement is recuiezd

the ARF values of international standards. Majdvance$ave been made towards this over
recent years in the intelaboratory comparision studies ddernasconiet al. (2018)and
Petersenet al. (2019) and it was unfortunate that UEA were unable to participatéhizse
studies It may be necessary for us to reassess our internal accepted values of the ETH
standards so that our dataan be readily compared and combined with that from other

laboratories.

The alignment of the four ARF planktonic foraminifera studies suggest that a universal
planktonic foraminifera clumped isotope calibration is within reach. Foraminifera studies to
date have focussethrgely on developing laboratory specific calibratidhat require vast
resources before palaemconstructions can be considered. The benefits therefore of
establishing a universal calibration are obvious as increasing numbers of clumped laboratories

come online and wish to produce palaeo data with relative ease.

This study has demonstrated the advantages of combining datasets from multiple

laboratories in reducing calibration uncertainge€tion3.6.3. A multi laboratory calibration

gives rise to reduced RMSE, enhancéarRl improved prediction compared to using only

data produced in this study. In the immediate future, clumped isotope measurements,

particularlyof foraminifera, remain time consuming and sample quantity limited. Thus it is

ddza3Sad SR 0 K0 BMEOK2 NBE OV YIdHILINMR | OK YIF & 06S GKS Y2ai
to establish more robust calibrations that can produce temperature estimates with

uncertainty comparable to established proxies.
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It is worth noting that this study did not considepeciesspecificcalibrations as data was
insufficient to identifyspeciesspecificoffsets. It may be that individual foraminifera species
exhibit their ownpdr  W@A G £ ST AaBddaiody ProtdbcglsRandiskumentatioa
improves these will start to become apparent, just as has occurred with Mg/Ca calibrations

(Barker & Elderfield, 2002; Elderfield & Ganssen, 2000; Ganssen & Kroon, 2000)
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Chapter 4. Quaternary North Atlantic oceanography

Theremainder of thisthesiswill focus on the palaeoclimate of the North Atlantic. In the
modern day, the North Atlantic plays a major role in distributiegtfrom the equator to the

high latitudes via the glolbahermohaline circulation

Thethermohalinecirculationarises from the natural latitudinal temperature gradient across
the EartiQ &urface. Solar irradiance declines from the equator to the poles with the
increasingly large angle of incidence. Yet long wave radiative heat loss remains relatively
uniform, acting like a blackbody across the entire surfatéhe globe This results in a net

gain of energy at latitudes below 3&nd a net loss for those above. Thus to maintain the heat
balance of the Earth, vast quantities of energy must be transpopiéward from the
equator, estimated at 5.5 PW globa({Bryden & Imawaki, 2001yVhether the ocean or the
atmosphere is the dominant vehicle for heat movement remains unce(&tiyden, 1993)
however the larger heat capacity of water compared with air suggests of the oceans must

play a major role.

The largesof the thermohaline heat fluxes is found in the North Atlar{tibcCarthyet al,

2017) Study of theNorth Atlanticregion intensified with the suggestion that this global heat
conveyor may slow, or even shut down, iretfuture due to anthropogenic forcings with
dramatic impacts on the global climafi®leehlet al, 2007) Indeed sea surface temperature
data suggests the thermohaline circulatioray already havelowed by up to & %since the

mid twentieth century(Caesaet al, 2018; Rahmstost al.,, 2015) By looking to the past we

can gain insight into the mechanisms which drive changes in the thermohaline circulation and

the climatic impact that such changesght have.

This chapter reviews the scientific literature looking at the modern day configuration of the
Atlantic thermohaline circulation (4.1) and both long (4.2) and short (4.3) term fluctuations

throughout the Quaternary.
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4.1 The modern day North Atlantic

4.1.1 The Atlantic Meridional Overturning Circulation

Of particular interest to this work is the Atlantic Meridional Overturning Circulation (AMOC),
the North Atlantic branch of the thermohaline circulatiofigure4.1) which transportsaan
estimated 1.3 PW of enerdiom the tropics to the northern latitude€anachaud & Wunsch,
2000) This results in annual mean air temperatures off Scandinavia exceeding the zonal
average by more thanQl°C (Rahmstorf & Ganopolski, 19980dthe relatively mild climate
enjoyed by Western Europe. For example the mean winter temperature of Dublin € 4.3
warmer than Seattle, a city of both similar latitude and oceanic proxitMiyCarthyet al.,

2015)

=== Surface flow ® Wind-driven upwelling L Labrador Sea

=== Deep flow (® Mixing-driven upwelling N Nordic Seas

=== Bottom flow Salinity > 36 %o W  Weddell Sea
Deep Water Formation Salinity < 34 %o R Ross Sea

Figure 4.1 Schematic of the global thermohaline circulation. The Atlantic
Meridional Overturning Circulation (AMOC) is the north Atlantic component
shown above travelling as surface waters from the Gulf exikb to the Labrador
and Nordic Seas where it sinks to the abyss, forming the southerly flowing North
Atlantic Deep Water (NADW) (Sourc&chmittneret al (2013), adapted from
Rahmstorf2002).

The AMOC is characterised by the northerly flow of warm, saline surface waters from the Gulf
of Mexico across the North Atlantic and into the Nordic and Labrador Seas. It originates in the

GUf Stream which curves north around the southeast Newfoundland Rise to form the North
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Atlantic Current (NAQRossby, 1996)The NAC travels northward as a western boundary
current before turning east at 3l and traversing the Atlanti@Rossby, 1996)his current
splits at 26W- southwest of Iceland with a branch travelling west as the Irminger Current,
before eventually joining the East Greenland currantl meandering into the Labrador Sea.
The remainder continues northward into the Nordic Sdégure4.2) (Bower & Richardson,
2002; Brambill&& Talley, 2008; Farmett al., 2011; Lavendest al,, 2005) This latter branch

splits further with one branch travelling into the Arctic Ocean through the Fram Strait and the
other to the Barents Segchaue, 1997)

North Atlantic Sea Surface
20 Olv Temperature (Aug)

(D0) e1meradwa) aoelING BBS

40%y 30°W 20°W

Figure4.2 A map of North Atlantic surface currents. NAC = North Atlantic Current,

CIB = Central Iceland Basin, RT= Rockall Trough branch of the NAC, SF = Subarctic
Front, ERRC = East Reykf@aRedge Current, IC = Irminger current, NIC = North
Iceland current, IFF = Iceland Faroe Current, EGC = East Greenland Current, WGC
= West Greenland Current. (Souréarmeret al. (2011)

At these high latitudes, water is cooled by contact with cool ambient air, sourced from the
Canadian Arcti¢Broeker, 1991)At the same time, ice formation and brine rejection acts to
increase salinity and accordingly, density. Newly cooled, dense waters sink at multiple
downwelling sites before travélig south. Fram Strait Water forms the densest and deepest
of these southerly flowing branches, entering the North Atlantic as Dem@tdit Overflow
Water (DSOWRaymeet al, 2004)Figured.3). Water originating from the Barents Sea forms
IcelandScotland Overflow Water (ISOW). A small proportion of this @fyville Thomson
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Ridge Overflow (WTRQ) flows into the North Atlantic through the Rockall Trough at
intermediate depthgJohnsoret al., 2010)

Figure4.3 Map of North Atlantic Deepwater currents. DSOW = DenmariteéBeb
Overflow Water, ISOW = Iceland Scotland Overflow Water, WTR@Qville
Thomson Ridge OverflgWeSW = Labrador Sea Water, NADW = North Atlantic
Deepwater (sourceRaymoet al. (2004)

In the Labrador Sea, surface stratification forms a layer of warm surface water sitting atop
cold, fresh abyssal waters during the summer months. The majority of surface downwelling
is induced in the winter when surface contact with cold airflows enhahedsilence and
creates a convectively mixed lay@e Jongt al, 2012; Lazieet al, 2002) In severe winters,
downwelling is sufficient to enable convection throughout the following summer, creating
Labrador Sea Water (LAW). The depth of Laddfends upon the severity of the winter. In
mild winters, no LAW may be formed and severe winters may lead to convection depths down
to 2000 m(Lazieret al,, 2002)
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ISOW and DSW mix at depth to form the Deep Western Boundary Current (DWBC) which
travels around the southern tip of Greenland, eventually mixing with (iSolliday,2009)

where it continues its journey soutfprming the primary component of North Atlantic Deep
Water (NADW).

4.1.2 Drivers of the AMOC

Two theories have been proposed as the driving mechanism behind the AMOC. The
traditional view, first proposed b$andstrom(1916) is that the formation of deepwater in

the northern latitudes is sufficient to drive the AMOC alone. Deepwater formation is driven
by wind driven turbulent mixing in the North Atlantic, allowing light water masseis¢cand

heavy water masses to sinMunk & Wunsch, 1998)This creates a latitudinal density
gradient across the North Atlantic which results in the northerly advection of surface waters
(Kuhlbrodtet al.,, 2007)

Broeckeret al. (1985) argued that deepwater formation occurred predominantly in the
Atlantic because of its heightened salinity in comparison to the other major oceans. Exchange
of high salinity waters of #n Mediterranean with the lower salinity Atlantic leads to the loss

of freshwater from the Atlantic basin whilst an excess of evaporation over precipitation in the
Northern Atlantic acts to further heighten salinity. It is this heightened salinity thatlesab

North Atlantic water masses to sink.

An opposing view, put forward byoggweiler & Samueld998) asserts that mass driven
convection alone @&nnot account for the continual mixing obserysithce overturning would
cease once the vertical mixing gradient approached zero. Thus an external energy source is

required, whichWunsch 2002)attributes to wind and tidal forcing.

4.1.3 Anthropogenic climate change and the North Atlantic

With the orset of anthropogenic climate change, an increase of both precipitation and
atmospheric temperature is projected over the northerly latitugbteehlet al, 2007) Both

these effects will act to reduce the density of surface waters and supress the formation of
NADW that drives the AMOEurthermorejncreased freshwater input into downwellinges

from enhanced Greenland Ice Sheet runoff may act to further reduce surface density and
supress NADW formatiafHuet al,, 2009; Jungclawet al., 2006)
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The sensitivity of the AMOC to enhanced precipitation, Arctic warming and Greenland Ice
sheet melt remains highly uncertain. Best estimates from the Coupled Model
Intercomparison Project (CMIP5) suggest a reduction in strength of between 422 %
dependirg on the future emissions scenarfVeaveret al, 2012) Yet confidence in the
AMOC response remains I¢g@ollinset al, 2013) Modelling studies suggest the response will
depend upon an interplay between freshwater input from meltwater and increased salinity
at NADW formation sites, caused by enhanced Atlantic evaporérijffhout et al., 2011)

These two poorly constrained effects act to decrease, and increase flux into downwelling sites

respectively.

Palaeeoceanographic studies have shown that the AMOC ha lmubjected to similar
forcings throughout the last glacial cycle. There is evidence to suggest that freshwater input
during mass iceberg discharge (Heinrich) events or land based meltwater input (Younger
Dryas) lead to a weakening of AMOC streng@ttikins, 1998; Elliatt al., 2002; Krooret al,

1997; LynctStieglitzet al, 2014) Similarly it has been suggested that the reduction in
ambient air temperature at NADW formation sites during glacial episodes suppressed
ocean/atmosphere heat exchange, inhibiting the downwelling of cold NABdhabe &
Broccoli, 1985; Wargt al., 2015) These events are explored in further detail in the following

sections.

4.2 TheAMOC during the Quaternary glacial cycles

As far back as 190&€hamberlirfirst suggested thatltanges to the deep ocean circulation

could have played smleAy RNAGAY I GKS 9l dNRI/K QAT EOG Ak X 2 \f
200A2dza RNAGSN 32 NUKS N ES V@dezliL ik SRpIaNB S O dza S
GKS !tah/ Ay GN)}YALRNIAY3I KSIWRKIYER YY ZA &iDdzNFRIz
W22 E6FH L d0Qa fFNBEAG2 RS KSKATIOLAFDWGE YSI vy
GSNY OfAYFGS OKFy3S 2 @SNIOK dzgORINGER 3 n2aTayRESK X dka
adza3sSada ddKFdG !tah/ FfGSNYGA2Y RdzZNARYy3a (GKS €I
3f 261 f O22f0AyEl WRESHENRY KS YI 22NAGe 2F LINREE
lah/ O2y FA3dzNI GA2Y YR &adzLllLI2 NEf &8 Ked2ikKS
At OALf LISNA2RAO®
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. A2E23A0Ff LINRPEASE KI @S LINRPOARSR GES/IBR2YAYIY(H YSI y:
GKS Y2RSHNINAYOSEY IINE RdzOG A 2 Y?XRS 15 OMISY g2 WSR2 (12AISA vy a i

SYNAROKYSyYyld Ay (GKS (2 KIMINF RAFSvyaldzNFT OBK S I iSRENY 2 0SS!
GKSNBEF2NBE 06S dzaSR Fa I GNYOSNJ F2NJ 4KS a2dz2NODS NBIA2)
Ad LINBASNDSRI2AINY YAKSTESR I RS2Z AABSROINYY LINESAAWRSO a SRA N
KAaG2NRAOIE NBO2NR 2F OKIy3aSa Ay 6FGSNI YFaa &2dz2NDOS N

{idzRASE KI @S adz33aSadSR GKFIG Rdz2NAy3I GKS [F&d DflF OAL
GKS R2YAYylLyld NBIAZ2Y 2F b! 52 F2NNIGA2Y & AG A& (2RI
Ni2 (GKS bdRUKISEGRERWHYES Aa202LA0 aAdyl idNB 2F b! 52
0N OSIRKSG 2 2dzi KSNY hOSIy Ay (GKS Y2RSNYy RlIeé&x ¢4l a N
LISY SGNI GA2¢ Oz2NNER RBIWNKGAY3I Ay | adzZalINBaaSR adal ds
b2NIK !'GftFyGiA0 LYGSNYSRAIFIGS 21 GSMNI&Bp& L20 G RSLINK
Oppo, 2005 Marchitto & Broecker, 200& . St26 (GKA&axX O2fR a2dzi KSNy
LISy SG NI G SR | % Coriy ADppc206K | {(3S & Faguaaad NEB

> &

Q)¢

Results from the Palaeoclimate Modelling Intercomparison Project (PMIP) suggest that
enhanced sea ice coverage over the Nordic and Labrador Seas during glacial episodes acted
to suppress ocean/atmosphere heat exchange in these regions, driving NADW €orisites

further south(Otto-Bliesner, 2007)At the same time, enhanced sea icenfiation and brine
rejection in the Southern hemisphere leads to the enhanced AABW formation apparent in the
proxy recod (Keigwin, 2004)This hypothesis is supported by chloride measurements of
sediment pore fluid inclusions which sugg#st salinity of the glacial Southern Ocean was
enhanced significantly during the last glacial, reversing the modern day-goutin Atlantic

salinity gradien{Adkinset al., 2002)which in part drives the AMOC.
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Right: A: The modern distribution of
dissolved phosphatein umol L (a
biological nutrient removed in surface
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4.3 Millennial scale north Atlantic climate fluctuations

4.3.1 Heinrich events and Greenland Stadial/Interstadials

The concentration of ice rafted debris (IRDithic grains transported from land to the open
ocean via iceberg movementin North Atlantic sediments has long been known to increase
during glacial intervalsRuddiman (1977) showed that IRD concentrations increased
dramatically during the last glacial, commencing at ~75ka and continuing until the onset of
the Holocene, with eended penetration of icebergs both south and east, further from the

major land based ice sheets.
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Figure4.5 Inferred mean free paths distribution of IRD during glacial intervals.
Numbers are mean deposinal rates of ice rafted sand (mgéyr?). (adapted
from Ruddiman, 1977)

Latter studies suggest that the appearance RDIwithin the sediment record was quasi
periodic, occurring every 1911 ka(Broeckeret al, 1992; Heinrich, 198&s distinct events,
known as Heinrich events. The isotopic signature of the IRD inditaethe majority had a
Laurentide, or Western Greenland origiwith icebergs discharged through the Hudson

straight along a channel spanning eagst between 4@; 55°N (Groussett al., 1993)Figure
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4.5). A Hudson source is supported by the decreasing thickness of detrital carbonate layers

with distance from the Hudson Béiaafset al, 2013)

Whilst the appearance of Heinrich eventauisequivocalin IRD belt sedimentd-{gure4.5),
their presence in the wider Atlantis less certain. Rafting events have been identified in cores
north of the IRD belt from the Rockall Plateau and East Greenland Edastet al., 2002)

The Voring Plateau in the Nordic Sg&sonvalet al, 1995) and the Reykjanes Ridge
(Rasmusseat al,, 2016) Howeverwhilst in IRD belt sedimenthe Heinrich layers appear as
distinct peaks, the record further north suggests more modest peaks with sjpaitearnsto

the peaks observed in other Greenland stds(Hemming, 2004Naafs et al., 2003

The climatic impet of these events appears global, with responses observed as far away as
South American glacial systenfsowell et al, 1995) the North Pacific(Kotilainen &
Shackleton, 1995nd n the response of the East Asian monsoon obtained from the South
China SeéWanget al., 1999)

The cause of Heinrich events remains speculage¢ their temporal evolution within the
unstable northern hemisphere climate of the last glacial offers some clues. With the first
Greenland ice core analysis came thedigry that the North Atlantic region had undergone
short lived temperate excursions, or interstadials, every 62000 years throughout the last
glacial periodDansgaardt al, 1993; Johnseat al, 1992) Later analysigavea periodicity

of 1470+ 500 years(Bond, 1997) The signature of these ice coté®O excursions, or
DansgaaréDeschger cycles, was soon identified in North Atlantic sediment records as
increased concentrations of (IRD) during cold Greenland stadial e{imtsl & Lotti, 1995;
Bondet al,, 1993) Furthermoretheir signature could be traced back in time beyond the last
glacial cycldOppoet al, 1998)and into the HolocengBond, 1997) with the interglacial

equivalent being known as bond events.

Bond et al (1993) showed that when Heinrich events were superimposed onto oceanic
temperature and the GRIP ice core records it could be seen that Heinrich events occurred at
guastregular intervals, every-8 Greerhnd stadial/interstadial cycles-igure4.6). Thus
Greenland stadial/interstadial transitions and Heinrich events likely have similar triggers.
Whilst Heinrich eventsaincided with the most extreme temperature declines of 8 °C

below the already cold glacial climgf@ondet al, 1993; Dasgaardet al, 1993) subsequent
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studies have shown that ice rafting occurs during most, if not all, Greenland Stadial periods
(Chapman & Shackleton, 1999; Rasmusstesl., 2016)albeit with lower intensity than the

more extreme Heinrich events.
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Figure4.6 Overlain records of percentage abundanaf N. Pachydermaat North

Atlantic core site V281 (top) and™0 from the GRIP ice core (middle). The
~1.5ky cycles of O events are clearly apparent within larger Heinrich event
signals (Marked H*) which occur every 3t stadial/interstadial cycled.onger
term saw tooth temperature cycles, known as bond cycles, are bookended by
Heinrich events§ourceBondet al. (1993)
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periods of winter minimum/summer maximum insolation every half processional cycle.

(e} V4

Indeed processional harmonics have been shown to exhibi 12 ka periodicity in birth
Atlantic sites(Hagelberget al., 1994) These insolation minima could have allowed the
northern hemisphere ice sheets to cool and expand to sufficient size to eject large volumes
of icebergs into the north Atlait. The coincident globaboling observed in other proxy
records, discussed above, supports the idea of such a globally driven fddciwgver later
analysis has suggested asynchronous cooling in the Northern and Southern hemisphere

(Blunieret al., 1998)such that an external insolation forcing could not be the cause.

An alternative theory proposed hylacAyeal1993a, 1993byuggets that instability in the
Laurentide ice sheet drove the mass rafting events. Slow massuid the ice sheet acted
to trap geothermal heat which built up over time, eventually becoming sufficient to melt ice

in contact with the bedrock and cause ghivolume of basal sliding. A numerical model of
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the process suggested a 7 ka oscillation for this binge/purge ntdddine with the observed

cyclicity between Heinrich evenfslacAyeal, 1993a)

Van Krevelakt al (2000)used high resolution records of the North Atlantic to conclude that
small amounts of iceberg rafting in the Nordic Seas preceded Heinrich rafting. They proposed
that these initial ice rafting events caused sufficient sea level rise to undercut the ground
based Laurentide ice sheet and subsequently cause the large scale rafting events through the
Hudson Strait. This theory is supported byN8risotopic analysis dRD from the European
margin which shows ice rafting from the European Ice Sheets preceded those from the
Laurentide ice sheetGroussetet al, 2000) This scenario suggsedhat sea level rise was
sufficient to undercut the Laurentide ice sheet every 8 stadial/interstadial cycle@viaslin

et al,, 2001) Howeverthe question still remains as to what causes stadial/interstadial cycles

in the first place.

An additional theory put forward byohnson & Lauritzen (199p)oposes the existence of a

glacial lake, dammed by the Laurentide Ice Sheet. Heinrich events were triggered by repeated
jokulhlaupsg massive glacial lake outpouringghat occurred wha the glacial dam at the

mouth of the Hudson Strait failed. Meltwater delivery would account for the high
concentration of fine grained material found in the sediment immediately prior to Heinrich
events(Hesse & Khodabakhsh, 1998joweverg KA f a4 A0 Qa Ll2&aaAroftsS G
have exited during the latter stages of MIS 5 and possibly MIS 3, it seems unliktlthe

cold glacial climateauld have allowed the existence of a glacial lake for prolonged periods

(Hemming, 2004)

The ice shelf hypothesis proposed Hylbe (1997)postulates the existence of an ice dome

over the Hudson Bay thdormed an ice shelf over the Lagtor Sea. Such a configuration

could transport large quantities of lithic material to the ice shelf because of the steep basal
topography. The ice shelf would only operate during extreme cold periods, consistent with

the observation that Heinrich events occur during the most intense iotéavals Bondet al.,

1993) HoweverA y adzOK | Y2 RSt SE i NEB®Dectddlfd alycoldh OK

intervals and this is not observed.

Seidov & Maslin2001) provided a conceptual model to propose that Heinrich Events and

stadial/interstadial cycles were the consequence of a natural heat exchange between the
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north and south hemispheres, driven by the thermohaline circulation. Their model is based
on the discwoery that the two hemispheres experience out of phase warniBignieret al.,

1998) They suggest that iceberg disege into the North Atlantic during Heinrich events and
northern hemisphere stadials acts to suppress NADW formation, reducing the northerly flow

of surface waters and the penetration of NADW into the Southern Ocean.

With no equivalent event in the soughn hemisphere, Antarctic bottom water (AABW

deepwater formed in the Southern Ocean) formation begins to dominate over NADW

formation. As AABW sinks, warm equatorial waters are drawn to replace it, leading to a

reversal in the AMOC, warming the southéramisphere and further cooling the northern.

This configuration stops only once northern hemisphere ice sheets have sufficiently stabilised

02 KIGS WFtdzAKSRQ Fff AOSOSNH&A |yR 0S3aAy (2 NBINRGY
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4.3.2 Glacial Terminations

After the slow glacial buildp of northern hemisphere ice sheets over @20 ka, the
transition intointerglacial conditions is marked byapid warmingor termination (Broecker

& van Donk, 1970)The majority of literature focuses on the most recent termination,
Terminationl and its occurrence within the radiocarbon dating range also give it the best
constrained chronology. As such this section will give amview of Termination, lagainst

which other termination events can be compared.

Betweenthe start of the last termination atl8 - 20 ka (Denton et al, 1981)and the
disappearance of the Laurentide ice sheet at {kyke et al, 1987) sea level rose
approximately 12 m (Thompson & Goldstein, 200@6nd atmospheric C{Qconcentration
increased by around 90 pptiMonnin et al, 2001) This geologically rapid transition was
punctuated by periods of rapid warming and cold reversals in which the response of the

AMOC is thought to have played a driving.roll

A moderatet 80 increase is observed in the GRIP and GISP Il Greenland records subsequent
to 24ka(Sowers & Bender, 1995This short lived excursion is interpreted as a temporary

transition out of full glacial conditions however a return to near LGM values is observed by
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16ka(Sowers & Bender, 1995)tmospheric CO2 concentrations begin to rise shaftigr at
17.5+1 ka(Monninet al., 2001)

The first dramatic shift in Greenland temperatg is observed at 14.7 ka at the start of the
Bolling Warm IntervalFigure 4.7), marking the definitive transition out of full glacial
conditions(Swers & Bender, 1995Atlantic sea surface temperatures increag&doon, et

al., 1997)and land based temperature proxies suggest coincident warming in Europe
(Renssen & Isari2g001)and North AmericgShumaret al., 2004) Radiocarbon ageshowan
increase in North Atlaic ventilation (Adkins, 1998) alongside increasing benthic*C
showing increasinlADW formatior(Piotrowskiet al., 2005 Clarket al., 2012. Foraminifera
derived temperatures and salinity show an influx of warm, saline waters into the North
Atlantic(Kroon,et al., 1997)suggesting that the AMOC operated in a heightened state during

the Bolling warm period.

The Bolling warm period is accompanied by a dramati¢ 20 m rise in sea level over an
approximately 70 year period Eigure4.7) (Clarket al, 2012 Peltier & Fairbanks, 2006
Fairbanks, 1989 A coincident marine 0 spike, suggests the rise was accompanied by
surface water freshening, likely caused by a dramatic influx of water from land based sources,
referred to as Meltwater Pulse IdcManuset al, 2004) The timing of Meltwater Pulse 1a

remains contentious but best estimates put it around 14Rardet al., 1996 Fairbanks, 1989

The source of the freshwater has generally been attributed to the draining of glacial Lake
Agassiz, triggered by the retreat of Laurentide glacial déBngeckeret al., 1989; Rooth,
1982) Supporting evidence is provideby{ ¥0 measurements in the Gulf of Mexico that
suggest &oincident increase in salinity as drainage routes were diverted from the Mississippi
to the St Lawrence RivéFloweret al, 2004) and a drop in Lak@gassizevels (Thorleifson

and Teller, 1982)The exact route of the flood remains contested with counter arguments
suggesting that the Laurentidee Sheehad notretreated sufficiently by 14ka to allow the
freshwater outburst(Lowellet al., 2009)and{ 80 records 6the St Lawrence River outlet
failing to identify the expected reduction in salinity from such a large amount of freshwater

input (de Vernalet al,, 1996)
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Figured.7 A) GISP 2
(dark blueYMeeseet
al., 1997)and NGRIP
(light blue) (Johnsen
et al, 2001) +1%0
records. B)
Combined radiative
forcing (red line) and
CQ only (dashed
blue line)(Monninet
al., 2001 on
Greenland Ice Core
Chronology 05
(GICCO05) timescale
(LemieuxDudon et
al., 2010) relative to
preindustrial levels.
See Clark et al
(2012)for details on
conversion to
radiative forcing. C)
Relative sea level
from Bonaparte Gulf

(green crosses)
(Yokoyama et al,
2000) Barbados

(grey and darkblue
triangles) (Peltier &
Fairbanks, 2006)
New Guinea (light
blue triangles)

(Edvardset al., 1993) Sunda Shelf (purple crosséslanebuthet al, 2000) and
Tahiti (green trianglesiBard, Bard, Hamelin, & Delgime-sabatier, 2012) Also
shown is eustatic sea level (grey lifffeter U. Clarlet al., 2009) D) Area loss
from the Laurentide Ice She@Dyke, 2004and theScandinaviatce Shee{Peter

U. Clarlet al,, 2012) E) Freshwater flux to the global oceans derived from eustatic
sea level in @Peter U. Clarkt al., 2012) Grey vertical shading shows timing of
climatic intervals (OD = Older Dryas, BA = Beliteyod, YD = Younger Dryas).
(Adapted from(Peter U. Clarkt al., 2012).

Shortly after Meltwater Pulse 1a,1a%0 spike is observed in the Greenland ice cores at 12.9

ka(Rasmussent al., 2014) accompanied by a steep decline in atmospheric greenhouse gas

concentrationqClarket al., 2012)associated with the Younger Dryas cold evdeimperature

drops of up to D °Care observed across northern Euro@&tkinsonet al., 1987; Brooks &

Birks, 200Q)with wider climatic impacts observed as far @hina(Huanget al., 2012)and

Malawi(Castafied&t al., 2007)

Benthic{ $3C declines in north Atlantic coré&ahnet al, 1997)and atmospheric radiocarbon

spikes(Singarayeet al,, 2008)suggest a reduction in North Atlantic ventilation, consistent
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with North Atlantic freshening from meltwater pulse la suppressing NADW formation
(Broeckeret al., 1989)

Temperatures and Greenhouse forcing remained supressed for approximately(Caket

al., 2012)until a sharpincrease int %0 at 11.7 ka is observed in the Greenland Ice cores
(Rasmusseat al., 2014)longside a global temperatures increase, signifying the onset of the
Holoceng(Clarket al., 2012).
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Chapter 5. Core processing and geochemistry methodology

5.1 Core preparation

Samples were obtained from two 1 sections of core MD99251 spanning depths 20.28
m ¢ 23.26m. Each section was extensively photographed prior to processing with changes

visual appearance notedhe outer Imm of sediment wa removed prior to photographing

as this may have undergone some discolouration during oxidétion contact withthe air.

Figure5.1 Close up ofthe upper portion of section XVI of core MD2251
showing uniform appearance.

The core was sliced intocin segments with a craft knife, taking care to leave a thin (ef®)5

outer ring of sediment behind on the core housing. This outer coating is pgoosediment
perturbation in the coring process and contains a high concentration of plastic contamination
from the core housing. Alternate dn samples were removed and bagged for storage. The
remaining samples were weighed and submerged in distilled wegfare being placed onto

a mixing table for a minimum of 48 hours to disaggregate the sediniemtenser samples,
additional mixing time was sometimes required alongside physical breaking of sediment using
pressurised distilled water. Aftglisagregation,amples were sieved at 130n, a size fraction

shown to isolate adult foraminifera tests, mineral and rock grédvemanuset al, 1996)

160



before being dried overnight at®®Cin a drying oven. Both coarse (>1if) and fine (<150

um) dry weghts were recorded.

5.2 Foraminifera assemblage and IRD counts

5.2.1 Foraminifera assemblage counts

A microsplitter was used to randomly divide the coarse size fraction (Xi&D in half
multiple times until ~300 speciments remained. The remaining specimens yppedtonto

a counting slide for analysis with a binocular stage microscope.

The number of specimens counted represents a compromise between counting efficiency and
accuracy. Although there is some debate as to whether 300 specimens is sufficient to
accurately capture assemblage divergiBatterson & Fishbein, 1989 has become the
standard number over which assemblages are surveyed R#apmann,et al, 1996
Mcmanuset al, 1996) Fatela &Taborda(2002) demonstrate from analysis of 4 benthic
foraminifera assemblages that 300 specimens is sufficient to provide a accurate
representation of the full population. They calculate that the probability of losing species
present at5 %of the population falls to 3 x 18% for counts of 300 and greater. The average
number of specimens counted per assemblage in this study was 448. Specimens were
identified down to the species level with unrecognisably damaged or malformed specimens
O2dzy i SR Fa Wdzy | y26y Qo

Errors were estimatd with eight recountsRecounted samples chosen to represent a large
range in represented species. The weighted average percentage offset between orginal and

re-counts was 5.86 for species representing ¥ abundance.

5.2.2 Ice rafted debris counts

Ice rafteddebris (IRD) counts were conducted concurrently to assemblage counts. Distinction
of IRD petrographic type enables the source to be identified, giving information about ice
sheet dynamics and oceanic currents. In mid Atlantic cores VM29and VM23181,

situated of the West of Ireland, black basaltic glass has been shown to derive from southerly
migrating Iceland or Jan Mayan sourced icebergs and heamatite stained quartz from those

derived on the Eastern Greenland coast and Svarl2wodd, 1997)Detrital carbonates from
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cores in the Labrador Sea have been traced to imgbearved from the South and West
Greenland Margin(Bond et al, 2001) Similarlty volcanic tephras provide geological
timestamps of major volcanic eruptions which allow accurate dating of such events and cross

correlation between corefDaviest al., 2014)

For ths study IRD types were split ingix categories:clear quartz, stained quartzpink,

brown), glass, volcanics, carbonateslothers¢ encompassingrratic graindi K ¢ RARYy Qd T f f
into the other nine categoriesIRD counts were quantified as percentagddotal entities

(Heinrich, 1988and as a concentratioggrains per gram of dry sediment. The former method

overcomes biases arising from large IRD specimens such as dropstargagle large entity

of whichmay skew the results by causing an erroneous increase in sediment(@iadse,

1987) Howeverthis method is vulnerable to false spikes in IRD that might arise from a fall in

carbonate material rather than an absolute increase in IRD material. Thus the two methods

used in conjunction allow such biases to be identified.

5.2.3 Sratigraphic zoningwith foraminifera assemblages

Constrained hierarchical clustering of foraminifera assemblages into stratigraphicweases
performed using the Rioja package written for the programming languagdeadgjins, 2017)

The package applies an incremental sum of squares mdiaad, 1963) minimising the

total within cluster dispersion. The method draws upon the CONISS algorithm, originally
written in FORTRAN and applied to pollen stratigraphic z¢@rmm, 1987)CONISS applies
incremental sum of squares such that only stratigraphically adjacent sanmglesasidered

for clustering.

The total number of statistically significant stratigraphic zowas obtained by comparison

to the broken stick modgBennett, 1995) This divides the total variance of the dataset into

N equal zones, the length of which corresponds to the proportion of total variance that would
be present in ach level of zonation if the sequence consisted of samples with no stratigraphic
structure. Stratigraphic zones are then assigned by comparison to this model. If the variance
in each zone exceeds that expected from the broken stick moptthel zone accourst for more
variance that would be expected if the samples were arranged at random and can be

considered significar({Bennett, 1995)
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Figure5.2 shows an example dataset froBennett(1995)with the smooth line showing the
proportion of variance with number of zones in theoken stick model and the variable line
showing the same for an example palaeontological dataset. The proportion of variance for
the example dataset falls below the broken stick model once 18 zones have been drawn. Thus
these 18 zones are considered sfig@int as they contain variance that differs from other
zones in some way. When the dataset is further subdivided, the difference between zones

are simply the result of random varian(®ennett, 1995)
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Figure5.2 Demonstrating the use of broken stick model to assigsificance of
stratigraphic zoning. Once the proportion of variance of the broken sticks model
(smooth line) exceeds that of the palaeontological dataset (variable line),
additional zoning is not significant (Source: Bennett, 1995).

5.2.4 Temperature reconstrationsfrom foraminifera assemblages

Methods for reconstructing palaeenvironmental conditions from micropalaeontological
proxy data fall into one of two broad categories: Calibration or similarity studies. Both
methods rely on three basic assumptionk) That the environmental variable being studied

is the cause of the changes in the chosen biological proxy; (2) That the relationship between
the species and environmental variable being studied has not changed over time and (3) that
the modern observatins contain all the data required to interpret the fossil dd@uiot,

2011)

Calbration methods generally usenodern day training datasets to derive mathetical

relationships between the species present in an assemblage and an environmental variable.
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The earliest such example is the seminal studyndfrie & Kipp (1971)in which principal
component analysis is used to form clusters of core top assemblages associated with different
environmental regimes. Each assemblage is associated with a small number of species
components which are then regressed against environmental variables. These regressions can
now be applied to fossil assemblages to infataeaenvironmental conditionsThis approach

was also employed in the well known CLIMAP prdjetimap Project Members, 1976 the

years since, various calibration approachemve been developed which vary in their

mathematical methodology. These are summarisedableb.1.

Table 51 A summary of calibration methods used to infer
palaeoenvironmental conditions from micropalaeontological proxy data
(adapted from Guiot, 2011)

Approach Family Method Example
Calibration Ordination Principalcomponent analysis (Imbrie & Kipp, 1971)
techniques
Partial Least Square (ter Braaket al.,1993)
Correspondence Analysis (Roux, 1979a)
Generalised linear Logistic regression (ter Braak & Looman,
models 1986)
Non-parametic Artificial Neural networks (Malmgren & Nordlund,
methods 1996)

Similarity Presence/Absence Mutual climatic range method  (Sinka and Atkinsqri999)

Use of indicator species (Iversen, 1944)
Abundances Modern Analogue technique (Hutson, 1980)
(MAT)

MAT geographally constrained  (Pflaumanret al.,, 1996)

Revised analogue method (RAN (Waelbroecket al., 1998)

Rather thanrely on deducing mathematical relationskipetween taxa and environmental
variables, similarity methodsompare fossil assemblages to modern day datae modern
analogue technigue (MAT) was first introduced Hiytson (198Q)His technique matched

fossil assemblages to over 150 daon core top assemblages to obtain a subset of the most
closely related modern samples (or analogues). Sea surface temperature and salinities for
fossil assemblages were then inferred by averaging those variables across the subset of

modern analogues.
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Qibsequent advances have sought to further constrain the choice of analogues either
geograhically (e.g. Pflaumannet al, 1996)2 NJ G KNR dzZ3K G KS ONBF A2y
derived frominterpolation between core tops in environmental space and using these as

matches for the fossil assemblage (RAM technidupelbroeclet al., 1998)

This study appliethe modern analogue technique (MAT) to infer temperature from 182 fossil
assemblage counts of core MD2951 conducted for this study, as well as an addala@34
counts conducted previously by Mark Chapman, Leila HulmeCimistopher Ellison. This
gavea total of 616 fossil assemblagesvering a depth range between 4.4nand 35.24 m.

N. pachydermas) percentage abundance data between®wrh and ~165 m has been

published previouslyEllisonet al., 2006)

MAT analysis was conducted using the aforementioned Rioja package, produced by Steve
WdzZ33Ayas F2N GKS adl @aggitsA 2017j947 IAYahtit eclieAtdp & 2 F
assemblages, compiled as part of the Glacial Atlantic Ocean Mapping (GLAMAP) project
(Pflaumann, 2003)ere used as modern analogues. Similarity to the modern analogegs
assessed by minimising the squareachdistance between the sample and analogue. The
squared chord distancevas calculated by summing the square roots of each species
percentage abundance in the fossil assemblage minus the square root of the species

percentage abundance in the analogue.

WO GICR | QI 00 dOy T /T

Where q = species population percentage of fossil assemblage and p = species population

percentage of analogue assemblage.

The inferred temperature wa then calculated by averaging themperature across the
modern subset, with weighting applied to each analogue dependent on its similarity to the

fossil assemblage.

The number of modern analogues (defined as K and commonly referred to as the number of
Gy SIENBAG ySAIKO 2atitiio dhe ShinieSagseniblige)itdNihcliade Yithin a
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temperature calculation will vary depending upon the characteristics of the subset. A smaller,

less variable subset could be considered more reliable than a large highly variable one,

however too few anlbgues in the subset renders it vulnerable to outliers and biases.

The impact of the chosen K value was investigated by first applying the MAT to the 947 cores

of the training dataset to derive summer SST for a value of k varying between 1 and 12. The

avaage RMSE from the known core top temperature was then calculated for each value of k.

Results are plotted iRigure5.3. A minimum RMSE of 1.38 is achieved at k =a®d thus this

value was adopted for palaeotemperatures calculations for the 616 fossil assemblages of

MD99-2251.
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Figure5.3 Average RMSE for predicted temperature using the 947 coretop
training dataset wih a given number of analogues. Minimum weighted mean

RMSE is achieved with 8 analogues.

MAT performance was estimated using creafidation bootstrapping on the 947 cores from

the SIMMAX databaseFigure 5.4). The technique clearly performs better at higher

temperatures which are better represented within the SIMMAX datéEable5.2).
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The MAT was subsequently applied to the 616 fossil assemblages, with modern analogues
sourced from the 947 core tops SIMMAX database. Summer SST was calculated from the
weighted average across the eight most closely matching analogues. Errors wereezstimat

from residual magnitudes in the SIMMAX cross validation°@ &mperature interval<0j.

Table5.2 Summary statistics for MAT cross validated with SIMMAX 947
core top dataset (k = 8).

Number of core  Estimated error of

Temperature range  Averageresidual topsin SIMMAX palacosamples

(°C) magnituwle CC)

dataset (°C)

<5 1.66 80 1.8
5-10 1.46 105 15
1015 0.71 109 0.8
1520 0.77 124 0.8
20-25 0.62 258 0.7
25-30 0.63 271 0.7

5.3 Samplepreparation for Mg/Ca analysis

Mg/Ca temperatures were inferred at alternatecmintervals along thé msection of core
MD992251 (section5.1), with an additional six measurements at key climatitervals

selected from the entire length of the core.

Foraminifera specimens were obtained by dry sieving the coarse fraction sediment to the
desired size fraction, scattering onto a gridded picking tray and manually selecting tests using
a binocular nitroscope and fine paintbrush. Only whole tests were selected with care taken

to ensure samples were pristine with no visible sign of discolouration or staining.

N. pachydermas) and G. bulloideswere selected as the most abundant species, thus
providing sufficient measurement material. 60l. pachyderma(s) and 80 G. bulloides
specimens were picked for each analysis in the@300 um and 300 355 um size fractions

respectively.

5.3.1 Sample cleanindor Mg/Ca analysis

Samples were cleaned according to a method modified fidarkeret al. (2003) described

in detail in section 3.5.2. Briefly: sampke® crushed and chamber detrital material removed
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under the microscope before beingansferred to a 50 L micrecentrifuge tube. Finer
grained sediment was then removed through repeated ultrasonication in ultrapure water and
methanol, before boiling for 15 minutes in NaOH buffete¥hydrogen peroxide solution to
remove organic materiaA final 0.0@ mnitric acid leach is used to remove secondary calcite

overgrowths before rinsing in ultrapure water and drying overnight in a drying oven.

5.3.2 Mg/CalCRAES analysis

Immediately prior to ICRAES analysis, samples were dissolved i B®f0.075 mnitric acid,
aided by ultrasonication where necessary. Samplese inspected under the microscope to
ensure full dissolution prior to being centrifuged at 500 for five minutes to remove any
remaining solids. The top 2@ was then removed atransferred to clean microentrifuge
tubes, ready for analysis. Fi@d dilutions of each sample were then prepared by removing
50 WL from the 25QuL batch and diluting with 200L of ultrapure water.

Mg/Ca ratios were measured on the Varian Vistaubitbely Coupled Plasma Atomic
Emissions Spectographer (M8BS) at the University of East Anglia. Prior to analysis, the
instrumentwasstabilised by running through 0.8 nitric acid for a minimum of 30 minutes.

Ca and Mg calibrationsere produced fran regressions of intensity against concentration
derived from five laboratory standards with Ca concentrations of 10, 20, 40, 80 and 120 ppm,
held at constant Mg/Ca ratio of 5 mmol/mol. Similar regressiomse used to produce

calibrations for contaminantal, Ba, Fe, K, Mn, Na, Si, Ti and Zn using six laboratory standards.

Background contaminatiowasassessed with measurement of six vial blanks prior to analysis
This wassubtracted from final measurements. The sample -fivlel dilutions were then
measued and used to calculate the Ca concentration witthe bulk sample. This allowed
dilution of the bulk sample to a standardised concentration of either 20, 40, 60 or 10@ ppm
the final choice dependent on the amount of calcium in the bulk solutionp@® was

generally preferred as wasfound to be most accurate.

Final Mg/Ca ratiogvere calculated according to the method afe Villierset al. (2002)
Conventional ratio calculations regress element line intensities against element
concentrations to estimate absolute concentration before then calculating elemental ratios.

This is problematic at higher elemental concenvat where intensity calibrations have been
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shown to be vulnerable to curvatur&igure 5.5) ¢ consistent with the effect expected from

elemental seHabsorption(Ramseyet al,, 1987)
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[Ca] ppm

Figure 5.5 Intensity vs concentration plots from I¥ES analysis. Lines show
linear relationships with a reduction in predicted intensity at higher
concentrations caused by matrix effects. Note that the dffedess apparent in
the Ca315 line. (sourcde Villierset al., 2002)

Instead of regressing intensity directly with concentration, dieeVillierset al. (2002)method

first produces a calibration of standards with identical calcium, but variable magnesium,
concentrations. This requires measurement of six laboratory standards with Ca
concentrations identical to those of the diluted sample concentrations (ei2®er40, 60 or

100 ppm). The raw intensity ratios (Mg285/Ca315) of the samples are then regressed against
the Mg/Ca content of the standard solutions. Mg285 and Ca315 emissionsviinesised as

these exhibit the smallest matrix effectsiure5.5).

Instrumental drift and precisiowere monitored with analysis of three laboratory standards
of Ca concentration 60, 70 and 190m, a minimum of six times throughout the experimental
run. Average relative standard deviation in /@g across the three standards sv8.048

mm/mol.
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5.3.3 Mg/Ca contamiration screening

A substantial proportion of marine sedent consists of mineral clays predominantly
kaolinite, illite, chlorite and montmorillonitéBarkeret al., 2003)t which, since they contain
elements of interestmust be removed prior to analysidBarkeret al. (2003)calculate that
just 0.1 pg ofmineral rich clayis sufficient to significantly increase uncertainty in Mg/Ca
measurements highlighting the need for a robust cleaniqgotocol and contaminant

screening process.

Both Fe and Al are strong indicators of elevated clay mineral content. Fhariedion of Al
and Si in foraminifera samples was first noted in the pioneering studiEsdiani(1955)who
concluded that Al must therefe arise from silicate contamination. Similarly Fe has been
shown to cevary with Al and Mg conter{Barkeret al, 2003)and therefore can also be used
as an indicator of clay contamination. Thus samples with elevate& AlWG Fe/Ca, above a
0.4 mmol/mol threshold or Fe/Mg above 0.2 mmol/mol were highlighted for additional

scrutiny.

Ferromanganese nodules, small concretions often found within sediment or adhered to
foraminifera tests, pose an additional source of contaation. Chemical analysis suggests
they contain significant concentrations of Mde Langeet al,, 1992) Thus elevated Mn was

also used as an indicator of contamination and such samples were subjected to additional

scrutiny. Of the 246 total measurements, 13 were discarded as contaminated-aady@ed

During the cleaning protocol, 76 samples were impacted by a malfunctieratey purifying

unit such that they were exposed to potentially contaminated water. Subsequent analysis of
water outputted from this unit showed Ca present at ppm and Mg at Sppm. For
comparison, sample blanks consisting of ultrapure acid made frontuiodi of ultrapure

water from the same unit generally measure below the instrument detection limit and local
tap wateris measured as having 93 ppm Ca and 5.4 ppm Mg. The start time of the malfunction
was unknown, and with samples left under a thin layewater for storage between cleaning

and analysis, it was possible that measurable levels of secondary carbonate, sourced from

contaminated water, had been deposited onto the sample.
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To ensure the removal of any secondary calcite arising from the nidunthe 76 samples
were subjected to two additional leaches in 050m nitric acid to remove surface carbonate
which may have precipitated out of contaminated water. Eight of the samples wagieked

and recleaned for comparison with potentially comténated samples. Rmeasured
sampled showed good agreement with potentially contaminated samples with an average
offset in Mg/Ca of 0.10 mmol/mol. Subsequent measurement of the 76 contaminated
samples revealed no evidence of additional contamination fraimeiotrace metals nor
anomalous offsets from adjacent samples. Thus is was concluded that the malfugittien

did not impact the measurementsr the additional acid leach was sufficient to negate its

effect.

5.3.4 Mg/Ca sze fraction tests

Several species dbraminifera have been shown to exhibitiriations in Mg/Ca with size
fraction (Clerouxet al,, 2008; Friedricket al., 2012)as small juveniles descend in the water
column and acquire a secondary layer of cooler, subsurface calcite later in their lifecycle.
These findings are corrobated here with triplicate measurements Nt pachyderm#s) from

the 212¢ 250um and 250; 300um size fractions giving rise to Mg/Ca ratios of 0.28602

and 0.853t 0.006 respectively. Thus all samples in this stuele taken from as constrained

a sike fracton as possible that still allowefbr sufficient sample to be acquired. FGQr.
bulloidesthe 300¢ 355 ym size fraction is selectedndN. pachydermés), the 250¢ 300 ym

fraction.

5.3.5 Choice ofMg/Catemperature calibration

As understanding of thi®lg/Ca proxy has evolved, it has become apparent that foraminifera
exhibit speciesspecifictemperature sensitivities, giving rise sgpeciesspecificcalibrations
(Anandet al.,2003; Clerowet al, 2008; Elderfield & Ganssen, 200Bpr common species
such asG. bulloides numeroustemperature calibrations now existFarmeret al. (2011)
showed that the chiwe of calibration can result in inferred temperature discrepancies of
several degrees in modern day North Atlantic core MR2291. This is furtheemphasised in
section 3.4.2 of this studyhere the choice of calibration used to infer temperatures of core

top samples is shown to result in temperature offsets exceedinClfdr the same sample.
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Both this study anéFarmeret al. 2011)demonstrated that the closest temperature estimates

to modern day WOA values were derived from nearby cores. To this end the calibrations of
Barker & Elderfield2002) and Kozdonet al. (2009) were chosen forG. bulloidesand N.
pachydermgs)respectivelyin core MD992251

5.4 Stable isotope methodology

113C andi 80 were measured for three speciés, bulloidesand N. pachydermds) andG.
quinqueloba at alternatel cmintervals along th 3 msection of core MD92251 between
20.28 m¢ 23.26 m G. bulloides(Duplessyet d., 1993; Marchantet al, 1999)and N.
pachyderma(s) (Obrochtaet al., 2014 Simstichet al, 2003)have been widely utilised in
palaeoceanography studies and are known to exhibit strong isotopic responses to
environmental conditionsHowever climatic extremes saw their abundances drop to near
zero in core MD92251. In suchinstances it is probable that the few specimens that are
present could have migrated from sites with climatic regimes wholly different to those at the
core site.G. quinquelobavas therefore also measured as the species remained present
throughout the entie 3 m section of core. The species is less widely utilised, presumably
because the small size of individuals make it a time consuming species to isolate and measure,
yet a limited number of studies have shown it exhibits an isotopic response to climatic
variability (Simstichet al.,, 2003)

Table 5.3 No of species and size fractions for stable isotopic
measurements in this study

Species Size fractioni{m) No. of specimens
G. bulloides 300¢ 355 30
G. inflata 300¢ 355 20
N. pachydermgs) 250-300 20
N. incompta 250-300 30
G. quinqueloba 150+ 100
Uvigerinaperegrira 150+ 5

Alongside MD92251, an additional 238 samples from core U13@%e also measured,
includingN. incomptaandG.inflata speciesSze fractions and sample sizes are givenahle

5.30. To minimise potentiahfluence off migratory planktonic species, a minimum of; 30
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specimens were picked and homogenised prior to measurement of large s@ediedloides
N. pachydermgs), G. inflata and N. incompta and a minimum of 60 for the small&.

guinqueloba

5.4.1 Sample cleanindor stable isotope analysis

There exists a huge degree of variability over how samples are prepared for stable isotope
analysis. Published cleaning procedures include high temperature h¢&tiagkleton, 1974)
chemical treatment with hydrogen peroxide and acetone wagBésckletoret al, 1995)and
ultrasonication in distilled wate{Bergeret al, 1993; Imbriect al, 1973) with many studies

detailing no prior cleaning at dk.g.Marchitto et al., 2014; Wanet al., 2015)

In order to investigate the efficacy of differemieaning procedures on stable isotope
measurements, the impact of two cleaning methodologiess. bulloidesvere investigated

T arinsing protaol and Mg/Ca cleaning protocol (5.3.6) bulloidesvas chosen as a suitable
species as its open test morphglp is susceptible to capturing a high degree of sediment
contamination. The two methods are described in detail below and compared against each

other.

1. Rinsingprotocol

Samples were gently crushed between two glass plates to break open test chambers and
enable the removal of large contaminant grains under the microscope. They were then
subjected to repeatediltrasonicationin ultrapure water (3 x 10s) and methanol (2 x 10s).
After eachultrasonicationthe sample was covered in ultrapure water and allowedéttle

for 30s. Surfactant was then removedpng withany contaminantseft in suspension. After

five rinses, samples were inspected under the microscope for visual evidence of

contamination and repeat rinses conducted if necessary.

The efficacy of th@rocedure was tested with measurement of six fo€sibulloidesamples
from cores MD92251 and NEABRBK subjected to each stage of the rinsimgotocol.
Measurement variance vgareduced with each additional stage of the protoftdble5.4),

with no measureable impact on mean values.
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Table5.4 Stable isotope measurementd G. hulloidessubjected to each
stage of the stable isotope rinsing protocol. Full treatment is both the
ultrapure water and methanol rinses. Uncertainties ate%confidence

intervals.
Depth 118C 1180
Core (cm) Treatment 0:: X +t 3C 0:r X £ 180
MD99%
2251 131 None -0.35+0.54 0.06 1.37 £0.07 0.01
H2O rinse only -0.24 £ 0.04 0.00 1.59 £ 0.53 0.06
Full treatment -0.19 + 0.06 0.01 1.40 £ 0.44 0.05
196 None -0.26 £ 0.45 0.05 1.27 £0.10 0.01
H20 rinse only -0.38 +0.16 0.02 1.34 +0.29 0.03
Full treatment -0.41 +0.70 0.08 1.45+0.12 0.01
260 None -0.39 +2.12 0.24 1.19+1.91 0.21
H2O rinse only -0.62 + 0.39 0.04 1.37 £0.45 0.05
Full treatment -0.35+0.1 1.48+£0.1
NEAP
18K 600 None -0.55+0.12 0.01 1.37 £0.51 0.06
H2O rinse only -0.66 +1.71 0.19 1.22 £+ 0.65 0.07
Full treatment -0.81 + 0.07 0.01 1.24 £0.16 0.02
632 None -0.57 £ 0.32 0.04 1.43+0.25 0.03
H20 rinse only -0.71 +1.14 0.13 1.47 +0.18 0.02
Full treatment -0.85+0.19 0.02 1.28 +0.36 0.04
660 None -1.23 +£0.35 0.04 0.96 £ 0.51 0.06
H20O rinse only -1.03 + 1.09 0.12 0.89 +£ 0.56 0.06
Full treatment -1.03 +1.30 0.15 0.95+0.70 0.08
Il SN 3S "z y2 0.07 0.06
' SN>X 3S = 1w 0.08 0.05
Il SN 3S "X ¥Fdz 0.05 0.04
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2. Mg/Ca cleaning protocol

A second treanent investigated the use of the Mg/Ca cleaning procedure. Detailed
methodology is outlined irsection 3.5.257 G. bulloidesand 48N. pachydermgs) were
prepared in such a fashion for Mg/Ca analysis prior to a small quantity being removed and
dried ovenight for stable isotope analysis. The same samples were cleaned using the rinsing

protocol and both sets measured for comparison. Results are presentaduneb.6.

Considerable offseh & & S'®ybetvliegn the two methodologies, with erroneously high
values obtained fromhe Mg/Ca protocol. This finding in contrast to those oSkinner &
Elderfield(2005)who measured no offset between the two methodologies. It is possible that
sample factionation may arise during the dilute acid leach involved in the Mg/Ca cleaning
protocol. However, any fractionation would have to be considerable to cause such dramatic
& K A ¥@ and this seems unlikely given the short (60 seconds) contact timedeshacid

and sampleand the weak acid concentration (0®W).

More likely, the offset arises from a contaminant derived from the Mg/Ca cleaning protocol.
Trace nitric acid appeathe most likely candidate, being used in small quantities in the acid
leach stage of the cleaning protocol and for pipette tip cleaning. Should nitric acid enter the
mass spectrometer source, it is likely to form INfredominantly of mass 46éwhich would

0S8 20&aSNBSR | & | &% m&butehméhtA doysidedadle @mednonk effecti K S
observed between the Mg/Ca cleaned sampfagher supportsthe notion of acontaminant

remaining within the mass spectrometer system between samples.

Inf A3Kd 27F G(fOSaluedNdeBsyré&ddndgamples subjected to the Mg/Ca cleaning
protocol, and the reduced variability of samples subjected to the rinsing protocol, the decision
was taken to adopt the latter method for use this study. AlIN. pachgerma(s) andG.
bulloidessamples from core MD92251 were precleaned for stable isotope analysis using

this procedure. Less robu&t. quinquelob@amples were subjected to a single 5s rinse each

of ultrapure water and methanol to minimise sample logsrirffragmentation of the thinner
walled species. U1302 samples are analysed as infills to complement a previously produced
stable isotope recordHillairemarcel et al, 2011; Hume, 2018n which samples were
cleaned via heating to ZBCunder vacuum prior to stable isoto@malysis. In the absence of

facilities to conduct this protocol, no prior treatment was applied to the U1302 samples.
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5.4.2 Stable isotope IRM&nalysis

Stabé isotope measurementsereconducted on th&/GSIRA Series |l isotopatio-mass
spectrometer in the Stable Isotope Laboratory at the University of East Anglia. The
instrument is fitted with a Europa instruments piAtdoc micro dueinlet system.60-80

>g samples are reacted in a common2l@phosphoric acid bath. Eadstrumental cycle

of 47 sample contained 7UEACMS$tandards with a long term standard deviation of
0.0y :F2NJ &2 QIKPR 1
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Chapter 6. A high resolution multiproxy glacial record of coiD99%
2251 from the Gardar Drift

6.1 Introduction and background

6.1.1 MD99-2251site description

Core MD92251 (57H ¢ @y T°@ b B n m fH2mxeptn)owas obtained from the southern
extent of the Gardar Drif; a 1100km long sedimentary body running-8%& from the
Icelandic Margin to the Charles Gibbs Fracture Z{ianchi & Mc&ve, 2000) The
surrounding North Atlantic region plays a major role in driving the global thermohaline
circulation through formation of North Atlantic Deep Water (NADW). Thernhohaline
circulation is known to have fluctuated with both the millenrsahle climatic fluctuations of
the Greenland stadial8oyle, 2000Waryet al., 2015)and the glacial cycles the Pleistocene
(Hodellet al,, 2009 LynchSieglitz et al,, 2007)(See chapted for a detailed overview). Yet
much uncertainty remains as to its strength and configuration compared with the modern
day and whether the oceans acted as a driver of global climatiogghor simply responded

to the wider climatic conditions. Further study of the region can help answer such questions
and inform future climate projections as a melting Arctind changes in high latitude
precipitation patterns inject freshwater into depwater formation zones with uncertain

consequences.

Surface ocean circulation in the region is dominated by convection of warm, saline North
Atlantic Current (NAG~aters from the Subpolar Gymertheast through the Icelandic Basin

and into the Nordic Sea The NAC branches into the Subarctic Front and Central Iceland Basin
Current as it moves northwar@Brambilla &Talley, 2008and it is the latter of these which
influences the MD92251 site as it travels on the Eastern Flank of the Reykjanes Ridge
(Farmeret al,, 2011) Thé current splits again, at 26W south of Iceland with a portion
travelling west as the East Reykjanes Ridge Current, where it eventually joins the Irminger
Current, and the remainder continuing northward to join other branches of the (Ba@er

& Richardson, 2002; Brambilla & Talley, 2008; Fambeal, 2011; Lavendeet al, 2005)
(Figure6.1).
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Figure6.1 Major currents of the modern day North Atlantic. The starrksathe
MD992251 coring site. Warm surface currents are in red, deep water currents in
blue. North Atlantic Current (NAC), Central Iceland Basin Current (CIB), Subarctic
front (SF), East Reykjanes Ridge Current (ERRC,) Irminger Current (IC,) Norwegian
SeaDeep Water (NSDW), Arctic Atlantic Water (AAW), Return Atlantic Water
(RAW), Icelan&cotland Overflow Water (ISOW), Hé&tst Greenland Current
(EGBNGQ, LC (Labrador Currenfjlorth Atlantic Deep Water (NADW).

As it continues nortlthe current again anches into three with one branch travelling north
east through the Barents Sea, a second entering the Arctic Ocean and a third flowing west
through the Fram Strai(Mauritzen, 1996) The latter of these currents remains largely
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unperturbed & it retroflectsand travels south with the East Greenland Curr@hauritzen,
1996) The other two watemasses continue north, gaining density through heat exchange
with the atmosphere and downwell before returning south. The Arctic water mass passes
along the Greenland margin as Arctic Atlantic Water, the deepest component of the East
Greenland Current. Thiinal branch subducts under polar waters in the Arctic Ocean and
travels south as Norwegian Deep Sea wdkdauritzen, 1996) Following mixing with other
water masses as it crosses the Scotkoeland Ridge, Norwegian Deep Sea Water becomes
IcelandScotlandOverflow Water (ISOWBianchi & Mccave, 2000; Mauritzen, 19%an

Aken & Becker, 199And passes directly over the Gardar Drift on its southerly journey.

6.1.2 The North Atlantic during glaciations

Depth (m)

60 50 40 -30 -20 -10 O 10 20 30 40 50 60 70
Latitude

Figure 6.2 West North Atlantic Water masses at the last glacial maximum.
Numbers are averageC ompositionsin’: VPBD(Adapted fronCurry & Oppo
(2005)

113C reconstructions from e Last Glacial Maximum (LGM) suggest that the AMOC
underwent significant reconfiguration during the last gla¢sake section 4.2 for further detail)

¢KS b2NBSIALY {SF OSFaSR (2 085 (GKS BRYWAYE yl
FR2NNIGA2Y a4 AdG A& (2RIF8S 6AGK RROFHEEYRYEA
& dzLIR S @&E f aRhpidy ¥ reduction with depth suggests that the North Atlantic was

highly stratified(Oppo & Lehman, 1993NADW was replaced by the shallower Glacial North
Atlantic Intermediate Water (GNAIW) above BQ®. Below this southerly sourced Antarctic
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Bottom Water penetrated as far north as 60N (Curry & Oppo, 2008;ynchStieglitzet al.,
2006)(Figureb.2).

6.1.3 Justification for the study

MD992251 sits between the main IRD bgRuddiman1977)and Greenlanescotland Ridge,
a region recently highlighted bgasmussemt al (2016)as worthy of further investigation
given its proximity ¢ the glacial ice sheet extent whilst still representing open od€igure
6.3). The region sits close to the boundary between Greenland and Antaflitienced glacial
climatic regionsRasmusseet al, 2016) North of MD992251, in the Nordic Seas, abrupt
warming and gradual cooling is observed rape with the Greenland ice coréBondet al.,
1993; Rasmussest al, 19960 { 2dziK 2F GKS O2NB aAridsS:
responses are observed, similar to the changes seen in the Antarctic icq Coetest al.,
199; Sachs & Lehman, 1999)

20°

OW—{20°
B

100° 80° 60° 40° 20° 0 20

Figure6.3 Inferred mean free paths of distribution of IRD during glacial intervals.
Numbers are mean depositional rates of ice rafted sand (miych). Red star
marks the pogion of MD992251 (adapted froniRuddiman, 1977)
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The offsets between Nordic Sea and #atitude cores argenerally attributed to changes in
the AMOC and the resultant impact on heat transtdoweverthe causal mechanism of the
alteration, and the nature of the various operational states, remains debatigdotheses
include changes in current streng(Bondet al, 1993; Shackletoat al, 2000) changes in
seaice extent(Liet al, 2010, shifts in deepwvater formation location(Bohmet al., 2015)
variations in continental ice sheet heighfth@anget al, 2014)and meltwater dischrge
(Menvielet al.,, 2014)

The MD992251 site is influenced by both the warm surface North Atlantic current
components and the cool subsurface ISOW return flow. Better understanding of the region
during glacial episodes can help improve understanding of the response of the AMOC over

long periods and during short lived D/O cycles.

6.2 Core description

MD992251 is a calypso core collected in 1999 aboard the Marion Dufresre durilmdges

V cruise(Gherardi & Labeyrie, 1999)he site had previously been identified during Charles
Darwin Cruise 88 as a potential target &hick Holocene sedimentyg layer(McCave, 1994)
Interaction of Icelanescotland Overflow Water (ISOW)which transports large volumes of
sediment from Iceland and the northwest European landm@svelet al, 1996)t with
seafloor topologyresults in exceptionally high sedimentation ratéhus when théemages V
cruisereturned fiveyears later with theaim of acquiringcorescapable of inferringhanges in
the Gulf Stream at a resolution comparable to the instrumental re¢Grebrardi & Labeyrie,

1999) the sitewasan obvious target

Physical properties (wave velocity, bulk density and magnetic susceptibility) were recorded
at 2 cmintervals on shipSpectrographicata was recorded every &n. The 36.8 mlong
core congsts of silty clay of uniform grain size, shifting from an olive grey at thetopréo
brown at the basgSzeremeteet al, 2004)and spanning a period from MIS 5c¢ to the late
Holoceng(Miller et al., 2011) Mean accumulation of 1 cmky? in some Holocene sections

(Ellisoret al., 2006)is more than sufficient toecoverdecadal resolution.
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6.3 Context with previous MD992251 work

Much analysis has been conducted upon MR2281 with N. pachydermgs) abundance,
stable isotope, sortable silt siZ&llisonet al, 2006) Mg/Ca(Farmeret al, 2008; Farmeet

al., 2011b)and IROMiller et al., 2011)data published for Holocene sections of the core. This
data is not considered as part of this study. Tephra layers, identified during IRD counts of
MD992251, have been previously published as part of a chraatigtaphic framework
(Abbottet al, 2018) some of which are used in this study to aid with dating.

Table6.1 Summary of préHolocene data for core MD92251

Number of Total Resolution Depths (m)
samples coverage (m)

Assemblage counts This study 182 9.44¢ 35.74 10 cm 9.44¢ 14.94
Additional 434 2cm 14.96¢ 23.37
Total 616 5¢10cm 23.47¢ 35.74
IRD counts This study 182  15.34¢ 35.74 10 cm 15.34¢ 16.34
Additional 316 2cm 16.34¢ 23.27
Total 500 5-10cm 23.47-35.74
Mg/Ca This study 218  14.44¢ 23.26 Six 15.44¢ 20.20

Total 218 measurements

at key
transitions

2 cm (multiple  20.20¢ 23.26
species at single

depth)
Stable isotopes This study 376  15.18¢ 20.20 2cm 15.18¢ 16.24
Additional 130 10 cm 16.28¢ 20.20
Total 506 2 cm (multiple  20.20¢ 23.26

species at single

depth)

Clumped isotope This study 13 15.86¢ 22.82 samples at key 15.86¢ 22.82
measurements Total 13 transitions
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A new multiproxy (assemblages, IRD, Mg/Ca, stable/clumped isotope) analysis3aha ~
section of the core between depths 20.80and 23.36m is presented here. An additional 32
assemblage and IRD counts were conducted to fill gaps in the existing full core record as well
as six Mg/Ca measurements and 13 clumped isotope measurements afrkatic intervals.

This new data is presented alongside additional unpublished foraminifera assemblage and
IRD counts, as well as stable isotope data conducted by Mark Chapman, Leila Hume and
Christopher Ellison at the University of East Anglia. A sumafagw and existing data used

in this study is found iffable6.1.

6.4 Foraminifera assemblages and stratigraphic zoning

Downcore percentage abundances forjor species (abundance5% are presented in
Figure6.5. Cluster analysis identified 29 statistically significant stratigraphic zones within the
sequence. For eags#f interpretation, this numbemasreduced with a dispersion threshold
(See section 5.2.3 for methodolog¥jgure6.4 shows the MD92251 downcore dendogram
that illustrates the hierarchical relationship between samples. 12 major clustenescreated
using a height cut off of 9When plotted onto the downce percentage abundancetis
encapsulate the dominant stratigraphic transitions. Six primary zonese identified, with

zone 5 subdivided a further seven times ¢&&3). The zones represent major climatic regimes.
Transitions between the zonegere aligned with chronologically constrained records such as

NGRIP to infer a reliable age model for the d@extion6.5.1).

Palaeotemperaturesvere inferred via the modrn analogue technique (section 5.2.4) for all

616 downcore assemblages. Results are presented alongside assembleigesat.5.
Zone 1 (3754 (base of analysed sealido 2982 cm)

Zone 1 is characterised by a gradual shift from assemblages dominated by tereedlieg
species G. bulloidesG. quinqueloband G.glutinata) towards an increasing prevalence of
colder dwellingN. pachydermgs). MATderived temperatues remain relatively constant

throughout with an average of 9°C¢ a few degrees cooler than the modern day SST.
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The zone exhibits a high degree of variability, switching betv@&dvulloidesN. pachyderma
(s) andG. quinquelobaas the dominanspecies. Three relatively shdited cold excursions
are observed at 4484 3474 cm, 338 cmand 3205 3195 cm; signified by a rapid switch to
N. pachydermds) dominated regimes. These excursions are reflected in the-dé#ied

temperaure, which drops below 4.5C during each excursion.

Table6.2 MD992251 stratigraphic clusters. See sectb&for age model

details.
Zone Start depth (cm)
6 1569
59 1721
5f 1769
5e 1837
5d 1901
5c 1949
5b 2005
5a 2133
4 2425
3 2750
2 2982
1 3574 (base of analysis)

T -
Ii I W ;ﬂ'ﬁﬂl‘ luﬂl ’”M”’]‘"‘ |I Hrll |

Figure6.4 Dendogram for MD92251 downcore assemblage counts. Horizontal
dashed line shows a dispersion threshold of 90. Observations that are joined
together below this line are grouped into 12 clusters.
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Zone 2 (2982 cm 2750 cm)

Zone two exhibits a gradual in@se inN. pachydermds) from around 6 %abundance to a
near totakdominance at 2768 cm(945 %. This is reflected in MAT temperatures which reach
a minimum of 3.2C. The top of the zone is marked by a sudden and dramatic declise in

pachydermgs) aghe assemblages transition from cold to temperate dominated species.
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Figure 6.5 MAT-derived temperature and percentage abundances of major
species (5 %) for core MD9®251. Vertical hyphenated grey lines are boundaries
between stratigraphizonation
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Zone 3(2750 cmg 2425 cm)

A high degree of variability is observed in zonevith the dominant species switching
between G. bulloidesand N. pachydermgs) on three occasionds. bulloidesabundance
fluctuates inversely witiN. pachydermds) between3 %¢ 55 %and N. pachydermd(s)
between3 %and D % N. pachydermds) peaks occur at 26912686 cm, 250% 2467 cm
and 2452; 2442 cm, dropping to MAT Stemperatures below 5.8C on each occasion, down
from the zonal average of 9% (excluding periods of cold excursion)gEtinata and G.
guinquelobaboth decrease from 26 30 %abundance at the base of the zone to belo%

at the top.

The transition into zone four is marked by a sudden decreasepachydermé&s) from 832 %

abundance at the top of zone 3 to juaBhat the base of zone 4.

Zone 4(2425 cmg 2133 cm)

Zone 4is characterised by neaero abundance dfl. pachydermds) throughoutaside from
a relatively shodived cold excursion between 2244 and 2232, erhere abundances peak
at 79 % At the start of the zon&. bulloidesG. quinquelobaG. inflataand G. glutinata are
all present in roughly equal proportions between approximately¢l®0 % Levels ofG.
bulloides G. inflataand G.glutinata drop dramatically during the cold excursion wigh
inflata and G. bulloidesquickly recovering thereafter, buG. glutinata levels remain
suppressed. The transition into zone 5 is again marked by a sharp dMifpachyderm4s)

from ~13 %at the top of zone 4 to 8 %at the base of zone 5.

Zone 5(2133 cmg 1569 cm)

Zone 5 is characterised by a high degree of variability with seven subdivisios5ja
representing the dramatic switching M. pachydermgs) between approximatelys %and

80 % abundance.G. bulloides G. glutinata and G. quinquelobashow a similar beel of
variability, fluctuating between g 60 % 0¢ 20 %and 0¢ 40 %respectively between the cold
and temperate extremesG. inflataabundances remain low throughout. MAT temperatures

fluctuate between 4.8C¢ 9 °C in the cold and warm extremes.
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Zone 6 1569¢ 994 cm (top of analysed section)

Zone 6 marks th&ransition into relative stability toward the top of the cord. pachyderma
(s) abundance declines to nezgro with temperate species. bulloidesG. quinqueloband
G. inflatapresent atstable abundances between 4060 % 20¢ 50 %and 5¢ 15 %
respectively G.glutinata increases from ~%at the base of the section to ~026at 1564

cm.

6.5 Age model

6.5.1 MD99-2251 chronology

An age model for the upperl’5m of core has been established previously with 23 accelerator
mass spectrometet’C dateqEllisonet al., 2006) and converted to calendar ages using the
CALIB progrartStuiveret al., 1998) The dates that fall within the section of core analysed in
this studywere reanalysed by Mark Chapman using the Bchron calibration package available
in the statistical software R. Bchron performs calitmatof radiocarbon dates and agkepth
modelling by utilising the algorithm éfaslett & Parné(2008)

For archives extending beyond the radiometric timeframe, establishing reliable chronological
models is hindered by a lack of suitable dating techniques. In marine archives this is generally
overcome with orbital tuning approaches.§.Berger & Jansen, 199mnbrie et al,, 1984)

The LR04 benthic stagkisiecki & Raymo, 2005) a collection of 57 globally distributed
stable isotope records from benthic foraminifera, chronologycabligned using a
mathematical model of global ice volume driven by insolation forcingas become the
standard against which new marine chronologies are aligned. This record has recently been
updated bylLisiecki & Stern2016)to form the LS16 record, expanding the library of cores to

263 and deriving regional, as well as global, reference chronologies.

Since the MD92251 record comprises predominanthf plankonic foraminifera derived
proxies, alignment with the North Greenland Ice Core Project (NGRIP) (&asrdusseret

al., 2014)was considered a more suitable approaockercoming lag issues which might arise
from alignment of the MD92251 surface record with the LS16 benthic recordaddition,

the LS16 record lackethe sampling resolution to elucidate many of the centennial scale
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climatic fluctuations apparent in the MDZ®251 record. Using major climatic transitions as
tie points to the Greenland ice core record is a widely applied technique for dating marine
records (e.g. Austin et al, 2012; Shackletoret al, 2000) Whilst the relatively close
geographical proximity of MD98251 to Greenland suggettat lag effects between the two
siteswill be minimal, it should be noted the method eliminates possible insightdagttimes

and climatic inertia between the sites that might arise from comparison of independently

dated records.

The foraminifera agsnblage zones outlined in sectiém were assumed to mark distinctive
climatic regimes at the MD99251 site and thus the transitions between zoneevaligned
with major transitions in the NGRIP 50 year averd§®record(Rasmusseat al, 2014) The
chronology was further finduned using the MD92251 N. pachyderma&(s) percentage
abundance record which was aligned with highgnitude fluctuations in the NGRIP record.
A further tie point was obtained from a tephra layer at 2014 cm which was até&ibto North
Atlantic Ash Zone (Bvenssort al., 2008) Such layers are becoming increasingly etiliso
provide chronological time stamps by alignment to their appearance in the Greenland ice core
record (Davieset al,, 2014b) A final tie point was used at the MIS 3/4 transition at 59 ka
(Siddalkt al.,, 2008) creating a toal of 33 tie pointsAges between tie points were calculated
by applying aihear interpolation, assuming constant sedimentation r&fesummary is given

in Table6.3.
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Table6.3 Tie points used to create the MD@251 chronology. NGRIP ddgken
from Rasmussent al. 2014) Ash Zone Il frorBvenssoret al. (2008)and
MIS 3/4 transition fronBiddallet al. (2008)and“C date recalibrated from
Ellisonet al. (2006) All dates are corrected to a baseline of 1950. Gl =
Greenland interstadial, GS = Greenland stadial

Asszeomntélag Zone depth d-(l;lstr? c()(l:r:rt]) Reference tie point Cale(rlg)ar Ag  Error (yrs)
944 Recalibrated existing 14C dai 5.75
1034 Recalibrated existing 14C da 6.8
1094 Recalibrated existing 14C dai 7.1
1224 Recalibrated existing 14C da 8.29
1284 Recalibrated existing 14C da 9.07
1364 Recalibrated existing 14fate 9.5
1474 Recalibrated existing 14C da 10.2
1534 Recalibrated existing 14C dar  10.63
6 1569- 1594 NGRIP End of Younger Drya 11.65 100
start of the Holocene
1622 Start of Gl 1e 14.8 200
1634 GS 2.2 23.1 600
1674 Gl4 28.65 900
1706 Gl 5.2 32.3 1150
5g 1721-1569 1738 Start of Gl 7¢ 35.4 1350
5f 1769-1721 1766 Start of Gl 8¢ 38.2 1500
1790 Start of GS 10 41 1650
1812 Start of GI11 43.35 1750
5e 1837-1769 1836 Start of GS12 44.38 1800
5d 1901- 1837 1898 Start of GI12C 46.86 1950
5c 1949- 1901 1950 Start of GS 13 48.4 2000
5b 2005- 1949 1996 Gl 1l4c 53.9 2300
2014 North Atlantic Ash zone I 55.33 1190
2022 MIS 3/4 transition 59
5a 2133- 2005 2132 Start of GS 19.2 70.35
2226 Start of G119.2 72.3
2260 Start of GS 20 74.05
4 2425-2133 2422 Start of GS 20c 76.4
2507 Start of GS 21.1 77.7
2681 Start of Gl 21.1e 84.76
3185 Start of GI 23.1 103.95
3454 Start of Gl 24.2 108.26
3544 Start of GS 25 110.64
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6.5.2 Sedimentation

Sedimentation rates were calculated Z2tcmintervals down the core and are presented in
Figure6.6. Extremelyhigh rates, in excess of 50 &' at the end of MIS Byere comparable

to those found in nearby core U1304 (=40 cmbk@lodellet al,, 2009)t situated on the
sautherly extent of the Gardar drifsome 60km southwest of the MD92251 site Figure
6.14). This incredilgl high sedimentation rate alloweproxy reconstructions onentennial
timescales. Sedimentation remains relatively high (betweeng2€0 cm k&) until the
transition into MIS 4. In the highest sampled region, betw86ig 70 ka, decadal resolution
was achieved. Sedimentation declines dramatically to below 1&ahbetween MIS 4£; 2.
Similar rates, between §12 cmka?, are found at ODP site 983, 400km northeast of MD99
2251 during the same interv&Channelkt al.,, 1997)
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Figure6.6 Sedimentation rate in core MD9®251. Sample resolution is shown by
the grey histogram.

A sedimentation minimum of just 1.4 cka is reached at 23.1 ka, which continues through

the LGM until 14.8 ka. At such low sedimerma rates, only millenniascale sampling
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resolution wa achievable. From the start of the Holocene at 11.6Rkamusseat al., 2014)

the sedimentation rate increases dramatically, fluctuating between 60 and 13kaénfFor

the highest deposition rate period between 11.6%0.63 ka, sampling resoluti@s frequent

as every 15 years wachieved, coparable with the most highesolution North Atlantic core
studies(Bondet al., 2001)and is sufficient to allow detailed study of centennial scale climatic

fluctuations.

6.5.3 Comparison with NGRIP and MD2®42 records

The MD992251N. pachydermés)percentageabundance record is presented alongsidéO
records from NGRIfRasmussest al, 2014)and core MD958042 from the lberian margin
(Shackletoret al,, 2004)in Figure6.7. N. pachydermds) percentage abundance wased in
preference tot 20 since it offers the highest resolution and most continuous proxy record
within the MD992251 archive. MD92042 offers exceptionallitigh resolution anda well
constrainedage model, obtained fronmultiple radiocarbondatesin the recent pastand
correlation toindependently dated speleothem records further back in ti(Baackletoret

al., 2004) As such it has become a standard against which many sedimentary records are
correlated (Hodell et al,, 2008) and compared(Tzedakiset al, 2002) The MD952042
chronologywasaligned with MD9®251for this study by Mark Chapman by tying t®95

2042G. bulloides '#0 recordto NGRIPThis allows direct comparison between the teares

The peak and bugh pattern of the Greenland stadial (GS) and interstadial (Gl) events can
clearly be seen in the MD92251 record with the majority of fluctuations apparetigure

6.7). Alignmentof numeroust 0 excursion# both the Greenlan@nd MD992251 record
in-betweentie points,such as GS 14 and GS 24.2, gives additional confidence in the age model
However,the MD992251 record lacks the resolution to identify many of thecadal scale
excursions seen within the ice cores, such as GS 3 and interstadial events between Gl 15.2
and Gl 20a. Many of the more recent Gl spikes that are missing in {Z¥9are apparent

in the higher resolution MD92042 record suggesting that thie absence in MD92251 is

the result of insufficient resolution rather than the event being localised to Greenland.

It is interesting then that the earlier Gl events between GI15.2 a2@&éare less pronounced
in the MD952042 record. Howevelbecause thes events are very short lived (decadal in

timeframe), it is uncertain whether their absence is a result of insufficient resolution or a
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suppressed climatic signal in the North Atlantic. Certainly climatic transitions appear less
abrupt in theoceanic record compactkwith the ice core, as is most evidéntthe transitiors
between GS 19.And GS 18GI 19.1 is observed as a short livagalke between relatively
stable stadial episoddn the Greenland recotdd much more prolonged evens obseredin

the sediment.

Isotopic fluctuations within the MD98042 benthic record exhibit a more muted response

than the planktonicrecords Shackletonet al 2000)02 y i NI & (i SiR¢ HIESQ Wia A dB
NBaLR2yaS 20aSNBSR Ay (GKS LI Iyla2yA0 NBO2NR gAGK (K¢
the dissimilarity arose because the benthic record reflected changes in ice volume compared

with a Greenland temperature response in the planktoilice berhic record was found to

closely resembl¢he surface temperature record over Antarctica, likely a driver of global ice

volume.
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Figure6.7 MD99-2251 %N. pachydermds) abundance aligned with NGRIRy8@r average ¥0. MD952042 (Shackletoret al,, 2004)and LR16
North Atlantic benthic staciisiecki & Stern, 2016Ecords are also shown for comparison. Triangular markers indicate tie points used to align the
records with'4C dates in green, MIS 3/4 transititn cyan(Siddalkt al, 2008) NAAZ Il in re(Svenssoet al.,, 2008)and NGRIP alignments in black.
Grey vertical bars are Greenland stad{@asmusseat al., 2014)and hyphenated lines are the transitions between foraminifera assemblage zones.







































































































































































































































