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Paleoceanography of the Bering Sea acrotise

Mid -to late Pleistocene

The Bering Sea represents the gateway between the Pacific and the Arctic Ocean. It is
characterized by a seasonal sea ice cycle, which together with upwelling along the
continental margin provides nutrients for primary prodsicéfhe resulting high
sedimentation rates along the margin allow to study Quaternary climate change at an
orbital to suborbital resolution, ideal to examine the evolution of continental ice volume
across the MidPleistocene transition (MPT, @7 Ma), he shift in glacial/interglacial

(G/IG) frequency from 4ka to 106ka. Additionally, the Bering Sea provides a unique
opportunity to study sea igecean/land ice interactions. In the North Pacific, sea ice not
only plays a significant role in climatic féleacks, but also influences the ventilation of
mid-depth waters via brine rejection.

This thesis focuses on MPT climate change in the eastern Bering Sea, with particular
emphasis on bottom water temperatiawye (BW
sedimetary redox conditions, and sea ice dynamit¢e MPT findings are reinforced by

examining the same parameters across the last G/IG dyatéher, the chemical
composition of contamination phases in benthic foraminifera in eastern Bering Sea slope
sedimers is analysed.

Foraminiferal contaminants are primarily composed of authigenic carbonates enriched in
Mg, U, Mn, Fe, and Sr with consequences for geochemical proxies, such as Mg/Ca for
BWT. Nevertheless, this study also demonstrates the opportunitiesn@atging
authigenic carbonates, such as authigenic U/Mn for sedimentary redox chemistry.

Acr oss tYDesuggddts two ppssible scenarios of continental ice volume history,
in line with published record¥ o g e t'%g BWT{iand sedimentary redahemistry

point towards enhanced entrainment of welhtilated intermediate waters at ~2000 m
water depth following the MPT, supported by an increase in the sea ice extent. The
reconstructed sea ice dynamics align with published modelling studies, ehaeatby

the emergence of a late glacial/deglacial sea ice maximum in the Bering Sea during the
MPT. Increased sea ice extent across early deglaciations could have exerted a negative
feedback on the moisture supply to continental ice sheets, highlighéngportance of

sea ice dynamics for Quaternary climate change. The MPT results are additionally
supported by findings across the last G/IG cycle. A BWT amplitude of ~ 2 °C across the
last glacial maximum (LGM) to Holocene transition, is in line withvprasly published
records from across the Pacific, and together with records of sedimentary redox chemistry,
80w, and sea ice suggest admixture of welhtilated waters during the LGM and
Heinrich stadial 1.

In conclusion, this thesis highlights the ionance of theBering Seahydrography for
environmental reconstructions arthphasises the need daderstand the evolution of
intermediate water formation in the North Pacific across the MRiditionally, it
demonstrates the necessityaofjlobally stack d*®0i record, to reduce thiafluenceof

the regional hydrographyn t*%0w. Finally, this thesisaccentuates the role of sea ice in
long-term climate change and indicates the need for additional studies of MPT sea ice
dynamics to fully unravel its infence on continental ice sheets.
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1. Introduction

1.1 Cenozoic climate change giving rise to the Mid
Pleistocene Climate Transition

The Cenozoic describes the geological era between 65.5 million agarand the
present and is marked by a transition ir
0i cehoused state. Cenozoic climate chang
i sotope rati o of!%Op eemorstiaiea tiarsitioa fim@iaiflye r a (U
ice-free world throughout the Eocene to the modern icehouse climate, characterised

by bipolar ice sheet&achos et al., 200X}-igure 1.). This is accompanied by long

term coolng of the deep global ocean of ~1Z8hackleton and Kennett, 1975, Miller

et al., 1987, Lear et al., 2000, Zachos et al., 20Dtlpcrease in the atmospheric2CO
concentrationgPearson and Palmer, 200@nd prominent changes in the ocean
circulation(Thomas, 2004, Motoi et al., 2005, Hague et al., 2012, Thomas et al., 2014)
Cenozoic longermclimatetrends are primarily goveed by changes in the tectonic

forcing, including volcanism, paleogeography, and changes in the topography and
bathymetry This influence®ceanic gateway@laug and Tiedemann, 1998, Motoi et

al., 2005, Haug et al., 2005, Lyle et al., 20@&) atmospheric circulatiglRaymo and

Ruddiman, 1992, Molnar et al., 1998) turn impacting the oceanic overturning,
meridional heat and moisture transport, and atmospheric greenhouse gas
concentrations. In alition to tectonic mechanismdriving the climate on timescales

of 10 to 10 years(Zachos et al., 2001)Cenozoic climate change demonstrates
distinctive periodic and quapieriodic acillations defined by the orbital parameters

obliquity (41 thousand years (ka)), precession (19 ka and 23 ka), and eccentricity (100

ka and 413 ka)determining the total and latitudinal seasonal/annual solar energy
budget(Milankovitch, 1941, Hays et al., 1976, Zachos et al., 2q6igure 1.).
Overall, Earthdés boundary conditions, pr
determine the sensitivity of climate to orbital modulation. In additiothese long

term and cyclical climate trends, abrupt transient events can be observed throughout

the Cenozoic, such as theld&ceneEoceneThermatMaximum and the Eocene

Oligocene (E/O) boundary, suggesting a nonlinear response of the climate system
(Pearson and Palmer, 2000, Lear et al., 2000, Zachos et al., 2001, DeConto and
Pollard, 2003)Figure 1.). Traditionally, the E/O boundary is considered to represent

1



Chapter 1: Introduction

intensive glaciation of the Antarctic continent, as a result of theisoédtion of
Antarctica and/or a lonterm decrease in atmospheric £&achos et al., 2001,
DeConto and Pollard, 2003, Hill et al., 2013, Galeotti et al., 204Bh extensive
northern hemisphere ice sheets not appearing until ~2.7 million years (Ma) ago during
the Pliocene(Shackleton et al., 1984, Raymo, 1994he unipolar glaciation
throughout the Oligocene and Miocene, however, has recently been challenged by
evidence of ice rafted debris (IRD) in the Arctic Ocean since ~4%Mdaan et al.,

2006) suggesting smaller ice sheets and/or sea ice throughout at least parts of the
Middle Cenozoic with somevidence pointing towards perenraad/or seasonaka

ice in the Arctic Ocean during the Mioce(Moran et al., 2006, Krylov et al., 2008,

Stein et al.,, 2016)The modern sea ice extent was established coeval with the
intensification of northern hemisphere ice sheets at ~2.{HW&s et al., 2014)
Following the late Miocene cooling the PliBleistocene .3-0.012 M3 is
characterised by profound changes in northern hemisphere ice volume and changes in
the sensitivity of Earthdés climate to e

climate variability.

The Mid-Pliocene is the most recent period that was consistently warmer than today,
with atmospheric C®concentrations >280 pptMartinezBoti et al., 2015pandsea
surface temeratures (SST) up to 3°C warm&he expansion of northern hemisphere

ice sheets around 2.7 Ma is accompanied by mgormaced increase in the IRD content

of North Atlantic and North Pacific sedimeri&hackleton et al., 1984, Ruddiman and
Raymo, 1988)indicating more extensive glacial discharge and larger continental ice
sheets surrounding these major ocean basins. Hypotheses explaining northern
hemisphere ice sheet expansion include changes in the ocean circulation resulting
from the closure othe Mid-American seawayHaug and Tiedemann, 1998, Lear et

al., 2003)or the refriction of the Indonesian throughflowibetan upliftfRaymo and
Ruddiman, 1992)the onset of North Pacific stratification with the development of a
permanent haloclingHaug et al., 1999, Haug et al., 200&nd/or changes in the deep
water circulation influencing the meridional heat and salt transport governed by
Antarctic ice sheet growth and Southern Ocean stratific@iMoodard et al., 2014)

The expansion of northern hemisphere ice sheets is coupled with the onset of a
pronounced expression of-4& periodicity in glacial/interglaal (G/IG) cycles of the

g | o b stack (LRO4)(Lisiecki and Raymo, 2008round ~3 MaRaymo and



Chapter 1: Introduction

Nisancioglu, 2003Lisiecki and Raymo, 2007)ndicative of obliquity modulation
(Figure 1.2) Further, from ~2.5 Ma onwards G/IG cycles, as seen from records of
Ut80p, indicate distinct asymmetry with long glaciations and rapid deglaciations giving
rise to the emergence of the priaent sawtooth pattern of Pleistocene G/IG cycles
(Lisiecki and Raymo, 2007(Figure 1.2) During the Pleistocene together with a
pronounced i%0samplitudeethe daminanthfrequancy of G/IG cycles
changed from 4ka to quasperiodic 106ka oscillationghat became dominant from
~0.65Ma (Clark et al., 2006)This transition is called the MiBleistocendransition
(MPT) (Figure 1.2)

Miocene Oligocene Eocene Paleocene

Northern Hemisphere Ice Sheets
- - — -7

0 Antarctic lce Sheets

Paleocene-Eocene
Thermal Maximum

1
Temperature (°C)

T

Eocene/Cligocene
boundary

ICEHOUSE GREENHOUSE
| ! | ' | ! I ' | ! | ' | '

0 10 20 30 40 50 60 70
Age (Ma)

Figure 1.1 Composite Cenozoic benthit®0 curve including the bottom wer temperature
based oni*®O in an icefree world(Zachos et al., 2001, Zachos et al., 20@§)proximate
schematic of Antarctic and northern hepfisre ice sheet evolution frafachos et al. (2008)

1.2 The Mid-Pleistocendransition

The MPT describes the shift in G/IG frequency fréirka cycles to quagperiodic
100-ka cycles during the MitPleistocene (1.28.7 Ma). The 10&ka spectral power
first emer ged B®arguhddll2mEMa but diccnotbet@me dominant
until 0.65 Ma(Ruddiman et al., 1989, Clark et al., 2006)ntradictingotherstudies

3



Chapter 1: Introduction

defining the MPT as an abrupt event withiacrease in the 160Ka power between
0.90.6 Ma (Mudelsee and Schulz, 1997¥%imultaneously with the increase in
frequency the asymmetry of G/IG cycles strengthgihésiecki and Raymo, 2007)
and the G/ |1 G ampt0irecordi(eR04 stacktisieeki agdiRayma, | U
2005) increased wi t h®cduning late Pleistocene glatialsg h e r
indicating either larger continental ice volume, a decrease incbegn temperatures,

or both(Figure 1.2)
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Figure 1.2 Global benthic foraminiferali*®0 stack (LR04) (black) (Lisiecki and Raymo,

2005) including the orbital paraeters obliquity (light blue), precession (dark blue) and
eccentricity (green(Paillard et al., 1996, Laskar et al., 20@4)oss the Pli®leistocene (@

Ma). The vertical yetiw bar indicates the Mi#leistocene transition (MPT, 0172 Ma) and

the grey vertical bar marks marine isotope stage (MIS) 11 characterised by a pronounced
mismatch in the eccentricity forcing and €O response.

Mi |l ankovitchos wvarelkilidyinycontinenthliice wlureess dtivenaby
changes in the caloric summer hydfar insolation (amount of energy integrated over
the caloric summer half of the yediilankovitch, 1941) which at 65°N shows
almost equal contribution frorprecession and obliquity forcin@lzedakis et al.,
2017) Thus, challenges arise to explain PRteistocene G/IG variability in light of
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orbital forcing, as no pronounced ice volume variability at precession periods is
observed. Further, the powia the eccentricity banis too low to directly force late
Pleistocee climate cycles and a distinct amplitude mismatch between eccentricity

f or ci ng ¥ msighal ts mleservad, for example during marine isotope stage
(MI'S) 11 (~400 ka) were the a%psignatismde i n
unusually strong(Parenin and Paillard, 2003jFigure 1.2. Additionally, late
Pleistocene G/IG cycles vary in duration betweerl80 ka equal to two to three

obliquity cycles.

Studies of the Pliocene and early Pleistocene G/IG cycles attribute the mismatch
between Milak ovi t c hé s t h-&eaofrequeneg nd eitherhsetustdiried
climate variability phaséocked to obliquity(Ashkenazy and Tziperman, 2004

direct obliquty forcing(Raymo and Nisancioglu, 2003, Huybers, 2006, Raymo et al.,
2006, Lisiecki and Raymo, 20QAVhereas, the latter could result from ice sheets
being sensitive to variations in the meridional insolation gradient between 25°N and
70°N (Raymo and Nisancioglu, 20Q3)owever climate models have failed to show
this relationship(Jackson and Broccoli, 20Q3)r the insolation integrated over the
duration of the summer, insensitive to precession as the summertime length is
i nversely proportional t o Eart hods di st a
(Huybers, 2006) Huybers and Tziperman (200&yopose that 4ka ice sheet
variability can effectively be generated by climate models, if the ablation zone remains
north of 60°Nwhere obliquity forcing has a greater influence, and if the summer melt
season is long enough to balance changes in the insolation intensity, for example by
basal sliding of the ice sheet resulting in thinning and lowering of the ice surface to
warmer elgations.Raymo et al. (2006pn the other hand, ggest that the precession
forcing is simply out of phase between hemispheres and is, thus, cancelled out in
globally int e d®@aHoweeder, othec maredregionalfy determined
climatically sensitive records such as bottom water temperature JBRO, and SST

also vary at 4%ka during the Pliocene and early PleistocéRaymo et al., 2006,
Sosdian and Rosenthal, 2009, Elderfield et al., 2012, McClymont et al.,.2013)
Additionally, as aforementioned 4«ha cycles demonsite distinct asymmetry since at
least ~2.5 MgRaymo and Nisancioglu, 2003, Lisiecki and Raymo, 208l1ggesting

that even if climate cycles are directly forced or paced by obliquity modulation,
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nonlinearities internal to the climate systemust exist, as no orbital parameter

demonstrates any kind of asymmetry.

100-ka climate cycles, on the other hand, have been attributed to either nonlinear
amplification of eccentricitfHays et al., 1976)or to pacing by the external orit
forcing. However, studies disagree on whether the epexsddic 100ka oscillations

are paced by eccentricity or two to three obliquity cy(leshkenazy and Tziperman,
2004, Huybers and/unsch, 2005, Ashkenazy, 2006, Lisiecki, 2010, Huybers, 2011)
with the timing of glacial terminations most likely being determined by obliquity,
precessiojor a combination of the twlays et al., 1976, Huybers and Wunsch, 2005,
Huybers, 2011, Feng and Batéores, 2015, Tzedakis et al., 201Kevertheless, the
change from 4Xka to 100ka climate cycles appears without any attributable change
in orbital forcing(Shackleton and Opdyke, 1976, Pisias and Moore Jr, 1981, Imbrie et
al., 1993, Raymo and Nisancioglu, 2008icating that the MPT is characterised by

a shift in the sensitivity of the climate system to external forcing, driven by
mechanisms internal to the climate system. However, controversy still exists
concerning the naturef éeedback mechanisms and teleconnections responsible for

MPT climate change.

1.2.1 Hypothesis to explain the MiePleistocene climate transition

Hypotheses explaining MPT climate change can be divided into two broad categories,
with the first one invoking pronounced change in ice sheet dynamics and the second
one indicating a threshold response to lewn climate cooling, for example as a
result of gradual atmospheric €@ecrease, even though records of atmospheric CO

across the MPT are scarce.

Onehypothesis indicating a fundament al s h
hy pot lGiaskiasdoPollard, 1998)suggesting a gradual rembwaf a thick

sediment horizon (regolith) underlying thrth Americanice sheet by ice erosion,

allowing theLaurentideice sheet to grow in size. Fundamental to their hypothesis

Clark and Pollard (1998rgue that ice sheets primarily grew in thickness rather than

area during the MPT, as a result of the exposure offhicfion Precambrian bedrock.

A thicker ice sheet would imply chges in the response tife ice sheeto solar

forcing, with increased ice sheet inertia giving rise to the late Pleistocerkal00

climate cycles(Clark and Pollard, 1998, Clark et al., 200&his is supported by
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sedimentary evidence, such as thick saprolite layers found in Minnesota and Canada,
a change in the geochemical and mineralogical signatutd deposits in North
America and a c han gt®ntiimnandtsimienm isotope saluéssat ~1.4

Ma and ~1 Ma, respectivel{Clark et al, 2006) Both, Sr §'Srf®Sr) and Os
(*8’0s/8%0s) isotope ratios, are influenced by rates of continental weathering, however
compared to Sr, Os isotopes are unaffected by the erosion of rg@btitk et al.,

2006) Thus,Clark et al. (2006pargue that the increase in Sr isotopes at ~1.4 Ma
represents theemoval of regolith underlying the North American ice sheet, whereas
the increase in Os isotopes at ~1 Ma represents the onset of bedrock weathering.
Further, an increase in the silicate weathering rates associated with the bedrock
exposure could have prmted atmospheric CQlirawdown across the MPT, causing
additional coolindClark et al., 2006)Tabor and Poulsen (201éxplored the validity

of the oO6regol ith hyeprth systensmoded and fnd disgncta ¢ o r
changes in the ice sheet flow anccamulation/ablation dynamics as a result of
crystalline bedrock exposure. Thus, they
mechanism to explain frequency changes across the MPT, as thicker and colder ice
sheets require increased insolation fiegcio fully retrea{Tabor and Poulsen, 2016)

An increase in North American ice sheet size across thePMidtocene is also
proposed byintanja and van de Wal (2008aith the Laurentide and Cordilleran ice
sheet merging for the first time around ~1 Ma, however, these auttobute the

larger ice sheets to gradual cooling following the northern hemisphere glaciation
around ~2.7 Ma, rather than changes in the underlying geology.

Other hypothesis of changes in ice sheet dynamics invoke an increase in Antarctic ice
volume acoss the MPT{Pollard and DeConto, 2009, Elderfield et al., 2042)the
determining factor t o |periodic 1(®ka rvdridbiitg c | i m
(Elderfield et al., 2012Elderfield et al. (20123 t u ¥Gp in conjunction with BWT

variability at Ocean Drilling Program (ODP) Site 1123 in the southwestern Pacific, to
extract t¥0e €Qiksenmitve te changes in continental icewoe. They

find a pr onou’iQsachssithe sorael al seed aior®@ @@ nt 6 ( MI S
MIS 22), which they interpret as an abrupt increase in Antarctic ice volume resulting

from low southern hemisphere summer insolation across this in{&ieerfield et

al., 2012) Raymo et al. (2006lso suggest a change in Antarctic ice sheet dynamics

across the MPT, howeveatue tolongterm cooling, for example as a result of
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decreasing atmospheric @@oncentration and increased chemical weathering rates
(Raymo and Ruddiman, 1992)uring the preMPT 41-ka world East Antarctic Ice
Sheet (EAIS)margins are suggestedremain terrestriabasedsensitive to summer
melting and thus insolation forcin@®aymo et al., 2006)_ongterm cooling across

the Pleistocene, however, led to EAIS expansion and the formation of rhased

ice margins around 1 Ma, positively influencing EAIS thickrn(@&sasymo et al., 2006)
Further, marinédbased ice margins would allow for-phase ice lseet variability
between the northern and southern hemispfiRagmoet al., 2006)as marinébased
margins are sensitive to sea level fluctuations controlled by northern hemisphere

insolation change§fhompson and Goldstein, 2005)

Other mechanisms, proposed to drive MPT climate change as a threshold response to
long-term cooling, include the sea ice swi{SIS) hypothesigGildor and Tziperman,

2001, Tziperman and Gildor, 2003, Sayag et al., 2004perman and Gildor (2003)

use conceptual modelling and attribute a hypothetical-teng decrease in deep
ocean temperatures and the resulting changes in the surface ocean heigt dagaci

to increased stratification, to the activation of the SIS mechanism across th&@haPT.
model results o ziperman and Gildor (20033how that as the climate heads towards

a glacial state and atmospheric temperatures start to decrease substantial cooling of
the surface ocean allows siea to form. Subsequently, s&s extent increases
rapidly resulting from a mitive albedetemperature feedback, with an increase in sea

ice leading to a decrease in evaporation and moisture supply to continental glaciers
(Tziperman and Gildor, 2003However, sea ice growth is séiiting as sea ice
effectively insulates the surface ocean and thus, when atmospheric temperatures start
to rise againsea ice loss is rapi@he SIS hypothesis makes two critipaedictions.

The first one being a pronounced increase in the sea ice extent across the MPT
(Tziperman and Gildor, 2003nd thesecond one being larglacier sea ice hysteresis
during postMPT climate cycles, witlthe largest sea ice extent when continental ice
volume starts to retregBayag et al., 2004).ee et al. (2017also demonstrate the
importance of sea ider the MPT using climate models. They propose that the change

in G/IG frequency associated with the MPT originated from changes in the inter
hemispheric sea ice growth related to climate codlieg et al., 2017)Whereas sea

ice varies iaphase between hemispheres akdlduring warm climates, such as the
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Pliocene, cold climates are characterised byofythase interhemispheric sea ice

growth driven by precession variation modulated ¢geatricity(Lee et al., 2017)

Furthermore, a nonlinear response of the Atlantic meridional overturning circulation
(AMOC) to Plio-Pleistocene cooling has been proposed to change the redistribution
of heat between the southern and northern hemisphere betweerkidnadd the 100

ka world(Bell et al., 2015)Less northward heat transport during the-k@@vorld as

a result of decreased deep water formation in the Nortmtitlaould lead to/aid in

the buildup of northern hemisphere ice volume across the [T et al., 2015)In
addition to changes in the oceanic overturning, changes in the atmospheric circulation
have also been suggestedriorease northern hemisphere ice volume across the MPT
(McClymont and RoselMelé, 2005) Progressive intensification of the zonal SST
gradient in the equatorial Pacific between 1019 Ma has been proposed to drive the
onset and intensificatio of the Walker circulatiofMcClymont and RoselMelé,

2005) Together with an increase in the meridional SST gradient across the MPT in
both the Atlantic and the PacifiMcClymont et al., 2008}his suggests strengthening

of the Hadley Circulation, at least in the northern hemisphere, and decreased heat but
incressed moisture transport to iskeet source region®1cClymont and Rosell

Melé, 2005, McClymont et al., 2008, McClymont et al., 2018)hough it is unclear
whether atmospheric changes weffective in controlling continental ice volume
increasgMcClymont et al., 2013)

Thus, aplaty of hypothesis exist as to what could have caused MPT climate change,
however, the evaluation of these hypotheses requires additional records from
climatically sensitive regions to paint a complete picture of global climate change

across the Pleistocene

1.2.2 Global climate change across the MiBleistocene transition

The change in frequenof G/IG cycles together with thacrease in continental ice
volume across the MPT is preceded/accompanied by a variety of atmospheric and
oceanic changes. Detemmg the nature and timing of MiBleistocene climate
change is crucial with respect to our understanding of the synchronicity and/or
sequential evolution of global climate feedbacks and our understanding of

mechanisms driving the MPT frequency change.
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McClymont et al. (20133%tudiedSSTs of 26 globally distributed sediment cores and
identified an overall cooling trend during the early Pleistocene that intensified between
1.2 Ma and 0.8 Ma and diminishes at the onset of dominarkyrQferiodicity (~0.7

Ma). Six sites, among others from the West Pacific Warm Pool (WRd¢RGaridel
Thoron et al., 2005, Medinglizalde and Lea, 20059nd in the Southern Ocean
(Crundwell et al., 2008, Marting2arcia et al., 201@)eviate from this overall cooling
trend and exhibit longerm warming across the mid to late PleistocgvieClymont

et al., 2013)Southern Ocean warming across the-Rlieistocene disagrees with other
studies, indicating a mthward shift of the Antarctic &ar Front (APF) by 6° and 7°
between 1.3.9 Ma and 0.9.42 Ma, respectivelfKemp et al., 2010)However, the

sites studied byMcClymont et al. (2013gare just north of the proposed APF shift,
potentially highighting the local hydrography asdriver d SST warming across the
MPT. The lack of a cooling trend in the WPWP across the Pleistocene has been
observed in several studi@dcClymont and RoselMelé, 2005, de Garidelhoron et

al., 2005, Medin&lizalde and Lea, 2005, Dyez and Ravelo, 2014, Sun et al.,,2017)
indicating steady SSTs in the western equatorial Pacific but progressive cooling in the
east between ~1-d.9 Ma. As aforementioned the @nfed increased zonal SST
gradient in the equatorial Pacific has been linked to an intensification of the Walker
Circulation across the MPT, leading to enhanced upwelling in the east and shoaling of
the thermocline(McClymont and RoselMelé, 2005, Dyez and Ravelo, 2014)
supported by increased dust deposition in the eastern equatorial Pacific from 1.1 Ma
suggesting a stronger atmospheric circulaideClymont andRoseltMelé, 2005)
Together with a strengthening of the zonal SST gradient in the equatorial Pacific an
enhanced meridional SST gradient can be observed in both the Pacific and Atlantic
Ocean throughout the MiBleistocengRuddiman et al., 1989, McClymont et al.,
2008, MartinezGarcia et al., 2010, Lawrence et al., 2010, McClymont et al., 2013)
strengthening the Hadley Circulation. Relatively stable SSTs throughout the
Pleistocene in the Coral S@ausson et al., 2010north of Australia, suggest that the
Hadley circulation may have only increased in the northern hemis@ie@ymont

et al., 2013) supported by a strengthening of the Eesian monsoon and Atlantic

and Arabian Sea aeolian dust input at around 1.5 Ma and 1.35 Ma, resp€Cliandy

et al., 2006)Compared to the ~2 °C SST cooling in the North Atlantic betwéeh

0.85 Ma(Lawrence et al., 2010jhermocline waters at the Iberian Margin demonstrate

relatively stable longerm SSTs with irrmittent warming throughout the Mid
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Pleistocene coeval with a southward shift of the North Atlantic subpolar front,
indicative of a shift in the predominant thermocline water mass off |(Raiar et al.,
2018) Warmer waters off Western Europe could potentially have provided an

important moisture source for Alpine glaciers throughout the KBhr et al., 2018)
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Figure 1.3 Bottom water temperature (BW@nd ii*®0,, at DSDP Site 607 in the North
Atlantic (grey (Sosdian and Rosenthal, 2008hd blue (Ford et al., 2016) and the
southwestern Pacific ODP Site 11@derfield et al., 2012cross the MidPleistocene.

Compared to the SST records BWT reconstructemress the MPT are scarce and
only three high resolution records exist with two from North Atlantic Deep Sea
Drilling Project (DSDP) Site 60{Sosdan and Rosenthal, 2009, Ford et al., 2Git)

one from southwestern Pacific ODP Site 1XERerfield et al., 2012)All three
studies are based on Mg/Ca ratios of benthic foraminifera, indicating a distinctly
different longterm evolution of BWT in the North Atlantic and the Sotacific.
Whereas, North Atlantic Site 607 demonstrates a-tenm BWT cooling between
1.120.85 Ma of ~2 °C with cooling observed during both glacial and interglacial
intervals(Sosdian and Rosenthal, 2009, Ford et al., 2(Hi§ure 1.3) South Pacific

11



Chapter 1: Introduction

Site 1123 indicates no lortgrm change in BWT{Elderfield et al., 2012)Figure 1.3)

Instead glacial BWT at Site 1123 across the last 1.5 Ma consistently approach the
freezing point, with a small increase in interglacial BWT from MIS(7190 ka)
onwardgqElderfield et al., 2012)Similarly consistent glacial BWT in the deep Pacific

close to the freezing point of seawater have been inferr8eall et al. (2010)sing

a transfer functi &t bedwe e n¥arecard inteitse | U an
BWT and ice volume componertiowever, it is debatable if the transfer function of

80y derived for the last two G/IG cycles holds true for the entire Pleistocene: Long

term BWT cooling in the North Atlantic has been suggested to result from either
surface water cooling in the deepter source regions, as suggested from SST records
(Lawrence et al., 2010, McClymbet al., 2013)and/or changes in the mixing ratio

of relatively warm northern sourced deep waters and cooléhesousourced deep

waters across the MP{Sosdian and Rosenthal, 2009, Ford et al., 200@)ilst

different BWT histories in the Atlantic and Pacific may be explained by changes in

the deep water massbathingthese basins, the three studies also report distinctly
different Mid-Pleistocene continental ice volume histories, baseithe reconstructed

U*®0w (Sosdian and Rosenthal, 2009, Elderfield et al., 2012, Ford et al.,. 2016)

Wh e r e!%0s at DSDP Site 607 suggests no leegn change in continental ice

volume across the MP(Bosdian and Rosenthal, 2009, Ford et al., 2(Hi§ure 1.3)

ODP Site 1123 indicates a stkie increase aoss the 90&a event(Figure 1.3)
interpreted to represent an abrupt increase in Antarctic ice vdliaerfield et al.,

2012) Based on the diff e r®pmecoedsat ODR Site 123 a mp |
and the globally integrated LR04 stack between -60/9Ma, Ford et al. (2016)
attribut e Owwmwtheinfluence af thelocal hydrdgraphy, with Site 1123

likely being sensitive to the mixing ratio of northern and southern sourced deep waters.
This highlights the ne'®dandfomacfossrthe deep st u
ocean to derive a globalintegrated continental ice volume signal across the MPT

averaging out any regional influences.

As previously mentioned the MPT is associated with a pronounced perturbation in the
deep ocean circulation. Early evidence of changes in the deep PacificlanticAt
car bon i s ot pfeentiaforaméngera(indicate convergence between
these two ocean basins between@:BMa and 0.%.4 Ma, suggesting relatively weak
North Atlantic Deep Water (NADW) formation at these tinfBaymo et al., 1990,
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Raymo et al., 1997)This was further demonstrated Bgna and Goldstein (2014)
using neodymiunl s o t adte tsack(cHanges in theADW export throughout the
MPT. Mo r e ndyates idurinigthe 90K event (MIS 24 to MIS 22) indicate

a prominent decrease in the NADW export during this time. Similarly -M&3t
glacials are also marked by decreased NADW expdderfield et al., 2012, Pena and
Goldstein, 2014) oget her wi t h a s RisignatureigthedSbuthi t s d
Atlantic, whereas interglacial circulation patterns are similar to thd/|B€ interval

(Pena and Goldstein, 201 Pena and Goldstein (201&)rther argue that the weak
thermohaline circulation during the 98@ event and pos¥fIPT glacials facilitated
atmospheric Cedrawdown by reducing the exchange between Antarctic surface and
deep water@Hodell et al., 2003)Increased deep ocean carbon storage across the MPT
is inferred from records of benthic foraminiferal B/Ca in the Nédilantic (Lear et

al., 2016, Sosdian etal., 2018) A decrease in the c#&rbonat
]) at DSDP Site 607 between(l8 Ma is associated with an increased incursion of
southern component deep waters into the North Atlantiqatehtialchanges in the
air-sea gas exchange arouhdtarctica, suggesting increased carbon sequestration in
the deep ocedihear et al., 2016, Sosdian et al., 2018]ditionally, if a larger portion

of the deep ocean is bathed in corrosive bottom waters the subsequent dissolution of
CaCQ in the sediments and increase in total alkalinity lead tthén atmospheric

COz drawdown(Lear et al., 2016, Sosdian et al., 2018preover,Sosdian et al.
(2018) suggest a change in the location of Ca®Grial during glacials since the
MPT, with increased carbonate dissolution in the Atlantic raising the average ocean
carbonate ion concentratigifiCOs?]), leading to the formation of CaGQurial
hotspots in the equatorial Pacific, in line with records of Atlantic and Pacific €aCO
preservation across the PleistocéBexton and Barker, 2012 he shift in primary
location of carbonate burial and the transfer of alkalinity from the Atlantic to the
Pacific aids in keeping deep ocean Zow throughout glacial intervals and high
across integlacials, as observed from the benthic foraminiferal B/Ca record at Site
607 (Sosdian et al.,, 2018)Studies of benthic foraminiferderived productivity
changes in the equatorial Pacific support an increase in primary productivity since the
MPT, in line with enhanced CaG®urial (DiesterHaass et al., 2018)

In addition to changes in the oceanic carbon cycle, records of atmosplerias

reconstructed from planénic foraminiferal o r o n i s'i®B) aodoAmtarcti€ ice
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cores, suggest prominent changes across the Pleistocene, in line with increased deep
ocean carbon storage in the glacial Atlantic Ocean since the(M#F et al., 2016,
Sosdian et al., 2018FTontinuous reaals of ancient air trapped in Antarctic ice cores
only date back t6800 ka with G/IG CQ variability between 18290 ppmv and 176

260 ppmv between-800 ka and 40@00 ka, respectivelyBereiter et al., 2015)
(Figure 1.4) Beyond 800 ka records of atmosphericzG@riations become scarce,
complicating the interpretation of the role of £for MPT climate change. Many
hypotheses for the frequency change of G/IG cycles, invoke a threshold response to
long-term cooling, for example as a result of a gradual decrease in atmospheric
greenhouse gas concentrations. Howelénisch et al. (2009uggest a decrease in
glacial atmospheric C£of ~31 patm across the MPT with no letegm trend and
relatively stable interglacial COvalues Figure 1.4). Between ~2 Ma arid Ma
average glacial and interglacial atmospheric C@centrations were on the order of
~215 patm an@85 patm, respectivelfHonisch et al., 2009)n line with an orbitally
resolved study of atmospheric €€bncentrations across MIS 38 to MIS@D81 ka

to 1264 kapuwggesting a similar glacial drawdown in atmospherie @§3ociated with

the MPT(Chalk et al., 2017{Figure 1.4) Further, reconstructions of disturbed blue

ice from Antarctica indicate atmospheric £€dncentrations between 221 ppm and
277 ppm around ~1 M@iggins et al., 2015)in line with studies of platko niBc i
(Figure 1.4) Based on modelling result€hdk et al. (2017)attribute the posMPT

glacial decrease in atmospheric £ iron fertilization in the Southern Ocean
increasing the efficiency of the biological pump and deep ocean carbon sequestration.

In line with the general global climate cow observed across the MRleistocene,
records of microfossil assemblages in the Arctic Ocean, suggest a pronounced shift in
the sea ice regime. Both foraminifera and ostracod faunal assemblages indicate a
transition from more seasal to perennial se&ein the central Arctic Ocean at the

MPT (DeNinno et al., 2015, Lazar and Polyak, 202g)ditionally, the diatom species
Neodenticula seminaaypical for the North Pacifi¢Sancetta and Silvestri, 1986)
becomes extinct in thorth Atlantic coeval with the MPT, in favour of changes in

the Arctic sea ice concentrations and/or circulafiiettinen et al., 2013)

All in all this demonstrates the extent of climate change associated with the shift in

G/IG frequency across the MPT, emphasizing the importance of this transition for our
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understanding of c¢climatic feedbacks and

forcing mechaisms.
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Figure 1.4 Records of atmospheric G@hange across the Pleistocene from Antarctic ice
cores between ~800 ka (pink)(Bereiter et al., 2015 and references herendl from
Antarctic blue ice around ~1 Ma (blu@Jiggins et al., 2015ogether with C@records from
foraminif er alBpfrom lonisch et a. (2009ed) with & 1 standard error

(s.e.) andChalk et al. (2017 gr ee n) i ncl udi ngGreg vediaal bas r or
represent gleial intervals, white vertical bars mark interglacials. Marine isotope stage (MIS)
boundaries fronkisiecki and Raymo (2005Numbers at the top correspond to the respective
MIS.

1.2.2.1 The North Pacific throughout the MidPleistocene

Records of North Pacific climate change demonstrate prominent changes on G/IG
timescales, highliging the potential of this region to actively shape climate cycles,
however,compared to the North Atlanti¢ is a highly underrepresented region in
palealimate research, largely owing to the low preservation potential of calcareous
microfossils, hinderig the application of traditionaloraminiferal paleoclimate

proxies.

Nevertheless, some evidence exists for climate change in the North Pacific and its
marginal seas across the MPT. As previously mentioned the MPT is marked by an
increase in the meridiah temperature gradient in the Pacific Ocean, driven by an
expansion of polar water masses in the North Pacific from ~1.15 Ma as seen from a
decrease in the SSMcClymont et al., 2008, MartineBarcia et al., 2010)Gradual
increasing SSTs from 0@.5 Ma suggest aubsequent retreat of polar waters in the
North Pacific(McClymont et al., 208). McClymont et al. (2008suggest that the
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southward exansion of polar water masses likely exerted a negative feedback on the
moisture supply to continental ice sheet source regions, potentially accounting for the
delay in ice sheet response compared to oceanic and atmospheric changes observed
from ~1.2 Ma. Fuaher, the expansion of cold waters may have shoaled the
thermocline, aiding in the development of the modern eastern equatorial Pacific cold
tongue and the intensification of the Walker CirculafidartinezGarcia et al., 2010)

An expansion of polar water masses and Northfieaooling from ~1.2 Ma is in line

with increased IRD content in sediments of the Gulf of Alaska betweed.8 Ka

and the western North Pacific from ~1 Ma, indicgtanhighly dynamic Cordilleran

ice deet across the MR(Bt. John and Krissek, 1999, Miiller et al., 2018)

The BeringSea represents the northernmost marginal sea of the Pacific, forming the
gateway between the Pacific and the Arctic OceatoRIs of Bering Sea climate
change across the Miélleistocene demonstrate significant cooling associated with the
MPT, as seen fim a stepwise expansion of sea ice extent at ~1.9 Ma and ~0.9 Ma,
inferred from microfossil assemblag€Beraishi et al., 2016, lkenoue et al., 2016,
Stroynowski et al., 2017Yhe increase in sea ice exterddésompanied by a decrease

in the primary productivity in the Bering S@im et al, 2014, lwasaki et al., 2016)

and a change in the circulation regime associated with sea level low stands during
glacials, restricting the inflow of relatively warm North Pacific waters into the
southern Bering Se&im et al., 2014 Teraishi et al., 2016, Stroynowski et al., 2017)
Re c o r &G andnicrofossils in the Bering Sea, also suggest the presenet-of
ventilated intermediate waters throughout glacials of the last ~1.2 Ma, likely indicating
increased brine rejection during sea ice freezZiigudson and Ravelo, 2015b,
Ikenoue et al., 2016Knudson and Ravelo (2015blggest that intermediate water
ventilation was enhanced during glacials characterised by a closed Bering Strait,
however, it is unclear whether intermediate waters originated in the Bering Sea or in
the neighbouring Sea of Okis& throughout this intervaFurther, records of nitrate
utilisation in the Bering Sea indicate increased nutrient utilis@erossall glaciak

of the last 1.2 Ma, likely as a result of enhanced stratificdioiting the nutrient
supply from belowKnudson and Ravelo, 2015d)creased stratification during late
Pleistocene glacials might have aided gtacial atmospheric C® drawdown,
restrictingthe evasion of C&from old deep waters outcropping in the Northiff@ac
(Knudson and Ravelo, 2015a)
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1.3 Climate of the subarctic North Pacific across the last
glacial maximum to Holocene

The environment of the last glacial maximum (LGM) in the North Pacific and the
Bering Sea diffes significantly from present day conditions by means of
geomorphology, surface currents, SST, andige&xtent. Resulting from the large

sea level fall of ~120 m associated with the LGSpratt and Lisiecki2016) the
Bering land bridge was exposed with large parts of the Bering shelf being submerged
(Elias et al., 1996)Further, the drastic change in sea level restritttednflow of
relatively warm and nutriefrich Alaskan Stream waters through the Aleutian Arc into
the southern Bering S€danaka and Takahashi, 2008poth the North Pacific and

the Bering Sea are characterised by decreased SSTs throughout the LGM, as inferred
from microfossil assemblages, organic, and inorganic geochen(iginaka and
Takahashi, 2005, Kiefer and Kienast, 2005, MartiGezcia et al., 2010, Meyer et al.,
2016) Absolute temperatures, however, vary based on the proxy potentially indicating
different water depths of the proxy carriers and/or seasonallniasSSTs and low
salinity surface conditions together with prevailing northerly winds during the LGM
(Muhs et al., 2003, Tanaka and Takahashi, 20R&ly favoured sea ice formation in

the Bering Sea. Evidence from both microfossil and geochemical studies suggests
extended sea ice duritige LGM at the Umnak Plateau and in the western Bering Sea
(Caissie et al., 2@, Méheust et al., 20165easonal to extended sea ice is also
observed throughout the eastern and western clitbdorth Pacific at this time
(Méheust et al., 2018however, microfossilssemblages in the Bowers Ridge region,

do not support sea ice cover in this gi€atsuki and Takahashi, 20Q%otentially as

a result of sustained Alaskan Stream inflow around the Bowers Ridge.

Climate evolutionacross the last deglacial the Bering Sea and the North Pacific
realm has experiencedcurrent attention in the past decafeailablemodelling and
proxy studiesshow divergent results with regard ttee North Pacific response to
millenniaks cal e c¢cl i mate change in the NoOrth
of Greenland ice core@leinrich, 1988, Bond et al., 1993, Dansgaard et al., 1993,
North Greenland Ice Core Project Members 200Xgross the LGMHolocene
transition (Termination 1) two cold stadial events, Heinrich stadial 1 (HS1, <1B4.7
ka) and the Younger Dryas (YD, ~1219.7 ka), separated by theamn Bglling
Allerad (B/A, ~12.7 ka to 14.7 ka) interstadial, are linked to freshwater perturbations
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and changes in the AMOflbw (Heinrich, 1988, McManus et al., 200§lowdown
and/or shutdown ofie AMOC leads to pronounced cooling in the North Atlantic,
modifying the atmospheridrculation and SSTs downstregd@kumura et al., 2009)
Whilst some studies indicate warming in the North Pacific in response to North
Atlantic cooling (Sarnthein et al., 2004, Kiefer and Kienast, 2005, Sarnthein et al.,
2006, Okazaki et al., 201Gpr example as a result of the onset of a Pacific Meridional
Overturning Circulation (PMOC) and incregsheat transpofSaenko et al., 2004,
Okazaki et al., 2010)other studies suggest-fiha® climate change of the North
Atlantic and North Pacific as a result of atmospheric and/or oceanic teleconnections
(Kienast and McKay, 2001, Pisias et al., 2001, Okumura et al., 2009, Caissie et al.,
2010, Max et al., 2012, Chikamoto et al., 2012, Meyer et al., 201&repancies in

the subarctic Pacific proxy records, primarily SST, could potentially arise from either
seasonal sigals and/or differences in the water depth of proxy carriers or different

regional oceanographic respongélax et al., 2012, Meyer et al., 2016)

Sea ice extent in the Bering Sea and the North Paafigss the deglaciation varied
in-phase with millenniascale climate change in the North Atlanfitie onset of the
deglaciation, associated with cold conditions during HS1 is marked by an extensive
sea ice cover in the Bering Sea and the subarctic Nartific (Caissie eal., 2010,
Méheust et al., 2016, Méheust et al., 20B8pund ~15 ka, towards the end of HS1,
the sea ice regime iffed towards seasonal sea ice/freeconditionsin the Bering

Sea and predominantly ice free conditions in the subarctic North P@cé#fissie et

al., 2010, Méheust et al., 2016, Méheustlet2018) with reduced sea ice and/or ice
free comlitions prevailing throughout all of the B/&aissie et al., 2010, Méheust et
al., 2016, Méheust et al., 2018)igh resolution records of sea ice related biomarkers
in the western and northern Bering Sea indicateestablishment of seasonal sea ice
during theYD cold reversalwhilst the sea ice edge likely did not exteas far south

as the subarctic North Pacifigléheust et al., 2016, Méheust et al., 20C8)eval with

the early Holocene climate warming following the YD, diatom assemblages at the
UmnakPlateau indicate ice free conditions in conjunction with increased SSTs and
enhanced influence of thearm Alaskan Stream waters tine southern Bering Sea
(Caissie et al., 2010)ikewise, the western and northern Bering Sea are characterised
by ice free conditions during the early Holocene, whereas seasonal seancerges
during the midHolocene(Méheust et al., 2016, Méheust et al., 20I8)e North
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Pacific, on the other hand, remained largely ice free since the onset of the Holocene
(Méheust et al., 2016, Méheust et al., 2018)

Based on studi e® ibG a i doyitihas beenfseggeatéd thét
intermediate water formed in the Bering Sea during times of increased sea ice cover,
such as the LGMand HS1(Horikawa et al., 2010, Rella et al., 2012, Knudson and
Ravelo, 2015b, Cook et al., 2018)day, North Pacific Intermediate Water (NPIW)
forms primarily via brine rejection during sea ice freezing in the Sea of Okhotsk and
mixing with nutrientrich subsurface waters in the subarctic gyre {300 m)(Talley,

1993, Shcherbina et al., 200Blevertheless, evidence of chlorofluorocarbon suggests
the formation of trace amounts of deep water in the Bering Sea (ddayer and
Roden, 1995Bas ed on mo ndesotopesadtinegnediate deptll along the
BowersRidge during cold periadof the last G/IG cycleHorikawa et al. (2010)
concluded subduction of radiogenic surface waters along the Aleutian Arc to
intermediate depthAdditional studies, on the other hand, suggest that the Sea of
Okhotsk remained the primary source of NPIW during cold events, such as the HS1
(Max et al., 2014)Thus, further research is needed to dweitee the source region of
NPIW during northern hemisphere cold events. Additionally, the extent and depth of
NPI W during gl acial i n%Ogfrom aclossthéBering®ear | y
suggests a divide of wellentilated intermediate and poongntilated deep waters
around ~1000 m water depth for the LGWMook et al., 2016)whereas other studies
from the Gulf of Alaska demonstrate decreased ventilation ages during HS1 at ~3500
m water depti{Rae et al. 2014 )urther, a larger extent gflacial NPIW has been
proposed to foster primary productivity in the equatorial Pacific, important for oceanic
carbon sequestratigiviax et al., 2017)

Overall, LGM climate change in the Bering Sea and the North Pacific illustrates the
sensitivity of the region to G/IG cycles and highlights its potential to actively shape
Pleistocene climate cycles via oceanographic and carbon cycle feedbacks.

1.4 Biogeochemical cycling and ventilation in the North
Pacific on glacial/interglacial timescags

Late Pleistocene G/IG cycles are accompanied by pronounced changes in the
atmospheric C®concentration(~183280 ppmy, observed in Antarctic ice cores

(Bereiter et al., 2015)Figure 1.4, indicatinga large scale rdistribution of carbon
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between different reservoirs, including the ocean, the biosphere, and the atmosphere
(Broecker, 1982) The deep ocean is the largest reservoir accessible on orbital
timescalessuggesting that largemaunts of carbon were stored in the deep ocean
during glacialsand released across the deglacia(Bayle, 1988, Galbraith et al.,

2007, Jacad et al., 2009, Yu et al., 2010a, Skinner et al., 2010, Burke and Robinson,
2012) Proposed mechanisms of deep ocean carbon storage include expansion of more
corrosive southm-sourced bottom waters and associated dissolution of €atife
seafloor, raising the whole ocean alkaliniBoyle, 1988, Skinner, 2009¢hanges in

the airsea gas exchange, as a resulthainges in the ocean circulation/stratification
(Toggweiler et al., 2006, Schmittner and Galbraith, 2008, Anderson et al., 2009,
Jaccard et al., 2013, Billups et al., 20E8)d/or increased sea ice extent around
Antarctica causing decreased g£@utgassingStephens and kading, 2000, Ferrari et

al., 2014) and changes in the efficiency of the biologicampuas indicated by a
change in the regenerated to preformed nutrient inventory of the deep(blaaén,

1990, Jaccard et al., 2009, Jaccard and Galbraith, 2012, Ziegler et al., 2013, Jaccard et
al., 2013, Martinetzarcia et al., 2014, Gottschalk et al., 2016)

Thus, biogeochemical cycling and ventilation, the subduction of atmospherically
equilibrated waters, are important components of the oceanic carbon cycle. Dynamic
changes have been proposed for the North Pacific on G/IGdates, as a result of
variations in the primary productivity, the ventilation of North Pacific Deep Water
(NPDW), and the influence of NPIW, suggesting that the North Pacific and Bering

Sea carbon cycle may have played an active role in G/IG atmospken@ability.

Vast areas of theodernNorth Pacificare considered High Nutrient Low Chlorophyll

(HNLC) regions(Moore et al., 2001, Lam and Bishop, 2008ith iron representing

the limiting micronutrientMoore et al., 2001, Lam and Bishop, 2008)ong the

eastern Bering Seslope however,eddydriven upwelling(Mizobata et al., 2002,

Mizobata and Saitoh, 2004, Mizobata et al., 2008, Ladd et al., 20Edhflow of

nutrientrich Pacificwaters(Walsh et al., 1989, Expedition 323 Scientis14@), tidal

mixing, and transverse circulati¢8pringer et al., 1996, Hurst et al., 2010, Tanaka et

al., 2012 sustain one of the most productive ecosystems inthew ddés ocea
(Springer et al., 1996) Resulting from enhanced primargroductivity and

remineralisation of organic matter settling through the water column, a pronounced
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oxygen minimum zone (OMZ) is found in mdkpth waters (662000 m)(Whitledge
and Luchin, 1999, Expedition 323 Scientists, 2QEQure 1.5.
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Figure 1.5Dissolved oxygen concentrations in the Bering Sea and the North Pacific, including
all Sites cored as part of International OcBastovery Program (IODP) expedition 323. The
pink area with dissolved oxygen concentrations < 1 tidpresents the midepth oxygen
minimum zone (OMZ). Figure from Expedition 323 Scientists (2010).

Evidence suggests thaimpary productivity in the Ndh Pacific and its marginal seas

has varied on G/IG timescales. This is express#d a widespread decrease in
primary productivityobservedacross the LGMJaccard eal., 2005, Brunelle et al.,
2007, Jaccard et al., 2009, Brunelle et al., 2010, Kohfeld and Chase, 2011, Kim et al.,
2014, Knudson and Ravelo, 2015a3cribed to a decrease in the light availability in
areas of extensive sea ice formation together with enhanced stratification of the
subpolar water column, decreasing the nutrsamply to the surface oceébaccard

et al., 2005, Brunelle et al., 2007, Brunelle et al., 2010, Kim et al., 2014, Knudson and
Ravelo, 2015a)Records of opal mass accumulation rai€sn et al., 2014)and
nutrient utilisation in the Bering Sg&nudson and Reelo, 2015a) indicate that
decreased glacial productivity together with enhanced stratification may have been a
consistent feature across the Mitkistocene (~1.2 Ma). This likely infers dynamic
changes in the midepth OMZ in the Bering Sea in resgento enhanced/reduced
primary productivity during interglacial and glacial intervals, respectively. This is also
seen from laminated sediments along the Bering Sea continental margins, which have
been reported from up to ~2000 m water depth across thedgkaciation(Cook et

al., 2005, Expedition 323 Scientists 2010, Caissie et al., 2010, Aiello and Ravelo,
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2012, Kuehn et al.,, 2014, Pelto et al., 2018)ggestingOMZ expansion in
conjunction with deglacial warm events characterised by enhanced primary
productivity (Brunelle et al., 2007, Jaccard et al., 2009, Aiello and Ravelo, 2012, Kim
et al., 2014, Kuehn et al., 2014)

In addition to expansion/contraction of the OMZ the Bering Se&ottom water
oxygenation is also influenced by the contribution and ventilation of different water
masses. Whereas the modern deep Bering Sea is ventilated by NPDW, originating in
the Southern Ocean, primarily ventilated by deep watergtom around Antarctica
(Killworth, 1983, Broecker et al., 1998, Kawabe and Fujio, 2018 middepth
Bering Sea is ventilated by NPIW, originating locally from brine formation during sea
ice freezing in the Sea of Okhotsk and mixing with subsurface w@iallsy, 1993,
Yasuda, 1997, Shcherbina et al., 2003)

Enhanced ventilation of the makepth Bering Sea (~800 m water depth) has been
observed across glacial @nvals of the last 1.2 M@&nudson and Ravelo, 2015b)
whilst a pronounced deepening of wedintilated intermediate waters to ~2000 m
(potentially even ~3500 r(Rae et al., 2014)is suggested from records across the
North Pacific for the LGM and cold intervals of the last deglaciation, such as HS1
(Duplessy et al., 1989, Ahagon et al., 2003, Galbraith et al., 2007, Sagawa and lkehara,
2008, Jaccard et al2009, Lund et al.,, 2011, Okazaki et al., 2012, Jaccard and
Galbraith, 2013, Rae et al.,, 2014, Max et al., 2014, Cook et al., .2BlEdce,
deepaing of atmosphericalhequilibrated @-enriched intermediate waters during
glacials may have influenced intermediate to bottom water oxygenation in the Bering
Sea throughout the Pleistocene, however no records exist as of yet, documenting the
evolution ofNPIW across the MPT.

On the other hand, NPDW which ventilates the deep Bering Sea today, likely also
experienced prominent changes in oxygenation on G/IG timescales, linked to
enhanced deep ocean carbon storage during glacial intervals. Records oflmigom
oxygenation in the North Pacific across the last ~150 ka, suggest a pronounced
decrease in the oxygen concentrations of NPDW during glacials, as a result of a change
in the ratio of preformed to regenerated nutrients, facilitating deep ocean carbon
storageg(Jaccard et al., 2005, Galbraith et al., 2007, Jaccard et al., 2009, Jaccard and
Galbraith, 2012)
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Considering recent studies from the North Atlantic, indicating an increasedeépe
ocean carbon storage associated with the lR@r et al., 2016, Sosdian et al., 2Q18)
together with records of CaG@acumulation in the deep North Pacifin,support of
poorly ventilated more corrosive deep waters prevailing across glacial intefrifads

last ~2.7 MaHaug et al., 1995, Jaccard et al., 2005, Burls et al., 2€1iZ)suggests

that lower NPDW oxygen concentrations could have been a consistent feature of
glacial intervals across the Pleistocene. Further this is supportecedoyds of
magnetite preservation in the deep western North Pacifiggeshg decreased
oxygen concentrations below 5000 m during MIS 22, 12, 10, 8, 6, étorf et al.,

2016) Although, absolute oxygen condeations in NPDW across Pleistocene
glacials likely varied in response to changes in the deep ocean carbon sequestration

and ventilation.

Thus, both biogeochemical cycling, linked to primary productivity, and ventilation
demonstrate dynamic behaviour onl@/timescales in the North Pacific, most
prominently expressed as changes in the oxygen concentration. Whereas,
remineralisation of organic matter in the water column likely played a pronounced role
during interglacials, marked by increased primary pradigtlower rates of primary
productivity during glacials potentially caused OMZ contraction. On the other hand,
changes in the ventilation and water mass structure of the North Pacific on G/IG
timescales, with enhanced ventilation and formation of NRIg&ther with increased
carbon storage in NPDW during glacial intervals, are expected to influence the

oxygenation of the North Pacific and the Bering Sea.

1.5Research questions andutline of the thesis

The North Pacific is a highly underrepresented negiopaleoceanographic studies,
largely owing to the poor preservation potential of calcareous microfossils, one of the
main proxy carriers in paleoceanography, in the relatively corrosive bottom waters.
Nonetheless, dynamic behaviour, such as changé®iprimary productivity, deep

ocean carbon storage, and enhanced intermediate water formation have been proposed
on orbital timescales, important for the oceanic carbon cycle. However, many open
questions remain regarding the potential of this region tivedy shape Pleistocene

climate cycles.
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International Ocean Discovery Program (IODP) Expedition 323 to the Bering Sea
cored along the high productivity area of the eastern Bering Sea slope, with Site U1343
reaching back to ~2.3 Ma, covering most of thedtbcendExpedition 323 Scientists
2010, Asahi et al., 2016 he high sedimentation rates along the continental margin
indicaie the potential to study MiRleistocene climate change at a -subital

resolution.

The overall aim of this study is to add a North Pacific perspective on climate change
across the MPT. Further, | explore changes across the last glacial to Holocene cycle
to provide context with respect to this comparatively well understood time period.
Particular emphasis is placed on disentangling the evolution of continental ice volume
across the MPT, to explore dynamic changes in the North Pacific oceanography, and
to examine potential forcing mechanisms driving climate change across this critical
transition. Especially, the development of sea ice across the MPT is of major interest,
as modelling studies suggest fundamental changes of sea ice dynamics, actively
driving global climate change. A muiiroxy approach is employed, combining
organic geochemistry for sea ice reconstructions with inorganic geochemistry of
calcareous microfossils to study the evolution of bottom water temperatures and
sedimentary redox chemistity the eastern Bering Sea to help unravel continental ice
volume, North Pacific circulation patterns, and biogeochemical cycling across the
Pleistocene. Furthermore, | am exploring the influence of high surface ocean
productivity on diagenesis of calcatmomicrofossils in the continental margin of the

eastern Bering Sea and the implications for paleoclimate studies.
Specifically, the scientific objectives of this study are:

1 To develop a comprehensive understanding of authigenic carbonate
geochemistry p@pitated on foraminiferal tests in sediments underlying high

productivity areas.

o Establish the trace metal composition of foraminiferal authigenic
carbonates in sediments along the eastern Bering Sea slope both above
and below the Sulphatdethane Transibn Zone (SMTZ).

o Determine the role of organoclastic sulphate reduction versus
anaerobic oxidation of methane for authigenic carbonate formation on

foraminiferal tests.
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0 Understand the spatial distribution of authigenic carbonates within
foraminiferal testsand eamine the applicability of diagenetically

altered foraminiferal tests for paleoclimate reconstructions

f Toinvestigate theelationship oBWT historyandiit®Op in the eastern Bering
Sea and its i mMioladcrosa the MAT saind LGMioloceriee U
This will provide insights intaontinental ice volumdistory, but also offer
the opportunity to explore the contribution of NPDW versus NPIW to the deep

Bering Sea on G/IG timescales.

1 To examine changes in the sedimentary redox chemistry alongagtern
Bering Sea slope in order to infer changes in bottom water oxygenation in light
of primary productivity and water masses contributing to the deep Bering Sea

across the MPT and LGMolocene.

1 To explore the role of sea ice for the L&lblocene and MP climate change
on a regional to global scale, studying the dynamic changes of the Bering Sea
sea ice regime under consideration of the sea ice switch hypdtBiédas and
Tziperman, 2001, Tziperman and Gildor, 20884 potential NPIW formation
across the MidPleistocene and the last deglaciation.

1.6 Outline of the thesis

Chapter 2 of this thesis comprises a detailed description of the modern Bering Sea
oceanography, together with ardapth Site description of IGDSite U1343Further,
the paleoceanographic proxies and statistical approaches utilised throughout the study

are elucidated and discussed.

The following four chapters comprise the description and discussion of the scientific
findings of this studyChapter 3 focuses on the diagenetic alterations of foraminiferal
tests in sediments from IODP Site U1343ecBnstructing past climate using
foraminifera, relies on the assumption that foraminifera calcify in equilibrium with the
surrounding seawater ancetigeochemical integrity of calcareous tests, preserved in
the sediments for thousands to millions of ye&lss chapter explores foraminiferal
alterations in conjunction with early diagenesis driven by an active microbial
community within the sediments derlying a high productivity area. The results

comprise a suite of singlgpecimen imaging and geochemical analyses to examine the
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trace metal composition and spatial variability of authigenic foraminiferal carbonates

and their applicability for paleoceagraphic studies.

Building upon these findings Chapter 4 encompasses a composite record of benthic
foraminiferal Mg/Ca for BWT reconstructions across the L-Bblocene and the
Mid-Pleistocene. Independent BWT reconstructions are a powerful tool to de@nvolv
the %0y record into its temperature andOw component, driven by changes in
continental ice volume and regional hydrography. In the Bering Sea and North Pacific
fluctuations in the depth and ventilation of NPIW have been proposed on orbital
timescals. NPIW is a lowii'®0Ow water mass indicating the potential to influence the
mid-depth to deep Bering S&&fOw record across the Pleistocene. Thus, inferences
of continental ice volume based GHOw in this region always need to take local
changes in thevater mass contribution into account. Nonetheless, this offers a
potentially unique opportunity to study continental ice volume together with the Mid

to late Pleistocene evolution of NPIW in the Bering Sea.

Changes in the contribution and ventilatiortlué different water masses in the deep
Bering Sea additionally have the potential to cause pronounced fluctuations in the
bottom water oxygenation. Chapter 5 explores dynamic changes in sedimentary redox
chemistry across the LGMolocene and the MPT, infed from U/Mn and U/Ca of
authigenic foraminiferal coatings. Sedimentary redox chemistry varies in relation to
bottom water oxygenation and organic carbon export from the sea surface. Thus, in
conjunction with records of primary productivity at Site U13d&limentary redox
chemistry provides a qualitative tool to investigate changes in bottom water
oxygenation linked to changes in the water mass contribution and/or deep ocean

carbon storage.

Subsequently, Chapter 6 focuses on the evolution of sea ice @astern Bering Sea
across the MiePleistocene and the LGIMolocene. Sea ice reconstructions are based
on organic geochemistry, utilising biomarkers produced by sea ice diatoms to track
changes in the seasonal sea ice extent. Across thell@dtene theea ice dynamics

will be discussed together with previously published records from across the Bering
Sea and the North Pacific painting a regionally consistent picture of deglacial sea ice

variability. The MidPleistocene sea ice evolution, on the othedharthe first of its
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kind looking at orbitalscale variability and allows the assessment of previously

proposed mechanisms for MPT climate change.

Chapter 7 summarises and brings together the conclusions from the individual
chapters of this thesis. Adtibally, an outlook is provided with potential future work

to reinforce the key findings and to further develop the proposed hypotheses.
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2. Materials and methods

2.1 Oceanography of the Bering Sea

The Bering Sea represents the northernmost marginal Sea of the North Pacific,
forming the gateway between the Pacific and Arctic Ocean. Its aB2a%k 1° km?

and volume of 3.75 x Pkm® make it the third largest marginal sea in the world
(Takahashi et al., 201,1¢omprising a wide neritic shelf araathe east up to 200 m
deep and the Aleutian Basin to the west reaching depths over 3Fdume(2.).

Bering
® Strait &

g
Present day winter
sea ice edge

180° 170°W

Figure 2.1 Map of the Bering Sea showing the location of IODP Site U1343 (red star). The
pink solid line represents the present day winter sea ige, ¢de red dashed line is tlaet|

glacial maximum (LGM) coastline(PALE Beringian Working Group, , 1999nd the blue
arrows show the cyclonic surface circulation in the Bering Sea. The Alaskan Stream enters
the Bering Sea in the south through several Aleutian passes to form the Aleurtiarsdpe
Current (ANSC) that feeds into the Bering Slope Current (BSC), which in turn feeds into the
East Kamchatka Current (EKC) (modified fr@tabeno et al1099). Eddy formation along

the eastern Bering slope brings nutrients to the surface resulting in high primarytipityduc
called the 'Green BelfSpringer et al., 1996, Mizobata and Saitoh, 20M8p created with
Ocean Data ViewSchlitzer, 2011)

The surface circulation in the Bering Sea is fed via inflow of the relatively warm and
nutrientrich Alaskan Stream, the northern boundary enirrof the subarctic North

Pacific gyre, through several passes of the Aletiar(Stabeno et al., 1999)he sill
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depth of the different passes constrains the influx askRdn Stream waters, with the
main flow occurring through Amukta Pass in the central Aleutian Arc east of Bowers
Ridge (Ladd, 2014)(Figure 2.}. In addition to the sill depth, the flow through the
passes can be obstructed by eddy formation, such as observed for the Amchitka Pass
westof the Bowers Ridgé€Stabeno et al., 1999)Vithin the Bering Sea the cyclonic
gyre circulation is comprised of the southward flowing Kamchatka Current
representing the wesin boundary current, the nontvestward flowing Bering Slope
Current (BSC) as the eastern boundary current, and the eastward flowing Aleutian
North Slope Current (ANSC) to the soukidure 2.} (Stabeno et al., 1999yhe main
surface outflow in the Bering Sea occurs through the Kamchatka Strait in the west,
howeversome surface water (0.85 Sverdrup (&9achman, 1993jlows northward

and kaves the Bering Sea through the 50 m deep Bering Sthaatgateway between

the Pacific and the Arctic Oceafhe northwardransporthroughtheBering Strait is
driven by a sea level difference of 0.4 m between the Bering Sea and the Arctic Ocean
(Stabeno et al., 1999nd it is thought to influence the heat equilibrium and salt
balance of the Pacificnal Atlantic Ocean on lonime scalegTakahashi, 2005At
International Ocean Discovery Prograb®@DP) Site U1343, tb surface ocean is
characterisedby the BSC(Figure 2.}, flowing along the eastern Bering Sea shelf
break. It exhibits a pronounced seasayale with enhanced flowpeedloser to the

shelf break during winter and a reduced flow speed during suhad, 2014)The
average flow speed of the BSC is0>cm &' with maximumspeedaround 14 cm$

(Ladd, 2014)The BSC is characterised by mesoscatdonic and anticyclonieddies
measuringup to 10200 km horizontally and >km vertically (Paluszkiewicz and
Niebauer, 1984, Stabeno et al., 1999, Mizobata et al., 2002, Ladd,(E@jute 2.).
Eddies form primarily along the major canyons of the eastern shelf slope during spring
and are important for the spring phytoplanktbloom (Ladd et al.,, 2012)A
chlorophyll a maximum has been observed within ed@idégobata et al., 2002,
Mizobata et al., 2008, Ladd et al., 20123 a result of upwelling within or along the
eddies(Mizobata et al., 2002)ransporting nutrient and G@ich deep waters to the
surface, resulting in occasional €@utgassing(Kelley et al., 1971) Further,
horizontal water massansport within eddie@izobata et al., 2006, Ladd et al., 2012)

is enhancing the exchangé nitrogenrich basin waters and iremch shelf waters
(Aguilar-Islas et al.2007) fostering primary productivity. Eddy activity is negatively
correlated with the North Pacific Index (NPI), with a negative NR#&racterized by
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a strong Aleutian Lowresulting in an enhanced subarctic gyre in the North Pacific
and increased flow into the Bering Sefl_add et al., 2012, Ladd, 2014)

Deep water in the Bering Séadayoriginates in the North Pacific andnsarginally
influencedby small amounts of deep water formingsiu within the Bering Sea
(Warner and Roden, 199%akahashi et al., 2011)eep water renewal takes place via
inflow of North Pacific Deep Water (NPDWinto the Bering Sea through the
Kamchatka Strait below 2500 (@oachman et al., 1999, Stabeno et al., 1989)it
progresses norttand eastward through the Aleutian Basin it slowly freshens and is
displaced upwardexiting the Bering Sea via outflow through Kamchatka Strait at
depth <2500 nfStabeno et al1999) However data on the Bering Sea deep water is
scarce so more information is needed to constrain its flow and ¢Rgathdorf et al.,
2013b)

The Bering Sea has a subarctic water column structure with a warm surfacedayer (0
50 m) during summer, a cold subsurface dicothermal layeP@0m) (cold layer
between two warmer layergfanaka and Takahashi, 2008Yerlying the strong
halocline (106200 m) (Miura et al., 2002)Figure 2.2). During winter when the
surface layer cools the thermocline deepens (15(0Tarnaka and Takahashi, 2005)
and vertical mixing is promoted forming a winter mixed layer with the depth restricted
by the permanent halocliridiura et al., 2002)These cold waters remain throughout

summer forming the dicothermal layer (Figure 2.2).

The surface layers are underlain by North Pacific Intermediate Water (NPIW) 300
700 m (Talley, 1993, Yasuda, 1997Figure 2.2), and NPDW. Modern NPIW is
producedby mixing of Okhotsk Sea Mode Watdéormedvia brine rejectia during

winter sea ice freezin@ alley, 1993, Yasuda, 1997, Shcherbina et al., 200®) the
relatively warm and salty Western Subarctic Gyre, to form the Oyashio Current
(Yasuda, 1997)A large part of this current then flows south cabbeling with the
Kuroshio Extension, forming new NPI\Yasuda, 1997)NPDW is one of the oldest

deep water masses throughout the oceans, characterised by relatively low oxygen and
high nutrient concentrationg/hereas the nitrate and phosphate concentrations in the
deep Bering Sea are simil@Barcia et al., 2006b}he silicate concentrations are
enriched compared to the deep North Pa¢Barcia et al., 2006b)n line with the
deep Bering Sea having the highest conce
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ocean. This is likelycaused by extraordinary high production of siliceous
phytoplankton in the surface ocean, high regeneration rates at the sedatent
interface and accumulation in the bottom water due to very low flushing rates
(Coachman et al., 1999)

0 2 4 6 8 10
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(’/ Dichothermal layer
Modern depth
500 — of NPIW
1000 —
3 i
< 1500 —
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[}
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Depth of IODP
2000 — Site U1343
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3000 —

Figure 2.2 Water column temperature (blue) and salinity (green) at GLODAP v2
station410473 (B) (58°00N, 1 7 4 AQ@serden4)., 2016xlose to IODP Site U1343 in
the eastern Bering Sea. The dark blue box indicates the dichothermalTapaka and
Takahashi, 2005nd the light blue box marks the modern depth of North Pacific Intermediate
Water (NPIW) in the Bering Sddalley, 1993)

The ecosystem in the Beg Sea is among the most productive in the world,
particul arly al ong t he eastern Bering
productivity rates of 17275 g C n? yr! (Springer et al., 1996)As a result of
enhanced primary productivity along the shelf break, depleted oxygen concentrations
are pervasive in midepth vaters, forming a pronounced oxygen minimum zone
(OMZ) between 601000 m(Expedition 323 Scientists 1999, Expedition et al., 2010)
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(Figure 1.5. The oxygen content within the OMZ core ranges from-14&F mg L*
(Whitledge and Luchin, 1999nd is highly variable between seasons, with lowest

concentrations during winter.

Large parts of the remaining Bering Sea, especially the deep Aleutiam, Basi
considered &ligh Nutrient Low Chlorophyll (HNLC) zone with irorepresentinghe

limiting micronutrient(Springer et al., 1996, Leblanc et al., 2005, Agulklas et al.,

2007) However, a pronounced spring phytoplankton bloom can be observed on the
500 km wide eastern shelf, partly sustained by the seasonal sea ice cycle, providing an
important seed population, releasing nutrients during melting, and facilitating water

column statification (Goes et al., 2014, Wang et al., 2014)

Seasoal sea ice formation in the Bering Sea is important for both the physical
properties of the water column and the ecosystem. Fornatextenare driven by

the air and water temperatutegether withthe direction of storm tracks during the
winter monhs (Rodionov et al., 2007)Today, sea ice originates in the Chukchi Sea
and in polynyas on the sthward facing coastlines on the eastern Bering shelf and is
advected soutlwestwardNiebaue et al., 1999)Polynyasare areas of extensive heat
exchange between the ocean and the atmosphere, therefore ice and brine formation
take placeNiebauer et al. (199%alculated an average sea ice and brine formation
for Bering Sea polynyas of 112 cm day! and 0.0060.042 Sy respectively.
According to studies byavalieri and Martin (1994)who used a combination of
satellite, weather, and oceanographic data together with an ocean box model to
investigate brine flow in the Arctic Ocean marginal seas, the brine forméieon
eastern Bering Belf flows northward across the shelf and through the Bering Strait
into the Arctic Ocean, where it helps to maintdia Arctic halocline. The maximum
seasonal sea ice extemteached in March/April close to the Bering Sea slopguifé

2.1) (Niebauer et al., 1999, Expedition 323 Scientists 20R8fent years, however,

are marked by a pronounced retrefithe sea ice edge in the Bering $8aebmeier

et al., 2006, Douglas, 2010, Brown and Arrigo, 20983 important implications for

the marine ecosyste(hlunt Jr et al., 2002, Grebmeier et al., 2006, Mueter and Litzow,
2008, Brown et al., 2011b, Brown and Arrigo, 2013)
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2.2 International Ocean Discovery Program SitéJ1343

Thisstudyis focused on the IODS8iteU1343, retrieved during IODP Leg 323 in 2009
(Expedition 323 Scientists 2010Jhe Site is located on a topographic high off the
eastern Bering Seaslope5 7 A33. 46 N, 176A49. (Expediton 1953
323 Scientists 201P)Figure 2.1).In total five holes (AE) were drilled using an
Advanced Piston Corer and an Extended Core Barrel system, to compile a composite
core and depth scalExpedition 323 Scientists 2010Jhe cores vary in length
between 8.5 m below sea floor (mbsf) (U1343D) to 34dbsf (U1343EJExpedition

323 Scientists 2010)The composé depth scale was constructed by correlating the
physical properties of U1343A, U1343C, and U134AEahi et al., 2016)From the
mudline down to 235 mbsf the splice is composed of a continuous interval. Below 235
mbsf, however, sections from U1343E are appended with unknowrjAy=ads et al.,

2016)

IODP Site U1343 is bathed in NPD{Expedition 323 Scientists 201@ata from
Global Ocean Data Analysis Project version 2 (GLODAP (@¥sen et al., 2016)
station 410473 (B) (58°004N, 1 7 4 /5i180W é@ pv@sent day water temperature at
~2000 m depth in the eastern Bering Sealo® °C with asalinity of 34.58 (Practical
Salinity Scalei 1978)(Figure 2.2). The nitrate concentration isgtimo |1, wkthy
phosphate and silicate having concentrations of 8.660 |*aidd99.& mo |1, k g
respectively(Olsen et al., 2016)The total carbon concentration at ~2000 m water
depth in the eastern Bering Se@i8 9 2 kg'wihla pH of7.6(Olsen et al., 2016)

By means of the software CO2céiRobbins et al., 201@ther CQ system parameters
were calculated, using the dissociation constants Metrbach et al. (1973¥fit by
Dickson and Millero (1987)This yields a bottom water carbonate saturatiote sta

( o[ 3€)O(Equation 2.1) at Site U1343 arounthe mol*wkg h an q of
suggesting undersaturated waters with respect to €aCO

o

Y 60 00 00 (Equation 2.1)

Today, IODP Site U1343 underlies the raidpth OMZ(Expedition 323 Scientists
2010) with modern oxygen concentratmat ~2000 m water depth 62 & mb | kg
(1.2 ml L) (Olsen et al., 2016)
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2.2.1 Sedimentary properties

The sedimendat Site U1343s primarily composed of dark/very dark greenggiey to
dark/very dark grey sifExpedition 323 Scientists 2010) contains varying amounts
of clay and diatoms, wist sand, foraminifera, ash, calcareous nannofossils, and
sponge spiculesonstitute onlyminor componerst(Expedition 323 Scientists 2010)
Frequent authigenic carbonate crystals are found in all holes at Site (EXp&8lition
323 Scientists 2010Compared tdSites drilled at the Bowers Ridgguring IODP
expedition 323, U134Bas a higher ratio of siiclastic versus biogenicomponents,
as a result oits proximity to the Beringlope (Expedition 323 Scientists 201 @yith

a total organic carbon conteat SiteU1343 between 0-% wt% (Wehrmann et al.,
2011) Additionally, a smalleramount of volcanoclastic material found in U1343
compared to Sitefurther south, resulting from its more distal position from the
Aleutian Arc(Expedition 323 Scientists 2010)

Overall the sediments are characterized by slight to moderate rates of bioturbation,
however, six narrow intervals of laminations occur at Site U1343 above 130 mbsf that
can be correlated between differotes, indicatinggpisodes of drastically decreased
bottom wateioxygen concentratiof@®z]) (<0.1 ml L) (Moffitt et al., 2015) Below

130 mbsf there are no laminated intervals in IODP sediment core U1343 either
indicating that the OMZ did not expand to ~2000 m water depth or the loss of

laminations due to sediment compact{&xpedition 323 Scientists 2010)

2.2.2 Age model

The age model bsediment core U1343 is based on benthic foraminiferal oxygen
i sot BQp)e g(tlr at i graphy, cOprecordtohe globalLROdy t uni
stack(Lisiecki and Raymo, 2005, Asahi et al., 2016, Kender et al., in revieg

c o mp o $%0ut recordd are based on multiple benthic foraminifera species
(Elphidium batialis Uvigerinaspp.,Globobulimina pacificaNonionella labradorica
Islandiella norcrossi Valvulineria auracana Lenticulina spp., Cassidulinaspp.,
Cibicidoides spp., Planulina wuellerstorfi, normalized toE. batialis, the most
abundant species at Site U134A3ahi et al., 2016, Kender et al., in reviefgahi et

al. (2016)me a s u'fOead an@verage depth restn of 0.3 m betwee®-170 m
core composite depth below seafldGICSFA), 1.4 m between 17823 m CCSFA,

and 51 m betweed23-770 m, yielding a highly refined age model betweenDMa
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and a refined age model between-2.2 Ma Figure 2.3. Kender et al. (in review)
me a s u'fOe at a @mporal resolution of ~250 yedestween 0.841.02 Ma to
refine the previous age model across this climatically important time pé&iiigalré
2.3 . T@stratigraphy at Site U1343 is consistent with the biostratigraphy, with
19 out of 21biostratigraphic dtum eventgTakahashi et al., 2011, Teraishi et al.,
2016)agreeingwith the ii*®0p stratigraphypublished inAsahi et al. (2016)The age
model reveals very high sedimentation rate@®ftm ka! in the uppermost 400 m
CCSFA and56 cm kat in the emaining 350 m CCSR (Expedition 323 Scientists
2010) Specta | anal y'%0brscord dt Site W¥843iindicates a change in the
glacial/interglacial (G/IG) frequency from 4«h to 100ka associated with the Mid
Pleistocene transition (MPTAsahi et al., 2016)The 100ka power first emerges at
1.2 ka but does not become dominant until 0.7(A&ahi et al., 2016)
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Figure 2.3Benthic foraminiferal oxygen isotope${Op) at IODP Site U1343 in blagi\sahi

et al., 2016xnd in blugKender et al., in reviewpgether with the global®0, stack (LR04)
(Lisiecki and Raymo, 2005)'he box in the bottom right corner shows Kender et al. (in

review) (blue) together with the LR04 stack (grélsiecki and Raymo, 2005%rey vertical

bars represent glacial intervals. The numbers at the top represent marine isotope stages (MIS).
MIS boundaries fronhisiecki and Raymo (2005)
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2.3 Methodology

2.3.1 Sediment processing for inorganic geochemical analyses

In total 336 sample@-3 cc)were processed famorganic geochemicanalyseswith

n = 115 for the final Mg/Ca bottom water temperature (BWT) record and n = 140 for
benthic U/Mn and n = 47 for planktonic U/Mn and n = 6 for planktonic Ul®e.
samples were weighed and veatved ovea 63 um sieve. The fraction <63 pm was
left to settle,siphoned offdried, weighed, and archived. The fraction >63 um was
dried in the oven over night at 40.°Subsequently the coarse fraction wasghed

and drysievedusing narrow size fraction intels Foraminifera were picked from
the size fract r206ri0s e>nR50 em and 150

2.3.2Sediment processing for organic geochemical analyses

In total 157 samples were processed for biomarker analyses sfitkclof wet
sediment per sample. The sediment wagZe dried at45°C and 0.2 mbar for 48
hours using a Thermo Savant Modulyo D freeze drier arffidavards K4 Modulyo
freeze drierat Plymouth and Cardiff University, respectively. After freeze drying
samples were homogenized using a Dichloromethane (Bsl?hed agate pestle and
mortar and 3 g of sediment was weighed into 7 ml glass vials with alumlmach

polypropylene screw caps for biomarker extraction.

2.3.3Sea ice and phytoplankton biomarkers for sea ice reconstruction

Resulting from its transie¢mature, accurately reconstructing past sea ice dynamics is
challenging. In recent years a souspecific biomarker produced by sea ice diatoms
has received recurrent attentidRzs (Ice Proxy with 25 carbon atomgelt et al.,
2007) a moneunsaturated highly branched isoprenoid (HBIkeneproduced by
certain sea ice diatom({®rown et al., 2011a, Bwn et al., 2014)providesproxy
evidence for past seasonal seaiiceghe Arctic and subarctic realifhe sea ice
diatoms grow in brine channels aetlhottom surface of seasonal sea ice, with a
maximum of IBs concentrations observed during spring, coinciding with the ice algal
bloom (Brown et al., 2011a)Sedimentary 1B abundancéas been shown teflect
variations inthe springsea ice exterds determined from surfasediment studies in
comparison to satellite derived sea ice variabiNtiller et al., 2009, Xiao et al., 2013,
Méheust et al., 2013, Stoynova et al., 2013, NavRodriguez et al., 2@, Miller
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and Stein, 2014, Xiao et al., 2015, Smik et al., 20EG)ther, IBs has been readily
identified in sediments from the northern Bering Sea shelf, characterised by a seasonal
sea ice cove(Méheust et al., 2013Wwhereas IR is absent in sediments along the
eastern Bering Sea slofééheust et al., 2013south of the modern maximum sea

ice extent, suggesting accurate representation of Bering Sea sea icecdynami

However, IBs alone does not provide a robust measure of sea ice dynamics, resulting
from absent IB observed under both ice free and perennial sea ice condiBelts

and Muller, 2013)Hence, further proxies and or a combination with other biomarkers

is needed to distinguishetween these two extreme scenarios in sea ice extent.
Additionally, caveats, such as lateral transport, degradation mf wihin the
sediments, and changes in the sea ice diatom ecosystem structure could affect
sedimentary IB concentrationgBelt and Muller, 2013)However, furtler research is

needed to fully constrain these influences.

Traditionally, semiquantitative reconstructions of seasonal sea ice extent are based
on the combination of BBwith phytoplankton biomarkers (P4}, such as dinosterol

and brassicasterol, fourmal yearround ice free setting&quation 2.2 (Muller et al.,

201]). Recent studies, suggest calculating Ris index by combining 1B with a
tri-unsaturated HBI (HBI 1lI(Smik et al., 2016)produced by diatoms characteristic

of the spring bloom within the marginal icereo(MIZ) (Belt et al, 2015) which
provides a better correlation of satelderived sea ice conditions and biomarker

based sea ice reconstructions from surface sediments.

VD O 10 0@ 0 € ) & O& o & (Equation 2.2
O AQN® 0EEOQ: Ha OOFREE N & OE OB ¢ O'QE 01 OO Qé &
The calculation ofPIP:s, however, includes a balance termfgctor) needed to
account for significant differences in the sedimentaryceatrations of IB and the
applied phytoplankton biomark@vitller et al., 2011, Smik et al., 201@he cfactor
can be calculated from the downcore data, or from a regional surface sediment
calibration(Mdller et al., 2011, Belt and Midiller, 2013)hus, the dactor may vary
based on the core section studied, significantly altering the interpretations of past sea

ice dynamics.
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Other approaches to determine past seaymamics include the combination ogdP

with productivity proxies. Extended seasonal sea ice is thought to reduce primary
productivity, by limiting the light availability for phytoplankton growth. Hence,
reduced IBs concentrations in combination witeduced primary productivity likely

point towards extended/perennial sea ice, whereas redugetbdgther with high
primary productivity is more characteristic of ice free conditions. Potential caveats,
however, include other parameters besides seagnéisantly influencing the local
primary productivity Méheust et al. (2016)se threshold values of #and biogenic

opal concentratins to distinguish ice free, extended, and seasonal sea ice cover in the
western Bering Sea across the last ~18 ka. This indicates that a combinatory approach
of IP2s with primary productivity proxies may provide valuable insights with respect

to sea ice yhamics in the Bering Sea.

2.3.4Foraminiferal authigenic U/Mn for sedimentary redox conditions

In the modern ocean, uranium has a concentration-4#1@mol kg' (McManus et

al., 2005)and acts conservatively with a residenceetiof >400 ka(Boiteau et al.,
2012) It formshighly soluble §* carbonate complexes under oxic conditions, whilst
under anoxic conditions solubléUs removed fom the pore water and precipitated

as U (Boiteau et al., 2012Y hus, the bulk sedimentary content of authigenic uranium
has been proposed as a proxy for sediargmedox conditions in the past, related to
changes in the oxygenation of overlying bottom waters and the remineralization of
organic carbon in the sedimeri@Galvert and Pedersen, 1993, Rosenthal et al., 1995,
Morford and Emerson, 1999, Morford et al., 200¥hovel approach using authigenic
uranium in foraminiferal coatings was developed Byiteau et al. (2012)Both
planktonic and benthic foraminifdreestsact as a low uranium substrg823 nmol

mol?t) (Russell et al., 2W, Raitzsch et al., 2011, Boiteau et al., 2012, Chen et al.,
2017)in reducing sediments armhn accumulate authigenic uraniuis the ionic
radius of U* is similar to that of CA cations, J* can be readily incorporated into
authigeniccarbonates forming in the sedimeloiring early diagenesis (Sturchio et al.
1998, Zhao et al. 2016The accumulation of authigenic uranium in sediments has
been shown to be sensitive toaex i dat i @ wii @b ui i previ ous
sediments are rexpased to oxygen, for example following a drastic decrease in the
sedimentation rates, an increase in bottom watgr §ad/or a decrease in tlgganic
carbonflux (Crusius and Thomson, 2000, Zheng et al., 2002, McManus et al., 2005)
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Considering the high sedimentation rates at Site U1343 (L1cm ka! (Asahi et al.,
2016) the influence of rexidation effects on precipitated uranium is likely to be

insignificant fa the interpretation of U/Ca and U/Mn ratios.

Building on the approach outlined Boiteau et al. (2012)Gottschalk et al. (2016)
proposed to normalise authigenic foraminiferal uranium to manganese (U/Mn) rather
than calcium (U/Ca), tovaid speciesspecific differences based on the test surface
to-mass ratio. Manganese precipitates ag*Nmsediments under oxic conditions in
form of Mn-oxides or Macarbonates and is-dissolved into pore waters as #n

under reducing conditior(&roelich et al., 1979)The dissolved Mfi either migrates
upwards until it reaches the depth of oxygen penetration wher@riecgitates or is
removed from pore waters by the formation of diagenetic carboff@teslich et al.,

1979, Pedersen and Price, 1982)mary foraminiferal carbonate is typically low in

Mn <100 pumol mot (Boyle, 1983, Barker et al., 200)owever, several studies
report increased foraminiferal Mn concentrations in conjunction with prominent
diagenetic alteration@Pena et al., 2005, Hasenfratz et al., 2018aygesting the
incorporation of Mn into authigenic minergdhases. Hence, normalisation of
authigenic uranium to manganese is independent of the test matrix variations, reducing
the speciespecific variability(Gottschalk et al., 2016, Chen et al., 201&pplied
studies demonstrate that authigenic U/Mn sensibly tracks sedimentary redox changes,
linked to the oygenation of overlying bottom wateiGottschalk et al., 2016, Chen et

al., 2017)

Recent studies have shown that chemical cleaning of foraminifara,remove
authigenic foraminiferal coatings, of interest for studies of authigenic WBditeau
et al., 2012, Chen et al., 201Thus, a chemical cleaning test is needed to determine

the appropate procedures.

2.35 Benthic foraminiferal Mg/Ca for bottom water temperatures

Mg is a conservative element in seawater, with relatively constant oceanic Mg/Ca
ratios on timescales of ~1 Mhi, 1982, Evans and Miiller, 2012)1g** is among the
various positive divalent ions that can substitute fof* @aCaCQ. At equilibrium

this substitution is endothermic, suggestirfygher incorporation of Mginto CaCQ

at increased temperatures. In line with inorganic Ca@®erimentyKatz, 1973,
Mucci, 1987, Oomori et al., 198Miologically precipitated CaCfOsuch as the tests
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of planktonic and benthic foraminifera, demonstrates an increase in Mg/Ca in
correlation with the ambient temperature at calcificatiitirnberg et al., 1996,
Rosenthal et al., 1997, Lea et al., 199arly laboratory culturing experiments of
planktonic foraminifera, however, showed thatforiferal calcite is undersaturated
with respect to seawater Nfy suggesting a lower partition coefficient of Mg for
biologically compared to inorganically precipitated cal¢kgirnberg et al., 1996)
Thus the incorporation of Mg into biologically precipitated calcite is different from
the reaction kinetics of precipitation of inorganic calcite. Mg uptatcgfamaminferal
calcite is likely controlled by temperatudependent physiological processes
(NuUrnberg et al., 1996)This highlights the importance of vital effects on Rg
incorporation into foraminiferal carbonate, emphasizing the need for s{spaeiic

Mg/Catemperature calibrations.

Compared to Mg/Ca paleothermometry on planktonic foraminifera, the use of benthic
foraminfera has been developed more recently and the respective processes of Mg
uptake are less constrained. Sensitivities 0f110% per 1 °C Cibicidoides
pachyderma (Rosenthal et al., 1997, Lear et al., 2008 % per 1 °C vigerina
spp.)(Lear et al., 2002and 11% per 1 °C Qridorsalis umbonatyqLear et al., 2002)

have been proposed for different benthic foraminifepgcies.

In addition to speciespecific vitaleffects, secondary effects on the incorporation of
Mg?* into foraminiferal calcite have been reported forphel / p4?]Cs@linity, and

the Mg/Ca composition of seawat@osenthal et al., 1997, Elderfield et al., 2006,
Rosenthal et al.,, 2006, Yu and Elderfield, 2008, Hasiuk and Lohmann, 2010,
Elderfield et al., 2010, Dissard et al., 2010, Evans and Milller, 2012, Geeraken et
2018) A potential salinity effect on benthic foraminiferal Mg/Ca, however, has only
been determined for one speci@spmonia tepidaharacteristic obrackish waters,
suggesting increased Mg incorporation at higher salinities, proposed to bias
paleotemperature reconstructions by 1 °C per 2 practical salinity unit{pssard et

al., 2010, Geerken et al., 2018)

Furthermore, several pedepositional processes, such as dissolution,
recrystallization, authigenic imeral precipitation, and contamination with silicate
minerals can alter the primary Mg/Ca ratio of foraminiferal tests and introduce bias to

the temperature reconstructigRosenthal et al., 2000, Barker et al., 2003, Pena et al.,
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2005, Edgar et al., 2013, Edgar et al., 2015, Schneider et al., 2017, Panieri et al., 2017,
Hasenfréz et al., 2017a)To address some of these pdspositional effects different
chemical cleaning proceduresave been developed, aiming to remove silicate
contamination, remnant organic matter, and oxide coa(iBggle, 1983, Boyle and
Keigwin, 1985, Barker et al., 2003)

2.3.6Secondary effects on foraminiferal Mg/Ca alues

2.3.6.1 Postmortem alterations of foraminiferal tests during early

diagenesis

Reconstructing past climate using foraminifera relies on the assumption that
foraminifera calcify in equilibrium with the surrounding seawater #mat the
geochemical irggrity of calcareous tesis preserved in the sediments for thousands

to millions of years. Detailed studies of the microstructure and geochemistry of fossil
foraminifera tests, increasingly reveal diagenetic alteration, as a result of dissolution,
recrygallization, or precipitation of authigenic mineral pha@essenthal et al., 2000,
Barker et al., 2003, Pena et al., 2005, Sexton et al., 2006, Sexton and Wilson, 2009,
Edgar et al., 2013, Edgar et al., 2015, Schneider et al., 2017, Panieri et al., 2017,
Hasenfratzt al., 2017a)Postmortem interactions witthe sea or pore water can alter

or reset the geochemistry of the foraminiferal cal@#earson et al., 2001, Edgar et

al., 2013, Edgar et al., 201%)artial dissolution of test material, for example, can lead

to preferential loss of trace elements, such as Mg, Cd, Ba, afidusray, 1989,
McCorkle et al., 1995, Brown and Elderfield, 1996, Edgar et al., 2043¢reas
authigenic overgrowth can lead to contamination and bias in the trace metal record
and shifts in the isotopic sign@illo et al., 2005, Pena et al., 20@3asenfratz et al.,
2017a, Schneider et al., 2017, Panieri et al., 200 influence of recrystallization

on foraminiferal isotope and trace metal values depends on the mode of the sediment
pore water system (open versus closed system), the lithology, the burial
history/sedimentation rates, and the original habitat ofitaddraminifera(Sexton

and Wilson, 2009, Edgar et al., 2013)

Whereas diagenetic alteration of planktonic foraminiferal calcite has received
recurrent attention over the past dec@dlarris and Wilson, 1998, Pearson et al., 2001,
Wilson and Norris, 2001, Pena et al., 2005, Edgar et al., 2013, Edgar et al,, 2015)
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benthic foraminiferal calcite is often assumed to be less impacted Bnd&g. This

is likely a result of the greater robustness of the more heavily calcified benthic
foraminiferal tests and the supposedly smaller effect of recrystallization on benthic
foraminifera, as it proceeds in pore waters with similar temperatureshamaical
composition to the habitaixperienced during tHde of theorganism.

Whilst recrystallization of Oligocene benthic foraminifera has been shown to only
marginally influence the oxygen and carbon isotope va(&egar et al., 2013)
benthic foraminiferal trace metal ratios can be severely impacted by authigenic
overgrowth(Hasenfratz et al., 2017a, Schneider et al., 2017, Panieri et al.,. 2017)
Hasenfratz et al. (2017atudied benthic and planktonic foraminifera from the
Southern Ocean, where large shifts in the oxygenafibottom waters are expected

on G/IG timescales resulting from changes in the ventilation of deep waters and
biological productivity. They find a distinct overgrowth on the inner surface of
foraminiferal tests, enriched in Mhlasenfratz et al., 2017a)In-rich coatings, most
likely Mn-rich carbonates, form following the formation of reductive
microenvironments within the foraminiferal tegt¢asenfratz et al., 2017ableto

bias foraminiferal trace metal ratios. Specificalljasenfratz et al. (20&]
demonstrate increased Mg/Ca ratios in foraminifera with-ridm carbonate

overgrowth.

Further, microbial activity in sediments underlying high productivity areas has been
shown to fundamentally alter the pore water geochemistry, which can lead to
authigenic carbonate formatiofRanieri et al.(2017) and Schneider et al. (2017)
investigated the influence of micraii reactions within the Sulphalethane
Transition Zone (SMTZ) on foraminiferal Mg/Ca and isotope ratiisey find
characteristically lowcarbon isotopg 1C) ratiosin authigenic carbonatesesulting

from carbon released duririge remineralisation obrganic matteand/or methane
derived carbor{Schneider et al., 2017, Panieri et al., 20B8ditionally, increased

Mg concentrations are observed in foraminifenath authigenic carbonate

contaminatior(Schneider et al., 2017, Panieri et al., 2017)

Thus, a lot of progress has been made in recent years to understand the influence of
early diageesis on foraminiferal isotope and Mg/Ca ratios. However, a detailed

understanding of the trace metal composition and formation mechanisms of dathigen
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carbonates is still missing. Abundant, authigenic carbonates in the sediments of IODP
Site U1343, cabccurring with discoloured foraminiferal specimgiiscpedition 323
Scientists 2010)indicate the need to studlye implications of authigenic carbonate

formation for paleoenvironmentsatudies at this Site

2.3.62 Seawater Mg/Ca variations across the Pleistocene

Recent studies demonstrakat secular changes in seawater Mg/Ca ratios over time
may influence the incorporation of Mg into foraminiferal cal¢iantle and DePaolo,
2006, MedineElizalde et al., 2008, Evans and Mdller, 20)th, Mg and Ca have

a relativelylong residence timén seawater of 12 million years (Ma) and 1 Ma,
respectively(Li, 1982) Mg and Ca are supplied to the ocean by rivers, where the
supply depends on the strength of continental weathering and the compositien of
weathered rock&illups and Schrag, 2002The major sink for Mg in the oceans is
hydrothermal alteration of newly formed oceanic caid¥lid-Ocean Ridge&Billups

and Schrag, 2002)Other sinks include ion exchange reactions with clay,- low
temperature alteration of basalisd carbonate deposition, which is also the only sink
for Ca in the ocea(Billups and Schrag, 2002) his indicates, that the Mg/Ca ratib o
seawater has likely variedd the past on timescales longbian ~1 Ma(Medina
Elizalde et al., 2008, Evans and Muller, 2012)

T T T T T T T T T T T u T ¥ 1]

- Ranges suggested by evaporite fiuid inclusions

seawater Mg/Ca (mol:mol)

Age (Ma)

Figure 2.4Seawater Mg/Ca variability ovéhe last 20 million years (Ma) based on evaporite
fluid inclusions(Lowenstein et al., 2001, Horita et &002)and numerical modelling studies
(Fantle ad DePaolo, 2005, Fantle and DePaolo, 206&jure from(Fantle and DePaolo,
2006)
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A modelling study byrFantle and DePaolo (2008¢monstrates a change in seawater
Mg/Ca over the past ~2 Ma of ~ 1 mol mplwith potential implications for
Pleistocene reconstructions of foraminiferal Mg/Ca ratiagure 2.4. However, most
studies examiningIBistocene temperature variability based on foraminiferal Mg/Ca
do not take Mg/Ca seawater variability into account, whereas it becomes more
important for studies further back in time such as the Pliocene or the

Neogene/Paleogene.

2.3.63 The effect of thecarbonate saturation state on foraminiferal Mg/Ca

values

The concentration of carbonate ions (£ in seawater has been shown to influence

the incorporation of Mg into biologically precipitated calcium carboffRtsenthal et

al., 1997, Elderfield et al., 2006, Rosenthal et al., 2006, Yl Ederfield, 2008,

Elderfield et al., 2010)Martin et al. (2002first noted that abyssal Mg/Ca ratios of

the epifaunal foramifera specie€ibicidoides wuellerstorfirom temperatures <3 °C

fall on a steeper slope than predicted by the global temperature calibration for this
species, indicati ng]onMgCaiatuesioi wuelerstorfo f t he
BWT changesin alsys a | waters are compar ablon small
foraminiferal Mg/Ca ratios is proportionally enhancéelderfield et al., 2006)
Comparison studies of Rose Bengal stained living specime@swfbellerstorfiand

the posimor t em ass e mbl aGOs?|caffents Mgrinn@pbratiorhitat @
the foraminiferal calcite, rather than influencing Mg/Ca ratios via-pustem
dissolution(Elderfield et al., 2006)Empirical quantification of the carbonate ion

effect on Mg/Ca ratios i€. wuellerstorfiandCibicidoides mundulugields values of

0.0087 * 0.0007 mmol mdl umol! kg?! and 0.017 mmol mdl umol?! kg?,
respectively(Elderfield et al.,2006, Raitzsch et al., 2008)his indicates that there

may be subt | e d i demrsitivityotddferent specids hsea reqfit 6f O

vital effects and/or microhabitat preferenceéklerfield et al. (2010flemonstrate no

or only a very snila | @3] eff&€@t on Mg/Ca ratios of shallow infauridvigerina

spp., as pore waters come to rapid equilibrium with calcium carbonate. This suggests
that the use of infaunal benthic #£Jor amin

effect is reduced imore waters compared to bottom waters. However, due to
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differences irthe habitat depth and migration within the sediment site/species specific

variations might occur.

2.3.7The effect of different chemical cleaning techniques on foraminiferal

trace metalratios

Abundant authigenic carbonate crystals in sediments of IODP Site U1343 co
occurring with discoloured foraminiferal specimens, suggest the presence of
authigenic foraminiferal carbonate contaminant phdEapedition 323 Scientists
2010) Hence, a cleaning study was conducted to assess the impact of different

chemical cleaning techniques on foraminiferal trace metal ratios.

There are two frequently used cleaning protocols, thel€thing(Boyle, 1983, Boyle

and Keigwin, 1985and the Mgcleaning protocaolBarker et al., 2003Each cleaning
protocol compising of several steps, including: (i) a clay removal step with repeated
rinses in UHQ water and methamath intervals of ultrasonication, to remove adhered
clay particles (ii) an oxidative step in a hot solution of alkali (0.1 M NaOH) buffered
1% HO2 to remove organic material and (iii) one dilute acid leach in 0.001 MHNO
to remove remaining contaminants adsorbed to the surface of the foraminifera
fragments.The Cdprotocol additionally includes a reductive treatment, prior to the
oxidative step, aied to remove Mie-oxides. Performed in a hot solution of 1200

ul hydrous hydrazine in a citric acid (10 mL)/ammonia (10 mL) buffer for 30 minutes,
including several intervals of short (~5 seconds) ultrasonication followed by extensive
rinsing with UHQ wagr and a sanme transfer to fresh acidean& micro-centrifuge

tubes.

Recently, artial dissolution of foraminiferal shell material has been reported during
the reductive step, most likely as a result of chelate complex formation of the metal
cations withthe citric acid, reducing the primary foraminiferal Mg/Ca ratio by up to
10 % (Barker et al., 2003, Yu et al., 200Pena et al. (2005pn the other hand,
demonstrate that Mrich authigenic carbonates from samples in the Panama basin
could only be removed by the addition of the reductive step. This could matsdo

with the structure of the authigenic carbonate, making it more prone to dissolution
and/or the removal of Mie oxides in between the authigenic carbonate crust and the
foraminiferal test wal{Pena et al., 2005 hus, careful examination of foraminiferal

test contamination and the efteof different cleaning techniques is needed, to ensure
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that the cleaning protocols are adapted to the contaminant phases present in the

respectivdoraminifera samples.

In order to test the influence of different chemical cleaning protocols on forarnainif
Mg/Ca, Mn/Ca, U/Ca, and Sr/Ca ratios five large (>300 pg) samplesk{atialis 3
Uvigerinaspp.)were evenly split after the foraminifétasts had been gently crushed
between two glass plates and the fragments were homogenized. The two afiquots o
t r-e & & a (Barlkkegebad.,2@D&mdghe t o

each sampl e

wer e

0 Gd| e a (Boyle,gld83, Boyle and Keigwin, 198p)otocol, respectively.
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Figure 2.5 Mg/Ca(green), Sr/Ca (blue), U/Ca (purple), and Mn/Ca (red) of five samples (3
Uvigerina spp. (striped), E. batialis (solid)) cleaned using the @reaning protocol (light
colour) (Boyle, 1983, Boyle and Keigwin, 198&hd the Mgcleaning protocol (dark colour)

(Barker et al., 2003Yespectively.

All samplescleaned using the Ggarotocolshow a reduction in Mg/Ca, Mn/Ca, and

U/Ca compared to the Mgrotocol (Figure 2.5) The change in Sr/Ca between the
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cleaning protocols is inconsisteffFigure 2.5) in support of previous studies
demonstrating no influence of the reductive treatment on Sr/Ca (Baoker et al.,
2003, Yu et al 2007) Three samplesample ID 1, 3, and 4) showMg/Ca reduction

<10 % between the aliquot cleanesingthe Mg protocol and the Ggrotocol(Figure

2.5). Barker et al. (2003)lemonstrate that a reduction in Mg/Ca of up to 10 % can
result from dissolution of the primary test calcite during the reductive step. If this was
the case, U/Ca and Mn/Qatios typical of primary foraminiferal calcite (<23 nmol
mol!and <100 pmol mol, respectivelyBarker et al., 2003, Chen et al., 20#puld

be expected for both aliquots of each sample. U/Ca ratios of the samples with <10 %
reduction in Mg/Ca vary between 949 nmol mot after the Mgcleaning, and
between 1764 nmol mot* after the Cecleaning(Figure 2.5) indicating a reduction

of 6994 % between cleaning techniques. The same is true for Mn/Ca ratios, ranging
between 7800 pmol mot and 33128 umol mot* after the Mg and Cdcleaning,
respectively Figure 2.5, suggesting a reduction of -B5 % between clening
protocols. Removal of large amounts of U and Mn, together with a small reduction in
Mg/Ca, suggests either the presence ofdatitimanal noncalcareous higty andMn,

but low-Mg, contamination phase, preferential leaching of U and Mn during the

redudive treatment, or variable amounts of Mg in ¢hehigenic carbonate phase.

A commonly reported nenalcareous contamination phase are-Broxides, with
Mg/Mn and U/Mn values of around 0.2 + 0.03 mol thgDe Lange et al., 1992,
Pattan, 1993and 0.01 + 0.008 mmol mé(Kunzendorf et al., 1983, Lugovskaya et
al., 2007) respectively. Assuming that all the reduction in Mn between theak¥id
Cd-cleaning is a result of MRe-oxide removal, a decrease in Mg/Ca for all five
samples of 0.008.035mmol mof* and 0.181.75 nmol mot in U/Ca would be
expected, much smaller than the observed reduction c#0208mol mot for Mg/Ca

and 813545 nmol mol for U/Ca Figure 2.§. Thus, even though a contribution of
Mn-Fe-oxides to the reduction in thmeetal/Ca values cannot be ruled out, it does not
act as a main neoalcareous higiy and Mn/lowMg contamination phasénother
possibility is the preferential leaching of U and Mn compared to Mg, from the
primary/authigenic foraminiferal calcite duringductive cleaning. However, this does
not explain the differences in Mgduction observed in the five samples analysed.
Further,Yu et al. (2007)demonstrate that partial dissolution of foraminiferal tests

during reductive cleaning is most likely caused by the formation of chedatplexes
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of the metal cations with citric acid. Thus, selective leacluhgnetals is highly
unlikely, as these metals are uniformly distributed within the calcite shell, and solid
diffusion rates are slow at low temperatu(®s et al., 2007) In conclusion the
different patterns in element/Ca reduction between theavd Cdcleaning protocols
are most likely related to varying Mg contents in the authigenic carbonate

contaminants
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Figure 2.6 Observed versus expected reduction in Mg/Ca (left) and U/Ca (right) if all the
authigenic contamination at Site U1343 was a result ofFHgoxide coatings witiMg/Mn

and U/Mn values of around 0.2 + 0.03 mol th¢De Lange et al., 1992, Pattan, 1998y

0.01 + 0.008 mmol mdl(Kunzendorf et al., 1983, Lugovskaya et al., 200&3pectively.

Even though minor dissolution of primary foraminiferal calcite cannot be ruled out,
all in all, the cleaningtady supports the presence ofMlg, U, Mn, and Sirich
authigenic carbonate phase. lert the Cecleaning protocol is more successful at
removing the authigenic carbonates, compared to thel®dming protocol. However,

even reductively cleaned U/Ca ratios are still elevated compared to reported U/Ca
ratios of primary foraminiferal calcitéup to 23 nmol mot (Russell et al., 2004,
Raitzsch et al., 2011, Boiteau et al., 2012, Chen et al., RQ@djcating that some

contamination might still be present.

2.3.8Dysoxic foraminiferal assemblagecounts

The ecology of calcareous benthic foraminifera has long been used as a powerful tool

to qualitatively reconstruct past environmental conditions at the seafl©orliss,
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1985, Jorissen et al.,, 1995, Jorissen et al., 2007, Bubenshchikova et al., 2010,
Ovsepyan et al., 2013, McKay et al., 2016, Ovsepyan et al., .ZDiig)is related to

the microhabitat preferences of species, where the relative abundance corrdtates wit
the optimum in living conditiongJorissen et al., 2007)n particular, benthic
foraminiferal faunal assemblages can provide insights into oxygenation, organic
carbon export, and deep water mass chafigessen et al., 200.7)he benthic habitat

has been divided into epifaunal, living at or very close to the sedwwvast interface,

and infaunal, living below # sedimentvater interfacewith the oxygen penetration
depth and organic carbon flux to the seafloor exerting the primary control mechanisms
on the assemblage compositidrigure 2.7 (Jaissen et al., 1995, Jorissen, 1999,
Gooday and Rathburn, 1999)

oligotrophic mesotrophic eutrophic
H'Sj ) L e I W YA
1 -oxic

dysoxic
Zonge

depth in sediment
|

epifauna

,m:: shallow infauna (oS

r"-l' deep infauna
I"':T\-?

— < Food > <+

+ < Oxygen p —

Figure 2.7 TROX (TRophic OXygen) model for benthic foraminiferal microhabitats after
(Jorissen et al., 1995Figure fromVan der Zwaan et a{1999)

Characteristic lowoxygen foraminiferal assemblages are typically composed of deep
infaunal taxa and/or epiinfaunal taxa adapted to low oxygen conditi¢hsrissen et
al., 2007) However, the benthic foraminiferal assemblage responds to multiple
environmental parameters, such as bottom water oxygenation amigdyémec carbon

flux simultaneouslf{Gooday and Rathburn, 1999, Jorissen et al., 280 humerous
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specie classified as lowoxygen indicators also occur under high organic carbon flux
(Gooday and Rathburn, 1999, Jorissen et al., 2@@d0tinental margins sediments,
characterised by increased input of organic carbon, are typically dominated by
infaunal taca tolerant to low oxygen conditio(&ooday and Rathburn, 1999his is

also observed in sediments of the rd&pth Bering Sea, with calcareous infaunal
benthic taxa tolerant to lowxygen conditions dominating the assembl@gsusid et

al., 2006, Setoyama and Kaminski, 2Q15)

Typically, faunal ensus counts rely on a representative subset of the sample.
However, the calcareous foraminifera abundance at Site U1343 is generally low
(Expedition 323 Scientists 2010)hus, all foraminifera from the 158260 um size
fraction were picked, identified, and counted to get a representation of assemblage
changes througtime.

2.3.9 Statistical analyses andrror propagation

Statistical analyses conducted throughout this study comprise analyses of variance and
correlation, together with the identification of lotegym trends. Longerm trends of

downcore records were @emined usingrdinary least squares regression analyses

Analyses of correlation were performesing the Pearson correlation coefficiéRt).

Where possiblethe correlation of two time series was determined using PearsonT3
(Mudelsee, 2003)PearsonT3 automatically performs mean detrending and estimates
the persistence time of both variab{stidelsee, 2003)The confidence intervals (CI)

of the Pearson correlation coefficient are students t Cls based on nonparametric
bootstrappindMudelsee, 2003However,PearsonT3equires a minimum of 10 data
points thus correlation analyses for timeseries (n<10) andtinteseries datasets
were performed in RStudigRStudio Team, 2015)Correlations of individual
foraminiferal trace metal ratios measureddser ablation inductively coupled plasma
mass spectrometry (LACP-MS) (Chapter 3)were calculated usingonparametric
bootstrapping were Rs based on random sampling (n = 10,000) of each elemental
ratio within their respective uncertainties as represented by normal distributions. The
Cl reported for thebootstrappedR? values representids-corrected acderated

bootstrap Cls.
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To test fora significant differencen the variance g < 0.05) of two datasetsa
Wilcoxon-MannWhitney st ora two-sample itestwas performedior norntnormally
and normally distributed data, respectivalyg test for normality te Shapirewilk test
was usedAnalyses of variance were performedRBtudio(RStudio Team, 2015)

Gaussian error propagatiovas followed to propagate the analytieald procedural
uncertainty of foraminiferal Mg/Ca ratids derive an estimate for BWT uertainty.
The reported uncertainties for BWT represent standard errors (s.e.), whilst the
uncertainties for foraminiferal trace metal ratios measured usingCPAVIS are

given as standard deviations (s.d.), to represent the full spréael ddita.
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3. Foraminiferal diagenesis In
sediments underlying high
productivity areas

3.1 Introduction

Continental margins offer a unique opportunity to study Quaternary climate change at
millennialscaleresolution, owing to high siliciclastic and organoclastic sedimentation
rates Riverine input from the nearby continents, downslope sediment transport, and
high rates of primary productivity, resulting from upwelling of nutrgch deep
waters especiallalong western continental margins, together with ice rafted debris
(IRD) in high latitudes, constitute prized climate archiwarine carbonates, such as

the calcareous tests of planktonic and benthic foraminifera that accumulate in the
sediments overirhe, represent valuable proxies to study both global and regional

paleoceanographic changes.

Elemental and isotopic ratios in planktonic and benthic foraminiferangertantand

established tools in paleoceanography, used to understand past changemen m
biogeochemical cycling, hydrography, the terrestrial cryosphere, and ocean circulation

(e.g. Shackleton, 967, Nurnberg et al., 1996, Lyn@Stieglitz, 2006) Mg/Ca of

benthic foraminifera, for example, is a powerful proxy to determine changes in the
bottom water temperature (BWT) at any given locafiery. Rosenthal et al., 1997,

Lear et al., 2002, Elderfield et al., 2006, Lear et al., 2003)en coupled with the

oxygen isotope composition bénthic foraminiferal*0y), this allows reconstructing

the evolution of continental ice volume through time, vital to understandtéony

climate evolutioracress the Cenozoi(Zachos etal.,2001) t he sensi ti vi t
climate to external and internal forcing mechanigeng. Lear et al., 2000, Billups and

Schrag, 2002, Sosdian and Rosenthal, 2009, Elderfield et al., 20t2)elative sea

level changes through tim@.g. Lea et al., 2002, Sosdian and Rosenthal, 2009,
Elderfield et al., 2012, Shakun et al., 2Q1Brcurate knowledge of pestortem

alterations in foraminiferal geochemistry is hence crucial for the application of these

tods, our understanding of past climate change,taadeconstruction of an array of
environmental changes in Earthoés history.
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However, continental margin aingbs often remain untapped for paleoclimate
reconstructions, because abundant reservoirs of hdros, specifically methane,

in active and passive continental margin sediments alter the geochemistry of
calcareous microfossi(®anieri et al., 2017, Schneider et al., 2017, Wan et al., 2018)
Methane in continental margin sedinggan have a thermogenic origin or originate

from microbial degradation of organic carb@udd et al., 2002)

Subseafloor carbon cycling anorganic carborremineralization are driven by an
active mcrobial community, exploiting different metabolic pathways, leading to a
staggering of reactions in the sediment column according to their metabolic efficiency
(Froelich et al., 1979)Oxic respiration, being the most efficient, takes place in the
upper millimetres to meters of the sediment column, whereas the depth of oxygen
depletion is a function of the supply of oxygen from the overlying bottaters by
diffusion and the amount afrganic carborexported to the seaflogBoudreau and
Jorgensen, 2001)n the suboxic zone nitrattNO*) and manganese (Mf) are
reduced, followed by iron (B8 and sulphate(SQ?) reduction (Equation 3.1)
(D'Hondt et al., 2002, Hong et al., 2013)

800 -"B © -0 0& (Equation 3.1)

000 © 060 00U (Equation 3.2)

When all energetically more favourable terminal electron acceptors have been
depletedorganic carbomemineralisation occurs via methanogenesis (Equation 3.2)
and fermentatioBerner, 198Q)Where the upward diffusive flux of methane, caused
by sediment compaction, meets the zonswphatereduction aSulphateMethane
Transition Zone (BITZ) forms and anaerobic oxidation of methane (AOM) occurs
(Equation 3.3)Boetius et al., 2000, Wehrmann et al., 20Ihe depth of the SMTZ

is variable and depends primarily on the flux of methane from heWbwehin turn is
driven by the availability of labile organic matter for methanogearsior the supply

of methane of thermoganorigin (Gaurav et al., 2008/ehrmann et al., 2011Along

the continental slope of the eastdBering Sea a shallower SMTZ is found in
sediments underlying the makpth oxygen minimum zone (OMZ), even though
organic carboraccumulation rates are lower compared to other locations along the
slope with a deeper SMTEVehrmann et al., 2011ersistently lower bottom water
oxygen concentrations () and an associated shallow oxygen penetration depth
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cause a rapid shift from oxic to anoxic remineralizatiorrgfanic carbonleaving
more labileorganic carbofor methanogenesis in deeperisaehts(\Wehrmann et al.,
2011)

0 "W © 0& OY 00 (Equation 3.3)

Both organoclastisulphatereduction and AOM release HGUnto the pore waters,
increasing the alkalinity and facilitating authigenic carbonate formation. Calcareous
foraminifera tests can act as a template for authigenic carbonate precifRatnoeri

et al.,, 2017, Schneider et al., 201dtering the geochemistry of the foraminiferal

tests, with importat implications for paleoclimate reconstructions.

Most studies investigating the influence of authigenic carbonate precipitation on
foraminiferal geochemistry in areas of high methane flux or even methane saepage
the seafloor have focused thre carbonsotopic compositioiiHill et al., 2003, Hill et

al., 2004, ©ok et al., 2011, Panieri et al., 2017, Schneider et al., 2017, Wan et al.,
2018) Compared to fmminiferal calcite, methanelated authigenic carbonates have

a distinct isotopic signature, resulting from methdeeved'3C-depleted dissolved
inorganic carborfe.g. Foberts and Aharon, 1994, Hill et al., 2003, Hill et al., 2004,
Pierre and Fouquet, 2007, Pierre et al., 20A8Yitionally, SMTZrelated authigenic
carbonges are typically enriched iMg (Aloisi et al., 2000, Aloisi et al., 2002,
Crémiere et al., 2012, Teichert et al., 2Q0X¥4}ultirg from the effect obulphateon
carbonate precipitation, with hig¥ig calcite (HMC) being favoured isulphatefree
solutions(Walter, 1986, Burton, 1993, Aloisi et al., 2002)

Recent studies of foraminiferal diagenesis in relation to SMTZ precipitation noticed
elevated Mg/Ca ratios, indicating the presence of autligedMC on foraminifera
testgPanieri et al., 2017, Schneider et al., 2017, Wan et al., 28d8)ever, a detailed
understanding of early diagenetic processes and their influence on the alteration of
primary foraminiferal geochemistiyeyond Mg/Ca awaits analysis of a full suite of
elemental ratios to elucidate dynamic processegelation to organic carbon

remineralization and the formation of a SMTZ in the sediments

Sediment cores retrieved from the eastern Bering Sea contineargihnas part of
International Ocean Discovery Program (IODP) Expedition 323, offer a unique
opportunity to gain comprehensive insight into early diagenetic processes.
Sedimentation rates &4 + 11 cm k& (Asahi et al., 2016at IODP Site U1343
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(57A33. 406N, 3m)FAWo2.1Dazared onla%pographic high off the
eastern continental ngin, indicate the potential to examine Quaternary climate
change at a millennial to orbital resolution, in a region highly underrepresented in

paleoclimate studies.

Methane in Bering Sea margin sediments is predominantly of microbial origin, related
tohgh primary productivity in the surfac
(Springer et al., 1996 he present day SMTZ, at Site U1343, is located at ~8 meters
below seafloor (mbsf), clearly seen in pore water profiles of dissalvgxhateand
methane (Figure 3.1)Wehrmann et al., 2011)'he modern burial ratef organic
carbonat Site U1343 is 171 mmol fy?, similar to other continental margins
characterized by upwelling and increased primary productiWghrmann et al.,
2011) Intense rates adrganic carbomremineralization are reflected in the carbon
isotope composition U3C) of dissolved inorganic carbon (DIC), decreasing
throughout the zone of organoclastic sulphate reduction towards reunced
minimum at the SMTZ (Figure 3.1Wehrmann et al., 2011)

Analyses of authigenic carbonate crystals in the sediments of Site U1343 revealed
high- and lowMg calcite (LMC), Ferich calcite, and dolomit@ierre et al., 2016)
Depending on the mode of formation diagenetic carbonates at Site U1343 have a
di sti F@tdivenadit ur e b-€0w@ierne ethl)2056Asaarabult

of bicarbonate formation durirsulphate e du c¥d:-2 8 &216 oa) and AOM
(W¥C:-50 &9 0 o@ohrag et al., 2013¢arly diagenetic carbonates are typically
associ at e d® walugs(Pierde @wal., 016)Further, the drawdown of
dissolved Ca and Mg in the upper meters of the sediment column witkiraum in

pore water concentrations at the SMTglre 3.1) supports the formation of LMC

and HMC authigenic phases in this z¢giéehrmann et al., 2011, Pierre et al., 2016)

On the other hand, authigenic carbonate crystals, mainiyckecarbmates and
dolomite, which formin a deeper diagenetic zone260 mbsf, are enriched iA°C,
characteristic of bicarbonate formed during silicate weathering within the sediments,
promoted by C@released during methanogendgigrre et al., 2016 Dther common
diagenetic mineral phases in sediments from Site U1343 include barite and pyrite,
typically precipitated duringrganoclastisulphateeduction and AOMPierre et al.,

2016)
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Chapter 3: Foraminiferal diagenesis in sedim&underlying high productivity areas

Here | present the trace metal compositiMg/Ca, Sr/Ca, Mn/Ca, Fe/Ca, U/Ca,
Al/Ca) of shallow infaunal foraminifefaspeciesElphidium batialis the most
abundant benthic foraminifera at IODP Site U1343se a suite of singlspecimen
visual and geochemicavidence, including scanning electron microscope (SEM)
imaging, laser ablation inductively coupled plasma mass spectromet\C{R-MS),

and electron probe microanalyser (EPMA) elemental mapping, to explore the trace
metal composition of both primary foramferal calcite and authigenicarbonates.
Further, this studyexplores the applicability of geochemical proxies for
paleoenvironmental studies in continental margin sediments characterized by
abundant methane of microbial origi@areful examination ofdraminiferal tests
using a range of approaches, suggests authigenic carbonate formo#tiabove and
within the SMTZalong the eastern Bering Sea margifhereas samples from below

the SMTZ demonstrate primarily HMC contamination, dissolved sulphateri& p
waters above the SMTZmay hinder the formation of HMC, leading to LMC
contamination of foraminiferal calcite. Even though abundant authigenic carbonates
were foundthis study suggests that after careful examination of foraminiferal tests,
traditional proxies for paleoenvironmental reconstructions can be applied. Using a
suite of singlespecimen geochemical analyses trace metal threshalidéed to
authigenic carbonate contaminatiameed to be established to distinguish primary
versus diageneticallgltered foraminiferal samplesffering a chance to reconstruct

past environmental changes from largely ungtdized continental margin sediments.

3.2 Materials and methods

3.2.1 Sedimentaryevidence for authigenic carbonateat IODP Site U1343

Sedimerg at IODP Site U1343 are primarily composed of dark/very dark greenish
grey to dark/very dark grey s{lExpedition 323 Scientists 2010)isually lighter and

more yellowish authigenic carbonate layers can be identified in all holes below 35
mbsf (Expedition 323 Scientists 2010fompared to othefites in the Bering Sea,
carbonate concretions are less pronouratefiite U1343Expedition 323 Scientists
2010) High rates of sediment accufation along the eastern Bering Sea slope (21
58 cm ka') (Expedtion 323 Scientists 2010)kely indicate that the SMTZ did not

persist at a given sediment depth long enough for distinct authigenic carbonate nodules
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to form (on timescales o€enturies(Ussler and Paull, 200BYExpedition 323
Scientists 2010)Authigenic carbonate crystakomprise of rhombs, acicular and
globular crystals, as identified in smear sligegpedition 323 Scientists 201ahd
are comprised of LMC, HMC, Fech carbonates and dolomii@ierre et b, 2016)

3.2.2 Sampling strategy

This study is focusedntwo narrow depth intervals of Holoce(re= 4)to Pleistocene

(n = 9)age between 0.38.99 mcore composite depth below seaflfGICSFA) and
172.02305.63 m CCSHA, respectivelyFigure 3.1)rom IODP Site U1343 to study

the influence of diagenesis on benthic foraminifera buried along the continental
margin of the eastern Bering Sea. The samples represent both glacial and interglacial
intervals Table3.1, Figure 3.1)as bottom water conditis and primary productivity

in the eastern Bering Sea are likelywéoy on these timescalékim et al., 2014, Asahi

et al., 2016) impacting the nature/magnitude of authigenic carbonate formation.
Further, | explore diagenetic alterations in samples from above and below the SMTZ,
to elucidate the influence of bottrganoclasticsulphatereduction and AOM on
foramniferal diagenesis.Samples froma greater sediment depth can provide
information regardinga deeper zone of authigenic carbonate formation and its

influence on foraminiferal geochemistiys proposed biierre et al. (2016)

Based on the abundances of infaunal foramirifsp&cies Elphidium batialiswas
chosen to study the effects of diagenesis on benthic forf@nal trace metal ratios
(Figure 3.2). Other abundant infaunal foraminifera includldgerina spp. and
Islandiella norcrossi (Figure 3.2). E. batialis is a shallow infaunal benthic
foraminifera, forming a hyaline LMC test. In the neighbouring Sea of OkHetsk
batialishas a habitat depth of 0157 cm(Bubenshchikova et al., 2008) precipitates

a test of medium size that is involute planispiral with nine to twelve chambers in the
final whorl (Figure 3.2) The wall is finely perforate and the aperture appears as a
peripheral arch. It has a rounded to lobulated outline and the chambers increase
gradually in siz€Figure 3.2) The most distinct feature are the depressed sutures with
slightly backwards curved sutural bridg&sgure 3.2) The specimens for this study
werepicked from the two size fractions 2260 um and > 250 um. Specimens > 250

um from Site U1343 have been previously utilized for paleoclimate reconstructions
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(Asahi et al., 2016)however, overall benthic foraminifé@bundance is largém the

size fraction 15250 pm.

Table 3.1 Sample information regarding the depth within the core, the age, the
size fraction, and the general climate state fomll samples utilised in this study.

Depth .
Sample ID (na Age Siz_e Icilltae(;g}gg?a)ll
CC/ZSF- (ka) fraction (IG)
U1343G1H-1 (3234 cm) 0.3 8.5 >250 um IG
U1343G1H-4 (1921 cm) 4.7 20.8 >250 um G
U1343E1H-3 (5052 cm) 7.0 30.1 >250 um IG
U1343E1H-4 (106102 cm) 9.0 38.3 >250 um IG
U1343A17H-5 (8486 cm) 172.0 | 634.6 | >250 um, G
150-250 pm
U1343E25H-2 (132134 cm)| 229.4 | 877.5 | >250 pum, G
150250 pm
U1343G24H-7 (109111 cm)| 2415 | 925.6 | >250 um G
U1343G25H-5 (3739 cm) 248.2 | 942.6 | >250 um IG
U1343G25H-5 (126128 cm)| 249.1 | 944.9 | >250 um IG
U1343G25H-6(46-48 cm) 249.8 | 946.7 | >250 um IG
U1343G26H-5 (126128 cm)| 259.5 | 970.9 | >250 um IG
U1343E32H-2 (4244 cm) 299.6 | 1070.1| >250 pm, IG
150250 pm
U1343E32H-6 (142144 cm)| 305.6 | 1086.0| >250 um G

Figure 3.2Images of specimens &. batialis I. norcrossj andU. bifurcata (left to right).
Images taken frortdsami et al. (2017)Scale bars (white) represent 100 pum.
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3.2.3 Scanningelectron microscope imaging

SEM imaging was conducted on nigebatialissamples, exhibiting different degrees

of diagenetic alteration, as determined by reflected light microscope inspécten.
samples are from above and below the SMTZ and from around 250 + 10 mACCSF

to cover all stages of carbonate diagenesis at SiB2RIFor each sample a whole
specimen together with crushed fragments was imaged. Prior to imaging all samples
where ultrasonicated IdHQ water for ~10 seconds to remove clay minerals and other
particles loosely stuck to the foraminifetasts. The sgcimens and fragments were
then mounted on SEM stubs usirtgrbon adhesive tape. All samples were
gold/palladium coated and imaged on a FEI XL30 Field Emission Gun Environmental
SEM at Cardiff University in high vacuum mode with a beam voltage €101RV

using a Secondary Electron Detector.
3.2.4 Geochemical analyses

3.2.4.1 LA-ICP-MS elemental profiles and specimen means

LA-ICP-MS measurements were performed at Cardiff University using an ArF
excimer 193 nm laser ablation system with dual volume laser @blatell
(RESOlution S155 ASI) coupled to a Thermo ScientfitELEMNT XR™ magnetic
sectoffield ICR-MS. In total 13 samples, from two depth intervals (683 m CCSF

A and 172.02305.63 m CCSH) (Figure 3.}, were analysed with six specimens per
sampé and six laser spots on consecutive chambers per spe&ias&d on previous
work using the same instrumental setup at Cardiff University this was found to yield
statistically good results when averaging over the natural and diagenetic heterogeneity
of foraminiferal tests (Michael Nairn, personal communication 2018), also
demonstrated in other studi@®athrmann et al., 2004)As a result of low abundance

of E. batialistwo samples only contained two and five specimens, respectively. The
tests were collected from two different size fractions {250 um, >250 u(Table

3.1) and LAICP-MS operating conditias varied accordingly (Table 3.2). Athmples
were analysed for the isotop@sg, 2®Mg, 2’Al, *Ca,*®Ca,**Mn, &'Sr, 8Sr, 238 with

the magnetic sector field IGMS operating in low resolution (LR) mode, as no
spectral interference was expected fosthisotopes the samplg*®Ca, however, did

show spectral interference witfli for both glass standards, the NIST SRM 610 and
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NIST SRM 612 (see below), hampering quantification of this isof§pe cannot be
resolved in LR mode as a result of specirdkrference with ArO(May and
Wiedmeyer, 1998)Thus a combination of.R and nedium resolution (MR) mode
was usedo analyse all isotopes of interest. In total four samples from the size fraction
>250 um were analysed féfFe, with two sample from above and two samples from
below ~260mbsf (seconaone of carbonate diageneéi@erre et al., 2018)For each
specimen all isotopes were acquired on six consecutive chambersfollbiRed by
re-ablation ofeach chambein MR, allowing for direct comparison 6fFe with all

other isotopes.

Table 3.2 LA-ICP-MS analytical settings for foraminifera specimens between
150-250 pm, >250 pum and the NIST 610/612 silicate glass reference standards.

Silicate glass reference
150-250 pm | >250pum standards NIST SRM
620 and 612
Mode Spot Spot analysis Raster analysis
analysis
Spot size (um) 20 30 64
Laser fluence (J cm 2.5 3.5 4.5
2
)
Laser pulse 2 4 4
repetition rate (Hz)

NIST SRM 612 and NIST SRM 610 silicate glassndardsvere useds consistency

and quantification standards, respectively. NIST SRM 612 was acquired at the
beginning and end of every sequence and calibrated using NIST SRM 610 for external
reproducibility (Table 3.8 NIST SRM 612 was also used tme the magnetic sector
field ICP-MS to minimize oxide formation and elemental fractionation (ThO/Th < 0.3
%, Th/U ~1). NIST SRM 610 was measured ev@rylaserablationspots and used

for sample calibration. Reference values for elemental concentratidiST SRM

610 and 612 are frodochum et al. (20115amples were calibrated using R Studio
(RStudio Team 2015pllowing the method outlined ibongerich et al. (1996using

43Ca as theriternal standard, assumingw®o for CaCQ. Prior to sample calibration

the limit of detectionwas calculated (LOD = mean gas blank + 3.3 *, sdl. =

standard deviation on the gas blank) for each isaadspot and all values below the
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LOD were removedPetersen et al., 2018Jhe high gas blank foMn, resulting

from polyatomic interference with°Ar'>N (Evans and Miiller, 2018)causes a

relatively high LOD for®*Mn measurements. Thul8Mn could only be quantified for

22 out of 91 specimens.

Table 3.3 Absolute elemental values and external reproducibilityor the duration
of this study (relative standard deviation (r.s.d.))of NIST 612 silicate ¢ass
reference standard in LR and MR mode in comparison to absolute values from

Jochum et al. (2011).

NIST SRM 612- LR NIST SRM 612- MR
This External Jochum This External Jochu
et al. m et al.
Isotope | study reproducibilit (2011) study reproducibilit (2011)
m r.s.d. m r.s.d.
(pm)  y(rsd) o [pm) y(rsd) o
Mg 56 31 68+5 59 8.1 68+5
26Mg 58 2.0 68+5 58 1.7 68+5
10743 + 10743
27
Al 12961 1.4 212 12983 0.5 + 211
85060 + 85060
43
Ca Intermal Standard 715 Intermal Standard + 715
85060 + 85060
4
8Ca | 37148 2.3 715 33817 2.9 + 715
SMn 39 52 39+1 39 0.9 39+1
STFe n.a. n.a. 51+2 55 1.7 51+2
Sr 51 1.7 78+ 0.2 50 15 0.2
88Sr 83 3.5 78 +0.2 82 2.0 708;
37+
23
U 41 45 37+£0.08| 38 0.8 0.08
Addi tional l vy, signal sections classifie

48Caf*Ca ratio, were removed. Sample calibration includes a gas blank and drift

correction of reference materials, sample gas blank correction, and sample data

reduction. Subkequently an outlier correction was performed using the Hampel

identifier (Davies and Gather, 1993)astly,the average and standard deviatias

calculatedof all laser profiles per specimef{Al was primarily used to screen for

silicate contamination and most profiles show an initial peak of Al/Ca, interpreted to

represent contamination on the outside of the foraminifera test. Specimenareans

integrated only for signal sections with Al/Ca below the LOD, to minimize the risk of
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silica contribution to the sample signalrther, specimen means were only calculated
from profileswith >10 data points of Al/Ca below the LODhe standard deviain
for single specimen means is based on the variance of the elemental ratio across the

average of all laser profiles taken geecimen.

3.2.4.2 EPMA elemental mapping of Mg/Ca and Fe/Ca

EPMA elemental mapping was used to study the spatial-esus®nal distribution of
Mg/Ca and Fe/Ca in thrde. batialisspecimens, representing minor, moderate, and
major diagenetic alteratio(see below) respectively. Foraminifefacross sections

were prepared at the British Geological Survey in Keyworth, mounting the
foraminiferal tests on separate glass slides and embedding them in epoxy (RT154). To
expose the foraminiferal cross sections small amounts of resin were takea tffie

using a Logitel LP50 polisher with 10 um Abxide powder. Subsequently the slides
were polished using a seence of 6 um, 3 um, 1 um, and 0.@B polycrystalline
diamond pasteroLogitech CL50 polisher units for 30 minutes each

The elemental maps were acquired on @®LWE530F fieldemission electron
microprobe equipped with 5 wavelength dispersive spectrometers at the University of
Bristol. All samples were silver coated, to ensure carbonate stability and to mitigate
thermally driven beam damage on the saniphaith, 1986, Kearns et al., 2014he
calibration standards were silver coated together with the samples. Calcium carbonate
(CaCQ) was used as a standard for Ca, Diopside (MgQsBwas used for Mg, and
Ferich Olivine ((M¢g?*, F€")2Si0s) was used for Fe. Ca was measured for 10 ms on
one (PETL crystal) spectrometer, whereas Mg and Fe were measured for 300 ms each
on two (2 TAP crystals and one TAPH crystal) and one (LIFH/PETH crystal)
spectrometers, respectively. The mapsenacquired at an accelerating voltage of 15

kV, a beam current of 40 nA, and a step size of 0.5 um. The analytichltres, the

area over whiclr5 % of the Xxrays are emitted, however, is 0.9 |(@onkers et al.,

2016) indicating that the measured intensity for features <0.9 um (~2 pixels) is a
convolution of the actual intensity and the intensity of surrounding material. The
detection limitfor an average of 4 pixels is 97 ppm, 650 ppm, and 355 ppm for Mg,
Ca, and Fe, respectively. Raw data were reduced to at®ording to the
Armstrong/LoveScott matrix correction(Armstrong, 1988) As the maps were

acquired on prelefined rectangular areas of the foraminiferal cross section, not only

63



Chapter 3: Foraminiferal diagenesis in sediments underlying high productivity areas

shell material, but also parts otthesin and other minerals were measured. Following
the method outlined idonkers et al. (2016}a values under 35 9% were malked,

with the same mask applied to the Mg and Fe concentration maps, before creating the
Mg/Ca and Fe/Ca maps, thus only elemental values associated with the carbonate
phases are displayed in the EPMA maps. Negative Mg and Fe values were replaced
with half the minimum positive valuéJonkers et al., 2016)he ratio maps were
created and plotteasing the RStudisoftware packag@RStudio Team 2015)

3.3 Results

3.3.1 Viaal identification of foraminiferal alteration at Site U1343 under

the reflected light microscope and SEM

Foraminiferatests from IODP Site U1343 were grouped into three classes of minor,
moderate, and major alteration, based on morphological features, following the
approach outlined byschneider et al. (2017)The classification includes the test
colour, ranging from white to orange/brown, the translucency of the test, with
increei ng opaqueness indicating more alter
texture, indicating crystal growth on the outside of the foraminiferal tests, obscuring
the original test structure. Minor diagenetic alteration is characterized by little or no
discolouration, translucent test walls, and prominent morphological features, such as
sutural bridges foE. batialis Specimens with moderate diagenetic alteration usually
have a yellow test with both translucent and opaque areas, whereas discoloured
orangé¢ br own speci mens with an opaque test
morphological features are classified as having major diagenetic alteration. Reflected
light microscopy also shows a large irggrecies and intesample heterogeneity, with

E. batalis usually displaying stronger discolouration compared to other abundant
infaunal benthic foraminifetaspecies at Site U1343, such @sigerina spp. and
Islandiella norcrossi This either indicates the importance of spesjscific
morphological feattes for posimortem diagenetic alteration and/or different
ecological preferences, which cause thewciurat times of diferentorganic carbon

fluxes and microbial activity. The latter, however, requires rapid -postem
formation of discolouration andubsequent mixing of different communities by

bioturbation.
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Complete
replacement with
authigenic carbonate

Partial replacement
with authigenic
carbonate

Pyrite framboids

Dissolution features

Figure 3.3SEM images oE. batialiswall cross sections from IODP Site U1348) Primary
foraminiferal calcite wallvith authigenic carbonate crugB) Authigenic carbonate crust on
the ouside of foraminiferal test(C) Recrystallized test Wlawith authigenic crust.(D)
Patially recrystallized test wall(E) Pyrite framboids inE. batialis suture. (F) Pyrite
framboids nside recrystallized test wallGj Etched iner surface oforaminifera test(H)
Lattice-like calcite wall with authigenic carbonate crustale bars (whitahdicate 10 um
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In support of light microscopy results, SEM imaging reveals abundant authigenic
carbonates and other authigenic minerals, such as pgraerrelation with the degree

of alteration. This is in line with observations during IODP cruise 323, indicating the
co-occurrence of discoloured foraminiferaests with sedimentary authigenic
carbonate crystals at Site U134Bxpedition 323 Scientists 2010Authigenic
carbonates can occur encrusting on the oaitaidl/or inside of thimraminiferal tests

or in form of part or full recrystallization of the test walls (Figure 3.3). Stacks of tabular
crystals with gaps in between characterize authigenic carbonates, compared to the
dense calcite layers of primary fonaiferal calcite (Figure 3.3). However, authigenic
carbonates can also be the subject of dissolution, obscuring the original crystal
structure, making identification more difficult. Pyrite framboids occur inside the test
chambers, sutures, and even withegrystallized test walls (Figure 3.3). Typically,
samples with a higher degree of alteration also have more pyrite framboids. In addition
to authigenic minerals, SEM images also show distinctive dissolution features,
including broken chambers, etchedfaoes, and latticéke calcite structures inside

the test walls (Figure 3.3).

3.3.2 LA-ICP-MS single specimen geochemical analyses

LA-ICP-MS single specimen analysai® usedo record profiles of elemental change
throughout the foraminifetaests and fooverall specimen elemental meaimable

3.4 containghe range of single specimen mean elemental ratios. The relatively high
Mn gas blankgection 2.4.1and the resulting high LOD, hampered the quantification
of Mn/Ca ratios for69 out of 9 specimensMg concentrations foE. batialisvaried
between 0.04 0.025 wt% to 3.0& 0.39 wt%, with increasing Mg concentrations for

a higher degree of diagenetic alterat{pigure 3.4. There is a significant difference

in the variance of Mg concentrations of gde@s with minor, moderate and major

diagenetic alteratiorp(< 0.05).

Representative LACP-MS profiles Figure 3.5 and boxplots of specimen means
(Figure 3.6) demonstrate the difference in trace metal compositidh batialistests
according to the dgee of diagenetic alteration. There is a significant difference in the
population medianp( < 0.05) at the 95% confidence level for minor/moderate
diagenetic alteration for Sr/Cand minor/moderatand moderate/majodiagenetic

alteration for Mg/Ca antl/Ca(Table 3.5. Also supported by positive correlation
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of Mg/Ca with U/Ca and Sr/Ca single specimen meafs (58 [0.32; 0.63]n = 91
and (R = 0.53 [0.33; 0.72], n = 9Tespectively) Figure 3.7), indicating that U and

Sr, in conjunction with Mgare increaseih the authigenic carbonates.

Table 3.4 Overall range of elemental ratios in LAICP-MS samplesfor both
depth intervals including the standard deviation (s.d.)

0.39.0 m CCSFA 172.0305.6 m CCSFA
. Minimum % Maximum * Minimum % Maximum *
Isotope ratio
s.d. s.d. s.d. s.d.
’Mg/**Ca 116.38 +
(mmol mol) 1.04+0.11 64.67+13.43 | 1.08+0.08 1288
55Mn/43Ca 2160.19 + 3625.74 + 957.97 + 13891.08 +
(umol mol?) 857.64 554.27 205.51 7260.84
238Y/43Ca 16231.03t 281.91 + 33678.40 +
(nmol moy) | 337:29£91.80 “a55387 33.10 10636.70
PSPCa | 1934004  172+004 | 112+004  2.09+0.13
" .23 +0. 72 +0. 12 +0. .09 + 0.
(umol mol?)
S6Fef*SCa na na 1808.34 + 93709.67 +
(umol mol?) e e 396.40 170415.71
- I L S e s e |\ S S p s
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Figure 34 Mg concentrations (wt%) i&. batialismeasured by LACP-MS from IODP Site
U1343 including onatandard deviatio(s.d.)versus depth in the cor&he classification of
diagenetic alteration is based on the morphological appearance of foraminiferal tests under the
reflected light microscope.
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Figure 3.5SEM images of wall cross sectionssplecimens with minor, moderate, and major
diagenetic alteratiotogether with epresentative LACP-MS profiles of Mg/Ca, U/Ca, and
Sr/Ca. Each specimen has 2 to 6 laser points (colour coded) with dded sfegions
representing onstandard deviatio(s.d.)
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Figure 3.6 Boxplots of MgCa, Sr/Ca, U/Ca, Mn/Ca, and Fe/Cakofbatialis specimens
measured by LACP-MS separated according to their degree of diagenetic alteration
determined from morphologicalvidence under the reflected light microscope

Additionally there is a significant difference in the population mgan @.05) at the

95% confidence level for moderate/major diagenetic alteration for Fe/Ca and Mn/Ca
(Table 3.5) (Figure.6). Mn/Ca and Mg/Ca show a positive relations{i3 = 0.64

[0.17; 0.83, n = 21)(Figure3.7), when one data point with anomalously high Mn/Ca
ratios, of ~9000 pmol mdl is excluded, in support of Mn incorporation into
authigenic carbonate3his indicates Hat visual classification of alteraticstages

provides a good first estimate of the microfossil preservation at Site U1343.
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Table 3.5Statistical results of Mann-Whitney and 2 sample ttests for elemental
ratios according to their degree of diagenetic &ration.

p-value for p-value for Statistical
minor/moderate moderate/major analysis
Mg/Ca 4.56E08 7.37E08 MannWhitney test
Sr/Ca 0.02 0.03 2 sample-test
U/Ca 3.03E09 6.1M0E-05 MannWhitney test
Fe/Ca n.a. 0.0002 MannWhitney test
Mn/Ca n.a. 0.02 MannWhitney test

3.3.3 EPMA elemental mapping of Mg/Ca and Fe/Ca

EPMA elemental mapping of thrde batialis specimen crossections was used to
determine the spatial variability of Mg/Ca and Fe/Ca in differently altered
foraminiferal tests. The samples represent minor, moderate, and major diagenetic

alterations as identified by light microscope inspectkigije 3.9.

EPMA maps of the sample with minor diagenetic alteration show a thin layer of
authigenic carbonate dhne inside of the chamber waltharacterized by Mg/Ca ratios

up to ~210 mmol mdi and Fe/Ca ratios up to ~80,000 pmol rh¢fFigure 3.8. This

is in line with SEM images of the same sample, showing a thin crust of authigenic
carbonate on the inside, but not the outside of the Fegptire 3.8. The moderately
altered sample only has Mg/Ca up to ~37 mmol-mélowever, compared to the
sample wih minor alterationincreasedvig/Ca values are found throughout the entire
test, indicative of recrystall@ion Figure 3.8. SEM images of the wall crosection

reveal isolated authigenic carbonate crystals and preservation of the organic lining on
theinside of the chambeF{gure 3.§. Dissolution features, including etched surfaces

on the inside and outside of the test and gaps within the test wall are coRigwe (

3.3, Figure 3.9. Fe/Ca ratios are also increased throughout the entireafpsn
suggesting recrystallition, and reach up to ~65,000 umol thfigure 3.8. EPMA

maps of the sample with major diagenetic alteration, demonstrate the highest Mg/Ca
and Fe/Ca values encountered during EPMA analyses, of up to ~270 mmialndol
~160,000umol mol?, respectively Figure 3.8. Mg/Ca and Fe/Ca are not uniformly
distributed throughout the test, but rather show high Mg/Ca, Fe/Ca banding along lines
of dissolution within the test walF{gure 3.§.
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Figure 3.8 SEM images of foraminiferal wall cross sections and EPMA maps of Mg/Ca and
Fe/Ca for three specimens &f batialis representative of minor, moderate, and major
diagenetic alteration. Mg/Ca and Fe/Ca maps have been capped at 50 nifrahandd,000

umol mol™?, respectively, to ensure good visual representation of the authigenic carbonate
phases. Histograms below the maps, however, demonstrate the full range of elemental ratios.
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3.4 Discussion

34.1 Multi-element composition of foraminiferabound authigenic
carbonates at Site U1343

Morphological evidence and geochemical analyses of shallow infaunal benthic
foraminiferal specie&. batialisat IODP Site U1343 reveal visually altered tests in
conjunction with prominent changes to the elemental compodiidratialisforms a
hyaline test characterized byayered, perforatevalls made of interlocking LMC
microcrystals. Hence, increased Mg concentrations, observed in foraminifera from
Site U1343, likely result from contamination with carbonates containing larger
amounts of Mg. This is in agreement with the authigenic carbonate crystal assemblage
found at Site U343 composed of LMC to HMC, Hech calcite, and dolomitéPierre

et al., 2016) Studies from other methane seep sites, asaotstrate the presence of
HMC, aragonite, and dolomit@loisi et al., 2002, Pierre et al., 2016, Panieri et al.,
2017, Schneider et al., 20174vith aragonite being associated with faster rates of
authigenic carbonate formation and precipitation close to the sedivageitinterface,
whereas HMC typically precipitateteeper in the sediments, when AOM is weaker
(Aloisi et d., 2002, Bayon et al., 2009)

Dolomite usually has Mg concentrations of ~12.6 w{%tgling and Min, 2005)
higher than the observed Mg concentrations in diagenetigisdlsedE. batialistests

from Site U1343 (0.04 0.025 wt%(s.d.)to 3.08+ 0.39 wt%(s.d.). However, if the
foraminiferal tests fall along a mixing line of primary LMC and dolomite and ~0.5
wt% Mg is assumedor primary foraminiferal calcite, a contriban of up to 20.3%
dolomite could explain the observed Mgncentrations. SEM images of tests with
major diagenetic alteration show almost complete replacement of the original
foraminiferal calcite with authigenic carbonat&igure 3.3, indicating that
contributions 0f>20.5% are likely. AdditionallyPierre et al. (2016Jemonstrate that
dolomite crystals arprimarily associated with a deeper zone of authigenic carbonate
formation at ~BO mbsf, whereas LMC and HMC crystals are more characteristic of
early diagenesis. Only two samples in this study are from ba&dwnbsf with no
significant increase in Mg/Ceatios across this zon&igure 3.10(, indicating that
dolomite is unlikely to be the predominant foraminife@und authigenic carbonate

phase.
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Chapter 3: Foraminiferal diagenesis in sediments underlying high productivity areas

In comparisa to calcite, aragonite has a higher partition coefficient aeBected by
higher Sr/Ca ratiosf ~30 mmol mof (Bayon et al., 2007)Sr/Ca values of single
specimen LAICP-MS analyses vary between 4118 mmol mot (typical values of
hyaline tests: 0.74.25 mmol mof (Gussone et al., 2006with one sample (~250 m
CCSFA) showing higher Sr/Ca values between-2.8 mmol mot (Figure 3.10.

During carbonate diagenesis, aragonite is replaced with more stable carbonate species
(Pierre et al., 2016)suggesng that increased Sr/Ca ratios are either a relic of
aragonite formation during early diagenesis or related to the incorporation of Mg into
the authigenic carbonates. The latter is supported by a positive correlation of Mg/Ca
and Sr/Ca of single specimé&-ICP-MS analyses (R= 0.53 [0.33; 072], n = 9)

and likely results from a distortion of the calcite crystal lattice due to higher
concentrations of Mg cations, leaving more space for the relatively largé@tions
(Mucci and Morse, 1983)Thus, elemental data of foraminifetadund authigenic
carbonates suggest that LMC to HMC are the most likely contaminant phases in
foraminifera fromSite U1343.

In addition to Sr/Ca, U/Ca ratios are positively correlated with Mg/Ca, indicating
incorporation of U into authigenic calcite. Uranium in oxygenated seawater exists in
form of uranyl(U®") and uranyl carbonate complex@€inkhammer and Palmer,
1991)with a low partition coefficient into marine calcite, as a result of its large ionic
radius(Zhao et al., 2016)The largest sink for uranium in the oceans is the diffusion
across the sedimemtater interface and removal of soluble uranium by reduction to
U* and subsequent precipitation in suboxic to anoxic environnftitkhammer

and Palmer, 1991, Zhao et al., 20183} the ionic radius of ¥ is similar to that of
C&* cations, U™ can be readily incorporated into carbonates forming within the
sediment(Sturchio et al., 1998, Zhao et al., 201&ypical U/Ca values of primary
foraminiferal calcite are on the order 623 nmol mof* (Russell et al., 2004, Raitzsch

et al., 2011, Boiteau et al.,, 2012, Chen et al.,, 20WHereas U/Ca ratios in
foraminifera from Site U1343 vary between 299 + 111 nmol'nmI29098 + 13826
nmol mot?! (s.d), in support of U inorporation into authigenic carbonates during
foraminiferal diagenesiBoiteau et al., 2012, Gottschalk et al., 2016, Chen et al.,
2017)

Statistical analyis of Mn/Ca versus Mg/Ca of samples with Mn counts above the LOD
also shows aignificant correlation (R= 0.64[0.17;0.83, n = 2)), if one data point
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with high Mn/Ca values is excluded (Figure 3.7). Thiglicates that Mff is
incorporated into the authigenic calgiss well in line with previous studies, showing
incorporation of Mn into carbonates formed within thegliments under reducing
conditions(Pena et al., 2005, Torres et al., 2010, Groeneveld and Filipsson, 2013,
Hasenfratz et al., 2017a)Apart from authigenic carbonate phases Mn can also be
incorporated into MfFe-oxides coatings on foraminiferal tefna et al., 2005, Pena

et al., 2008) Mn-Fe-oxides form within the sediments above the oxygen penetration
depth and Mn can be-déssolved into pore waters as kKmunder reducing conditions
(Froelich et al., 1979)if all the Mn wasderived from MnFe-oxide contamination,
Mg/Mn ratios close to that of global MRe-oxide crustsiodules (0.2nol mot* (De
Lange et al., 1992, Pattan, 19P@)puld be expected®ll specimens have an Mg/Mn
ratio higher than that of global MRe-oxide crust/nodles (2.47 to 26.1ol mol?),
indicating that MrFe-oxides are not the main contaant phase in foraminifera from
Site U1343. However, the possibility that Nfe-oxides contribute to contamination

of foraminiferacannot be fully eliminatedven though they are unlikely to be the sole
contaminant phase. In particular high Mn/Ca raiegs500umol mof?) at low Mg/Ca

in one specimen, in conjunctionittv relatively high Fe/Ca of ~35,0Q0mol mof!
(Figure 3.7)could point towards contribution of MiRe-oxides. One possibility is that
Mn-Fe-oxides forming on foraminiferal tests above tweygen penetration depth
become covered by authigenic carbonates in deeper sediments, hindering the
dissolution and resumption of Mn into pore waters under reducing condiena et

al., 2005)

Fe/Ca values have only been measured for 4 samples (20 specimens) mainly to test
whether there is a significant change across the deeper zongioh Earbonate and
dolomite precipitation, as identified Bierre et al. (2016)There is no significant
correlation of Fe/Ca and Mg/Ca in the analysis of single specimen means. However,
Mn-Fe-oxide and especially pyriteeontamination are likely to bias LACP-MS
analyses. Fe/Ca ratios of EPMA maps, on the contrary, cannot be associated with
pyrite framboids or Mfe-oxides, as i@as with Ca concentrations <@®0 have

been masked in order to only display the carbonatsgsh Fe/Ca values in EPMA
maps of foraminiferal cross sections are elevated in conjunction with increased Mg/Ca
ratios Figure 3.8, indicating that Fe, as well, is incorporated into the authigenic

calcite.
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In line with previous work, indicatingcreasd Mg concentrations in methanelated
foraminiferatbound authigenic carbonates from the western Svallvaadgin
(Schneider et al., 2017, Panieri et al., 20didyle specimen LACP-MS and EPMA
geochemical analyses Bf batialisat Site U1343 demonstrate abundant authigenic
LMC to HMC. In addition,LA-ICP-MS and EPMA analyses at Site U1343 reveal
increased U, Mn, Fe, and Sr values in authigenic carbonates compared to primary
foraminiferal calcite, important for paleoclimate reconstructions utilizing these

elements.

3.4.2 Dissolution of foraminiferaltest at Site U1343

SEM images of foraminiferal fragments reveal abundant dissolution features,
including etched surfaces, loss of chambers, and Hitteealcite walls(Figure 3.3,

Figure 3.9) Imaging of foraminiferal crossections also shows largaps within the

test walls along biologicaltgefined laminae. During test formation, foraminifera use

a primary organic membrane as a template for calcite precipitéficaz, 2003)
Calcite is precipitated both on the inside and outside of the membrane, with the outside
layer covering the entire tedrez, 2003) Thus, natural laminations form within the

test walls representing weak points where pore waters are able to penetegtatie

cause alteration of the foraminiferal calcite.

Typically, dissolutionor partial dissolution of foraminiferal tests in the sediment is
primarily controlled by changes to the bottom water carbonate saturation state
( o[ 3€))0and the supply and oxic resgiion of labile organic matter producing
metabolic acidshatcau® carbonate dissolutiofMartin and Sayles, 1996, Rosenthal
and Lohmann, 2002, Martin and Sayles, 200&wever, at Site U1343 anoxic
respiration, such as organoclastic sulphate reduction, also needs to be considered as it
can cause the formation of metabolic aqid&lter and Burton, 1990Further, the
samples in this study are derived from both glacial and interglacial intervals (Figure
3.1), thus, changes in the primary productiykym et al., 2014 n d  &p] (z&r

et al., 2016, Sosdian et al., 2018) orbital timescales need to be considered in order
to infer the primary contf@n foraminiferal test dissolutiom the eastern Bering Sea
primary productivity, as inferred from mass accumulation rates of biogenic opal
(MARopa) at Site U1343, varies on glacial/interglacial (G/IG) timescales with
increased productivity during intdacials and vice verg&im et al., 2014)Increased

78



Chapter 3: Foraminiferal diagenesis in sediments underlying high productivity areas

productivity during interglacials could lead to an earlier shift from oxic to anoxic
organic carbon remineralisation pathways and enhanced rates of sulphate reduction,
suggesting less carbonate dissolution by metabolic acids during intergtecitie

zone of oxic respiration in the sediments is contracted.

Addi t i on &]likely changgs GhGG/IG timescalest present day the Bering

Sea at 2000 m water depth is undersaturated with respect taCafO = 0 3°8, [ C
] = -14 umol kg') (Robbins et al., 2010, Olsen et al., 20IBYring the last glacial
maximum, the deep ocean is thought to have sequestered large amounts of respired
CQOz (Marchitto et al., 2005, Yu et al., 2014een in the North Pacific from decreased
deep water [@] concentrationgGalbraith et al., 2007, Jaccard et al., 2008Ely
lowering itsgqp[ G?@even furtherlf larger deep ocean carbon storagesa common

feature during glacial intervals ehe Mid- to late PleistocengLear et al., 2016,
Sosdian et al., 201&nd Site U1343 was continuously bathedNiorth Pacific Deep

Water (NPDW)dissolution of marine carbonatal®ng the eastern Bering Sea margin

is likely enhanced during glacial intervaédated tancreased corrosiveness of glacial

deep waterand changes in the organic carbon supply.

In orderto fully elucidate the control of organic carbon export versus carbonate
saturation on calcareous test dissolution on orbital timescales, however, additional
SEM studies on foraminifera from the eastern Bering Sea margin are necessary to

enable statistidly relevant inferences.

3.4.3 The origin of foraminifera-bound authigenic calcite within the

sedimentpore water system

Previous studies of authigenic carbonate crystals at Site U1343 demonstrate two zones
of carbonate formation within the sediments. Tpper zone is related to bicarbonate

ion formation duringorganoclastisulphatereduction and AOM in the upper meters

of the sediment colum@Wehrmann et al., 2011, Pierre et al., 20Mhereas the
second zone is related to €f@lease during methanogenesis and subsequent silicate
weathering(Pierre et al., 2016)At Site U1343Ferich carbonatesccur primarily

below 260 mbsf(Pierre et al., 2016)To test the influence afulphatereduction,

AOM, and silicate weathering on foraminifetadund authigeic carbonates at Site
U1343, samples from two depth intervalere analysedpanning the upper absf
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including the present day SMTZ, and between-3@2.6mbsf, spanning the deeper

zone of carbonate formation.
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Figure 3.11Single specimen LACP-MS mean values dE. batialisof Mg/Ca, Sr/Ca, U/Ca,
and Mn/Ca including their standard deviatind.) across the present day SMTHglt
yellow) at IODP Site U1343, including pore water profilessofphate(dark red/grey) and
methane (purple/grey) dissohed pore water constituent data from LIMS
(http://web.iodp.tamu.edu/LORE/

Across the SMTZ there is a significant increase in Mg/Ca and U/Ca of single specimen
LA-ICP-MS analysegp < 0.05)(Figure 3.1). Mn/Ca above the SMTZ is below the
LOD, but abovehe LOD just below the SMTZHgure 3.1}, indicating that Mn/Ca

in foraminifera also increases within this redox horizon. This supports that
foraminiferal tests are significantly altered during early diagenesis within the SMTZ,
where AOM causes the fornia of bicarbonate ions, increasing the alkalinity of pore
waters causing authigenic HMC to precipitate. This is in line with previous studies of
benthic foraminiferal diagenesis in methane seep §8ehseider et al., 2017, Panieri

et al., 2017)suggesting higiMg authigenic carbonate fimation within the SMTZ
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Additionally, Mg and Ca pore water profiles at Site U13d8icate precipitation of
Mg-calcite during early diagenesis (Figure 3Wehrmann et al., 2011)

U/Ca ratiof single specimen LACP-MS analyseatSite U1343 on the other hand,
demonstrate increased values-g&8nmol mott (Russell et al., 2004, Raitzscha.,
2011, Chen et al.,, 20))7even above the SMTZFigure 3.11).SEM images of
foraminifera above the present day SMTZ primarily shimsgolution of the tests, but
also provide some evidence for authigenic carbonate precipitiguré¢ 3.9. Above

the SMTZorganoclasticsulphatereduction releases bicarbonate ions into the pore
water, available for authigenic carbonate formation. H@aresulphateeffectively
complexes M§' cations(Walter, 1986) indicating that the formation of LMC might
be favouredabove the SMTZ supported by lower Mg/Ca ratios (Figure 3.11)
Authigenic carbonate formation above the SMTZ is supported By [ae water
profiles, showing a decrease in?Can conjunction withorganoclasticsulphate
reduction(Figure 3.1)(Wehrmann et al., 2011)Previous studies of methangated
carbonate pavements on the seafloor suggest aragonite precipitagidphaterich
environments(Aloisi et al., 2002, Bayon et al., 200%lowever, Sr/Ca ratios of
foraminifera above the SMTZ are similar to those of foraminifetavb¢éhe SMTZ,
contradicting aragonite formation and supporting LMC precipitation instead. Lower
U/Ca and Mn/Ca ratios in foraminifera from above the SMTZ, compared to those
below the SMTZcould result from either differences in the pore water U and Mn
corcentration orresult from less authigenic carbonate formation in the zone of
sulphatereduction, compared to the SMTZ, as suggested by pore watepiGfiles

that reach their minimum within the SMT®/ehrmann et al., 2011)

In further support bauthigenic calcite formation, SEM images of foraminifera both
from above and below the SMTZ at Site U1343 demonstrate the presence of abundant
pyrite framboids, within the foraminiferal tests. Notably, some foraminifera even
show precipitation of pyriteramboids within the test wall$-{gure 3.3 Figure 3.9,
suggesting c@recipitation of authigenic carbonates and pyrite framboids. Abundant
pyrite and authigenic carbonate precipitation in the sediments typically occurs within
the zone obrganoclastisulphatereduction, producing ¥ and HC@ (Berner, 1984,
Peckmann et al., 2001, Lin et al.,1®), and in the SMTZ, where AOM leads to the
formation of HCQ@ and HSreadily available for authigenicimeral formation(Lin

et al., 2016)
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Across the deeper zone of carbonate formatiob@+8bsj, as proposed biierre et

al. (2016) there is no significant change in the foraminiferal geochemikiguge
3.10, suggesting that foraminiferal trace metal ratios are primarily influenced by
authigeniccalciteformation during early diagenesis linkedslphatereduction and
AOM.

3.4.4Paleoceanographic implications

Mg/Ca of benthic foraminifera is a widely applieand accepted proxy in
paleoceanographyg?®* can substitute for Cain CaCQ as part of an endothermic
reaction controlled by temperatw@ependent physiological processelsiring
foraminiferal test calcification(Nurnberg et al., 1996gnabling researchers to
determine BWTs through tim@urnberg et al., 1996, Rosenthal et al., 1997, Lea et
al., 1999, Lear et al., 2002)

Addi tionally, B, indepenjlentmeasurements of B\Whallolv to
deconvolXOe recorth mto iis temperature and continental ice volume
components Such climate reconstructions rely on the geochemical integrity of
foraminferal tests, but detailed diagenetic studies increasingly reveal alterations
affecting their trace element and isotope composititena et al., 2005, Pena et al.,
2008, Panieri et al., 2017, Schneider et al., 2017, Hasenfratz et al.,.2017a)

Common hyaline LMC benthic foraminiferal speciesha arctic to subarctic realm,
such asCassidulina neoteretrjsNonionella labradorica Elphidium clavatum
Uvigerinaspp., andvielonis barleeanurhave Mg/Ca ratios on the order of 0.B88
mmol mot?, 1.11-1.69 mmol mot, 0.521.06 mmol mot, 0.681.42mmol molt, and
0.7-1.5 mmol mof, respectively(Lear et al., 2002, Elderfield et al., 20086,
Kristjansdottir et al., 2007, Skirbekk et al., 2016, Hasenfratz et al., 2017b, Barrientos
et al., 2018)Average Mg/Ca ratios &. batialisfrom IODP Site U1343, acquired by
LA-ICP-MS, on the other hand, vary between 1.1 + 0.3 mmoftrantl 116.4 H12.9
mmol mot? (Figure 3.10, as a result of methamelated authigenic Mgalcite
contamination. To date, no Mg/Ca BWT calibration exist&fdoatialis However, if
asimilar Mg/Ca BWT sensitivity oE. batialisandE. clavatums assumedChapter
4) (Barrientos et al., 2018Mg/Ca LAICP-MS values of ~116 mmol nélyield
highly unrealistic BWT values.
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Typically, studies of foraminiferal trace metal ratios include rigorous chemical
cleaning of the lightly crushed foraminiferal tests, including a clay removal step,
oxidative treatment to remove remnant organic maelyctive treatment to remove
Mn-Fe-oxides, and a weak acid leach to remove adsorbed contaminants on the
foraminiferd fragments(Boyle, 1983, Barker et al., 2003Pena et al.(2005)
demonstrated that the reductive step is able to removeVightich carbonates on
foraminifera from the Panama Basin, as a result of the thinner, more fragile structure
of authigenic carbonates and/or the removal offédroxides inrbetween the priary
foraminiferal calcite and the authigenic carbonateset al. (2007)on the other hand,
show hat the reductive step can cause partial dissolution of the primary foraminiferal
calcite and reductionof Mg/Ca, due to the formation of chelate complexes of metals,
such as Mg, with citrate in the reducing reagent. This demonstrates that it is crucial to
determine the chemical composition and nature of contamination phases prior to
climate reconstructions using foraminiferal tests, in order to adjust the methodology

accordingly.

EPMA analyses OE. batialisspecimens from Site U1343 show the spatialakality

of authigenic carbonates within the foraminiteiest. Whilst tests with moderate to
major alterations show high Mg/Ca values throughout the test, resulting from either
recrystallization or dissolution and precipitation of HMC along natural |aioima
within the test walls, tests with minor diagenetic alteration are characterized by an
HMC crust fFigure 3.8, which could potentially be removed during chemical
cleaning. This indicates, that studies of trace metal ratios in primary foraminiferal
cakite at methane bearing continental margin sites are possible for foraminifera
displaying minor diagenetic alteration (litle or no discolouration, translucent test
walls, and prominent morphological features) following a rigorous chemical cleaning

study.

Additional approaches to remove the contamination signal in foraminiferal Mg/Ca
records, include mathematical corrections for diagenetic (Mzp et al., 2005,
Hasenfratz et al., 2017ahd theapplication of thresholds values of trace metal ratios
primarily associated with the contamination phad@&arker et al., 2003)
Mathematical corrections of foraminiferal Mg/Ca ratios can be applidg a
regression oMg/Ca and trace metal calcium ratiassociategrimarily with the

contamination phasg.ea et al., 20059r determination of the Mg/metal ratios in the
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contaminat (Hasenfratz et al., 2017aBoth approaches ssmeconstant Mg/metal
ratios in the contamination phafleea et al., 2005, Has&atz et al., 2017a)f the
former is based on a linear regression of Mg/Ca and trace metal calcium ratios
asso@ted with the contamination phasét Site U1343, Mg/metal ratios, such as
Mg/Mn and Mg/U of single specimen analyses are highly variable, most likely as a
result of changes to the redoRemistry in the sedimeipiore water system, affecting

the distributon coefficients of trace metals between the solid and the liquid phase.

Measured U/Ca ratios in this study are up to ~1500 times higher compared to typical
U/Ca ratios of primary foraminiferal calcite-g8 nmol mof (Russell et al., 2004,
Raitzsch et al., 2011, Boiteau et al., 2012, Chen et al., Rdddicating thatranium

is primarily associated with the authigenic overgrowth and primary foraminiferal U/Ca
only marginally influence the measured valuesC#&) thus potentially offers an
opportunity to correct Mg/Ca ratios for authigenic carbonate contributions at
continental margin sites. Uranium accumulation in marine deep sea sediments
demonstrates a nonlinear relationship with the oxygen penetratidm dept linear
correlation with theorganic carbonaccumulation rate¢McManus et al., 2005)
Considering, that the depth of the SMTZ is mainly governed by the bottom walter [O
(Wehrmann et al., 2011dhe oxygen penetration depth may exert the primary control
on the sedimentary reda@hemistry along the easteBering Sea continental margin.
Thus, a nodinear accumulation of Uranium in the sediments and incorporation into

authigenic carbonates may be expected.

The relationship of Mg/Ca and U/Ca in foraminifera from IODP Site U1343 is best
described by an exmential fit(R?> = 0.60, n = 91)which has a3axis intercept of-3

mmol mol* Mg/Ca(Figure 3.12) The approach outlined Ilrea et al. (2005)roposes

to correct Mg/Ca values using the slope of the regressieach point, here measured
Mg/Ca values would have to be divided by the slope of the regression, resulting from
the exponential relationshigquation 3.4).

T
8 =z 71

0 "AOW (Equation 3.4)

However, corrected Mg/Ca values at Site U1343 using the method outlined above still
yield unrealistically warm BWT®f Mg/Ca values up to 15 mmol mblsing the
Mg/Ca BWT calibration foE. clavatum(Barrientos et al., 2018This is likely related

to the large uncertainty associated with the lC®-MS measurements as a result of
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the spatial variability of authigenic carbonates within the foraminifera test walls and
the resulting uncertainty in the regression of Mg/Ca and U/Ca. Further, high U/Ca and
Mg/Ca values seem to be less well represented byxgomential regression compared

to lower U/Ca and Mg/Ca valuesigure 3.12, indicating that more studies are needed

to fully understand the incorporation mechanism of Mg and U into authigenic

carbonates in methatbearing sediments.
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Figure 3.12Mg/Caversus U/Ca of single specimen UBP-MS mean valuess(d) with the
best fitexponential regression (orang®)g/Ca= 3.3*00001"V/Ca) R2 = 0 60, n =91)

Another approach of correcting foraminiferal Mg/Ca records for contamination phases
is based onhreshold values of trace metal ratios primarily associated with the
authigenic carbonates. LECP-MS measurements @&. batialis specimens at Site
U1343 demonstratinat U/Ca ratios are a valuable tool to determine methalated
authigenic carbonate camhination in continental margin settings, as U/Ca is
primarily associated with the authigenic carbonates and only small amounts of U are

incorporated into primary foraminiferal calcitdowever, the U/Ca threshold is likely
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to vary between studies, depamglion the analytical tools, applied chemical cleaning
methods, and the study sitghilst the absolute threshold ultimtedepends on the
associated Mgontribution of authigenic calcite to the measured foraminiferal Mg/Ca
ratios. Thus, nsteadof using acorrection | propose that foraminiferal samples
exerting moderate to major diagenetic alterations can be used in paleoclimate
reconstructions if trace metal thresholds for authigenic carbonate contamination are

established.
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Figure 3.13 U/Ca versus MrZa of LA-ICP-MS single specimen analyses, colaoded
according to the respective preservation ID, with 2 indicating moderate and 3 indicating major
diagenetic alterations. This suggests a proportionally larger incorporation of U into authigenic
carbonate compared to Mn at IODP Site U1343.

Nevertheless, authigenic carbonates also bear unique opportunities for new
approaches to study environmental change through time. Recent studies suggest
authigenic foraminiferal U/Mn as a proxy to reconstruct sediamgmédox conditions,

linked to bottom water oxygenation and sedimentary carbon {Gadtschalk et al.,

2016, Chen et al., 2017At IODP Site U1343 an increase in U/Ca and Mn/Ca ratios

can be observed in foraminifera with a higher degree of diagaietiation (Figure
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3.6), likely associated withteonger microbial activity and more reducing conditions

in the sediment. Even though both U/Ca and Mn/Ca are positively correlated with
diagenetic alterations, the increase in U/Ca is proportionally laFggure 3.13)jn

line with higher U/Mn ratios réécting more reducing conditions. Thus, although the
presence of authigenic carbonates complicates the use of traditional proxies in
paleoceanography, their trace metal composition may provide valuable information

with respect to changes in the sedimentagox chemistry through time.

3.5 Conclusions

Visual and geochemical evidence of foraminiferal speEiebatialisat IODP Site
Uul343, underlying the high productivity
Bering Sea, demonstrate the occurrence ohdant authigenic calcite and authigenic

pyrite framboids. Foraminiferbound authigenic calcite is of early diagenetic origin

and forms as a result of bicarbonate production dudrganoclasticsulphate
reduction and AOM. Whereas authigenic calaitghin the SMTZ is most likely

HMC, LMC forms in the zone adulphatereduction, as a result of the inhibiting effect

of pore watersulphate concentrations on Mg incorporation into inorganically

precipitated carbonates.

In addition to increased Mg concentraigp authigenic calcite is characterised by
increased U/Ca, Mn/Ca, Fe/Ca, and Sr/Ca ratios. Whereas U, Mn, and Fe
incorporation idikely controlled by the redeghemistry in the sedimeipiore water
system, indicating precipitation under suboxic conditians)ine with an early
diagenetic origin, Sr incorporatidikely results from changes to the calcite crystal
structure caused by the higher concentrations of Mg.

EPMA maps of foraminifera with minor to major diagenetic alterations demonstrate
the spatialdistribution of authigenic calcite within the foraminiferal tests, including
crust formation, recrystallization, and HMC banding along biologically defined
laminations within the test wall. This indicates that samples with minor diagenetic
alterations (ltle or no discolouration, translucent test walls, and prominent
morphological features), associated with authigenic carbonates crusts can be utilised
in paleoclimate reconstructions following a chemical cleaning study, to target the

removal of authigenic aatings. In the case of moderate and major diagenetic
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alteration, chemical cleaning of foraminifera test is unlikely to completely remove the
authigenic calciteHowever,Mg/Ca of benthic foraminifera can be applied for BWT
reconstructions whethresholdf elements primarily associated with the authigenic
carbonates are establishdglesulting from the enhanced incorporation of U into
authigenic carbonates, compared to primary foraminiferal calcite, U/Ca provides a
suitable meango determine appropriateootamination thresholds. The threshold
should be based on a minimum contributionaathigenicMg/Ca to the measured
Mg/Ca ratios. However, the thresholds are likely to vary between studies, based on the
chemical cleaning proceduresalytical instrumentased and the study site

Additionally, the geochemistry of authigenic carbonates at Site U1343 suggests an
increase in the U/Mn ratio associated with a higher degree of diagenetic alteration,
most likely resulting from enhanced microbial activity, ireding more reducing
conditions in the sediments. This is in line with previous studies utilising authigenic
foraminiferal U/Mn as a proxy for bottom water oxygen concentra{@o#tschalk et

al., 2016, Chen et al., 2017)

All in all, this studyindicates distinct changes in the foraminiferal geochemistry in
relation to early diagenesis in methamaring continental margin sediments.
However, it also demonstratdse potential to useraditionaland newpaleoclimate
proxies such as Mg/Ca for BWT reconstructions and the deconvolution diibe

signal intoits temperature and ice volume components and U/Mn for sedimentary
redox conditions, in continental margin settings, often associated with high
sedimentation rates, representing valuable archives to study past environmental

changes at millennial to orbitedsolution.
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4. Pleistocene bottom water
temperature evolution in theeastern
Bering Sea

4.1 Introduction

Earthdés climate underwent fundamental c¢h;
seen most prominently in records lwénthic foraminiferal oxygen isotopedtiO).

The Mid-Pleistocene transitioMPT, 1.2-0.7 Ma) B characterized by a lengthening

of the glacial/interglacial G/IG) frequency from 41 ka to 100 ka, together with an

i ncrease i n ¥ anda mge prominedt sawtdth pattern during late
Pleistocene climate oscillatioi(Shackleton and Opdyke, 1976, Pisias and Moore Jr,
1981, Ruddiman et al., 198%udelsee and Schulz, 1997, Clark et al., 20@8)r
understanding of climate dynamics a&sdahis important time period revolves around
high-resolution records of global to regional climate change from climatically
sensitive areas to decipher the role of internal climate feedbacks for the MPT.
Mechanisms proposed to drive MPT climate changekavshifts in ice sheet
dynamics(Clark and Pollard, 1998, Clark et al., 2006, Raymo e8D6, Elderfield

et al., 2012)thermohaline circulation reorganizatiRaymo et al., 1990, Schmieder

et al., 2000, Sexton and Barker, 2012, PenaGoidstein, 2014, Lear et al., 2016}

a change in climatedundary conditions, such as a threshold response to global
cooling potentially associated with atmospheric2@@awdown(Oerlemans, 1984,
Raymo et al., 1997, Berger et al., 1999, Tziperman and Gildor, 2003, Rial, 2004,
Honisch et al., 2009, Lear et al., 2016)

Understanding ice sheet dynamiiacross the Pleistocene hinges on our ability to
dec onv o B@eecardhirdo itsi ice volume (oxygen isotope composition of
s e a w a'tog)randboitom water temperaturBWT) component. Three records of
p ai r®dndibenthic foraminiferal Mg/CaVBT exist across the MPT, reporting
distinctly different ice volume histories across the Pleisto¢®osslian and Rosenthal,
2009, Elderfield et al., 2012, Ford et al., 20Mhereas North Atlantic records from
Deep Sea Drilling ProjecDSDP) Site 607 (41.0 °N, 33.0 °W, 3427 m water depth)
show no pronounced lortgrm trend in continental ice volume across the MPT
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(Sosdian and Roserah 2009, Ford et al., 201,6outhwestern Pacifiocean Drilling
Program QDP) Site 1123 (41.8 °S, 171.5 °W, 3290 m water depth) indicates a step
like increase of continental ice lwmne duringmarine isotope stag®|(S) 22 (866900

ka) (Elderfield et al., 2012)Whilst the earlier record at Site 6¢%osdian and
Rosenthal, 2009)as been challenged, based on the poterarhbnate saturation state
(p[ G effect on Mg/Ca of epifaunal benthic foraminifergppecies(Yu and
Broecker, 2010, Elderfield et al., 2012¢-analysis of infaunal benthic foraminiferal
species at the same Site, yield very similar results with no-temng trend in
continental ice volume across the MEHord et al., 2016)These differences in the

r e ¢ o n s t¥@whighlightdthe importance of circulation and water mass changes
f or t h'%0w (Fondeetaal., 20016and call upon additional high resolution records
of p d%wramddBWTito reconcile the MPT ice volume evolution.

Resulting fromi t s sheer si ze, hol ding more than
Pacific Ocean is often considered to reflect whole ocean changes on timescales longer
than the oceands overturning circulation
history of bottan water temperature and glob&t®Ow changes. Further, high
sedimentation rates htternational Ocean Discovery Progr@i®DP) Site U1343 in

the eastern Bering Sea of 34 + 11 crit kasahi et al., 2016)suggest the potential to

study MPT BWT evolutiorat suborbital toorbital resolution.

BWT at any given location in the deep ocean is influencethbytemperature of
different contributing water masses, which in turn is driven by surface ocean processes
in the areas of deep water formation. Today, the deep Bering Sea is batthin
Pacific Deep WateNPDW), one of the oldest water masses in the modern ocean, fed
by southern sourced waters entering the deep Pacific via the Deep Western Boundary
Current (DWBC)(Hall et al., 2001,) consisting mainly of Circum Polar Deep Water
(CDW) with some entrainment of North Atlantic Deep Water (NADOW&nuti et al.,

2007) Southern sourced deep waters form around the Antarctic continent, primarily
in the Weddell and Ross Séfillworth, 1983, Broecker et al., 19983s a result of

brine rejection during sea ice freegjrproducing dense and colégiter masses (~0

°C, ~34.7 psy(Locarnini et al., 2006, Antonov et al., 2008)ADW, on the other

hand, is formed in the North Atlantic, where vigorous heat exchange between the
ocean and the atmosphere causes buoyancy loss tofalglavarm and saline water

masses, promoting thermohaline overturr{iidifworth, 1983, Kuhlbrodt et al., 2007)
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forming comparatively warm and satimeep water (~2.5 °C, ~34.9 pgantonov et

al., 2006, Locarnini et al., 2006n addition to surfa& ocean processes, aging deep
water masses are influenced by the geothermal heat flux at the s@aflomft et al.,

2001) Consequently, Bering Sea BWT today is influenced by surface ocean processes
in the North Atlantic and primarilground Antarctica, together with the influence of

water mass aging.

On G/IG timescales, however, the oceans have experienced distinctive changes in the
thermohaline oweurning circulation andBWT. BWT records from thdast glacial
maximum [ GM) in the Paific Ocean between 1000 m and 3500 m, demonstrate
temperatures betweed.5 °C and 0 °C, with an LGMlolocene BWT amplitude

( PBWT) o(Waelbrdeckietal., 2002, Adkins et al., 2002, Martialg 2002,
Gorbarenko et al., 2002, Elderfield et al., 2010, Woodard et al., 2014, McClymont et
al., 2016) Across the Pleistocene, BWT at ODP Site 1123 in the southwestern Pacific,
reconstructed from Mg/Ca dfvigerinaspp., siows glacial values betwee@.5 °C
and-1.75 °C, with no longerm trend over the past 1.5 NElderfield et al., 2012)
Interglacial BWT, on the other hand, increases from ~10°€2 °C startig during

MIS 21 (Elderfield et al., 2012)n comparison, North Atlantic BWT, as reconstructed
from Cibicidoides wuellerstorfi/Oridorsalis umbonatasdUvigerinaspp. at DSDP

Site 607 demonstrates lotgrm cooling between 1-6.5 Ma of 13 °C, during both
glacial and interglacial intervalSosdian and Rosenthal, 2009, Ford et al., 2016)
Considering, that these Sites are from different ocean basins, differences in the BWT
history likely arise from changes in the water mass contribution, associated with
changes in the thermohaline overturning circuladiod/or changes in the source water

propertiesacross the Pleistocene.

The MPT is associated with a pronounced perturbatitre thermohaline circulation,
particularly between MIS 24 and MIS 2266-936 ka)characterised by a decrease in

the NADW production and enhanced influence of southern sourced bottom waters
(Pena and Goldstein, 2014urther, posMPT glacials are rerked by similarly weak
Atlantic deep water formation, whereas the interglacial thermohaline circulation
seems to recover following the pronounced perturbation around 98akmo et al.,

1990, Raymo et al., 1997, Pena and Goldstein, 28b#h northern and southern high
latitudes are characterised by sea surface temperature (SST) cooling prior to and across
the MPT(McClymont et al., 2008, Lawrence et al., 2009, Marti@ezcia et al., 2010,
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McClymont et al., 2013)uggesting cooling in deep water source regions during both
glacials and interglacia({®icClymont et al., 2013)Additionally, foraminiferal carbon

i s ot Y@ andneadtdlymiumisotope Cplld) evidence across the last glacial cycle and
the late Pleistocene, argue for a strengthened intermeathipth overturningCurry

and Oppo, 2005, Horikawa et al., 2010, Max et al., 2012, Knudson aetbR2015b,
Howe et al., 2016)n the modern North Pacific intermediate waters {300 m) form

via mixing of nutrientrich subsurface waters with brines formed through sea ice
freezing in the Sea of Okhotg§Kalley, 1993, Shcherbina et al., 2008yidence from

the Bering Sea suggts increased formation oforth Pacific Intermediate Water
(NPIW) during glacial of the last 1.2 M@nudson and Ravelo, 2015kgotentially
coinciding with a deepening of this water mass, as suggested for the LGM. Whilst
Ut80p from across the Barg Sea suggests a divide of intermediate and deep waters
around ~1000 m water deptlaring MIS 2(Cook et al., 2016)other sudies from the

Gulf of Alaskademonstrate decreased ventilation ages during Heinrich sta#igfi1 (

14.7 ka to 1&a) at ~3500 m water deptAs the maximum depth of N/ during
glacial intervals remains elusive, changes in the contribution of NPIW versus NPDW
to the deep Bering Sea could have influenced the BWT on G/IG timescales across the

mid to late Pleistocene.

Here | present records of BWT from IODP Site U1343mdeep eastern Bering Sea
(57°334 6N, 176A49.006W, 1953 m water depth),
of infaunal benthic foraminiferal species to add a North Pacific perspective to BWT
and ice volume changes across the MPle BWT record demonstratésstinctive

G/IG variability and longerm changes in the deep Bering Sea, indicating potential
changes in the water mass contribution across the Pleistocene. Further, BWT in
conjunction wit h%Qat8ite UkB4Gasahyet a. 2016, Kentee d U
et al., in review) is in line with two possible scenarios of Pleistocene ice volume
history. The observed trends can be explained by either netdomgincrease in
continental ice volume across the MPT with a pronounced event centred on MIS 22
(866900ka} har acteri sed by a®0.eadtenmassingHedeepva r m
Bering Sea, or increased continental ice volume during/prior to MIS 22 with post
MPT glacials being characterised by increased contribution of NPIW to the deep

Bering Sea.
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4.2 Materials and nethods

4.2.1 Composite benthic foraminifeal Mg/Ca record

The calcareous benthic foraminiferassemblage at Site U1343 is dominated by
species tolerant to oxygeatepleted conditions, often found in high productivity areas
(Setoyama and Kaminski, 2015, Asahi et al., 201IBjs includes primarily elongated,
tapered, and/or flattened planispiral typically infaunal species, including the genera
Elphidium Islandiella Uvigerinag Eubuliminella and Globobulimina For the
purpose of this study, the three most abundant and consistently occurring shallow
infaunal foraniniferal specie€lphidium batialis Islandiella norcrossiand several
species of the genlgvigerina including Uvigerina bifurcata Uvigerina senticosa
andUvigerina peregrinagrouped asJvigerinaspp. were chosen. Foraminifera were
picked from the %0-250 um and >250 um size fractions. As a result of the higher
abundancemonospecificforaminiferd samplesrom the 156250 um fraction with

a weight >80 ug were used for doware geochemical analyses. In totaBBMatialis

891. norcrossj and 2Uvigerinaspp. samples were gently crushed between two glass
plates, homogenised, and transferred to-al@dned micrecentrifuge tubes. At this
point visible contaminates, primarily pyrite framboids were removed. Often, however,
the pyrite framboids distegrated making a complete removal impossible, resulting in
elevated Fe/Ca ratios in some samples. Following an extensive cleaning study
(Chapter 2 section 2.3.the samples were cleaned according to thecl€aning
protocol(Boyle, 1983, Boyle and Keigwin, 198ubsequentlyhe cleaned samples
were dissolved in 120 pl of 0.065M HN@nd centrifuged to remove any potential
remaining particulate contaminants, before splitting and transferring the samples for

analysis.

All samples were analysed on a Thermo Element XR High Resolution Inductively
Coupled Plasma Mass Spectrometer (kB) at Cardiff University. Each sample was
analysed twice, with the first analysis aimed at determining the Ca concentration in
the sample, to enable matrix matching of the standards for elemental ratio calculation.
At the beginning and the end of every run a set of two consistency standards was
analysed containing 1.24 mmol roand 7.15 mmol mol Mg/Ca, respectively.
Across the time period of this study the external reprdulitgiwas = 0.70 % and +

0.64 % (relativestandard deviation (r.s.gl.yespectively. The analytical precision for
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Mg/Ca was + 1.0% on average (= 3.2 maximum/.s.d), £ 0.85% on average (+
2.70% maximumy.s.d), and = 1.09% on average (+ 2.13 % maximuns.d) for E.

batialis, I. norcrassiandUvigerinaspp., respectively.

42.2 LA-ICP-MS measurements oftE. batialis Mg/Ca across the LGM

Holocene transition

To understandhe BWT sensitivity oE. batialis two samples from the size fraction
>250 um were measured across the L-@blocene tansition usingaser ablation
inductively coupled plasma mass spectromét-ICP-MS). Measurements were
performed at Cardiff University using an ArF excimer 193 nm laser ablation system
with dual volume laser ablation cell (RESOlutioflsh ASI) coupledo a Thermo
Scientific™ ELEMNT XR™ magnetic sector field IGRIS (Table 3.2) LA-ICP-MS
ablation was performed on five to six specimens per sample with six laser spots per
specimen. Sample preparation, calibration, and contamination screening was

performed as outlined i€hapter 3ection 2.4.1.

Compared to LACP-MS samples, ICIMS samples were measured on foraminiferal
tests from the size fraction 1250 um, thus aize-fraction test was performed, to test
for a sizespecific offset in foraminiferal Mg/Ca. In totedur samples (172.02 oore
composite depth below seaflolECSFA), 229.42 m CCSHA, 299.57 m CCSHA,
305.63 m CCSHA) were ablated from both the 1250 um and >250 um size
fraction. No significant difference in the variance of Mg/Ca ratiogheftwo size
fractions was found (p > 0.25, n = 21), indicating that-IC®-MS studies on

foraminifera from >250 um are applicable to the 5D um size fraction.
4.2.3 Secondary effects on foraminiferal Mg/Ca

4.2.3.1 Early carbonate diagenesis

As discussed i€hapter 3letailedsingle specimen imaging and geochemical analyses
revealed abundant authigenic carbonates on foraminifera specimens from IODP Site
U1343, associated with increased Mg/Ca, Sr/Ca, U/Ca, Mn/Ca, and Fe/Ca ratios in
diagenetically altered tests. This is supported by an extensive cleanirghastdr 2
section 23.7) indicating that even after rigorous cleaning according to thprGicol
(Boyle, 1983, Boyle and Keigwin, 19850me samples show elevated Mg/Ca, U/Ca,
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and Mn/Ca compared to expected values for primary foraminiferal calcite. It is thus

necessary to establish threshold values of trace metatargy associated with

contami nat i

samples.

Fe/Ca alues in samples measured udiGg§-MS are likely to be influenced by pyrite

contamination, which is why Fe/Ca ratios are nolided in the authigenic carbonate

on

phases,

n

order

t o

di

screening process, however pyrite does not contain(Régrson et al., 2009)n
addition to tracemetals associated with the authigenic carbonates, Al/Ca was also

St

monitored typically associated with clay contamination. Most samples were found to
be below the proposed threshold of 100 umol-h{@arker etal., 2003)and there is
no correlation of Al/Ca and Mg/Ca dovoore figure 4.). However, the lack of

correlation could result from authigenic carbonate formation, influencing the Mg/Ca

but not the Al/Ca ratios. Thus, to avoid potential bias by sdioainerals all samples

with Al/Ca >100 pmol mot were rejected from the dowsore record.
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Figure 4.1 Al/Ca versus Mg/Ca of all sampl¢sottom left)measued for trace elements on
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Mn/Ca values of foraminiferal samples cleaned according to ther@dcol(Boyle,

1983, Boyle and Keigwin, 1988ye mainly below 100 pmol mié) indicating little or

no contribution of MAFe-oxides to the measured foranfémal trace metal values
(Barker et al., 2003)nstead, increased Mn/Ca is typically associated with increased
U/Ca ratios, indicative of authigenic carbonate contamination. U/Ca was used as the
primary tace metal ratio to monitor the effect of authigenic carbonates on Mg/Ca
values. U/Ca of reductively cleaned foraminiferal samples at Site U1343 varies
between 6751 nmol mol, 4-1405 nmol mol, and 5.51494 nmol mot for E.
batialis, I. norcrossj and Uvigerina spp., respectively, with a strong positive
correlation of Mg/Ca and U/Ca for the entire datasét(®93, p < 0.01, n = 1Jand

the individual species€( batialis R?> = 0.95, p < 0.01, n =07 . norcrossi R? = 0.90,

p < 0.01, n = 78Uvigerina spp.: R =0.93, p < 0.01, n = 35At U/Ca values below

200 nmol mot the positive correlation of Mg/Ca and U/Ca subsides, with &nly
batialis displaying a weak positive correlation?(R 0.34, p < 0.05, n = 41). | thus

adopted 200 nmol mélU/Caas the threshold for authigenic carbonate contamination.
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Figure 4.2 U/Ca versus Mg/Ca of all samples measured for trace metals on tHdSGP.
batialis n = 70,1. norcrossin = 78, andUvigerina spp.n = 25 (black, top right corner)
including the exponential regression< 0.97&°" (black line). On the bottom left (orange)
are all Mg/Ca values with U/Ca < 200 nmol mdbgether with the same exponential
regression (black line).
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The overall relationshimf Mg/Ca and U/Ca is best described by an exponential
regression (R= 0.85, y = 0.97%°°Y, that yields a particularly good fit within the
lower range of Mg/Ca and U/Ca ratios and, compared to a linear regression, has a
positive yintercept similar teexpected Mg/Ca ratios of primary foraminiferal calcite
(Figure 4.2. Following this regression a U/Ca ratio of 200 nmol fsliggest a
maximum contribution of authigenic carbonate to the measured Mg/Ca ratio of 0.22 +
0.03 mmol mof (s.e.) with the unceainty based on the reported range of U/Ca values
in primary foraminiferal calcite of up to 23 nmol mqRussell et al., 2004, Raitzsch

et al., 2011, Boiteau et al., 2012, Chen et al., 20Ad)uncertaintyof 0.22 + 0.03
mmol motf?! (s.e.)is close to the procedural uncertainty associated thiMg/Ca
record dowrcore, supporting 200 nmol mblU/Ca as a valuable threshold for
authigenic carbonate contamination. For error propagation of BWT values 0.22 mmol
mol! was adopted as the procedural uncertainty of all Mg/Ca values.

4.2.3.2 The effect of salinity on foraminiferal Mg/Ca

To date, a potdral effect of salinity on benthic foraminiferal Mg/Ca has only been
determined for one speci€Bissard et al., 2010, Geerken et al., 20 8yhmonia
tepidais characteristic of brackish waters and a salinity effect on Mg/Ca has been
proposed altering paleotemperatoeeonstructions by 1 °C perdu(Dissard et al.,
2010) with apositive correlation of Mg/Ca and salyiDissard et al., 2010, Geerken

et al., 2018)

At Site U1343 sahity changes may arise from changes in the water mass contribution
of NPDW versus NPIW on orbital timescales. Modern NPIW is defined as a salinity
mini mum in the Nor wisopyPnalsurfdcgyasuda, aWTwith he 2 6.
a salinity of 33.9 at GLODAP v2 stati@gti04#3 (B) (Olsen et al., 2016)At ~2000

m water depth the eastern Bering Sea has a salinity of(4sén et al., 2016)
suggesting a salinity difference of 0.7 between NPIW and NPDW bathing Site U1343
today. Hence, entrainment of NPIW at Site U1343 could potentially increase benthic
foraminiferal Mg/Ca ratios, if aimilar salinity sensitivity ofE. batialis I. norcrossj

and Uvigerina spp. toA. tepidais assumed. An inferred salinity change of 0.7,
however, would entail a temperature bias <0.5 °C, within the uncertainty of BWT
reconstructions at Site U1348e¢ bedw). Hence, no salinity correction is performed

for Mg/Ca ratios oE. batialis I. norcrossj andUvigerinaspp., as further research is
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needed to determine the sensitivity of deep sea infaunal benthic foraminiferal Mg/Ca

to salinity changes.

42.33 The effect of the carbonate saturation state on primary

foraminiferal Mg/Ca

Modern benthic foraminiferseem todi scr i mi nate agathst Mg
s ugage st izt gffechon idf/CadatiogRosenthal et al., 1997, Elderfield et al.,

2006, Rosenthal et al., 2006, Yu and Elderfield, 2008z 1fkeld et al., 2010) @ CO

] at ~2000 m water depth close to Site Y3BGLODAP v2 station 41043 (B) (Olsen

et al., 2016) is -14 pmol kg, highly undersaturated with respect to CaCO
Depending on the contribution of different water masses on G/IG timescales, glacial
bottomwatersih he Beri ng Sea may H]aassggesedfromven |
increased concentrations of remineralised carbon in NPDW during glacials of the last

150 ka(Jaccard et al., 2009Typically, infaunal benthic foraminifera are favoured

over epifaunal speci es sf]effectiMgducdinporeal y s e
waters compared to bottom watdidawbey and Lear, 2013However, due to
differences in the habitat depth and migration within the sediment site/species specific

variations might occur.

E. batialisin the neighbouring Sea of Okhotsk has an average habitat depthlo? 0.5
cm(Bubenshchikova et al., 20Q&haracterising it as a shallow infaunal foraminiferal
species, similar to the proposed depth habitahgerinaspp. of 22 cm(Tachikawa

and Eleerfield, 2002) I. norcrossialso has an infaunal habitat, however may be
migrating between shallower and deeper layers in search of a preferred microhabitat
(Hunt and Corliss, 1993, Ivanova et al., 2008, Ishimura et al., 2012)

One possible way to e angfCe ratiodhise byesd f e c t
examining Li/Ca and Mg/Ca ratigMawbey and Lear,@1.3). Benthic foraminiferal

Li/Ca ratios have been shown to positivelywca r y  w i3%] (hearrphd®Gsenthal,

2006, Lear et al., 2010Wvhereas a negative relationship with temperature is observed
(Marriott et al., 2004) Thus cevariation of Li/Caand Mg/Ca dowstore could

i ndi c a ts4 effact apMgZGa ratiofMawbey anl Lear, 2013)BothE. batialis
andUvigerinaspp. Mg/Ca ratios show covariation with Li/Ca between 600 ka to 450

ka, justprior to 800 ka, and around 11R8 (Figure 4.3, indicating a potential effect

of o] @®Ig/Ca ratios across this intervalnorcrossj on the other hand, does
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not demonstrate covariation across these intervals, in line with a potentially deeper
habitat of this migratory infaunal species. This is further supported by a larger

amplitude variation in Li/Ca olUvigerina spp. andE. batialis compared tol.

norcrossi suggesting an i nstloreteedoandr twosdedies.e nce
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Figure 4.3 Li/Ca (grey) versus Mg/Ca of (A) norcrossi(green), (B)E. batialis(red), and
(C) Uvigerinaspp. (blue) dowstore. The yellowvertical bars indicate intervals of visually
identifiable covariation for one or more species.

Do to the lack of records of pagt] G?Qin the North Pacific across this time interval
a definite influence ofgp[ G*P on shallow infaunal Mg/Ca ratios camt be
determined. For the purpose of this study | am assuming that the influespde GFO

] on Mg/Ca ofE. batialis I. norcrossj andUvigerinaspp. is minimal.
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4.2.34 Postdepositional dissolution of foraminiferal tests

Scanning electron microscof@EM) images oE. batialisspecimens from IODP Site
U1343 demonstrate dissolution features, such as broken chambers, etched surfaces,
and latticelike calcite structures inside the test wallsg(re 3.3, indicating the
importance to test the effect ofsdblution on foraminiferal Mg/Ca ratios. Mg/Ca in
planktonic foraminifera has been shown to be sensitive to-depsisitional
dissolution(Brown and Elderfield, 1996, Regenberg et al., 20i&ly as a result of

the inhomogeneous distribution of Mg in planktonic foraminiferal sp€Biesvn and
Elderfield, 1996, Regenberg et al., 2006, Jonkers et al., 20@6)pared tolpnktonic
foraminifera, Mg in benthic foraminifera has been suggested to be more
homogenously distribute@Curry and Marchitto, 2008rlso seen iilectron probe
microanalyserEPMA) Mg/Ca maps of welpreserved foramingfral species from Site
U1343 fFigure 3.8.

To test the influence of pesgepositional dissolution on benthic foraminifera (150
250 um) from Site U1343, Mg/Ca ratios were monitored against the average shell
weight of a representative subset of samples asmmg all speciesHowever, shell
weights at Site U1343 may be influenced by authigenic carbonate formation, thus only
shell weights of samples with U/Ca <200 nmol Wahought to represent minor
authigenic carbonate contribution, were considetédlissolution would lead to
preferential loss of Mg from the foraminiferal carbonate, a pastorrelation of shell
weight and Mg/Ca is to be expected. Mg/Ca ratios of all three species show no
correlation with average shell weighR?E -0.16, p > 0.45, ¥ 25; R=0.12, p > 0.5,

n =33; R=-0.11, p > 0.5, n = 6 foE. batialis I. norcrossj andUvigerina spp.,
respectively (Figure 4.4, indicating no or only little bias of benthic foraminiferal

Mg/Ca ratios by postlepositional dissolution at Site U43.

100



Chapter 4:Pleistocene bttom water temperature evolution in the eastern Bering Sea

o
;;_-1.6 1A . * ;;_-1.6—-8 - 10E
] (o] o
E 1.4 — € 1.4 — —8 'S
o - Y ° - - E
E 12— * o 1.2 —6 3
s 1] rovpee ¥, 540 C Lo
o 1 * & o 1- —4 2
=4 ] * e 0’ *® 3 i [ g
E 08 1 I 1 I I I I I E 0'8 ] I 1 I I I I I I 2 %

2 4 6 8 10 400 600 800 1000 1200 1400
average shell weight (g) Age (ka) -
o
;—;1.4__0 §1.4—-D ‘_:fE

v b
£1.2 — V¥ E 1.2 — LS
S - v v v 5 . — 10 =
E 14 v v E 1 —9 T
£ ] \V“dv\ £ i B [
p M o4 v = —38 @
9_0.8—' v' v v v 9_0.8— -_7 g.,
=] - = - N ]
E 06 1 I 1 I ] I I I I I 1 I = 06 ] I I I 1 I I l I 6 %

6 7 8 9 10 11 12 400 600 800 1000 1200 1400
average shell weight (g) Age (ka) -
—~1.2 — ~12 4 — 16 2
5 4E 5 4F 5 £
E1'1__ E1'1__ __14'5
© — © - - 2
2 1+ _ 2 1+ — 12 =
Eo09— Eo.9 - — 10 £
805 808 -] C g ¢
.ao.s ] .5,0.8 ] — 8 ?
= 07 1 I ] I ] I 1 I 1 I = 07 1 I ] I 1 | I | I I I 6 %

6 8 10 12 14 16 500 600 700 800 900 1000 1100

average shell weight (g) Age (ka)
* I. norcrossi v E. batialis Uvigerina spp.
Mg/Ca average shell weight

Figure 4.4 Cross plots of the shell weight of a subset of KA)orcrossi(green diamonds),

(C) E. batialis(red triangles), and (B)vigerinaspp. (blue diamonds) versus Mg/Ca, together
with Mg/Ca (orange) and shell weight (light blue) of (Bhorcrossj (D) E. batialis and (F)
Uvigerinaspp. downcore. There is no significant correlation of the shell weight with Mg/Ca
for any of the three speci¢R? = -0.16, p > 0.45, n = 25;°R= 0.12, p > 0.5, n = 33; R -

0.11, p > 0.5, n = 6 fdE. batials, |. norcrossj andUvigerinaspp., respective)y

4.2.35 Seawater Mg/Ca variations across the Pleistocene

Changes in the Mg/Ca composition of seawater have been shown to influence the
partition coefficient of Mg into foraminiferal calcit¢Hasiuk andLohmann, 2010,
Evans and Mdller, 2012)Even though only small changes are expected on time
periods < 1 Ma (the residence time of Ca in seawater), the Mg/Ca seawater curve
established irFantle and DePaolo (2008)as used to test the effect of changing

Mg/Ca seawater values on measured Mg/Ca at Site U1343 across the Pleistoce
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modifying (Equation 2.1), following the approach outline&wans and Muller (2012)
andMcClymont et al. (2016)

0 "6 w e MqudrY 0T ¥
0" ® (Equation 2.1)

Where t=0 is the modern, t=t is the given sangge, ancH is the speciespecific
power component of the relationship betwémaminiferalMg/Ca andhe Mg/Caof

seawater
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Figure 4.5 Measured Mg/Ca versus Mg/Ca corrected for variations in seawater Mg/Ca across
the Pleistocene using the MglGaw: curve published inFantle and DeRdo (2006)
according to the equatiod: @0 & e McLOoY 006 x

0@ ® ,wheret=0 is the modern, t=t is the given sample age, &hik the
speciesspecific power component

As no speciespecific estimate oH is available for any of the three foraminifera
species used in this study, | adopt the approach outlin®dowmdard et al. (2014)
(Uvigerinaspp.) assumindd = 0.41(Delaney et al., 985) (Figure 4.5, which is also
within the range of & value of 0.20.5 as predicted for the epifaunal benthic
foraminiferal speciegOridorsalis umbonatugLear et al., 2015) Following this
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approach, BWT corrected for changes in seawater Mg/Ca are slightly lower in the
early Plestocene and higher during the late Pleistocene. The maximum offset in

corrected versus uncorrected BWT across the entire interval is 0.4 °C, which is within
the error ofthe temperature calibration (x 1.1 °andard erro(s.e)) and together

with the lage uncertainty associated with the seawater Mg/Ca reconstructions led to
the conclusion to report uncorrected values of BWT across the Pleistocene for the

eastern Bering Sea.

4.3 Results

4.3.1 Multi-species Mg/Ca ratios at Site U1343

After applying thetace metal thresholds, establishedaation 2.3.1Mg/Ca values
of the remaining 4E. batialis 561. norcrossj and 18Uvigerinaspp. samples range
between 0.74.30 mmol mot, 0.831.58 mmol mot, and 0.601.26 mmol mat,
respectively. These valuese in line with previously reported Mg/Ca ratios |of
norcrossiandUvigerinaspp. in the higHatitude deep ocean of 14147 mmol mol

1 and 0.681.42 mmol mol, respectively(Lear et al., 2002, Kristjansdoéttir et al.,
2007) There are no reported Mg/Ca valuesEobatialis however, atudy from the
Arctic Ocean reports Mg/Ca ratiosBlphidium clavatumwhich is of the same genus
asE. batialis of 0.521.06 mmol mol (Barrientos et al., 2018)

4.3.2 Mg/Ca lottom water temperature calibration

To date no Mg/Ca bottom water temperature calibration exisks tmatialis the most
abundant foraminiferal spes in IODP core U1343. However, a recent calibration of
E. clavatumfrom the nearby Herald Canyon and Laptev Shelf in the Arctic Ocean
suggests a Mg/Ca temperature sensitivity of 0.13 + 0.05 mmol aol (Barrientos

et al., 2018)To test whetheE. batialishas a similar Mg/Ca bottom water temperature
sensitivity toE. clavatum LA-ICP-MS measurements @&. batialisand ¥ e U
record at Site U1343 acrossthe L&Mo | ocene transiti®m are
at IODP Site U1348Asahi et al., 20163 u g g e s'30sacrass tgeidl GMHolocene
transition ofse)l. 5Me al\s ul .e3*Dsusrifuencediby e r a |
c h anges ¥w,ndrivenhbg changes in continental ice volume and regional
patterns of evaporation/precipitation and deep water formation, and changes in the

bottom water temperaturéShackleton, 1967, Scig et al., 2002, LeGrande and
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Schmidt, 2006)Across the LGMHo | ocene t r ans i®iisshoughte an o ¢
to have c¢hange dDuplgssy &t.al) B002No régioralestitnate for

the deep North Pacific exists, the closest is ODP Site 1123 in the SW Pacific,

i ndi c a tOwofd.10at0 i GAdKins et al., 2002)similar to that of the mean

ocem estimate. Thus t he me a(Buplessyetah 2003t i mat
was adopted to determine the contribution of bottom water temperature changes to the
measured f &wami 8ifer 383, whd)Assuning 0. 53
a similar bot t oD relaionship off. katiaiseompated to @dr U
cosmopolitan benthic foraminifdraspecies (vigerina spp., Cibicidoides spp.,

Planulinas pp . ) of 0 .*2varchito & al.02814¥his yelds an estimated

bottom water temperature difference across the Li&hbcene of 2.42 + 0.30 °C

(s.e) at Site U1343.

ICP-MS analyss of E. batialissamples in the size fraction 2260 um across the
LGM-Holocene did not yield statistically significant results, due to the low numbers
of foraminiferal tests per sample. Instead, L&Mlocene Mg/Ca ratios d&. batialis

are based on LACP-MS measurements of two samples from 8.5 ka and 20.8 ka. LA
ICP-MS measurements were performedoatialisspecimens >250 um. The LGM
Holocene samples are exclusively from above the SMTZ, thus neMugbtalcite
contamination is expectedCkapter 3. However, lowMg calcite can precipitate
following increased pore water alkalinity as a result of organoclastic sulphate
reduction Chapter3), characterised by increased U/Ca ratios. U/Ca ratios dfdfRA

MS samples across the LGNblocene E. batialig are generally higher (362165

nmol mof!) compared to U/Ca dCP-MS samplesl( norcrossiandUvigerinaspp.)

from above the SMTZ (4-40.0 nmol moll). This suggests, that there is
contamination by lowMg calcite in the uncleaned LACP-MS samples, howevge

there also seems bean offsetbetween LAICP-MS andICP-MS samples, related to
either the methodology or the sample preparation (cleaning versus no cleaning),
leading to higher elemental ratios in samples measured HZPAVIS. Unfortunately

there ae nostandards and/doraminiferal samples demonstrating minor diagenetic
alteration vith both LAICP-MS and ICP-MS Mg/Ca ratios to calculate a
methodological/procedural offset. For the purpose of this study | am assuming that the
Mg/Ca offset between LACP-MS andICP-MS is constant, however, further analyses
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are needed to fully understand the nature and origin of the methodological/procedural

offset.

One specimen from 8.45 ka displayed increased U/Ca ratios (2165 nm8l, mol
compared to the other LICP-MS samples across this depth interval, and has been
excluded from further analyses. Average Mg/Ca values from 8.45 ka and 20.8 ka are
2.16 + 0.31 mmol mdi (s.e) and 1.83 + 0.22 mmol mbdl(s.e), respectively. Using

the calculated BWT difference acrahe LGM-Holocene transition of 2.42 + 0.30 °C
(s.e), this yields arkE. batialisMg/Ca bottom water temperature sensitivity of 0.14 +
0.13 mmol mot °C? (s.e), within error of the Mg/Ca bottom water temperature
sensitivity ofE. clavatumof 0.13 + 0.05mmol mol* °C* as reported for the Arctic
Ocean(Barrientos et al., 2018) thereforeproposethat the Mg/Ca temperature

calibration forE. clavatums suitable folE. batialis as well.

There are two possible routes to derive BWT estimatethé&multi-species Mg/Ca
record. The first approach would be to use previouslyligiied speciespecific
temperature calibrations, whereas the second approach includes normalis&tion to
batialis Mg/Ca values allowing the use of a single temperature calibration for all

samples.

Table 4.1 Benthic foraminiferal Mg/Ca BWT calibrations for Elphidium
clavatum Uvigerinaspp., andlslandiella norcrossi

Species BWT calibration Reference
E.clavatum | 6 @Y 0 "6 & & p ¢ 18T ITP ¢ vl Barrientos et al.
T8t U (2018)
Uvigerina OwW"Y 0" O T I Elderfield et al.
spp. (2010)
l. norcrossi 0w’y 00w pdtt ANt X L Kristjansdottir et
al. (2007)

Firstly, the BWT forUvigerinaspp.,l. norcrossj andkE. batialiswere calculatetased

on the temperature calibrations publishedEiderfield et al. (R10) adjusted for
reductively cleaned sampld§;istjansdattir et al. (2007 andBarrientos et al. (2018)
respectively Table 4 1) . Foll owing this appreach,
Hol ocene is ~5 AC, much | arger t&e@dn t he
det er mi ne d®drecardhvand phbdisheidl benthic foraminiferal Mg/Ca bottom
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water temperature records from across the Pacific betweer3BOOOM suggesting a

LGM Hol ocene @B (8Hackletdn, 2600, 2VaelbrGeck et al., 2002,
Gorbarenko et al., 2002, Martin et al., 2002, Hidét et al., 2010, McClymont et al.,

2016) The LGMHolocene transition at Site U1343 isasiated with a change in the

faunal assemblage, with norcrossi occurring exclusively during MIS 2, and
Uvigerinas p p . exclusively during MIS 1. A
potential |y r#]sefiectton dithrerb norcrassiop[UGg@rina spp..

However, there is no correlation of Mg/Ca and Li/Ca across the -HeMcene for

either speciesHigure 4.3 , suggesting t hA&Jtassaciatadnwihe s i n
G/IG cycles likely did not affect the Mg/&aased BWT reconstruction. Insteace th

| ar ge @BWT a eHoloceng likelyhresults M very low BWT values

based on. norcrossiacross MIS 2.5 °C on average), suggesting that further
research is needed to establish a robust BWT calibrationrforcrossiMg/Ca. Thus,

instead ofusing individual BWT calibrations, Mg/Ca ratios &f norcrossi and

Uvigerina spp. were normalised t6. batialis enabling the application of a single

BWT calibration based oBarrientos et al. (2018)This yields an LGMHolocene

@BWT of 2.03 N 0.78 AC, within the error

the @y record.

The speciespecific Mg/Ca offsets t&. batialisare-0.08 + 0.06 mmol madi(n = 9

s.e) on average fok. norcrossiand-0.12 + 0.08 mmol mdi (n = 4,s.e) on average

for Uvigerinaspp.. As a result of the low sample size, the offeaige a relatively
large uncertainty, however, it is smaller than the uncertainty of 0.22 mmadi mol
associated with the contribution of Mg from authigenic carbonates for a U/Ca
threshold of 200 nmol mdl Thus, 0.22 mmol mdlwas adopted as the procealur
uncertainty for BWT error propagation for all samples. Normalized Mg/Ca ratios were
converted tdWT using the temperature calibration tarclavatumBarrientos et al.,
2018)(Equation 2.2), yielding an overall bottom watemperature range e2.7 °C

to 5.7 °C and an average temperature uncertainty of £1.4.8Lf¢r the downcore
record Figure 4.9.

0 @"YIH 0 "AOW® T p QT8 ITP ¢ v BT L (Equation 2.2
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Figure 4.6 (A) BWT across th& GM-Holocene and the Mileistocene of Mg/Ca ratios of

I. norcrossi(green diamonds)Jvigerinaspp. (blue diamonds), aril batialis(red triangle)
normalised tcE. batialisand calculated according to the BWT calibration Eorclavatum
from the ArcticOcean(Barrientos et al., 201&)cluding the ts.e. envelope (light piep The
dashed horizontal lines represent the interglacial and glacial mean betweelb000d& and
450850 ka. The thick purple line is thep®int running mean and the red star represents
present day BWT at ~2000 m water depth in the eastern Berin@>&m et al., 2016)B)

The U*0y, curve at IODP Site U134@Asahi et al., 2016, Kender et al., in reviefls)ack)
together with the LRO4 stack (grefllisiecki and Raymo, 2005)The grey vertical bar
represent glacial intervals, numbers at the top correspond to marine isotope stages (MIS
boundaries fronfLisiecki and Raymo, 200%)

The large uncertainty, associated with the spespesific offsets, leads to differences

in the reconstructed BWT for samples with multiple species. Additionally, there are

three anomalously coldvigerina spp. samples during MIS 12, 14, and Fig(re

4.6). These samples have an Mg/Ca ratio normalisé&d batialisof 0.480.61 mmol

mol* much lower compared to the remainldgigerinaspp. samples that have Mg/Ca

varying between 0-8.14 mmol mot. Compaison of the Mg/Ca and Li/Ca records
across this interval s &hoyevigerisasgp.Mg/Cat ent i a
ratios(Figure 4.3)
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4 4 Discussion

4.4.1 Bottom water temperatures in the eastern Bering Sea across the Mid

to late Pleistocene

The multi-species benthic foraminiferal Mg/Ca record indicates orbital variations in
BWT in the eastern Bering Sea across the l-Bdlocene and longerm changes
during the MidPleistocene. BWT at ~2000 m depth in the Bering Sea is controlled by
changes in theontribution of different water masses to the Site and/or changes in the
source region of the deep water masses. Today, Site U1343 is bathed in NPDW with
a modern BWT of 1.95 °C (GLODAP v2 station 41681{B) (Olsen et al.2016),
originating from primarily southern sourced water masses sinking around the
Antarctic continent. On G/IG timescales, however, NPIW may have played a
fundamental role for the Bering Sea, originating locally from brine rejection during
sea ice ffieezing. Bering Sea SST and sea ice extent, important precursors for NPIW
formation, across the last deglaciation have been shown to vary in accordance with
millennialscale climate change in the North Atlantic, with increased NPIW formation
during the HS1(~14.718 ka) and the&/ounger DryasYD, ~11.712.9ka) (Max et

al., 2012, Max et al., 2014, Méheust et al., 20P@)ticularly during extreme glacials

of the Mid to late Pleistocene, NPIW has been proposed to form, apkdist in the

Bering SegqHorikawa et al., 2010, Rella et al., 2012, Max et al., 2012, Knudson and
Ravelo, ®15b) Southern sourced deep water temperatures, on the other hand, have
been shown to vary coeval with Antarctic climate change across the late Pleistocene
(Elderfield et al., 2012)

In order to best understand Pleistocene BWT history in the Bering Sea and its
implications for regional and global climate change the LGM to Holocene and the

Mid-Pleistocene areistussed separately below.

4.4.1.1 The Last Glacial Maximum to Holocene bottom water temperature

history in the eastern Bering Sea

Across the LGMHolocene transition (Termination 1) the mesfpecies Mg/Ca BWT
reconstruction from $2G03e&0.182@g4L)Bwitrschbldews a
BWT during the LGM Figure 4.7, in line with published benthic foraminiferal

Mg/Ca bottom and intermediate water temperature records from across the Pacific
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between 8083500 m suggesting a LGMo | oc ene eBO(Bhaakléton,l
2000, Waelbroeck et al., 2002, Gorbarenkal 22002, Martin et al., 2002, Elderfield

et al., 2010, Woodard et al., 2014, Knudson and Ravelo, 2015b, McClymont et al.,
2016)
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Figure 4.7 (A) LGM-Holocene BWT (light blue) evolution based bivigerina peregrina

Mg/Ca at IODP Site U1342 at ~800 m water depth on the Bowers Ridge in the southern Bering
Sea(Knudson and Ravelo, 2015I§B) BWT at IODP Site U1343 (purple) across Termination

| based orl. norcrossi(green diamonds) andvigerinaspp. (blue diamonds) including the

ts.e. envelope (light purple). The red star represents present day BWT at ~2000 m water depth
in the easterBering SegOlsen et al., 2016YC) BWT at ODP Site 1123 (~3200 m water
depth) on Chatham Rise in the southwestern Pacific badddigerinaspp.(Elderfield et al.,
2010)(D) %0y records from U1343 adjusted for thebatialise qui | i bri um of f set
(black) (Asahi et al.,2016)and U1342 (light greyjKnudson and Ravelo, 2015t)gether

with the LRO4 stack (middle greylisiecki and Raymo, 2005)The grey vertical bar
represents the last glacial interval, numbers at the top correspond to marine isotope stages
(MIS boundaries fronfLisiecki and Raymo, 200%h)
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Even though the Mg/Ca temperature calibration used to calculate BWT is for the
specieskE. clavatum rather thank. batialis LGM-Ho | o ¢ eWTesuggeBt that
absolute reconstructed temperature values are representative of local BWT. This is
supported by the modern BWT at ~2000 m water depth at the nearest GLODAP v2
station (58A0006N, -3(BY(DI8en ét\al,, 20860@1t9% «n 410 4
falling right in between the two Holocene Mg/Ca BWT values of 0.86 + 1.07 °C (9.3
ka,s.e) and 2.6 £ 1.2 °C (11.1 ka,e) (Figure 4.7. Further, a previously published
BWT record from the southwestern Pacific (ODRe3123 (171.50 °W, 41.78 °S,
3290 m)) demonstrate a parallel BWT history and very similar absolute BWT values
across Termination (Elderfield et al., 2010, Elderfield et al., 201@igure 4.7,
supported by a strong positive correlatiorf €R0.96, p < 0.001, n = 7) of the two

records.

Today Site U1343 is biaeéd in NPDW with a BWT of 1.95 °C, compared to ODP Site
1123 in the southwestern Pacific that is bathed in CDW and has a modern BWT of 1.3
°C (Elderfield et al., 2010)CDW is the precursor of NPDW and thus warmer
temperatures are expectéor NPDW, as aging deep water is affected by the
geothermal heat flux at the seafloor. Further, Site U1343 is ~1000 m shallower than
Site 1123Hencge if the two Sites are continuously bathed in the same water mass, this

relationship would be expected to hold true for both glacials and interglacials.

The approach outlined i&iddall et al. (2010provides a first opportunity to estimate
expected BWT at Site U1343 across late Pleistocene G/IG cyitped 4.8. The
average glacial and intpd  a c'%0wat SitelilU1343Asahi et al., 2016jpgether with

the respective average sea levéihestes(Spratt and Lisiecki, 201&re scaled to the
modern BWT of 1.95 °@nd plotted together with isotherrfisgure 4.8. The slope

of the isotherms is based onthe L&Mo | oc e n e mé0a changec{®&i
0 . 2 (Duplessy et al., 200pandthe LGM-Holocenesea level change d25 + 8

m (Spratt and Lisiecki, 2016yvhilst the xaxis offset between the isotherms of 0.54

d is based on t¥Oerelatiomship eutlireed itShaekle(o, 19740
(Equation 2.3)Kigure 4.8.

Y p@m Tt ] O 1 0 ™z 0 ] 0 (Equation 2.3)
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Figure 4.8 Cross plot ofi®0, at Site U1343Asahi et al., 2016Yersus sea levéBpratt and
Lisiecki, 2016) together with isotherms (dashed grey lines) following the approach outlined
in Siddall et al. (2010)The slope of the isotherms is determinedigyLGM-Holocene mean
oce#fo,change ( 1.(Duplessy et@l., 200PpriEitheLGM-Holocenesea level
change of 125 + 8 f8pratt and Lisiecki, 2016)vhilst the xaxis offset between the isotherms

of 0054 a4 is based o0%O relatianship eutiineae itShackletore 19@4)The
numbers represent the respective marine isotope stagash&rs represent the standard error.

Based on an L® sea level estimate 6123 + 2m (s.e.)(Spratt and Lisiecki, 2016)
an avéoradde 4L G5 kd)(AgaHi 8t al., 2016)n combination
an ®@wv ér &g & 40.8ka)(for the6Holocen@sahi et al., 2016)
this yields an estimated LGM BWT >0 °@igure 4.8. The average reconstructed
LGM Mg/Ca BWT is-0.3 + 0.7 °C $.e), indicatingslightly colder than expected

and
wi t h

BWT at Site U1343Kigure 4.7, supported by similar absolute temperatures to those
at ODP Site 1123Figure 4.7, which is ~1000 m deeper and upstream from Site
U1343.

Usi ng i n t¥epvalued(Asahieetal., 2016)ogether with the reconstructed
BWT vyields an LGM Holocene seawater oxygen isotdpd of e r €%} a&f 0.9 ol
N 0. 3@), cilculated according to (Equation 2(E)derfield et al., 2010)
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1 0 1 0 ™M M p@m oY (Equation 2.3

A dwo f 0 . 8 9s.eNisstall& Butvighin the error othe proposed mean

ocean changes across the L&GM | ocene of (Duple8syet al, 2002)2 &
Potential explanations for th®sabiieghtI|y
U1343 are either uncertainty associated Wigmulti-species record and interpolation

of t@wsigndil, or, taken at face value, changes in the logdiolgraphy across

the LGM-Holocene. A possible mechanism, includes changes in the contribution of
NPIW to waters at Site U1343. Glacial NPIW in the Bering Sea is formed via brine
rejection during sea ice freezing, able to produce dense waters with Xytjero

i sotope fract i on ¥wisignatyre ofhighatityde surfpcetwhters | ow |
to greater depttKnudson and Ravelo, 2015b, Cook et al., 2066udson and Ravelo

(2015b) demonstrate that Site U1342, at ~800 m water depth in the southern Bering
Sea, is affected by enhanced NPIW formation during extreme glacials (including MIS

2) of the Mid to late Pleistocene, indicated by negative offs¢t@focalg | a ¢ | U
compared to the global LR04 statksiecki and Raymo, 2005) 8@ at Site U1343

during the LGM is characterised by two episodes of slightly decreased values
compared to t he ,a R Kaasdtcented arqurdQl7.2kay@e

4.7). Whilst no BWT data is available at 25 ka, the second interval around 17.5 ka
shavs no pronounced increase i n®®Wthis i ndi c
pointint i me | i kel y r e s, suggesting thercortribusiam gfalew i n U
Ut8Ow water mass to Site U1343. Further Mg/Ca ratios of reductively cleaned
Uvigerina peregrinasamples from IODP Site U1342 in the southern Bering Sea at

~800 m water depth suggest LGM intermediate water temperatures (IWT.Raf

0.2 °C (1725 ka,s.e) (Figure 4.7, calculated using thegvigerinaspp. Mg/Ca BWT

calibration developed bElderfield et al. (201Q) adjusted to samples cleaned
according to the Gdleaning protocolElderfield et al., 2010)Table 2.1). Thus,

colder than expected LGM BWT 0.3 + 0.75 °C¢g.e) at Site U1343 in combination

with a srMaldfero.gfi9 N 0.30 & compared to
potentially result from entrainment of NPIW in deep waters along the eastern Bering

Seaslope.

Cook et al. (20163uggest that the divide between wedhtilated NPIW and poorly
ventilated NPDW during the LGl the Bering Sea was around ~1000 m water depth,
based oni*®0p a n d°C filom IODP Sites U1339 and U1345 from the Umnak Plateau
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and the eastern Bering Sea slope. However, BWTidad evidence from Site U1343

at ~2000 m water depth, potentially supports intermittent admixture of NPIW to the
deep Bering Sea during the LGM and across the early deglaciation, even though
NPDW likely is the main contributing water mass to Site U1343. Bhis line with

a much smaller reconstructed LGNIo | o ¢ é®%wechagge at Site U1342 of 0.23

a (Knudson and Ravelo, 2015ompared to Site U1343 (0.890Qt. 3 0s.ej ,

suggesting less contribution of NPIW to the deeper Site.

In addition to enhanced NPIW formation, the LGM in the Bering Sea was
characterised by a widespread decrease in primary producdilgtynoted in the Sea

of Okhotsk and the western subarctic North Pa¢ifaccard et al., 2005, Brunelle et

al., 2007, Brunelle et al., 2010, Kohfeld and Chase, 2011, Kim et al.,.Z0lAd)
observed regionakide decrease in primary productivity did not desnom increased

sea ice extent and decreased light availability ad@rtlis was likely variable between
regions(Méheust et al., 2016, Matul, 2017, Méheust et al., 20h8)ead, increased
stratification of the subpolar water column has been proposed as a mechanism to
explain the largescale chages in productivityJaccard et al., 2005, Brunelle et al.,
2007, Brunelle et al., 2010, Knudson and Ravelo, 20sa$eawater approaches the
point of maximum density (equal to the freezing point of seawater at atmospheric
temperatures for salinities >24.7 pQialley et al., 201)) the effect of temperature

on density is reduce(Winton, 1997, Sigman et al., 2004, de Boer et al., 2007)
Therefore, at homogensulow water column temperatures, surface cooling, typically
initiating overturning by densification of low salinity surface waters in high latitudes,

iIs not as effectivdde Boer et al., 2007)ndicating the importance BWT for
subpolar ocean stratation.Colder LGM SSTs in the Bering Sea and North Pacific
(Max et al., 2012, Meyer et al., 20t6pether with a BWT 2.03 + 0.78 °G.€) colder

than during the Holocene is in support of homogenous water column cooling,
supporting increased salinity stratification during glacial intervals ilNtrén Pacific

and its marginal seas. Decreased thermal stratification, may also be able to explain
lower intermediate than deep water temperatures in the Bering Sea during MIS 2, as
reconstructed from IODP Sites U1343 and U134guyre 4.7.

Increased sétification would limit the nutrient supply to the surface ocean effectively
decreasing primary productivity. Following this hypothesis thénvigoration of

overturning in the North Pacific and the Bering Sea would be driven by deep ocean
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warming acrosd ermination I(Brunelle et al., 2007)increasing the sensitivity of
seawater density to temperature, promoting temperature driven overturning during
wintertime in the polar and subpolar oceg@igman et al., 2004)Biogenic opal
records indicate an increase imnpary productivity between ~16 ka at8 ka in the
Bering SegBrunelle et al., 2007, Kohfeld and Chase, 2011, Riethdorf et al., 20133,
Riethdorf et al., 2013b, Kim et al., 2014)hereasiitrogen isotopesif®N) indicate
decreased nutrient utilisation and thus increased nuswgply to the surface ocean
from 17.5 kaBrunelle et al., 2007 Bimilar patterns of primary productivity atéPN

are also observed in the subarctic Ndtttific (Jaccard et al., 2005, Galbraith et al.,
2007, Jaccard et al., 2009, Brunelle et al., 2010, Kohfeld and Chase, EO#&fh)
though thdow resolution recorebf BWT does not allow to pinpoint the exact onset
of warming, it clearly demonstrates that major warming did not commence until after
16.4 ka Figure 4.7. Hence, ifthe early deglacial decreaseliriN reflects increased
nutrient supply from below, the weakening of the subpolar water column stratification
must have had a different cause then BWT warming. The mismatifNnand
primary productity, could potentially result from an early deglacial weakening of the
stratification together with sea ice effectively limiting the light availability for
phytoplankton until ~15 kéBrunelle et al., 2010)This is supported by sea ice studies
from the Bering Sea and the North Pacific, demonstrating a change from more
extended to seasonallice free conditions around {G&asie et al., 2010, Méheust et
al., 2016, Méheust al., 2018)

Overall, the BWT record at Site U1348ggestsan LGNHo | ocene @BWT of
0.78 AC with BOwofec®n8rNca.e’ll0 gai, PBP&xsed on
record(Asahietal.,2016) T h e s¥®adorhpared togtie suggested mean ocean
change of 1Dupléssy§t alQ 2022cross Termination |, either results

from uncertainties ithe BWT reconstructions or suggests intermittent admixture of
glacial NPIW to Site U1343 during the LGM. Futuredsés should explore the role

of NPIW for the North Pacific carbon cycle, as a deeper-vegitilated intermediate

water mass, may reduce eddigven upwelling of C@rich deep watergKender et

al., in review) Additionally, increased export of NPIW during glacials has been linked

to increased primary productivity in the equatorial Pagiflax et al., 2017)again
suggesting fundamental changes in the North Pacific carbon cycle during glacial

intervals. Moreover, the BWT record from Site U1343 in the eastern Bering Sea lends
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support to the hypothesis that homogenous cgobh the water column in the
subarctic Pacific during the LGM promoted salirdirven stratification Eigure 4.7.

A more stratified water column in the North Pacific during glacial times has important
implications for the carbon cycle, with less overtngnpromoting deep ocean carbon
storage, potentially aiding in the atmospheric drawdown of @®@ing the LGM
(Galbraith et al., 2007, Jaccard et al., 2009)

4.4.1.2 Mid-Pleistocene bottom water temperature in the eastern Bering

Seai implications for the Mid -Pleistocene climate transition

BWT at Site U1343 demonstrates distinct orbital variability across the Mid
Pleistocene together with pronounced ldegn trends (Figure 4.6). Across the MPT
spectral analysis af'®Op at Site U1343 demonstrates a significant 100 ka cycle first
emerging avund 1200 ka, with dominant 100 ka frequency not until 70@\kahi et

al., 2016) Prior to 120Cka the BWT record is sparse, however, pre and early MPT
climate cycles (>1000 ka) are characteriskyl an average gla and interglacial
BWT of 1.05+ 0.45°C (s.e.) and 1.5& 0.61°C (s.e), respectivelyFigure 4.9. Late

and post MPT climate cyclds850 ka), on the other handemonstrate an average
gladal and interglacial BWT of 0.72 0.66°C (s.e.) and 1.3%1 0.16°C (s.e) (Figure

4.6). Even though these estimates are within error of each other, this suggests that
there may have been coolingrohg both glacials and interglacials in the eastern
Bering Sea associated with the MPT.

The low resolution oBWT reconstructionsresulting from the influence of early
diagenesis on foraminiferal geochemistry at Site U1Bd@ever,make an irdepth
analsis of BWT changes on G/IG timescales across the MPT challenging.
Additionally, uncert ai #eiffectsandatre campasitet e d
nature of the Mg/Ca record hinder orbisgiale interpretations of the BWT
reconstructions. Instead, thep8int running mean, aimed at reducing the uncertainty
associated with the BWT reconstructions, is used to determineidamgtrends in
Mid-Pleistocene Bering Sea BWT history. Beyond 1200 ka the age model at Site
U1343is less well constrain€¢dsahi et al., 2016 )urther, the resolution of the BWT
record decreasgsior to MIS 34(Figure 4.9, which s why the BWT data 120 ka

have been excluded from éhdiscussionof longterm trends across the Mid

Pleistocene
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Table 4.2 Ages of important and frequently mentioned marine isotope stages
(MIS) across the Mid-Pleistocene transition.

MIS Glacial/Interglacial Age (ka)
21 IG 814-866
22 G 866-900
23 IG 900917
24 G 917936
25 IG 936959
26 G 959970
27 IG 970982
28 G 982-1014

Between 120 ka and 450 ka BWHht Site U1343 actuallglemonstrates a subtle
warming of 0.2+ 0.4 °C. A BWT warming across the Pleistocene contradicts
previously published records from DSDP Site €8@sdian and Rosenthal, 2009, Ford

et al., 2016)indicating longterm deep ocean cooling. However, Site U1343 is not the
only Pacific Site where warming has been observed. An unpublished BWT record
from ODP Site 1208 on Shatsky Ri&346 m water depth) also demonstrates BWT
warming between ~1000 ka and ~850 (krd and Raymo, 201,7with similar
absolute BWT values to Site U1348potential mechanism to explain BWT warming
across the MiePleistocene in the North Pacific could bermonced changes in the
thermohaline overturning circulation as observed from MIS 24 (Table 4.2) onwards
(Hall et al., 2001, Venuti et al., 2007, Pena and Goldstein, 281<lpwdown of the
Atlantic meridianal overturning circulationAMOC) during glacialsfrom MIS 24
(Table 4.2)(Pena and Goldstein, 20149gether with a more sluggish southern
overturning cell following MIS 2ZTable 4.2)(Hall et al., 2001, Venuti et al., 2007)
could result in slower circulation in the deep Pacific leading to older bottom waters
that are more strongly influenced by the geothermal heat dtuthe seafloor
Additionally, increased salinity stratification (see above) during glacials could have
isolated North Pacific bottom waters even furtf&gman et al., 2004, Jaccard et al.,
2005, Brunelle et al., 2007, Brunelle et al., 20%®)n increased geothermal heat flux,
associated with a slowdown of the deep Pacific circulation observed after NH&IR2
etal., 2001, Venuti et al., 20QWas the primary driver of BWT warming in the Bering
Seaacross the MiePleistoceng the main increase in BWT would be expected
following MIS 22 (Table 4.2) Instead, however, pronounced BWT warming is
observed between MIS 34 and MIS 2263+ 1.10 °C 6.e)) (Figure 4.9) while MIS
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22 to MIS 12 demonstrates BWT cooling of 1.21 + 0.63s €)((Figure 4.9) MIS 22

is a critical stage across the MRBrt of the secalled6 9 6k@ event 06, char a
by the first long glaciation as seen frahe LR04 stacKLisiecki and Raymo, 2005,

Clark et al., 2006andpotentiallyassociated withn increase in contineniakvolume

(Elderfield et al., 2012, Rohling et al., 201&urther, the 90®a event staafs out in

many climate recorgssuch as SSTé&McClymont et al., 2013)deep wateri**C

(Raymo et al., 1997, Hodell et al., 200&8nd oceanic circulatiaifena and Goldstein,

2014) depicting pronounced changes in the global cling@tark et al., PO6).

Splitting thelit®0p record (120450 ka) at Site U134@sahi et al., 2016, Kender et

al., in review)into a pre and pod¥llS 22 interval, reveals an increase of 0.49 + 0.18

& s(e) prior to MIS 22 and a subtle decrease®f 17 N s&). phstMIS22 (
(Figure 4.9 . ®¥@yithcrease prior to 8M)S wldFEhofa Q. 4
BWT sensitivity *@varchatoe &., 2814)@muldréquirg 2.28 €
0.27°C6.e) BWT c o8, wandpminated by BWT changes. Instead, Mg/Ca

BWTs at Site U1343 demonstraterarming of 0.63 = 1.10 °G.). This suggests a

U'0w increase across this interval indicating either increased ice volume and/or
hydrographic changes in the deep Bering Sea. NPIW formatitine Bering Sea
during gl adéOwavhter masgknuaisort amdwRavelo, 2015b, Cook et al.,

2016) t hus hydrographic cficawoylelkelybareldedn g an
to changes in NPDW during gl*¥ecouldresult On t |
from a buildup of continental ice volume across this interval, however, the BWT

record at Site U1343 does not allow to distinguish, whether this would be represented

by a gradual increase until MIS Z2able 4.2)or an abrupt stepke chang during

MIS 22, as suggested Btderfield et al. (2012)

Considering the pos¥lS 22i nt er val , i f  t H®of DUD#O0l14¢ decr
a s(e) was dominated by BWT changes, an incréaskeBering SedBWT of 0.77

+ 0.59 °C 6.e) would be expecteddg/Ca BWT, however, demonstrates a cooling of

1.21 + 0.63 °Cg.e) between 900 & and 450 ka, indicative of either continental ice

volume decrease or hydrographic changes across thd°lgistocene resulting in

lower {i*®0w in the deep Bering Se#n overall decrease in continental ice volume

across the Midto latePleistocene seemsilikely. Even though the lonterm i*®0Ow

histories reconstructed from the North Atlantic and the southwestern Pacific differ,

both demonstrate increased ice volume during-p3T glacials (Sosdian and
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Rosenthal, 2009, Elderfield et al., 2012, Ford et al., 20h6lne with sea level
reconstructiongRohling et al., 2014, Grant et al., 201@n the other hand, a decrease

in G'%0w across the late Pleistocene in the Bering Sea could result from contribution
of glacial NPIW(Knudson ad Ravelo, 2015b, Cook et al., 2018)PIW forms via

brine rejection,increasing the local salinitwithout fractionating oxygen isotopes
(Brennan et al., 2012ndthuscarries the o WOwsignature of higHatitude surface
watersto greater depthEvidence of oxygen and carbon isotopes together With
suggests that NPIW formed, at least partly, in the Bering Sea during late Pleistocene
glacials(Horikawa et al., 2010, Rella et al., 2012, Max et al., 2014, Knudson and
Ravelo, 2015b, Max et al., 201nudson and Ravelo (2015bemonstrate that
enhanced NPIW formation in the Bering Sea likely occurred during extreme glacials
of the Mid- to late Pleistocene characterised by a closed Bering Strait. Based on the
recently published sea level stack for the late Pleistocene betw&®@hka (Spratt

and Lisiecki, 2016)and the sea level estimates from DSDP Site @»&dian and
Rosenthal, 2009nd ODP Site 112@&Ilderfield et al., 2012petween 804600 ka,
Pleistocene glacials with a closed Bering Strait encompass MIS 52, MIS 50, MIS 38,
MIS 34, and MIS 22 to MIS 2. Thus, contribution of glacial NPIW to bottom waters
at Site U1343dllowing MIS 22 couldlead to a longermd e ¢ r e &%weThisis U
additionally supported by aubtledec r e a s e'80b afiglatidiseetwéen MIS 2 and

MIS 22 (-0.02 + 0.03a s(e)), whilst interglacialssince MIS 21show a minor

incr e ast@ofi0R2+0D.0FH se), suggesting tha¥othe de
between MISL2 and MIS 22 (~45@00 ka)is dominated by glacial intervals, in line

with enhanced contribution of glacial NP Site U1343

As a result of its sheer size, the deep Pacific Ocean is typically thought to represent
mean deep ocean changes on orbitaésicales. Hence, NPIW contribution to Site

Ul1343 acrossthe Mi® | ei st ocene should be mad%w feste
from the LR0O4 stackkKnudson and Ravel@015b, Cook et al., 2016 general, the

LRO4 st afovkat Saenud343icwary both in shape and amplitude between

1200 ka to 450 kaHigure 4.9. However, there are subtle differences, both prior to

and post MIS 2ZTable 4.2)
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Figure 4.9 (A) BWT evolution at O Site 1123 (dark blue) in the southwestern Pacific
across the MidPleistocene(Elderfield et al., 2012)(B) 0, at Site 1123 (light blue)
(Elderfield et al., 2012)C) BWT at Site 607 in the North Atlantic (dark greédysdian and
Rosenthal, 2009, Ford et al., 2016yether with (D) the&'*®0, record at Site 607 (light green)
(Ruddiman et al., 1989, Sosdian and Rosenthal, 2009, Ford et al., gBL&he 3poirnt
running mean of BWT at Site U1343 (dark purple) based on a-spgdtiies Mg/Ca composite
(E. batialis (red triangles)]. norcrossi(green diamonds)Jvigerinaspp. (blue diamondg)

(F) t*®0y at Site U1343 (black)Asahi et al., 2016, Kender et al., in reviedngether with (G)
the global LR04 stacftisiecki and Raymo, 2005 he horizontal lines demonstrate the long
term trends of both BWT andt®0,, prior to and after MIS 22Table 4.2) The grey vertical
bars represent glacial intervals, numbers at the top correspond to marine isotope stages (MIS
boundaries fronfLisiecki and Raymo, 200%)

119



Chapter 4:Pleistocene bttom water temperature evolution in the eastern Bering Sea

Some glacials, includg the early MIS 22, MIS 28, and MIS 32 show periods of higher
Ut80p at Site U1343 compared to the LR0O4 stack, whereas other intervals such as the
late MIS 22(Kender et al., in reviewgnd late MIS 18 actually demonstrate a negative
offset to the LR0O4 stack={gure 4.10. This pointstowards contribution of glacial
NPIW at Site U1343however, higer resolution records af'®0Op and BWT are
needed to test whether this is a consistent feature for all late Pleistocene.glacials
Increased NPIW contribution to Site U134 &idine with the longterm BWT cooling
observed across the Mido late Pleistoene following MIS 22 (Table 4.2) as
suggested from colder IW{Knudson and Ravelo, 20156pmpared to BWT in the
Bering Sea across the LGMection 4.1.1(Figure 4.7)

Figure 4.10R e ¢ o r Y@, at 8ife U1B43 (black) together with the LRO4 stack (grey) across
MIS 18 (A) and MIS 223-pt running mean U1348°0y) (B) (Lisiecki and Rayno, 2005,
Asahi et al., 2016, Kender et al., in revieWhe vertical blue bars indicate times when U1343
demonstrates a negative offset from the LR04 stack, potentially singpestrainment of low
'%0w NPIW at Site U1343.

Finally, the observed evolution iit®0Op and BWT across the MiBleistocene could
result from a hydrographic evecgntred on MIS 2ZTable 4.2) characterised by the
contribution of a relatively warnh i g'%0Ow wiaters to the deep Bering Sea, with no
long-term ice volume change across the MFigure 4.9) As perFord and Raymo
(2017) Site 1208 s h d®@usexcarsiop dudng MISN22 ¢hdt s,
however, not indicative of a stdige ¢ h a n g ¥Ow asnsuggested per Site 1123
(Elderfield et al., 2012)but is likely related to BWT arming across MIS 22, in
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